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Text S1 Modeling of heterodimensional structure modulated aerogel shape 

experimentally and theoretically 

During the freezing process of an aqueous dispersion, the water molecules undergo a 

phenomenon wherein they establish hydrogen bonds with one another across a broad spectrum. 

Consequently, the volume of these water molecules expands, resulting in the formation of 

loosely arranged crystals. Then the AWBps and MC are squeezed into the gaps of the randomly 

grown ice crystals, leading to the formation of a continuous AWBps/MC hybrid phase under 

the action of hydrogen bonding [S1]. Following this, in the process of desiccation, the ice 

crystals present in the uppermost layer of the frozen entity undergo heat absorption and 

sublimation. Consequently, the surface layer undergoes a transition from rigidity to viscosity, 

primarily due to the high concentration of cellulose. This transition, to some extent, restricts the 

release of water vapor from the lower layers and consequently decelerates the overall rate of 

sublimation. As a result, the heat absorption of the ice crystal sublimation is relatively reduced, 

and a cascade of heat cannot be conducted by the network of AgBrxCl1-x clusters, owning lower 

thermal conductivity [S2]. Finally, the aggregate temperature of the solid entity experiences an 

increase. At the eutectic point, local melting takes place, resulting in the conversion of solid 

frozen water into its liquid state [S3].  

Typically, the hydrostatic pressure due to capillary forces arising from the surface tension of 

melting water can be expressed as [S4]: 
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where pr is the capillary stress, γ is the surface tension of the liquid, θ is the contact angle of the 

liquid with the pore wall, and r is the radius of the pore. Herein, the aerogel pore sizes are in 

the micrometer range, it can be calculated from Eqn. (S1.1) that the skeletons would experience 

oblique pulling stresses of ~10 KPa as the liquids in the pores are evaporated. Additionally, the 

presence of large nanoparticles will exert additional force on the delicate and fragile skeletal 

structure primarily composed of short AgNWs and MC (Fig. S6). Constant compression of the 

AWBps/MC gel as water evaporates causes the gel to shrink and become dense, preventing the 

creation of low-density aerogel [S4, 5]. Additionally, when the pore radiuses on the two sides 

of a common wall are not equal, Eqn (1.1) dictates that force would destroy the structure of the 

AWBps/MC walls, eventually turning into an ultrathin and dense AWBps/MC aerogel film (Fig. 

2a) [S5, 6].  

While the solvent continues to sublimate and the gel as a whole does not receive any additional 

heat when the thermal conductivity channel (1D AgNWs) is widened and the thermal 

conductivity barriers (0D AgBrxCl1-x) are lowered (Fig. S7). In a solid state, capillary force is 

minimal, allowing for the stable formation of interlayer supporting filaments in aerogel foam 

(Figs. S8, S9 [S4, 7]. In contrast, very low concentrations of AWBps (meaning small amounts 

of AgBrxCl1-x) can also form an aerogel foam, whereas increasing the concentration of 

AgBrxCl1-x will form collapsed foam (Fig. S10a, b). This also depicts that AgBrxCl1-x particles 

are conducive to the formation of dense aerogel film, rather than low-density foam.  

To verify this theory, we created aerogels with 500 nm particles and 50 nm particles to show 

how the presence of a large nanoparticle force influences aerogel formation. Clearly, the results 

confirm the external force of the large particles on the wall causes it to densify rather than 

porosity (Fig. S10c-f). Likewise, when a small amount of AgNWs is added to promote thermal 

conductivity, the resulting aerogel edges dissipate heat better than the central area due to the 

proximity of the edge to the mold. The end product is a structure of foam on the outside and 

film on the inside (Fig. S11). 

Further, we analyze the mechanism of the heterodimensional structure modulated aerogel shape 

by percolation theory. Percolation theory for the above skeleton comes in three basic varieties: 

bond (including nanofillers of AWBPs and cellulose), site (3D space lattice), and continuum 

(aerogel), which help to standardize and analyze strongly disordered and random geometric 

nanomaterials based AWBps aerogel structures [S8]. Geometrically, 1D nanofillers (AgNWs 

and cellulose) are considered to be the most suitable fillers as they can easily form the 

percolation network structure [S9], also known as matrix, in composites. Yet, the probability 

of 0D AgNPs and AgBrxCl1-x particles with low aspect ratios occupying the unit space lattice 

is relatively low, which means hinders the formation of a continuous skeleton compared with 

1D fillers, therefore named impurity. Notably, the above theory suggests that AWBps 

(impurities dominated) alone may have trouble forming complete, dense aerogel. In addition, 

with more matrix filler in the unit spatial medium, more connections can be formed in the 

aerogel thickness direction, resulting in a “foam” aerogel structure with a significant thickness 

at the macro level, rather than “film” aerogel.  

Overall, the concept of percolation theory provides a fundamental framework for understanding 

how the dimensionality of fillers (1D and 0D) influences the structural morphology of 

nanomaterial-based aerogels. The percolation threshold is defined as the critical concentration 

of filler materials at which the network transitions from an isolated, disconnected state to a 

continuous, percolative network. This threshold plays a pivotal role in determining whether the 

aerogel adopts a foam or film structure. 
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In the case of foam-type aerogels, where a robust, three-dimensional network is desired, the 1D 

fillers (such as silver nanowires) must reach a specific percolation threshold to enable the 

formation of thermally conductive, continuous pathways throughout the aerogel. As the 

concentration of 1D fillers increases and surpasses this threshold, the system transitions to a 

percolative regime, resulting in a foam structure with a well-connected, three-dimensional 

matrix. In contrast, when the filler composition favors 0D fillers (e.g., nanoparticles), the 

network fails to form long-range connectivity due to the limited geometrical aspect ratio of the 

fillers. These 0D fillers act as “impurities”, disrupting the formation of a percolative network 

and thereby favoring a film-like structure that is less interconnected and more two-dimensional 

in the height direction. 

The interplay between the 1D and 0D filler ratio is critical in governing the percolation 

threshold, which directly influences whether the aerogel forms a foam or a film structure. This 

relationship has profound implications for the resulting physical properties, such as mechanical 

integrity and EM behavior, as the percolative nature of the filler network dictates the aerogel’s 

overall functionality and performance. 

Experimentally, 0D nanofillers dominated film (Fig. 3a), 1D-0D nanofillers balanced “foam & 

film” hybrid (Fig. S11), MC dominated foam (Fig. S10b, e) and AgNWs dominated foam (See 

next section, Fig. 4a) were prepared successively according to the nanofiller proportion, and 

the morphology of these foams could prove the above conjecture. Therefore, the 

heterodimensional nanofillers can change the ratio of “matrix-impurity” to form disparate 

“film/foam” aerogel, thereby modulating the corresponding EM response. 

Text S2 Design of multiscale cellulose matrix 

First of all, we designed a multiscale micro/nanofiber network matrix for AWBps aerogel by 

the physical entanglement and high-density hydrogen bonding networks between the nanofibers 

(cellulose nanofibrils, CNF) and microfiber (bacterial cellulose, BC) (Fig. S12). The cellulose-

based matrix not only boosts interfacial polarization due to the severe mismatch of conductivity 

in the interfaces, but also endows these composites with exceptional comprehensive mechanical 

properties, superior impact resistance and toughness [S6, 10]. Multiscale interface engineering 

endows cellulose-based structural materials with both the long-range physical connection of 

micro-materials (Fig. S13a, b) and the dense structure of nano-materials (Fig. S13c). As shown 

in Fig. S13d, the multiscale materials consist of microfibers with larger diameters that are 

intricately woven together both longitudinally and transversely, resulting in the formation of a 

robust 3D network skeleton. 

Moreover, when observed using SEM, the nanofibers exhibit a notable interconnected structure 

due to the existence of a visible network of microfibers. This interconnection is facilitated by 

the nanofibers attaching to the microfibers through strong hydrogen bonds and interactions 

involving positive and negative charges [S11, 12]. The process involves the continuous 

intertwining of microfibers and nanofibers to create a compact dual network structure (Fig. 

S13d). The resulting material exhibits a density that falls between that of materials made solely 

from microfibers and those made solely from nanofibers. As a result, structural materials based 

on cellulose at multiple scales exhibit concurrent high strength and toughness. 

Text S3 Analysis of microwave loss mechanism about AWBps/AgNWs aerogel foam 

The dissipation of incident EM waves is mainly in the form of magnetic and dielectric losses, 
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which are described by magnetic permeability (μ′, μ″) and dielectric constant (𝜖′, 𝜖″), 

respectively. The real parts 𝜖′ and μ′ stand for the storage abilities of the electric and magnetic 

energies, respectively, whereas the imaginary parts 𝜖″ and μ″ are related to the dissipation 

abilities of the electrical and magnetic energies carried by the incident EM waves, respectively. 

Fig. S22 shows the relative complex permittivity (𝜖r = 𝜖′- j𝜖″) of non-magnetic AWBPs/AgNWs 

aerogel foam (S1, S2 and S3). And dielectric loss tangent (tan δ = 𝜖″/ 𝜖′) is usually used to 

evaluate the dielectric loss capacity of electromagnetic wave absorbers (Fig. 4h). 

For low AgNWs aerogel, the dielectric constant and dielectric loss tangent tended to improve 

with the enhancement of AgNWs/AWBps ratio (Fig. S22). In order to analyze the dielectric 

loss mechanism of AWBps/AgNWs aerogel foam, the Cole-Cole curve was drawn according 

to the Debye theory, as shown in Fig. S22. The Cole-Cole curve of EG had long straight lines 

and small semicircles. This may be attributed to the conduction loss and polarization loss. The 

mesh skeleton of nanosilvers, especially AgNWs had good electrical conductivity, which was 

conducive to the generation of conduction loss [S13, 14]. Lattice defects in AgBrxCl1-x were 

conducive to triggering the dipole polarization under the action of EM wave, resulting in 

polarization loss [S15]. Compared with nanosilvers-only foam, the number of semicircles in 

AgBrxCl1-x based foam enhanced with distorted shape, displaying the mechanism of multiple 

polarization. The hinderance of charge flow in AWBps can be attributed to the presence of a 

heterogeneous interface, which consequently leads to an uneven distribution of electrons at the 

interface and facilitates interface polarization [S16]. In addition, cation defects in AgBrxCl1-x 

components were favorable for dipole polarization.  

In the case of S1, the observed disparity in permittivity between the two sides can be attributed 

to the presence of a conductive gradient. Simultaneously, the lower surface undergoes 

densification as a result of capillary forces, resulting in a scarcity of macroscopic pores. In other 

words, the bottom dielectric constant of this MC dominated foam is similar to that of the 

corresponding film, and the overall is higher. In the case of S2, the incorporation of a minor 

quantity of AgNWs facilitates the augmentation of the overall porosity, while a substantial 

presence of air pores at the bottom significantly decreases the dielectric constant [S17]. 

Furthermore, it is evident that the dielectric loss tangent of both materials exhibits a higher level 

of dielectric loss when subjected to top incidence mode across a majority of frequency bands. 

Additionally, S1 and S2 exhibit several broad formants within the frequency range of 14.0-17.0 

GHz. This observation suggests the existence of pronounced polarization relaxation caused by 

the interface polarization effect of internal nanofillers [S16]. Further, after the introduction of 

more AgNWs, the dielectric constant and dielectric loss tangent increased significantly. S3 

displayed a high dielectric constant and dielectric loss tangent (Figs. 4h and S22). Although the 

dielectric loss is greatly increased, the impedance mismatch results in a significant decrease in 

the MA performance (Fig. 4f) [S18, 19]. 

Text S4 Microwave absorption performance of AgNWs aerogel foam 

AgNWs are typical one-dimensional materials with good electrical conductivity [S20]. It is 

widely used in EMI shielding materials with ultrahigh conductivity. Therefore, the large 

impedance mismatch makes it unsuitable for absorbing materials. However, the improvement 

of impedance matching by the multiscale pores of aerogels shown in Fig. S31, makes it have 

the function of MA under low fillers (-16.5 dB, 4.8 GHz@0.25 wt% and -23.9 dB, 1.2GHz@0.3 

wt%, Figs. S32a1, b1). Nevertheless, it is obviously difficult to achieve compatibility between 

high EAB and low RLmin. This also explains the necessity of introducing AgBrxCl1-x clusters, 
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even when it is not conducive to the formation of MA porous structures. Specifically, according 

to the Maxwell-Wagner-Sillars polarization principle, the porous structure and the numerous 

interfaces, synergizing with the large conductivity mismatch among nanosilver, AgBr1-xClx and 

cellulose matrices, amplify charge storage capacity and enhance interfacial polarization [S21]. 

Apparently, the interfacial richness of silver nanowire aerogel is far less than that of by-product 

aerogel. As the filling amount of AgNWs increases, the Cole-Cole curve obviously decreases 

semicircular and tends to a straight line, which means that the conductive loss gradually 

increases and the polarization loss gradually decreases (Fig. S32a2-c2) [S13, S22].  

When there are too many silver nanowires of aerogel, tan δ shows the increment of dielectric 

loss (Fig. S34). It is obvious that the impedance mismatch is severely aggravated due to 

ultrahigh conductivity shown in Fig. S33, and the absorption performance is poor (Fig. S32c1). 

In addition to the aforementioned performance of AgNWs aerogel, we have compiled the 

characteristics of AgNPs, AWBps, and AgNWs, as presented in Table S7. 

Text S5 Mechanics of individual nanowires with multiphysics induced failure  

During the life cycle of the AWBps EM function aerogel, it is obvious that it will be subjected 

to additional external forces (bend or twist) and the high-frequency EM waves it is protected 

against. At the same time, the crushing at the beginning of the final recovery and the external 

force of the stirring rotor will also cause mechanical damage to it. To specifically address the 

effects of deterioration on nanosilver (especially AgNWs), we categorize the influences into 

three key types: Cracks, Fragmentation, and Junctions. (i) Cracks refer to the presence of visible 

fissures or surface breaks in the AgNWs, where the wire has not completely broken apart but 

shows signs of structural compromise. These cracks can significantly weaken the electrical 

conductivity by disrupting the continuous path for electron flow while still maintaining partial 

connectivity along the wire. (ii) Fragmentation refers to the complete breakage of the AgNWs 

into smaller, disconnected pieces. This type of deterioration leads to a total loss of continuity 

in the conducting network, causing significant disruptions in electrical conduction. Fragmented 

nanowires no longer contribute effectively to the network, lowering conductivity and 

potentially increasing resistance. (iii) Junctions are formed when two or more AgNWs merge, 

either through physical contact or fusion during the recycling process. These junctions may 

create additional conductive pathways, but if poorly formed, they could result in irregularities 

that disrupt current flow or introduce weak points in the network. 

Furthermore, the effect on the AWBps conducting network is as follows. (i) Cracks: Although 

cracks do not fully break the nanowires, they still disrupt the electrical continuity of the network, 

leading to localized increases in resistance. These cracked areas can act as weak points that are 

susceptible to further damage, especially under stress or over time, ultimately impairing the 

overall performance of the nanowire network. (ii) Fragmentation leads to a complete 

breakdown of the conductive network, with disconnected nanowire fragments no longer 

contributing to the conduction process. This results in a substantial decrease in overall 

conductivity and a higher resistance within the material. The aerogel’s ability to perform 

functions like EMI shielding or electrical conduction is significantly reduced. (iii) The 

formation of junctions can have both positive and negative impacts. Well-formed junctions can 

enhance conductivity by providing additional pathways for electron flow, stabilizing the 

network. However, poorly formed junctions can cause local hotspots or discontinuities in the 
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network, potentially increasing electrical resistance and reducing the efficiency of the silver 

nanowire network. 

Though AWBPs aerogel shows little variation in conductivity and EM function over many 

mechanical force, individual nanowires are shown to undergo brittle failure. The observed 

behavior can be attributed to dislocation starvation, a phenomenon characterized by dislocation 

starvation in nanoscale crystalline materials. This dislocation starvation has been found to 

diminish the ductility of the material, as evidenced by the behavior observed in single-crystal 

nanowires [S23]. Besides, the term dislocations starvation was coined to describe the plastic 

deformation controlled by the nucleation of new dislocations, rather than by the motion of pre-

existing dislocations and activity of the internal dislocation sources [S24]. The nucleation of 

new dislocations in structurally perfect single crystals requires much higher stresses than those 

needed for the activation of pre-existing dislocation sources. This leads to a lack of dislocations 

in the material, which affects the plastic deformation of the material. 

Nevertheless, it has been observed that AgNWs commonly display twinning, leading to the 

formation of dislocations that are subsequently affected by twin boundaries. Nanowires with 

dimensions exceeding 40 nm exhibit indications of dislocation starvation, leading to brittle 

failure, such as bending [S25]. However, when the diameter of the wire is reduced, the 

formation of dislocations on the surface becomes more prominent. These dislocations 

experience hindered motion due to the presence of twin boundaries. This phenomenon, known 

as strain hardening, results in dislocation motion being directly proportional to the deformation 

applied to the wire. Consequently, plastic deformation is facilitated, leading to an enhancement 

in ductility (Fig. S35) [S26]. Because the twin boundary area is smaller in relation to the surface 

area, surface dislocations are more likely to pile up and cause brittle fracture at larger diameters 

[S27]. This behavior is also observed at junctions, where the high curvature of a nanowire 

encasing the junction causes cracking and failure [S28]. Multiple minor breakdowns will alter 

the original conduction path, worsening local conductivity and eventually having an impact on 

the entire system. 

Electromigration, triggered by conduction currents induced by EM fields, may also lead to 

cracks or breaks in AgNWs. The prevalence of electromigration induced failure (electrical 

breakdown) over the Rayleigh instability (thermal breakdown) was observed [S23]. This was 

attributed to the high thermal conductivity of Ag. The tendency toward electromigration-

induced failure can be captured as follows [S29]: 
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Where σ is the electrical conductivity, Z* is the effective charge, κ is the thermal conductivity, 

Ω is the atomic volume, and e is the elementary charge. Δs, ΔT are mechanical stress gradient, 

and temperature difference (Tmax − Tmin) along the wire, respectively. Notably, electromigration 

can weaken the AgNWs network, and severe electromigration can cause the rupture of the 

AgNWs. 

Supplementary Figures and Tables 
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Fig. S1 Digital image of AgNWs on PTFE filter membrane after positive pressure filtration 

 

 

 

Fig. S2 SEM images of (a) low-magnification image shows the length of the AgNWs (~30 

μm); (b) high-magnification image shows the diameter of the AgNWs (~30 nm), (c) TEM 

images of the as-prepared Ag NWs, which show polymer (PVP) on the wire surface indicated 

by yellow arrows (2.2 nm thick) (inset: the AgNW aqueous suspension) 
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Fig. S3 UV/Vis spectra of a mixed dispersion of Ag nanowires, Ag nanoparticles, Ag 

nanorods and AgBrxCl1-x before and after Positive-pressure filtration 

 

Fig. S4 TEM images of AgBr/AgCl@Ag cluster (AgBrxCl1-x) containing AgBr/AgCl 

microcapacitors. The dark-gray area is Ag. And light-gray area is AgBr/AgCl 

 

Fig. S5 Elemental contents of AgNW by-products (AWBps) and AgBr
x
Cl

1-x
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Fig. S6 SEM images of (a-c) interaction relation of AgNWs and AgBr
x
Cl

1-x
 

 

Fig. S7 SEM images of AWBps/AgNWs/MC connecting filament in the foam with 

continuous AgNWs constructed heat conduction paths 

 

Fig. S8 SEM images of AWBps/AgNWs/MC aerogel with numerous connecting filaments 
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Fig. S9 SEM images of the nacre-like/bidirectional structure in the AWBps/AgNWs/MC 

aerogel 

 

 

Fig. S10 Digital image of (a) high content AWBps aerogel (1 wt%); (b) low content AWBps 

aerogel (0.2 wt%); (c) Large AgNP aerogel; (d) SEM image of Large AgNPs, which average 

dimeter is 500 nm. (e) Digital image of tiny AgNP aerogel (1 wt%); (f) SEM image of tiny 

AgNPs, which average dimeter is 50 nm 
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Fig. S11 Digital images of AWBps/AgNWs/MC aerogel foam, which possesses raised edges 

(like foam) and sunken interior (like film). (a) Front view; (b) Top view 

 

 

Fig. S12 Digital image of multiscale MC aerogel 

 

 

Fig. S13 SEM images of (a) Bacterial CNF film; (b) Bacterial CNF aerogel; (c) Nano CNF 

aerogel; (d) Bacterial CNF@Nano CNF film 
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Fig. S14 Digital image of AWBps aerogel film (side view) 

 

Fig. S15 XRD patterns of MC/AWBps aerogel 

 

Fig. S16 Mechanical response of AWBps aerogel films. a) Stress-strain curve of AWBps based 

aerogel film in tensile test. b) Conductivity of AWBps based aerogel film before and after bend 

100 times 
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Fig. S17 A typical I−V curve of AWBps aerogel bulk at room temperature showing its pure 

resistance 

 

Fig. S18 SEM image of AWBps/MC aerogel film 

 

Fig. S19 (a) A cross-sectional digital image of the 2 wt% AWBps aerogel film (corresponding 

to Figs. 3c and 3g), revealing the specific thickness; (b) R-A coefficients of aerogel film when 

EM wave incidence from top or bottom surface 
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Fig. S20 Digital image of cylinder AWBps/AgNWs/MC aerogel foam with noticeable color 

difference from top to bottom. The darker the color, the more nanosilvers namely the lighter the 

color, the more MC 

 

Fig. S21 (a-d) EDS maps of high content AWBps aerogel. (e, f) Large nanoparticle 

agglomeration 
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Fig. S22 EM parameter 𝜖′ (x-y plane), imaginary permittivity 𝜖″ (x-z plane), and Debye 

relaxation curves (Cole–Cole semicircles, y-z plane) of AWBps/AgNWs/MC aerogel with 

different filler contents combinations: ABp-1 wt% (a1) Top incidence; (a2) Bottom incidence; 

ABp-1.6 wt%, AgNW-0.2 wt% (b1) Top incidence; (b2) Bottom incidence; AWBps-1.3 wt%, 

AgNW-0.4 wt% (c1) Top incidence; (c2) Bottom incidence 
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Fig. S23 Impedance match characteristic values of 1 wt% AWBps, 1.6 wt% AWBps-0.2 wt% 

AgNWs and 1.3 wt% AWBps-0.4 wt% AgNWs aerogel foam, containing top incidence and 

bottom incidence modes 

 

Fig. S24 (a) Stress–strain curves during compressing-releasing cycles at 50% strain, (b) The 

maximum compression strength recovery ratios for each cycle, and (c) Relative complex 

permittivity (εr = ε’– jε’’) of the AWBps/MC dual EM function aerogel foam 
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Fig. S25 Impedance match characteristic values of the AWBps/MC dual EM function aerogel 

foam 

 

 

 

Fig. S26 SEM images of (a, b) AWBps/AgNWs/MC aerogel foam 
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Fig. S27 Digital image of AWBps/MC aerogel. (a) Top view; (b) Magnified digital image of 

the sample shown in a, revealing the honeycomb-like/unidirectional holes; (c) Front view; (d, 

e) Magnified digital image of the sample shown in c, revealing the nacre-like/bidirectional holes. 

(f) Side view; (g) Magnified digital image of the sample shown in f, revealing the 

uniform/random holes. The contrast and brightness of the enlarged images are increased to 

enhance the display of various holes 

 

https://springer.com/journal/40820


Nano-Micro Letters 

S19/S38 
 

 

Fig. S28 (a) Pore size distributions of aerogel film and foam by mercury intrusion porosimetry 

(MIP). (b) Optical images of AWBps/MC aerogel. Inner Hole; (c) Interconnection area 

 
Fig. S29 SEM images of uniform/random holes with different sizes: (a) ~120 μm; (b) 70 μm 

and honeycomb-like/unidirectional holes with various channel sizes: (c) ~500 μm; (d) ~300 

μm of AWBps/AgNWs/MC aerogel 
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Fig. S30 SEM images of the nacre-like/bidirectional structure in the AWBps/AgNWs/MC 

aerogel 

 

 

Fig. S31 SEM images of the various scale hole in the AgNWs aerogel: (a-c) nanoscale holes; 

(d) microscale holes 
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Fig. S32 Two-contour representations of the reflection loss (RL) values for AgNWs aerogel at 

different thicknesses: (a1) 0.25 wt%; (b1) 0.3 wt%; (c1) 1 wt%. EM parameter 𝜖′ (x-y plane), 

imaginary permittivity 𝜖″ (x-z plane), and Debye relaxation curves (Cole–Cole semicircles, y-z 

plane) of AgNW aerogel with different filler contents: (a2) 0.25 wt%; (b2) 0.3 wt%; (c2) 1 wt% 
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Fig. S33 Electrical conductivity of the cellulose/AgNWs aerogels with various AgNWs 

contents 

 

 

Fig. S34 Dielectric tangent loss of AgNWs aerogel foam 

 

 

Fig. S35 SEM image of the failure (specific bend) of AWBps after secondary recycling 
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Fig. S36 SEM image of the failure (specific crack (green circled) and fragmentation (yellow 

circled)) of AWBps and its junctions (red circled) after secondary recycling 

 

 

Fig. S37 SEM image of AWBps after secondary recycling 

Table S1 The mechanical properties of various shielding films 

Type Filler & Matrix 
Tensile strength 

[MPa] 

Strain at breaking 

[%] 
Refs. 

Aerogel MXene-CNFs 4.9±2.8 3.1±0.3 
ACS Appl. Mater. 

Interfaces 

(2023)[S30]  

Aerogel 

CNF ~1.0 ~7.3 

ACS Appl. Nano 

Mater. (2021)[S31] 

50 wt% 

Silicone-coated 

MXene-CNF 

~0.6 ~4.2 

Hydrogel 
PEDOT: PSS-

ionic liguid 
~1.3 19 

Adv. Mater. 

(2022)[S32]  

Aerogel 
AWBps-BC-

CNF film 
1.3±0.1 7.55 This Work 
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Table S2 The mechanical properties of various shielding foams 

Type Filler & Matrix 
Compression 

strength [kPa] 

Compression 

strain 

[%] 

Refs. 

Aerogel 
rGO-CNFs- glucose 

carbon 
~4.2 70 

ACS Appl. Mater. 

Interfaces (2024)[S33]  

Aerogel 

AgNWs-CNF ~5 \ 

ACS Nano (2020) [S34]  
75 wt% AgNWs-

CNF 
~2 \ 

Aerogel 

hexagonal boron 

nitride nanoribbons- 

orthogonally 

structured graphene 

~3.9 40 ACS Nano (2022)[S35] 

Aerogel MXene 1.6 50 
Adv. Optical Mater. 

(2019)[S36]  

Aerogel CuNWs-graphene ~3 50 Small (2018)[S37] 

Aerogel 
AWBps-BC-CNF 

foam 
~2.6 50 This Work 

Table S3 EMI shielding performance of various shielding films 

Type Filler 
d (thickness) 

[mm] 

Conductivity 

[S/m] 

EMI SE 

[dB] 

SE/d 

[dB/mm] 
Refs. 

C
ar

b
o
n

-b
as

ed
 s

h
ie

ld
s 

Graphene 1.12 2.1×103 106.9 95.4 
Adv. Mater. 

(2022)[S38] 

Graphene 2 340 70.9 35.5 
ACS Nano. 

(2022)[S35] 

Graphene 0.2 1.3×105 93 465.0 
Adv. Mater. 

(2020)[S39] 

CNT 2 2.6×103 100 50.0 
Nano Lett. 

(2021)[S40] 

CNT 0.101 8540 54 534.7 
ACS Nano. 

(2022)[S41] 

CNT 2.3 44.6 50.5 22.0 
Adv. Funct. Mater. 

(2016)[S42] 

CNT 2 516 40 20.0 
Adv. Funct. Mater. 

(2016)[S43] 

CNT 0.568 230 57 100.4 
ACS Nano. 

(2022)[S44] 

CNT/graphene 1.6 118 47.5 29.7 
Adv. Mater. 
(2017)[S45] 

Carbon black 1.73 17.3 25.5 14.7 
Matter 

(2021)[S46] 
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Carbonized 

wood/ZIF-8※ 
0.14 5.8×103 46 328.6 

Adv. Funct. Mater. 

(2023)[S47] 

Carbon Tube 1 300 47.2 47.2 
Nat. Commun. 
(2023)[S48] 

M
X

en
e-

b
as

ed
 s

h
ie

ld
s 

MXene 0.08 3×104 85 1062.5 
Adv. Mater. 

(2023)[S49] 

MXene 1 1.28 28 28.0 
Angew. Chem. 

(2023)[S50] 

MXene 2 1081 62 31.0 
Adv. Funct. Mater. 

(2019)[S51] 

MXene/PPy 1.3 1×103 90 69.2 
Adv. Funct. Mater. 

(2019)[S52] 

MXene/AgNW 0.12 1×104 54 450.0 
Adv. Funct. Mater. 

(2019)[S53] 

MXene/AgNW 0.091 3.7×105 80 879.1 
ACS Nano. 

(2020)[S54] 

MXene/AgNW 1 8×104 44.96 45.0 
ACS Nano. 

(2022)[S55] 

MXene/graphene 3 120 51.4 17.1 
Adv. Funct. Mater. 

(2023)[S56] 

O
th

er
 s

h
ie

ld
s LM 3 1.98×106 75 25.0 

Adv. Funct. Mater. 

(2022)[S57] 

LM 1 1.1×106 81 81.0 
Adv. Mater. 
(2020)[S58] 

PEDOT:PSS 

/MXene 
0.12 >12 61 508.3 

Adv. Funct. Mater. 

(2023)[S59] 

 
 

S
il

v
er

-b
as

ed
 s

h
ie

ld
s 

AgNP 5 1.4×103 84 16.8 

Compos. Pt. A-

Appl. Sci. Manuf.  
(2020)[S60] 

AgNP 1.4 223.7 82.02 58.6 
Compos. Pt. B-

Eng. (2022)[S61] 

AgNP/ 

Modified-LM 
0.08 2×105 38.5 481.3 

Adv. Funct. Mater. 

(2023)[S62] 

AgNP/rGO/FeCo 0.4 3.2×104 72.5 181.3 
Compos. Pt. B-

Eng. (2020)[S63] 

AgNW 2 1×103 70.5 35.3 
ACS Nano. 

(2019)[S34] 

AgNW 0.3 1.66×104 52 173.3 
Adv. Funct. Mater. 

(2021)[S64] 

AgNW 0.66 2×103 55 83.3 
Angew. Chem. 
(2022)[S65] 

 AgNW 

by-products 
0.12 3.1×105 94.5 787.5 This Work 

※ZIF-8: Zeolitic imidazolate framework-8. Values of EMI SE indicate maximum value in measured range. 
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Table S4 EMI shielding performance of shields following the “waste-to-wealth” strategy 

Type “Waste” filler 
Thickness 

[mm] 

Conductivity 

[S/m]*  

EMI SE 

[dB] 
Treatment Refs. 

B
io

m
as

s-
b
as

ed
 s

h
ie

ld
s 

LSW§ 2 1943.6 62.66 Shear milling 
J. Mater. Chem. C 

(2021)[S66]  

LSW/Ag 0.4 1.45×104 88.9 Shear milling 

ACS Appl. Mater. 

Interfaces 
(2020)[S67]  

LSW/Ag 1.2 R: 2 Ω 62 Shear milling 

ACS Sustainable 

Chem. Eng. 
(2022)[S68]  

LSW/PANI 2.5 11 50 Shear milling 

ACS Appl. Mater. 

Interfaces 

(2021)[S69] 

LSW/PAN/ 

ZIF-67/Co@CNF 
0.25 45 49 

800℃ carbonization 

Acid hydrolysis 

ACS Appl. Mater. 

Interfaces 
(2022)[S70]  

LSW/PAN/AgNW 0.15 1×105 80 Acid hydrolysis 
J. Colloid Interf. 

Sci, (2022)[S71]  

Waste cotton/Ni◎ 1.4 R□: 0.84 Ω/□ 107 
900℃ carbonization 

Alkali treatment  

Carbon 

(2023)[S72]  

Waste carbon 

nonwoven-fiber\Al 
8 80.64 80 500℃ carbonization 

Chem. Eng. J. 
(2022)[S73] 

Straw 1.7 \ 57.7 
1500℃ 

carbonization 

ACS Sustainable 

Chem. Eng. 
(2019)[S74]  

Pinecone 4 11 54.51 
1000℃ 

carbonization 

Polym. Composite. 

(2023)[S75]  

Banana leaf 5 8.7 77.5 900℃ carbonization 
Carbon 

(2023)[S76] 

Carbon fibre waste 4.48 33.83 85 No extra treatment 
J. Clean Prod. 

(2021)[S77] 

Waste tissue paper 4 123 40.8 900℃ carbonization 
Chem. Eng. J. 

(2020)[S78] 

Corn straw/  

ZIF-67 
4.91 >1×104 45 800℃ carbonization 

Nano Energy 
(2023)[S79]  

O
th

er
s Red mud/CNT 2 2400 83.4 

Hazardous waste 

disposal 

J. Clean Prod. 

(2022)[S80] 

Aluminum-plastic 

packaging/ 

Expanded graphite 

2 47.7 106.4 Shear milling 
Compos. Pt. A-

Appl. Sci. Manuf. 

(2021)[S81] 

N
an

o
fi

ll
er

-b
as

ed
 

sh
ie

ld
s 

MXene sediment 0.51 663.34 45.3 No extra treatment 

ACS Appl. Mater. 

Interfaces 

(2022)[S82] 

MXene sediment 7.5 1.7 91 No extra treatment 
ACS Nano 

(2022)[S83]  

MXene/MXene 

sediment 
0.43 7×103 78 No extra treatment 

Adv. Funct. Mater. 

(2023)[S84] 

 AgNW  

by-products 
0.12 3.1×105 94.5 No extra treatment This Work 

§: LSW: Leather solid waste; *: Except for special marks, the conductive performance of the remaining 

materials is expressed by the conductivity [S/m]; ◎: Ku-band (12.4-18 GHz). 
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Table S5 Microwave absorption performance of various metal element containing absorbers 

Type Filler 
Thickness 

[mm] 

EAB 

[GHz] 
Annealing Refs. 

F
e 

co
n
ta

in
in

g
 a

b
so

rb
er

s Fe3C 2.9 2.55 Yes 
Nat. Commun. 

(2024)[S85] 

FeCo@C 4 2.58 Yes 
Adv. Funct. Mater. 

(2023)[S86] 

Fe(CO)5/Fe3O4 5 3.68 Yes 
Adv. Funct. Mater. 

(2023)[S87] 

FeSiAl 2.8 5.9 No 
Adv. Funct. Mater. 

(2023)[S88] 

Graphene@ 

FeGeTe2/FeTe2/Fe3Ge 
2.5 5.8 Yes 

Adv. Funct. Mater. 

(2023)[S89] 

C
o

 c
o

n
ta

in
in

g
 

ab
so

rb
er

s 

Ti3C2Tx@ZIF-67(Co) 2 4.8 Yes 
Adv. Funct. Mater. 

(2023)[S90] 

Co1-xS 5.6 2.5 Yes 
Adv. Funct. Mater. 

(2018)[S91] 

Graphene@Co 2.3 6.21 Yes 
Adv. Funct. Mater. 

(2023)[S92] 

CuCo2S4@Expanded Graphite 1.4 4.14 Yes 
Nat. Commun. 

(2023)[S13] 

N
i 

co
n
ta

in
in

g
 a

b
so

rb
er

s Ni fibers  2.2 4.12 Yes 
Adv. Funct. Mater. 

(2023)[S93] 

Ti3C2Tx@Ni 1.5 4.48 Yes 
ACS Nano 

(2021)[S94] 

Ti3C2Tx@ZnO@Ni 2.8 4 Yes 
ACS Nano 

(2020)[S95] 

Ni-Single atoms3/N-doped 

carbon 
2.5 7.08 Yes 

Adv. Funct. Mater. 

(2022)[S96] 

Cu1.3Ni1.7(HITP)2 2.1 6.16 Yes 
Adv. Funct. Mater. 

(2023)[S97]  

A
g
 c

o
n
ta

in
in

g
 a

b
so

rb
er

s 

Ga-Ag 1.4 3.6 No 
Adv. Funct. Mater. 

(2023)[S17]  

AgNW@C/Co 3 1.5 Yes 
Small 

(2023)[S98] 

Ag/AgCl/PANI/GO 2.63 4.77 Yes 

ACS Appl. Nano 

Mater. 

(2023)[S16] 

AgNWs/Ti3SiC2 2 3.22 No 
J. Alloy. Compd. 

(2022)[S99] 

AgNWs@Ni 2.93 4.06 No 
J. Colloid Interf. Sci 

(2023)[S100] 

AgNWs/FeNWs 2.5 6.37 No 
J. Colloid Interf. Sci 

(2024)[S101] 

O
th

er
s MoxC 1.6 3 Yes 

Adv. Funct. Mater. 

(2023)[S102] 

(Ca0.2Sr0.2Ba0.2La0.2Pb0.2)TiO3 2 1.4 Yes 
Adv. Mater. 

(2023)[S103] 

 AgNW  

by-products 
2.4 6.7 No 

This work Recycled AgNW by-

products  

(Low conductivity) 

3 8.2 No 
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Table S6 EMI shielding and microwave absorption performance of dual electromagnetic 

functional composites 

Type Filler 
Content 
 [wt%]* 

EMI SE 

[dB] 
RLmin 

[dB] 

EAB 

[GHz] 
Refs. 

F
e 

co
n
ta

in
in

g
 

co
m

p
o
si

te
s 

Fe/Fe3C@C 
20 8 -56.4 4.8 J. Phys. D: Appl. 

Phys. 

(2022)[S104] 30 19 -12 1.71 

NiO@NiFe2O4/rGO 
40 6 -55 6.4 Small 

(2023)[S105] 50 7.5 -18.3 5 

Fe/C 
25 8 -56.8 3.6 Carbon 

(2023)[S106] 65 15 -7.1 0 

C
 c

o
n
ta

in
in

g
 c

o
m

p
o
si

te
s 

CNT 0.04 vol% 9 -61 4.3 

Mater. Today 

Phys. 

(2022)[S107] 

CNT 
0.53 vol% \ -18 5.8 Carbon 

(2020)[S108] 3.0 vol% 20 \ \ 

CNT/Activated 

carbon 

10 28 -12 1.5 Carbon 

(2022)[S109] 25 137 -2.5 0 

Cotton fiber@C/Co 

20 

(600 ℃) 
2 -58.8 2.3 

Carbon 

(2023)[S110] 20 

(800 ℃) 
42 -2 0 

WSe@CNT 
50 6 -61.6 2.32 Appl. Surf. Sci. 

(2022)[S111] 90 17 -6 0 

Ti3C2Tx/Ni Chain 
10 3.5 -49.9 2.1 ACS Appl. Mater. 

Interfaces 

(2019)[S112] 30 22 -8.7 0 

O
th

er
s 

NiCo2S4 
20 9 -49.1 \ J. Phys. D: Appl. 

Phys. 

(2018)[S113] 40 25 -6 0 

PPy \ 40 -12.5 4.2 

ACS Appl. Mater. 

Interfaces 

(2023)[S114] 

Ti3AlC2/SiCβ \ 12 -42.8 2.7 

ACS Appl. 

Electron. Mater. 

(2023)[S115] 

AgNW@C/Co 

30 

(More Co) 
26 -44.5 0.53 

Small 

(2023)[S98] 30 

(Less Co) 
30 -6 0 

 AgNW By-products 1.3 34 -35 6.7 This work 

1. Values of EMI SE indicate maximum value in measured range.  

2. The blue number indicates that the requirement of EMI shielding effectiveness (>20 dB) or reflect loss 

(<10 dB) is not met. 
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Table S7 Comparison of properties of nanosilver-based materials 

 AgNPs AWBps AgNWs 

Component dimension(s) 0D 0D, quasi-1D, 1D 1D 

Percolation threshold 

[wt%] 

Ultrahigh 

(~40)[S116] 
2.7 

Ultralow 

(~0.2) 

Heterointerfaces \ 
Ag/AgBr and 

Ag/AgCl 
\ 

Condition of forming self-

standing film/foam 
Matrix Matrix Without extra matrix 

Forming self-standing 

film (<0.1 mm)? 
No Yes No 

Flexibility (bend) Good Excellent Excellent 

Flexibility(stretchability) Poor Good Excellent 

Gradient structures? No Yes No 

Microwave absorption (MA)? No Yes Basically no 

Effective absorption bandwidth 

(EAB)? 
\ 

Large 

(~6.7 GHz) 

Normal  

(~4.8 GHz) 

Reflective loss (RLmin) \ -35 dB -16.5 dB~-23.9 dB  

Dual EM functions 

(EMI shielding and MA)? 
No Yes Basically no 

Manufacture difficulty level Moderate Easy difficult 

Manufacture characteristics Mass production From “waste” 
Complicated, more by-

products 
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