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Fig. S1 A typical AFM image of TOCN elements.
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Fig. S2 SEM images of surfaces (a, b) and cross-sections (c, d) of AUC-only (a, c) and TOCN–

1.0/AUC (b, d) films.

Two-dimensional X-ray diffraction analysis

Two-dimensional X-ray diffraction pattern of the TOCN–1.0/AUC film was obtained with a 

rotating anode X-ray generator, RotaFlex RU-200BH (Rigaku), using nickel-filtered Cu Kα 

radiation (0.15418 nm) operated at 50 kV and 100 mA. The X-ray beam was irradiated to the 

film cross-section parallel to the film surface. The pattern was recorded on a flat-plate imaging 

plate (Fuji Film BAS-IP SR 127) using an evacuated camera. Sodium fluoride (d = 0.23166 nm) 

was dusted on the sample to provide a calibration. From the azimuthal intensity distribution 

graphs for the (1 −1 0) reflection of cellulose II, Herman’s orientation parameter (f) was 

calculated according to a previously reported method.S1

2

300 nm

2 μm

300 nm

2 μm

a b

c d



Fig. S3 Two-dimensional X-ray diffraction diagram of the TOCN–1.0/AUC film. The X-ray 

beam was irradiated parallel to the film surface.

Calculation for predicting Young’s modulus of composites

The Halpin-Tsai model was used for predicting Young’s modulus (EHT) of composite films 

consisting of short fibers randomly oriented in the in-plane direction.S2 In this model, we assume 

that short fibers form lamina in the matrices. The longitudinal modulus of TOCN (EfL) was 

regarded as 134 GPaS3 and its transverse modulus (EfT) was regarded as 24.8 GPa.S4 The 

modulus of AUC matrix (Em) determined from the tensile test data in this study was 3.2 GPa. 

The average TOCN length (lf) and width (df) of 1158 nm and 2.7 nm, respectively, were obtained 

from 50 TOCN elements in the AFM images from this study (see text). The volume fraction of 

TOCN (Vf) in composites was calculated, assuming that the densities of TOCN and bulk AUC 

film are 1.6 and 1.4 g cm–3, respectively.S5,S6
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Calculation for predicting tensile strength of composites

A simple model was used to roughly and empirically estimate the tensile strength (σ) of the 

TOCN/AUC composite films. The tensile strength of TOCN (σf) was regarded as 3 GPa.S7 The 

tensile strength of AUC matrix (Em) determined from the tensile test data in this study was 111 

MPa. The same densities of the TOCN and AUC matrix as described above were used to 

calculate the volume fraction of TOCN (Vf).

Fig. S4 Relationships between the volume fraction of TOCN in the composite films and the 

assumed values for AUC matrix modulus and strength required in order for the present modeling 

predictions to fit experimental data for the composites.
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