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1. Experimental

1.1. Fabrication of AgNW@ANF and CS dendritic particle

Firstly, ANF/DMSO solution (0.5 wt%) was slowly dropped into the highly 

turbulent flow of IPA, which was formed by high-speed shearing of IPA by the IKA 

Magic Lab device (IKA Works Inc.) operating at 20000 rpm. Subsequently, AgNWs 

were dispersed in ANF dendritic particle with different ratios by alternately 

performing bath sonication (300 W, 10 min) and magnetic stirring (400 rpm, 2 h) to 

prepare AgNW@ANF dendritic particles. Finally, the IPA was sheared at 20000 rpm, 

and the CS aqueous solution (1.0 wt %) was slowly added with high turbulence to 

obtain CS dendritic particles.

1.2. Fabrication of AgNW@ANF film

AgNW@ANF films were obtained by suction filtration and drying at 60 °C for 5 

h using AgNW@ANF dendritic particles.
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1.3. Fabrication of AgNW@ANF/CS film

First, CS dendritic particles were filtered by vacuum-assisted suction. Following 

this process, the solvent from AgNW@ANF dendritic particles was removed using 

vacuum-assisted suction filtration. Finally, AgNW@ANF/CS films were obtained by 

repeating the above procedure and drying the material at 60°C for 5 hours.

1.4. Fabrication of AgNW@ANF/CS-C film

First, CS dendritic particles were filtered by vacuum-assisted suction. Following 

this process, the solvent from AgNW@ANF dendritic particles was removed using 

vacuum-assisted suction filtration. Finally, AgNW@ANF/CS-C films were obtained 

by repeating the above procedure and soaking in a glyoxal aqueous solution at pH 3.0 

for 12 h and drying the material at 60°C for 5 hours.

1.5. Fabrication of AgNW@ANF/CS-CH film

Firstly, AgNW@ANF films were obtained by suction filtration and drying at 60 

°C for 5 h using AgNW@ANF dendritic particles. Next, AgNW@ANF/CS films 

were fabricated by suction filtration and dried at 60°C for 5 h using AgNW@ANF 

and CS dendritic particles. Subsequently, AgNW@ANF/CS film was immersed in a 

glyoxal aqueous solution at pH 3.0 for 12 h and dried at 60 °C for 5 h to prepare 

AgNW@ANF/CS-C film. Finally, AgNW@ANF/CS-CH films were prepared by hot 

pressing sintering of AgNW@ANF/CS-C under 200 °C and 30 MPa for 30 min.



2. Characterization of materials

Fig. S1. Digital phoσtographs of CS dendritic particles.

Fig. S2. Size distribution of ANF and CS dendritic particles.



Fig. S3. XRD of AgNW, ANF, CS, AgNW@ANF and AgNW@ANF/CS-CH.

Fig. S4. FTIR of ANF, CS, AgNW@ANF and AgNW@ANF/CS-CH.



Fig. S5. Zeta potential of AgNW, ANF, AgNW@ANF and CS dendritic particles.

2.1. Calculation of porosity

The theoretical volume is calculated according to the ratio between different 

components, the density and weight of these specimens, and then the actual volume is 

measured to compare to the theoretical volume to obtain the porosity. The porosity of 

film is estimated according to Eq. S1:

𝑃 (%) = (1 ‒
𝑚𝐴𝑔𝑁𝑊 𝜌𝐴𝑔𝑁𝑊 + 𝑚𝐴𝑁𝐹 𝜌𝐴𝑁𝐹 + 𝑚𝐶𝑆 𝜌𝐶𝑆

𝜋𝑟²𝑡
) Eq. S1

Where ,  and  represents the weight of AgNWs, ANF and CS, respectively. 𝑚𝐴𝑔𝑁𝑊 𝑚𝐴𝑁𝐹 𝑚𝐶𝑆

,  and  is the density of AgNWs, ANF and CS, respectively.  is the radius of 𝜌𝐴𝑔𝑁𝑊 𝜌𝐴𝑁𝐹 𝜌𝐶𝑆 𝑟

the samples and represents the thickness1.𝑡 



Fig. S6 Porpsity of AgNW@ANF, AgNW@ANF/CS, AgNW@ANF/CS-C and 

AgNW@ANF/CS-CH film.

2.2. Thermal gravimetric analysis (TGA)

Fig. S7. TGA of AgNW, ANF, CS, AgNW@ANF, AgNW@ANF/CS, AgNW@ANF/CS-C and 

AgNW@ANF/CS-CH film.



Fig. S8. SEM of AgNW@ANF/CS-CH film in Y-axis direction

Fig. S9. SEM of AgNW@ANF/CS-CH film cross-section at high magnification



Fig. S10. EDS of AgNW@ANF/CS-CH film

3. Mechanical Properties

Fig. S11. Stress-strain curves of AgNW@ANF films with different AgNW content.



Fig. S12. Strength and toughness of AgNW@ANF film with different AgNW content.

Fig. S13. The mechanism diagram of electrostatic electrostatic assembly: (a) AgNW@ANF and (b) 

AgNW@ANF/CS film.



Fig. S14. Stress-strain curves of AgNW@ANF films with different ANF and CS ratios.

Fig. S15. Strength and toughness of AgNW@ANF film with different ANF and CS ratios.

Fig. S16. Crosslinking of AgNW@ANF/CS-C film: (a) schematic and (b) mechanism diagram.



Fig. S17. Stress-strain curves of AgNW@ANF/CS-C films under different crosslinking agents.

Fig. S18. Stress and elongation of the films under different crosslinking agents.



Fig. S19. Stress-strain curves of AgNW@ANF/CS-C films under different crosslinking pH.

Fig. S20. Stress and elongation of the films under different crosslinking pH.



Fig. S21. Stress-strain curves of AgNW@ANF/CS-C films under different sintering pressure.

Fig. S22. Stress and elongation of the films under different sintering pressure.



Fig. S23. Stress-strain curves of AgNW@ANF/CS-C films under different sintering temperatures.

Fig. S24. Stress and elongation of the films under different sintering temperatures.



Fig. S25. (a) SEM of AgNW@ANF/CS-CH film, (b-c) Schematic diagram of the brick-mortar 

structure.

Fig. S26. The (a) tensile and (b) fracture schematics of the film, (c) SEM of the tensile section of 

the film.

Table S1. Strength and toughness of recently reported ANF-based films 2–11

No Sample Strength (MPa) Toughness (MJ/m³) Ref

1 MWCNTs/ANFs 283.5 2.3 1

2 TRGO–ANFs 186.4 3 2

3 ANFs/rHGO/PANI 95.5 4.84 3

4 f-G/ANFs 110 9.9 4

5 rGO/DOPA/BANFs 117 0.61 5

6 RGO/ANFs 100.6 0.37 6

7 MXene/ANFs 160 4 7

8 ANFs/GO 92.89 6 8



9 AgNW/ANFs 285.7 19.8 9

10 ANFs 164.5 10 10

11 AgNW@ANF/CS-CH 306.5 26.5 This work

3.1. DFT calculation

First-principles calculations were carried out using the density functional theory 

(DFT) method implemented in Gaussian 16W. ANFs and CS were considered two 

fragments and their energy-optimized geometry was calculated, respectively. AM1 

was first used as a semi-empirical method to obtain a general geometry, then hybrid 

density functional B3LYP and a higher basis set with polarization function and 

diffusion function were applied to obtain precise energy-optimized geometries. The 

interaction energy of ANFs (Fregment 1) and CS (Fregment 2) with basis set 

superposition error correction (BSSE correction) was calculated afterward according 

to the following equation. The energy of each step indicates the system energy 

reduction of different distances and conformation of the composite12.
𝐸(𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛) = 𝐸𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚(𝐴𝑁𝐹 𝐶𝑆) ‒ 𝐸(𝐴𝑁𝐹) ‒ 𝐸(𝐶𝑆) + 𝐸(𝐵𝑆𝑆𝐸) Eq. S2

Table S2. Energy in composite film systems

Samples Interaction ANF/CS ANF CS BSSE

Energy (eV) -5.98 -65488.26 -22852.70 -42629.36 0.22



Fig. S27. Change in bond distance simulated by DFT.

4. Electrical performance

4.1. Percolation theory

Percolation models usually serve as the best-known tool for explaining and 

predicting the electrical properties of conducting filler-based polymer composites. 

Critical volume fraction, an important parameter in percolation models, is a key 

parameter to study the electrical properties of these composites at the percolation 

threshold. Near the percolation threshold, the conductivity of composites experiences 

a sudden rise in electrical conductivity for several orders of magnitude. These trends 

in the electrical conductivity of composites near the percolation threshold follow a 

power law described below:
𝜎 = 𝜎0(𝜑 ‒ 𝜑𝑐)𝑡 Eq. S3

log10 𝜎 = 𝑡 ∙ log10 (𝜑 ‒ 𝜑𝑐) + log10 𝜎0 Eq. S4

Where the  is the weight fraction of the conductive particle in composite 𝜑

material, is the critical weight fraction of the conductive filler forming a percolation 𝜑𝑐 

network in the polymer matrix,  is the electric conductivity of conductive film,  is 𝜎 𝜎0



the electric conductivity of conductive filler, and thecritical exponent. Substituting 𝑡

Eq. S5-7 into Eq. 6, Eq. S8 is obtained13.
𝑥 = log10 (𝜑 ‒ 𝜑𝑐) Eq. S5

𝑦 = log10 𝜎 Eq. S6
𝑏 = log10 𝜎0 Eq. S7

𝑦 = 𝑡𝑥 + 𝑏 Eq. S8

Table S3. Percolation threshold and critical exponent of conductive films

Samples 𝜑𝑐 t R²

AgNW@ANF 0.59 1.73 ± 0.008 0.984

AgNW@ANF/CSCH 1.35 1.17 ± 0.007 0.993

AgNW@ANF/CS-C 1.09 1.27 ± 0.008 0.989

AgNW@ANF/CS-CH 0.74 1.68 ± 0.009 0.991

Fig. S28. The linear fitting results according to the percolation theory



4.2. Comsol simulation

Fig. S29. Schematic diagram of computational simulation models with different layer numbers

Fig. S30. Simulation results of three-dimensional current density (A/m²) distribution of the above 

four models from XYZ-view.



4.3. Hot-pressure sintering

Fig. S31. The conductivity of the films with different temperature

Fig. S32. The conductivity of the films with different pressure



Fig. S33. SEM of AgNWs before and after welding

Fig. S34. The sheet resistance of AgNWs under different hot-pressing sintering temperatures



Fig. S35. The sheet resistance of AgNWs under different hot pressing sintering time

Fig. S36. The sheet resistance of AgNWs under different hot-pressing sintering pressures



Fig. S37. Conductivity versus initial conductivity under different folding times

5. EMI Shielding Properties

The EMI shielding effectiveness (SE) of the composites is calculated using S 

parameters (S11 and S21). The transmission power (T = |S21|²), reflectivity power (R 

= |S11|²), and absorption power (A) satisfy the equation A + R + T =114. The total 

EMI shielding effectiveness (SET) is equal to the sum of reflection effectiveness 

(SER), and absorption effectiveness (SEA), which could be described as the following 

Eq. S9-S11:
𝑆𝐸𝑇 = 𝑆𝐸𝐴 + 𝑆𝐸𝑅 Eq. S9

𝑆𝐸𝐴 = ( |𝑆21|2

1 ‒ |𝑆11|2) Eq. S10

𝑆𝐸𝑅 =‒ 10log (1 ‒ 𝑅) =‒ 10log (1 ‒ |𝑆11|2) Eq. S11

The specific shielding effectiveness (SSE) is defined to compare the SE of 

materials, taking the density into account, and SSE/t is defined in Eq. S12-13, taking 

the thickness into account15



𝑆𝑆𝐸 =
𝑆𝐸𝑀 𝑆𝐸

𝜌 Eq. S12

𝑆𝑆𝐸
𝑡

=
𝑆𝑆𝐸

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 Eq. S12

Table S4. SE and SSE/t of recently reported electromagnetic shielding materials 16–25

No Sample SE (dB) SSE/t (dB·cm²·g⁻¹) Ref

1 CNT/HDPUF 20 8000 11

2 CNT@PU/PU 60 10526.1 12

3 ANF/SWNT 28.5 6000 13

4 PVA/MXene 106 8000 14

5 FC-ANF/CNT 45 11000 15

6 AgNW/PET 37.33 3112.69 16

7 CWF 40 10556 17

8 KM 87.2 10000 18

9 PDMS/AgNWs/TCP 39.1 6600 19

10 PVDF/SiCnw/MXene 38.9 4100 20

11 AgNW@ANF/CS-CH 94.67 22879.1 This work

6. Joule heating

Fig. S38. Anisotropic thermal conduction model of AgNW@ANF/CS-CH film



7. Temperature Sensitivity

AgNWs generate current when electrons move in the direction of an applied 

electric fie 26,27 ld. AgNWs exhibit irregular thermal motion as the temperature 

increases, which results in a decrease in directional drift velocity, leading to an 

increase in resistance. As shown in Fig. S39, when the temperature increases from 25 

°C to 150 °C, the film's resistance increases linearly from 293 mΩ to 481 mΩ, which 

satisfies the positive temperature coefficient. A typical I-V curve for a plastic film is 

shown in Fig. S40, which illustrates the I-V curve of the film as the temperature 

increases from 20 to 100 °C, and the current at 0.5 V decreases from 1.7 A at 20 °C to 

1.25 A at 100 °C28–30. From Fig. S41, the relative resistance change (∆R/R₀) of the 

film increases with temperature increase, showing excellent temperature sensitivity 

(0.5%∙℃⁻¹) and linearity (R² = 0.98). Furthermore, the ∆R/R₀ decreases during the 

cooling process, which is in keeping with the curve during heating. Fig. S42 illustrates 

the ∆R/R₀ curves of the films under different temperature variations, indicating that it 

is capable of distinguishing temperature differences accurately. As is shown in Fig. 

S43, the average electrical response remained steady during 400 cycles at ∆T = 75 ℃ 

and 35% RH, demonstrating super-high robustness and stability. Fig. S44 illustrates 

the ∆R/R₀ values of three drops of water placed on the film at three different 

temperatures (50, 25, and 5 °C). Similarly, the ∆R/R₀ curve shows the opposite trend 

with water droplets at 50 °C and 5 °C, demonstrating the capability to perceive 

objects as they are heated. From Fig. S45, the film responds quickly to temperature 

changes, with a response time of 12.1 s between 25 and 50 ℃.



Fig. S39. Resistance-temperature of AgNW@ANF/CS-CH

Fig. S40. The sensitivity-temperature curve of AgNW@ANF/CS-CH



Fig. S41. Curves I–V denote the temperature responses of AgNW@ANF/CS-CH from 20 to 

100°C

Fig. S42. Resistance changes at different temperatures



Fig. S43. The resistance change of the films under 400 cycles (∆T = 75 ℃, 35% RH)

Fig. S44. The resistance change of the films when three drops of water with temperatures of 50 °C 
(hot), 25 °C (room temperature) and 5 °C (cold)



Fig. S45. Relaxation time
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