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Figure S1. TEM images of (a-c) purified GnP and (d-f) fGnP filler. Digital photos of (g) purified GnP and 

(h) fGnP in DI water.
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Figure S2. TEM images of (a) pristine ANF and (b) acid treated ANF. Digital photos of (c) ANF in DI 

water, (d) oANF in DI water and (e) The mixture of fGNP and oANF suspension after a month.
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Figure S3. FTIR spectra of GnP and fGnP.
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Figure S4. (a) Survey XPS spectra of GnP, fGnP, ANF, oANF and fGnP50@PANF5, (b-f) High-

resolution of C 1s spectra of GnP, fGnP, ANF, oANF and fGnP50@PANF5.
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Figure S5. (a) Ultimate tensile strength (u) and elongation at break (b) of fGnP@PANF (crosslinked with 

5 wt% of PNCT) as a function of fGnP content, (b) Ultimate tensile strength and elongation at break of 

fGnP50@PANF0 (0 wt% of PNCT), fGnP50@PANF5 (5 wt% of PNCT), fGnP50@PANF10 (10 wt% of 

PNCT), and fGnP50@PCNF5 (5 wt% of PNCT). 
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Figure S6. Cross-section SEM images of fGnP@PANF at different contents of fGnP (a) 30 wt%, (b) 50 

wt%, (c) 60 wt%, and (d) 80 wt%.
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Figure S7. (a) Stress-strain curves of fGnP50@PANF papers undergone different folding cycles, (b) Stress-

strain curves of fGnP50@PANF at different film thicknesses, (c) Relative tensile strength of 

fGnP50@PANF film undergone different folding cycles, (d) Relative toughness of fGnP50@PANF film 

undergone different folding cycles, (e) digital photo of folded fGnP50@PANF strip (left) and that after 

tensile test (right) showing that the fracture line different from the folding line (red dash line).
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Figure S8. Digital photos of (a) the crumpling process of fGnP50@PANF film, (b) the crumpled 

fGnP50@PANF strip can withstand a weight of 500 g, and (c) the origami bat is shaped using 

fGnP50@PANF paper.



10

Figure S9. Schematic illustration of the fracture mechanism of the fGnP@PANF bioinspired paper.
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Figure S10. In-plane thermal conductivity of fGnP50@PANF bioinspired papers (a) using 

different contents of crosslinking agent, (b) using fGnP with different polymerization times (12 h, 

24 h, and 48 h). In-plane thermal conductivity of fGnP50@PANF bioinspired papers at different 

contents of filler as a function of (c) folding cycle and (d) temperature.
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Figure S11. (a) EMI SET of the fGnP50@PANF bioinspired papers with different crosslinking 

agent and with the fGnP50@PCNF10 papers and the fGnP@PI films, (b) SER, SEA and SET of 

fGnP@PANF bioinspired paper at different contents of filler at 10 GHz, and (c) SER, SEA and SET 

of fGnP50@PANF bioinspired paper at different film thicknesses at 10 GHz.



13

Figure S12. (a) TGA of fGnP treated PDA with different polymerization times (12 h, 24 h, and 48 h), and 

(b) the exposed fGnP50@PANF papers under alcohol flame after 5 h.
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Table S1. A comparison on tensile strength and in-plane thermal conductivity of fGnP@PANF bioinspired 

papers with BN- and graphene-based 1D nanofibers films. 

Loading u λ
∥Materials

(wt%) (MPa) (W·m-1·K-1)
Ref.

30 309.1 25.2

50 437.3 68.2fGnP@PANF

60 266.2 85.3

This work

GS/CNF 50 72.3 164.7 Chen et al.S1

rGO/CNF 50 67.0 7.3 Yang et al. S2

GS/CNF 10 86.2 6.8 Song et al. S3

GPs/CNF 6 53.0 9.0 Song et al. S4

rGO/CNF 30 90.0 6.2 Song et al. S5

GnP/CNF 75 46.4 59.5 Li et al. S6

GnP/CNF 75 50.7 58.0 Wang et al. S7

40 137.5 87.2 

50 194.7 98.7 GNS/PBONF

60 188.9 123.4 

Wang et al. S8

20 180 30.0 

30 160.0 46.7 BNNS/ANF

45 82 42.0 

Wu et al. S9

BNNS/ANF 50 36.8 3.9 Ma et al. S10

BNNS/CNF 50 50.0 145.7 Zhu et al. S11

BNNS/CNF 70 60.0 30.3 Wu et al. S12

BNNS/CNF 60 45.5 24.3 Wu et al. S13

BNNS/CNF 25 45.0 22.7 Hu et al. S14

*CNF: cellulose nanofiber, GS: graphene sheets, rGO: reduced graphene oxide, PBONF: 
polybenzoxazone nanofiber, ANF: aramid nanofiber, BNNS: boron nitride nanosheets.
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Table S2. A comparison on specific thermal conductivity between fGnP@ANF bioinspired papers with 

metal/alloy materials. 

ρ u λ
∥

λ
∥
/ρ σ/ρ

Materials
(g·cm-3) (MPa) (W·m-1·K-1) (W·m-1·K-1/g·cm-3) (MPa/g·cm-3)

fGnP50@PANF 1.55 437 68.2 44.00 281.94

Stainless Steel (UNS S30400) 8.06 ~620 ~17 2.11 76.92

Fe 7.87 ~540 ~76.2 9.68 68.61

Aluminum Alloy (UNS A95182) 2.65 ~275 ~123 46.42 103.77

Copper Alloy (UNS C94500) 9.4 ~170 ~52 5.53 18.09

Ag 10.47 ~340 ~420 40.11 32.47

Au 19.3 ~220 ~300 15.54 11.40

*The properties of metal/alloy are taken from AZO Materials (www.azom.com).
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Table S3. A comparison on the in‐plane thermal conductivity enhancement per unit percent filler content 

between fGnP@PANF bioinspired papers with BN- and graphene-based 1D nanofibers films. 

Loading λ
∥

λ
∥

/wt% 
Filler Matrix

(wt%) (W·m-1·K-1) (W·m-1·K-1/wt%)
Ref.

GnP ANF 50 68.2 1.36 This work

GNS PI 50 65.0 1.30 Wei et al.S15

rGO CNF 50 7.3 0.15 Yang et al.S2

GS CNF 10 6.8 0.68 Song et al.S3

frGO CNF 6 9.0 1.50 Song et al.S4

rGO CNF 30 6.2 0.21 Song et al.S5

GnP CNF 75 59.5 0.79 Li et al.S6

GnP CNF 75 58.0 0.77 Wang et al.S7

rGO NR 50 20.84 0.42 Feng et al.S16

GF PVA 93 61.3 0.66 Wang et al.S17

MLG Epoxy 12 33.5 2.84 Li et al.S18

GP Epoxy 20 5.0 0.25 Debelak et al.S19

MLG Epoxy 20 5.2 0.26 Shahil et al.S20

20 30.0 1.50

30 46.7 1.56BNNS ANF

45 42.0 0.93

Wu et al.S9

BNNS ANF 50 3.9 0.08 Ma et al.S10

BNNS CNF 70 30.3 0.43 Wu et al.S12

BNNS CNF 60 24.3 0.40 Wu et al.S13

BNNS CNF 25 22.7 0.91 Hu et al.S14

BNNS HDPE 40 3.57 0.09 Zhang et al.S21

BNNS CNF 50 15.13 0.30 Hu et al.S22

BNNS ANF 50 0.62 0.01 Lin et al.S23

BNNS PI 12.4 4.25 0.34 Cao et al.S24

BNNT CNF 25 21.39 0.86 Zeng et al.S25

BN PU 95 50.3 0.53 Yu et al.S26

BNNS PDMS 33 16.3 0.49 Chen et al.S27

*PBONF: polybenzoxazone nanofiber, GNS: graphene nanosheets, frGO: functionalized reduced graphene oxide, GF, 
graphene fluoride, NR: natural rubber, PVA: poly vinyl alcohol, MLG: mutil-layered graphene, GP: graphite, BNNS: 
boron nitride nanosheets, BNNT: boron nitride nanotubes, HDPE: High-density polyethylene, PI: polyimide, PU: 
polyurethane, PDMS: polydimethylsiloxane, CNF: cellulose nanofiber, ANF: aramid nanofiber.
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Table S4. Coefficient of Reflection (R), Absorption (A) and Transmission (T) of fGnP@PANF bioinspired 

papers as a function of filler contents at 10 GHz.

fGnP contents (wt%) R (%) T (%) A (%)

10 76.93 1.36 21.7

30 87.64 1.78×10-1 12.18

50 88.89 2.50×10-2 11.08

70 93.06 7.00×10-3 6.93

90 93.72 2.15×10-3 6.28
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Table S5. Coefficient of Reflection (R), Absorption (A) and Transmission (T) of fGnP50@PANF 

bioinspired papers at different thicknesses at 10 GHz.

Thickness (μm) R (%) T (%) A (%)

11 86.15 1.59×10-1 13.69

21 88.89 2.50×10-2 11.08

42 91.75 1.71×10-3 8.25

63 93.72 9.9×10-5 6.28
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Table S6. A comparison on absolute effectiveness EMI SE between fGnP@PANF bioinspired papers with 

graphene, CNT and metal based polymer composites.

Loading t ρ λ
∥ SE

T
ASSE

T
Materials

(wt%) (mm) (g·cm-3) (W·m-1·K-1) (dB) (dB·cm2·g-1)
Ref.

GnP/PS 35 3 1.43 4.72 33 77 Gou et al.S28

GnP/EP 50 1 1.55 8 45 290 Kargar et al.S29

GnP/PEDOT-PSS 25 0.8 1.35 0.83 70 648 Nidhi et al.S30

GnP@rGO/EP 21 3 1.32 1.56 51 129 Liang et al.S31

GS-Ni/PVDF 20 0.7 1.34 8.96 51.4 548 Liang et al.S32

GS-Fe-Ni/CE 20 3.5 1.32 4.13 55 119 Ren et al.S33

rGO/CNF 50 0.023 1.78 7.3 26.2 6400 Yang et al.S2

rGO@Fe3O4/EP 9 1 1.25 1.2 13.45 108 Liu et al.S34

rGO/WPU 3 1 1.22 2.13 45.6 374 Wang et al.S35

rGO/PEI 10 0.29 2.3 0.037 44 660 Shen et al.S36

rGO-Fe3O4/PEI 10 0.4 2.5 0.071 41.5 415 Shen et al.S36

CNT/EVA 70 0.065 1.65 17.9 32.4 3021 Wang et al.S37

CNT-Fe3O4/PVDF 8 1.1 1.25 0.62 35.6 259 Chen et al.S38

CNT-Fe3O4-Ag/EP 15 2 1.29 0.46 35 136 Wang et al.S39

CNT/PVDF 6 0.3 1.23 1.39 35.3 957 Li et al.S40

CuNWs/EP 7 3 1.28 0.51 47 122 Yang et al.S41

Cu/PCL 45 1 0.59 7 110.7 1876 Lee et al.S42　

fGnP30@PANF 30 0.021 1.45 142.8 30.1 9031

fGnP50@PANF 50 0.021 1.55 68.2 36.2 11060

fGnP70@PANF 70 0.021 1.75 142.8 41.8 11319

fGnP90@PANF 90 0.021 1.82 142.8 48.2 12218

This work

*PS: polystyrene, EP: epoxy, PEDOT-PSS: Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), PVDF: 
polyvinylidene difluoride, CE: cyanate ester, GS: graphene sheet, rGO: reduced graphene oxide, CNF: cellulose 
nanofiber, WPU: water-based polyurethane, PEI: polyetherimide, EVA: ethylene vinyl acetate, CNT: carbon 
nanotubes, CuNWs: copper nanowires, PCL: polycaprolactone. 
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