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1. Experimental section

Synthesis of functional flexible transparent film

Briefly, 12 g cotton was dispersed in 700 ml deionized water with an agitator. Then, 20 

ml 1 wt% 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) aqueous solution and 20 ml 

10 wt% NaBr aqueous solution were added to the cotton suspension. After stirring 

uniformly, 100 g NaClO (Cl conc. 8 %) was slowly added in the above mixture solution. 

During this process, 3 M NaOH solution was used to adjust and maintain the PH of the 

mixture solution around 10.5. After the reaction, the oxidized cotton fibers were washed 

3 times with deionized water. And then, mechanical shearing was applied to the 

oxidized cotton fibers. Lastly, the obtained nanometer-scale cotton fibers were 

assembled into functional flexible transparent film through vacuum filtration.

Inkjet Printing text, QR-code 

The texts and QR-code were directly inkjet-printed on the functional flexible 

transparent film with an inkjet printer (EPSON, L4268). 

Preparation of gel electrolyte PVDF-HFP/LiTFSI 

PVDF-HFP was dissolved in acetone by magnetically stirring at 60 oC. Then, LiTFSI 

was added to the above PVDF-HFP/acetone solution. Here, the mass ratio of LiTFSI to 

PVDF-HFP is 9. The resulting mixture was stirred for 3 h at room temperature to yield 
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a homogenous solution. Lastly, the solution was casted onto the micro-supercapacitor 

and dried naturally overnight to formed the gel electrolyte PVDF-HFP/LiTFSI.

Fabrication of micro-supercapacitor on film 

The flexible micro-supercapacitor was constructed on the functional transparent film 

through mask-assisted filtration of the rGO/CNT solution. Here, the mass ratio of rGO 

to CNT is 9. After removing water from rGO/CNT solution by vacuum filtration, the 

rGO/CNT deposited on transparent film to form the interdigitated micro-

supercapacitor. 

Material Characterizations

The morphology and structure of samples were examined by scanning electron 

microscopy (SEM, JSM-7001F, JEOL) and transmission electron microscopy (TEM, 

JEM-2100F, JEOL). The surface modification was characterized using Fourier 

transform infrared spectra (FTIR, Bruker Vector-22). The transmittance was measured 

by UV-vis spectrophotometer (UV-vis, UV-2450).

Electrochemical Measurements

The electrochemical performances were obtained on an electrochemical workstation 

(VMP3, Bio-Logic). CV curves were tested in the potential range of 0-3.5 V at scan 

rates from 5 to 200 mV s-1. GCD profiles were obtained at current densities of 0.5 to 

1.4 mA cm-2. EIS curve was measured in the frequency range from 0.01 Hz to 100 kHz 

with AC amplitude 10 mV.

2. Calculation

The areal capacitance (C) calculated from the GCD curves is obtained by using 

the formula:

          (1)
𝐶=

𝐼∆𝑡
𝐴∆𝑈

Where I is the constant discharge current, Δt is the discharge time, A is the total area of 

the electrodes, ΔU is the voltage window after excluding the Ohmic drop (IR).

The volumetric energy density E and power density P derived from the GCD 

curves are calculated from formula (2) and (3):



      (2)
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1
2
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        (3)
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3. Figures and discussion

Fig. S1 FTIR spectra of the raw cotton and the obtained flexible transparent paper.

Fig. S1 shows the Fourier transform infrared (FTIR) spectra of the cotton fibers 

before and after TEMPO and mechanical shearing treatments. All the spectrums show 

a broad peak from 3200 to 3500 cm-1, which are associated with O-H stretching 

vibration.1-3 For raw cotton, the peak at 1637 cm-1 is related to the C=O stretching 

(amide II) from non-cellulosic components consisting of wax, protein and pectin at the 

cotton fiber surface.1, 4, 5 The peak disappears in the cotton nanocellulose, which 

indicates the removal of non-cellulosic components from the cotton fiber surface after 

chemical treatment. For the cotton nanocellulose, a strong peak at 1604 cm-1 derived 

from the carbonyl groups appears, confirming that C6-primary hydroxyl groups of 

cotton cellulose chains are converted to C6-carboxyl groups via TEMPO-mediated 

oxidation.6, 7 



Fig. S2 High magnification TEM image of nanometer-scale cotton cellulose fibers.
Fig. S2 shows the high magnification TEM image of the nanometer-scale cotton 

cellulose fibers. It displays that the exfoliated cotton cellulose fibers have a fine size 

and ribbon-like structure.

Fig. S3 Transmittance of the functional flexible transparent film.

Fig. S4 (a) Photograph of the deformation of the flexible micro-supercapacitor. (b) 

Morphology of the flexible micro-supercapacitor after 150 bending deformations.

Fig. S4 shows the morphology of the flexible micro-supercapacitor after 150 times 

wrapping around a glass rod. At the high magnification, only several microcracks are 

observed in electrode materials in the marginal region, marked by the arrow in Fig. S4b. 



However, the electrode materials are still tightly attached to the transparent film without 

shedding, marked by red square in Fig. S4b. The binder-free flexible micro-

supercapacitor maintains structural stability well after so many large deformations, 

demonstrating the superior interfacial adhesion and reliability of the cotton-derived 

flexible transparent film in the wearable device manufacturing.

Fig. S5 Cross-section image of the flexible micro-supercapacitor. 

Fig. S6 Cycle stability of the flexible micro-supercapacitor at 0.7 mA cm-2.

The capacitance retention of the flexible micro-supercapacitor over bending times 

was investigated, as shown in Fig. S7. The bending is carried out by wrapping the 

micro-supercapacitor around a glass rod, as shown in Fig. S4a. The flexible micro-

supercapacitor exhibits a high capacitance retention of 87 % and 81.5 % after 100 and 

150 bending times, respectively. The results also indicate the applicability of the cotton-

derived functional flexible transparent film to flexible micro-supercapacitor and 



wearable devices.

Fig. S7 Capacitance retention of the flexible micro-supercapacitor versus bending times 

at 0.7 mA cm-2, inset is GCD curves for different bending times.

Table S1 Performance comparison of graphene-based micro-supercapacitor fabricated 

on various substrates.

Electrode Substrate C (mF cm-2) Refs.

rGO/CNT functional flexible 
transparent film

39.1@0.5 mA cm-2 This 
work

graphene -boron doped 
diamond nanowall PI 9.4@0.1 mA cm-2 8

graphene PI 3.9@0.2 mA cm-2 9

TiO2-graphene PET 9.9@5 uA/cm-2 10

KOH-activated 3D 
graphene PI 32@0.05 mA cm-2 11

3D porous graphene/ 
phosphorene PI 16.94@0.2 mA/cm-2 12

 boron-doped laser-
induced graphene PI 16.5@0.05mA/cm-2 13



fluorine-modified 
graphene PET 17.4@1 mV s-1 14

electrochemically 
exfoliated graphene PET 2@5 mV s-1 15

rGO/RuO2 PET 2.35@20 mV s-1 16

Laser-induced graphene PI 0.62 @ 5 mV s-1 17

graphene-phosphorene PET 9.8 @ 5 mV s-1 18
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