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Figure S1. Size distribution of MBP particles with ball milling time of (a)2 h; (b)1.5 h; (c) 1 h;

 (d) 0.5 h.
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Figure S2. TEM image of (a) NFC aggregates and (b) single NFC. The inset in (a) was 

the optical photo of NFC solution.

Figure S3. Optical images of NFC/MBP15 suspension at different days. Here MBP was 

ball milled with the time of 2 h.

Figure S4. Optical image of NFC/MBP suspension showing “Dyndall effect”.



Figure S5 Comparison of the anisotropic value of NFC/MBP composites film with some reports [1-

8].

Figrue S6. XRD patterns of NFC and NFC-100. NFC film was heat treated at 100 ℃ for NFC-100.

Theoretical approach to analyzing experiment data:

In this work, the addition of MBP improved the thermal conductivity of NFC/MBP15 composite 

films obviously. To understand the heat transfer mechanism of the composite films, the effective 

medium theory (EMT) was used to predict the thermal conductivity of composite films and calculate 

the interface thermal interface between the MBP and NFC. In EMT model, when the MBP filler was 



considered as sphere, and it was used to fit the thermal conductivity of NFC/MBP15 composite films 

as following:

Type 1: Spheres

When the MBP particles were considered as sphere, p=1, L11=L33=1/3, =(1+2p)=3 and 

=1/3. Then the equation = /(1+Lii / ) was simplified to = =  = /(1+ /cos2 𝜃 𝐾𝑐𝑖𝑖 𝐾𝑝 𝐾𝑝 𝐾𝑚 𝐾 𝑐
11 𝐾 𝑐

22 𝐾 𝑐
33 𝐾𝑝 𝐾𝑝

). Finally, on the basis of these value, K value was fitted by the following equation to obtain the 𝐾𝑚

interface thermal resistance ( ) between the filler and matrix.𝑅𝑖

K=     (S1)
𝐾𝑚

𝐾𝑝（1 + 2）+ 2𝐾𝑚+ 2𝑓[𝐾𝑝(1 ‒ ) ‒ 𝐾𝑚]
𝐾𝑝（1 + 2）+ 2𝐾𝑚 ‒ 2𝑓[𝐾𝑝(1 ‒ ) ‒ 𝐾𝑚]

=    (S2)

𝑅𝑖𝐾𝑚
𝑎3

The fitting results were shown in Figure S7, it was obviously that the fitting curve did not match 

the thermal conductivity value of NFC/MBP15 composite films. Therefore, the spherical hypothesis 

model was not suitable for this work.

Figure S7. Spherical hypothesis model fitting curves for the thermal conductivity value of 



NFC/MBP15 composite films.

The thermal conduction behavior of pure NFC, randomly dispersed NFC/MBP15 and 

NFC/MBP15 composite films were modeled by computational fluid dynamics software (COMSOL 

Multiphysics 5.4). In the model simulation, the thermal conductivity of MBP was set to 250 W m-1 K-1. 

The dimension of three cases was set to be 600600600 nm with spherical MBP filler of 60 nm in 

diameter. Considering that the volume fraction of MBP in the models of NFC/MBP15 and randomly 

dispersed NFC/MBP15 was 8.25%, there were 160 dispersed MBP spheres in the two models, 

respectively. As shown in Figure S8, for NFC/MBP15 model, according to the cross-sectional SEM 

images of NFC/MBP15 composite film, it was assumed that some MBP particles were connected to 

form short-range and ordered arrangement and distributed in NFC matrix evenly. The composite film 

was contacted with the bottom surface of heat source (100100100 nm) with a tem1perature of 100 

℃. Except for the area contacted with heat source, the other outer boundaries had no heat excha

nge with external environment. In addition, the whole time length of the three models were 10 ns 

with a step length of 1 ns.

Figure S8. The finite element models of (a) pure NFC; (b) randomly dispersed NFC/MBP15 and (c) 

NFC/MBP15 films in this work.



Figure S9. (a) Thermogravimetric curve of BP in air; (b) XRD patterns of the oxidation of BP at 

different temperature. 

Table S1. The detailed parameters and results of NFC/MBP composite films for thermal conductivity.

Sample
 

(gcm-3)
Cp

 (Jg-1K-1)
D// 

(mm2s-1)
D┴ 

(mm2s-1)
// (Wm-1K-

1)
┴

(Wm-1K-1)

Pure NFC 1.480 1.460 0.754 0.100 1.630 0.216
NMB5 1.530 1.440 4.262 0.319 9.390 0.704
NMB10 1.550 1.424 5.200 0.347 11.470 0.767
NMB15 1.576 1.405 7.270 0.360 16.090 0.798
NMB20 1.599 1.385 6.709 0.356 14.850 0.788

Table S2 The thermal conductivity parameters of finite element models

Sample
In-plane Thermal conductivity/ W m-1 

K-1

Through-plane thermal conductivity/ W 
m-1 K-1

NFC 1.63 0.216
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