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 List of keyword abbreviations 

  

Abbreviation Full name 

TNP Transparent nanocellulose paper 

TNP-TCF Transparent nanocellulose paper-based transparent conductive film 

TNP-TCE Transparent nanocellulose paper-based transparent electrode 

TNP-MSC Transparent nanocellulose paper microsupercapacitors 
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Figure S1. Change in the characteristic Fourier transform infrared (FT-IR) peaks assigned 

to the acrylic C═C bonds (1610–1625 cm
−1

) of the 2,2,6,6-tetramethylpiperidin-1-oxyl-

oxidized–cellulose nanofibers (TEMPO-CNF)/N-hydroxyethyl acrylamide (HEAA) 

mixture before and after the UV curing. 
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Figure S2. Cross-sectional scanning electron microscopy (SEM) images of the fractured 

(a) TEMPO-CNF film and (b) Semi-interpenetrating polymer network (IPN)-TNP after 

the tensile test. 
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Figure S3. Photographs of (a) TEMPO-CNF film and (b) semi-IPN TNP under various 

deformation modes (bending (bending radius (Rb) = 5.0 mm), winding along a rod (radius = 

5.0 mm), and multiple folding). 
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Figure S4. SEM images of (a) polyethylene terephthalate (PET) film (control) and (b) semi-

IPN TNP after thermal treatment (at 140 °C for 2 h). 
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Figure S5. Dynamic mechanical analysis (DMA) profiles of the PET film (control) and the 

semi-IPN TNP as a function of temperature (at a heating rate of 5 ℃ min
-1

 under N2 

atmosphere). 
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Figure S6. Oxygen barrier properties of the PET Film (control) and semi-IPN TNP (at 23 ± 

1 ℃ and relative humidity of 0%). 
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Figure S7. (a) SEM images of the TNP-TCFs as a function of the spraying pressure. (b) 

Converted images (via ImageJ) showing the projected silver nanowires (AgNWs) networks 

expressed based on the covered area ratio (CAR). 
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Figure S8. Photographs of the TNP-TCFs as a function of the CAR. 
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Figure S9. SEM images of the PET-TCF (control) and TNP-TCF after the peel-off test (at a 

peel-off speed of 5.0 mm min
−1

) as a function of the peel-off cycle. 
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Figure S10. SEM images of (a) the PET-TCF (control) and (b) the TNP-TCF after the 

origami folding. 
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Figure S11. Schematic representation of the electrohydrodynamic (EHD) jet-printing 

equipment, which consists of a nozzle connected to a piston syringe, a camera set-up for 

observing the in-situ printing process, and a computer-controlled three-axis moving stage. 
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Figure S12. Viscosity of the UV-curable mask ink as a function of the shear rate. 
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Figure S13. (a) Schematic representation describing the TNP-MSCs configuration. (b) 

Dimension values of the TNP-MSC configuration as a function of the number of fingers. 

(c) Nyquist plots, and (d) transmittance spectra in the visible range (400–800 nm) of the TNP-

MSCs as a function of the number of fingers. 
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Figure 14. Peel strength of the interface between the poly(3,4-ethylene 

dioxythiophene):(styrene sulfonate) (PEDOT:PSS) layer and underlying transparent substrates 

at a peel-off speed of 5.0 mm min
-1

: PET-TCF (control) vs. TNP-TCF. 
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Figure S15. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) 2D mapping 

images of F
+
 fragments. (a) Bare TNP film and (b) Hydrophobic silane-treated TNP film. 
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Figure S16. Nyquist plot of the transparent solid-state gel electrolyte (comprising of 

polyvinyl alcohol (PVA) matrix and 2.35 M lithium chloride (LiCl) aqueous electrolyte) at 

room temperature. 
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Figure S17. Peel strength of the interface between the solid-state gel electrolyte layer and 

TNP-TCE (vs. PET-TCE (control)). 
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Figure S18. Capacitance retention (measured at areal current density of 20 µA cm
−2

) of the 

TNP–MSC as a function of charge/discharge cycle number. 
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Figure S19. Schematic representation of the 9 unit cells with a combined configuration of 3S 

(3 cells in-series) × 3P (3 cells in-parallel). 



  

21 

 

 

 

Figure  S20. Schematic representation of the TNP-MSCs. (a) Unit Cell. (b) 3 cells, 6 cells, 

and 9 cells connected in-series. 
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Figure S21. Galvanostatic charge/discharge (GCD) profiles of the TNP-MSCs connected in 

series (measured at areal current density of 20 µA cm
-2

). 
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Figure  S22. Capacitance retention (measured at a scan rate of 20 mV s
-1

) of a single body of 

the TNP-MSC with in-series connection of 3 unit cells under various folding modes. 
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Table 1. Comparison of the optical transmittance, electrical conductivity, and mechanical 

flexibility of the TNP-TCF (this work) to those of previously reported TCFs based on 

synthetic polymer substrates. 

Substrate Conductive 
materials 

Transmittance 
[%]a) 

Electrical 
conductivity 
[Ω sq-1] 

Bending 
radius 
[mm] 

Flexibility 
[ΔR/R0]

b) 
Ref. 

Nanocellulose 
paper 

AgNWs 7 31 0.5 Negligibly changed, after 10,000 
cycles  

This 
work 

Nylon/cellulose 
acetate film 

PANi 39 188 5 90%, after 1,000 cycles  [1] 

Nanocellulose 
paper 

AgNWs 82 54 2 Negligibly changed, 500 cycles  [2] 

PDA@NFC-
PEDOT:PSS@AgNW 

92.6 7.32 5 Negligibly changed, 1,000 cycles  [3] 

Nanocellulose 
paper 

AgNW/ 
PEDOT:PSS 

84 35 4 Negligibly changed, 400 cycles  [4] 

Nanocellulose 
paper 

AgNWs 81.4 40.3 4 Negligibly changed, 500 cycles  [5] 

PET PEDOT:PSS 84.6 24 3 Negligibly changed, after 5,000 
cycles 

[6] 

PET AgNFs 95 12 4 Negligibly changed, 1,000 cycles [7] 

PET Ag grid 89.54 2 10 Negligibly changed, after 10,000 
cycles 

[8] 

PET SWCNT 91 40 5 Negligibly changed, after 10,000 
cycles 

[9] 

PET Au-Cu mesh 79 44 6 Increasing ~ 7%, after 10,000 
cycles 

[10] 

PET AgNWs/ZnO 93 41 3 Negligibly changed, after 1,000 
cycles 

[11] 

PET NiOx 84 53 10 Negligibly changed, after 10,000 
cycles 

[12] 

PEN Cu@Ni@NiC
oS 

89 12 3 Increasing ~ 5%, after 10,000 
cycles 

[13] 

PEN Co(OH)2@Ni 87 25 3 Increasing ~ 10%, after 10,000 
cycles 

[14] 

PET AgNWs 78 50 5 Negligibly changed, after 10,000 
cycles 

[15] 

PET TiO2/Au/TiO2 
nanomesh 

93.5 70 2.5 Negligibly changed, after 1,000 
cycles 

[16] 

PDMS Ag-AuNWs 63  15 5 Increasing ~ 0.2%, after 5,000 
cycles 

[17] 

PDMS Ag-AuNWs 88 50 5 Negligibly changed, after 5,000 
cycles 

[18] 

PET AgNPs 85.79 (0.75) 0.75 3 Negligible change, after 1,000 
cycles 

[19] 

PET Ti3C2Tx 87.8 (123) 123 3 Increasing 6%, after 1,000 cycles [20] 
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a)
Transmittance indicates the value at wavelength of 550 nm; 

b)
Relative electrical resistance 

change (ΔR/R0) indicates the sheet resistance change before and after bending cycles. 

 

 

Table 2. Comparison of the optical transmittance, mechanical flexibility, areal capacitance, 

areal energy density, and operating voltage of the TNP-MSC (this work) to those of 

previously reported transparent MSCs. 

TCF Active  

material 

Transmittance 

[%]a) 

Bending 

radius 

[mm] 

Areal 

capacitance 

[mF cm-2] 

Areal energy 

density 

[µWh cm-2] 

Flexibility 

[ΔC/C0]
b) 

Operating 

voltage 

[V] 

Ref. 

AgNWs/nanocellulose 

paper 
PEDOT:PSS 85 0.7 0.24 0.22 

98%, 

10,000 cycles 

Origami airplane 

0.8–7.2 
This 

work 

rGO/nanocellulose 

paper 
WO3 83 15 - - 

99.1%,  

after 100 cycles 
2.5 [21] 

Graphene/PET Graphene 75 12.5 0.1 0.01 
86.5%, 

after 1,000 cycles 
0.8 [22] 

Ag/Au/PET PPy 64 11 0.58 0.03 
93%, 

after 1,000 cycles 
0.8 [23] 

Ag grid/PET PEDOT:PSS 80.58 2 2.79 0.25 
97.4%, 

after 1,000 cycles 
0.8 [8] 

AgNWs/NOA PEDOT:PSS 80 1 3.3 0.3 
90%, 

after 8,000 cycles 
0.8 [24] 

AgNFs/NOA PEDOT:PSS 77.4 2 0.91 0.09 
98.5%, 

after 5,000 cycles 
1.0–2.0 [25] 

Au/NOA Graphene 48 2 0.08 0.006 
87.5%, 

after 1,800 cycles 
1 [26] 

Ag grid/PET NixFeyOz@rGO 70.6 3 0.23 0.12 
Almost unchanged, 

1,000 cycles 
0–2.5 [27] 

Ni mesh/PEN MnO2 51 5 7.31 0.86 
90%, 

1,000 cycles 
1.6 [28] 

PET PEDOT:PSS 65 2 4.7 0.21 
Almost unchanged, 

5,000 cycles 
0.8 [29] 

Cu@NiNF/PEN NiCoS 65 3 0.01 0.48 
95%, 

10,000 cycles 
0.8 [13] 
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a)
Transmittance indicates the value at wavelength of 550 nm; 

b)
Relative capacitance change 

(ΔC/C0) indicates the areal capacitance change before and after bending cycles. 

Supplementary notes 

The areal capacitance (CA) and areal energy density (EA) of the TNP-MSC were calculated 

using the following equation (1) and (2): 

   
  

    
 

∫    
  
  

      
             (1) 

   
     

        
                       (2) 

where   is the current,    is the voltage window,   is the scan rate,   is the specific 

capacitance, and Π is the total area of the TNP-MSC. 

 

 

 

Movie S1. Video clip showing the EHD printing of the UV-curable mask ink on the semi-IPN 

TNP substrate. 

 

Movie S2. Video clip showing the rolling-off of water droplets on the tilted substrates: 

pristine TNP (control) vs. hydrophobic silane-treated TNP. 

 

Movie S3. Video clip showing the folding/unfolding of the origami airplane-shaped TNP-

MSC. 
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