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Flexible and excellent electromagnetic
interference shielding film with porous
alternating PVA-derived carbon and graphene layers

Jiatong Li,1 Jinzhe Li,1 Tian Li,1 Zhengkang Xu,1 Yao Chen,1 Likui Zhang,1 Qing Qi,1,* Benliang Liang,3,*

and Fanbin Meng1,2,4,*

SUMMARY

Recently, the design of graphene-based films with elaborately controlled microstructures and optimized
electromagnetic interference shielding (EMI) properties can effectively improve EM energy attenuation
and conversion. Herein, inspired by the structure of multi-layer steamed bread, an alternating multilay-
ered structurewith polyvinyl alcohol (PVA)-derived carbon layers and graphene/electrospun carbon nano-
fibers layers was designed through alternating vacuum-assisted filtration method. The composite film ex-
hibited favorable impedance matching, abundant loss mechanism, and excellent EMI shielding ability,
resulting in absorption dominated shielding characteristic. Thus, the resultant 7-layer alternating compos-
ite films with a thickness of 160 mm achieved an EMI shielding effectiveness (EMI SE) of up to 80 dB in the
X-band. Specially, finite element analysis was applied to demonstrate the importance of seven-layer film
alternations and detailed analysis of electromagnetic shielding mechanisms. Taken together, this effort
opens a creative avenue for designing and constructing flexible composite films with excellent EMI shield-
ing performance.

INTRODUCTION

Electromagnetic radiation pollution has become a serious problem in today’s society because of the rapid increase of the application of mod-

ern electronic components.1–4 Therefore, how to suppress electromagnetic interference has become an important topic in the field of ma-

terial development. Recently, in order to eliminate equipment damage,5 health hazards6,7 and other problems caused by electromagnetic

wave pollution, preparing high efficiency electromagnetic protectionmaterials by designing themicroscopic or macroscopic structure of car-

bon-based materials has become a research hot topic.8–11 There are two main ways of electromagnetic shielding. One way is to reflect elec-

tromagnetic waves so that they cannot enter the protected material, which requires a mismatch between the shielding layer and the air

impedance, which is achieved through high conductivity. This method is usually used for dense, corrosion-prone metals, such as aluminum,

copper, etc., which is difficult to be used for a long time in harsh environment, and the high quality increases the difficulty of use. The other way

is to absorb the incident electromagnetic wave, which has a wider selection range of materials to avoid the defects of large weight, poor

toughness and easy corrosion of metal materials, and also easier to carry out structural design, which can realize the loss effect of electro-

magnetic wave under a specific structure, so there are fewer restrictions on materials and more application prospects.4 Due to the limitation

of metal shielding materials and poor tunability, electromagnetic shielding film material which achieves the main shielding effect by absorp-

tion is still the main strategy for the preparation of EMI shield materials at present.12–14 For example, Li15 et al. developed the flexible, multi-

field response MXene-Based Janus films with attractive EMI shielding effectiveness of 40 dB. Zhang16 et al. prepared an alkali-treated

polyacrylonitrile (aPAN) nanofibers reinforced graphene oxide (GO) composite film which shows excellent electromagnetic shielding effec-

tiveness (SE) of 55�57 dB and the corresponding value of the specific SE/thickness can reach 70 dB cm2/g. However, there is still a problem in

the design and preparation of high efficiency shielding film materials that electromagnetic shielding properties and mechanical properties

cannot be well coordinated, so it is urgent to develop the film with high mechanical strength and excellent EMI shielding properties.17–19

Graphene, the first two-dimensional material to become a cornerstone of materials science research since its discovery in 2004,20,21 which

has excellent mechanical strength, chemical stability and high conductivity, has broad application prospect in EMI shielding and microwave

absorption (MA) field.22–24 However, the problems of easy aggregation and high resistance of graphene sheets seriously affect the shielding

effect, so it is necessary to design its structure. Meng25 et al. designed an RGO-based film with ‘‘brick-slurry’’ structure which is conductive to
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the construction of conductive path and shows great EMI performance, high strength, and excellent environmental adaptability. Zhang26 et al.

prepared Ti3C2Tx/rGO porous EMI shielding composite films by ion-induced self-assembly and vacuum-assisted filtration, which has high

electrical conductivity and high EMI SE because it is dense in surface and porous inside. Liang27 et al. designed a flexible polyvinylidene fluo-

ride (PVDF) film with various heterogeneous alternating multilayer structures, which shows outstanding EMI performance and high thermal

conductivity. Therefore, structural design such as porous design28,29 or multilayer design27,30–33 is often used to obtain graphene-based films

with high shielding properties because it solves the problem of agglomeration between graphene sheets but also proficial to realize the in-

crease of conductive paths, which can enhance the conductivity of the material and achieve high EMI shielding performance. Porous light-

weight graphene EMI material has important application value in many fields while it remains a challenge to achieve efficient and controlled

preparation of macroscopic three-dimensional porous graphene films.

In this work, inspired by the structure of multi-layer steamed bread, an excellent EMI shielding film with porous alternating PVA-derived

carbon and graphene layers was prepared by a feasible alternating vacuum-assisted filtration method to combine the advantages of both

structures, which achieved an EMI SE of up to 80 dB in the X-band with a thickness of 160 mm. The multi-layer structure inspired by the

multi-layer steamed bread is designed in order to combine the advantages of the two structures, which can shield more electromagnetic

waves while having excellent mechanical strength. What’s more, the porous carbon alternating film shows the advantages of tunable thick-

ness, high conductivity and great mechanical strength because of its multi-scale pore alternating structure, which comes from the multiple

reflections of the porous structure, multilayer structure and the high conductivity of the film. Specially, the electromagnetic simulation was

accomplished by using the finite element method (FEM) to prove that the alternating multilayer structure can effectively increase the loss

of its internal electromagnetic wave, which improves its EMI SE. In addition, the tensile strength of up to 16 MPa and the stable conductivity

and mechanical properties after 250 cycles of bending tests demonstrate the possibility of future applications in flexible electronic devices.

This work can provide the prospect of long-term effective application in flexible equipment and an idea for novel structure design of gra-

phene-based thin films, which will be beneficial to obtain an ultra-thin flexible electromagnetic protective film with mechanical stability

and stable electromagnetic shielding performance.

RESULTS

Porous alternate polyvinyl alcohol-derived carbon and graphene-layered film (GC/C) was successfully synthesized through the scrape coating

on PVA aerogel film by GO/aPAN solution (Figure 1A). The optical image (Figure 1B) shows that the surface of the film prepared is pleated,

comparedwith the compact laminated graphene film, theGC/C film has a carbon porous structure andmore interfaces, which is conducive to

the multiple reflection loss and electromagnetic wave absorption, thus greatly improving the overall shielding performance of the film. Obvi-

ously, as the number of alternating layers increases, the thickness of the film also shows an increasing trend (3–160 mm). SEM images are ex-

hibited from Figures 1C–1F and 2A–2G, which shows the morphologies and microstructures of GO/aPAN-PVA-n alternate film and GC/C-n

alternating reduction film. The aPAN nanofibers are uniformly distributed on the GO surface, which is proved by Figure 1C, indicating that

alkaline treatment and ultrasonic dispersion can disperse the intertangled long-size nanofibers and disperse uniformly in GO solution, which

will be beneficial to the construction of conductive networks after high-temperature reduction treatment. As shown in Figure 1D, the PVA

aerogel prepared by freeze-drying presents a relatively regular three-dimensional porous structure, which will be effective to the construction

of porous structures in alternating films. The interfacial interaction between PVA and GO/aPAN forms the anchor structure through hydrogen

Figure 1. Preparation process and morphology control of GC/C-n films

(A–F) (A) Flow chart of preparation of GC/C films; (B) Optical photo of GC/C-7; (C) The surface morphology of GO/aPAN-PVA-7; (D) Morphological

characterization of PVA aerogel; (E) Morphological characterization of GO/aPAN-PVA-1; (F) Morphological characterization of GC/C-1.
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bonding, which promotes the interfacial bonding and improves the interfacial strength. Comparing with the SEM of GO/aPAN-PVA-n (Fig-

ure 2A–2C), single-layer GO/aPAN thin film (GO/aPAN-PVA-1) has a dense structure as shown in Figure 1E, which indicates that the inter-

mediate layer of the thin film prepared by alternating PVA presents a porous structure, and the thickness of the thin film increases with

the increase of the number of layers. In particular, the interface between GO/aPAN and PVA could be clearly distinguished, indicating

that the GO/aPAN-PVA-n alternating films were successfully prepared. Based on the aforementioned studies, GO/aPAN-PVA-n films were

preoxidized at 200�C to improve the structural stability of aPAN nanofibers at high temperature, and then annealed at 1900�C to prepare

porous graphene alternate films (GC/C-n). Their microstructure is shown by SEM (Figures 2A–2G), which exhibites that after pre-oxidation

and high-temperature annealing reduction, carbon nanofiber-reinforced graphene film (GC/C-1) (Figure 1F) presents a loose layered struc-

ture, which is completely different from GO/aPAN film, mainly caused by the gases released by GO and aPAN during the defect repair pro-

cess of graphene and carbon nanofibers, specially, this structure can improve the shielding effect of electromagnetic wave by increasing the

number of reflections to a large extent.35,36 Moreover, with the introduction of PVA, the above multilayer structure becomes more obvious

(Figures 2D–2F), and the interlayer pore structure and thickness of the film are also increasing, which is mainly caused by the small gas mol-

ecules generatedby the decomposition of PVA,GO, andPANduring the high-temperature annealingprocess. As canbe seen fromFigure 2E,

in addition to the clearly visible microballoon structure that can be observed in the surface topography of GC/C-5 films (lower right corner of

the figure), there are conductive networks formed by carbon nanofibers on the surface. The continuous conductive path required for the

movement of free electrons can be provided by the mutual lap between the fibers to promote the increase of conductivity and facilitate

the efficient shielding of the film. Themorphology at the interface was characterized by SEM (Figure 2F) in order to further explore the connec-

tion state at the interface. As shown in the lower right corner of Figure 2F, the messy porous morphology is displayed at the interface of PVA

after carbonization, which has a completely different structure from graphene, since there are obviously porous layer and dense layer after

high temperature carbonization and a certain connection between them, when electromagnetic wave enters the structure, it can not only

conduct well but also have polarization effect at the interface, and carry out multiple reflection loss in the hole, which can synergically enhance

the EMI shielding effect.

In order to further explore whether GC/C films were successfully prepared and their crystal structure, XRD and Raman characterization

were used, as shown in Figures 2H and 2I. The diffraction peaks of graphene-based films were observed to be narrow and sharp at about

26.1�(Figure 2H), indicating that the high temperature annealing treatment reduces the defects of the film structure, which represent that

the graphene layers accumulate more regularly and have a more regular order after high temperature annealing. With the introduction of

PVA and the increase of interlayer number, 2q values showed an increasing trend, indicating that the alternating structure was conducive

Figure 2. Morphology and structural characterization of GO/aPAN-PVA-n and GC/C-n film

(A–I) Morphological characterization of (A) GO/aPAN-PVA-3; (B) GO/aPAN-PVA-5; (C) GO/aPAN-PVA-7; (D) GC/C-3; (E) GC/C-5; (F) GC/C-7; (E) Surface

microballoon structure of GC/C-5; (F) Interlayer structure of GC/C-7; (G) Layer thickness of GC/C-7; (H) XRD spectra of GC/C-n; (I) Raman spectra of GC/C-n.
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to GO reduction and formed a good interface between porous carbon and graphene. Nevertheless, half peak width also presents an

increasing trend, indicating that the layer spacing is gradually increasing, mainly caused by large number of small gas molecules caused

by PVA decomposition, which is well proven in SEM characterization. In the Raman results of the Figure 2I, peak D and peak G appear obvi-

ously the same as graphene, and the intensity of peak G is significantly higher than peak D, indicating that graphene has been successfully

prepared and presented a lower defect, which is consistent with XRD results.

DISCUSSION

According to the electromagnetic theory, it can be known that the conductivity of materials has a critical impact on its electromagnetic shield-

ing performance in general, since studies have shown that the value of RL increases with the increase of conductivity.37,38 Therefore, the con-

ductivity of GC/C films was tested first as shown in Figure 3C. The graphene/carbon nanofiber composite film (GC/C-1) prepared by scraping

and coating method showed excellent conductivity, which can reach 1000 S/cm. With the increase of the total number of alternating layers,

the conductivity of the film shows a gradual decline, which is mainly because the increase of pores in the porous carbon alternating layer leads

to the decrease of conductive path, which affects the increase of resistance caused by the freemovement of electrons. Nevertheless, the con-

ductivity of GC/C-7 can still reach 117 S/cm, which is significantly higher than most expanded graphene thin films reported in relevant pa-

per.39,40 Subsequently, themechanical property was tested in order to explore the possibility of its practical application, which shows a similar

trend as conductivity. As shown in Figure 3D, the maximum tensile strength of GC/C-1 can reach 16 MPa, which decreased gradually with the

introduction of PVA aerogel, because after high temperature reduction, the gap at the alternating interface of the filmwould increase, and the

contact between the graphene sheets would decrease, thus leading to a decrease in strength. However, due to the strength of graphene and

carbon nanofibers themselves and the combination between them, the film still has excellent mechanical properties, which can reach the

target required for practical application. In particular, although the strength decreased, the strain showed a trend of gradual increase with

the increase of the number of layers. In addition to mechanical strength, flexibility and structural stability are required in order for the film

to be effective for long term applications in flexible electronic devices. The films were bent 180� to explore their potential use in flexible de-

vices. The test results show that all GC/C films were able to recover to the initial state after 180� bending andmaintain their structural integrity,

indicating that the alternating films had good flexibility (Figure 3A). 250 cycles of continuous compression bending test was used to further

verify its structural stability (bending radius less than 1mm) (Figure 3B), electrical conductivity andmechanical properties were tested to verify

the stability of its electrical andmechanical properties in Figures 3E and 3F. Compared to GC/C film before cyclic bending, the electrical con-

ductivity and mechanical properties of GC/C film after cyclic bending did not decrease significantly. After stress release, the film can be

restored to the initial state, which has good bending property. Specially, with the increase of the number of alternating layers, the proportion

of mechanical conductivity decline slightly increases, so the number of alternating layers cannot be too high. The excellent structural stability

proves that the alternating film has a good cycle life, and the high conductivity will give the GC/C-n film excellent electromagnetic shielding

performance.

Figure 3. Mechanical properties of GC/C-n films

(A–F) (A) Optical photos of GC/C-n before and after folding; (B) Optical photo of GC/C-7 film after 250 consecutive bending; (C) Conductivity of GC/C-n films

before bending; (D) Stress-strain curves of GC/C-n films before continuous bending; (E) Conductivity of GC/C-n film after 250 bending; (F) Stress-strain curves of

GC/C-n films after 250 bending.
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Finally, the electromagnetic shielding performance of the film is tested in Figure 4. Comparingwith the compact stacked layered graphene

film, the microballoon of the graphene and carbon nanofiber composite film prepared in this work and the porous structure of the alternate

carbon material have more interfaces, which will promote the multiple reflection loss and absorption of electromagnetic wave, and thus

improve the overall shielding performance of the film to a large extent.35,39–43 As shown in SEM characterization (Figure 2G) that the thickness

of the film increases from 3 mm to 160 mm with the increasing of the number of alternating layers, which leads to more interfacial effects and

space for multiple reflections of electromagnetic waves. The EMI shielding effectiveness (SET) shows excellent performance (Figure 4A) which

increases from 32 dB to 80 dB at 8–12 GHz as the amount of alternating layers increases, which is much higher than the commercial require-

ment of 20 dB. In order to further explore the loss mechanism and better understand the effect of the thin film on electromagnetic waves, the

EMI reflection effectiveness (SER) and EMI absorption effectiveness (SEA) are calculated in Figures 4B and 4C, which shows that the value of

SEA (Figure 4B) is higher than SER (Figure 4C) obviously, indicating that absorption is the main reason for the excellent EMI shielding effect. A

higher SEA value means that electromagnetic waves entering the interior of the material are attenuated by conduction losses and multiple

reflection losses, since the impedance between the air and the graphene sheet does not match, and electromagnetic waves entering the

film will be reflected at the corresponding interface. The porous structure of the film allows incoming electromagnetic waves to reflect

more internally, resulting in the electromagnetic energy transfer, thus improving the electromagnetic wave absorption. The shielding effi-

ciency is shown in Figure 4D, which range from 99.8700% to 99.99999%, representing that electromagnetic waves are basically expendable

by films. The effective absorption coefficient (Aeff) exhibited in Figure 4E indicate thatmore than 99.9996% of the electromagnetic energy can

be suppressed. R, T, and A, the coefficient for EMI has been calculated, the calculation results show that A and T are close to 0 while R is close

to 1 (Figure 4F), which means that the electromagnetic energy is almost completely shielded by the film. In particular, as the number of alter-

nating layers of the film increases, the thickness and quality of the film change. Therefore, it is not convincing to consider the influence of the

film thickness only on its shielding performance. Based on material density, the effective density (=EMI SE/density) is calculated, and the

calculation results are shown in Table 1.

In order to explore the loss mechanism of electromagnetic wave in porous alternating film and prove that the multi-layer alternating struc-

ture provides an effective interface for electromagnetic wave attenuation, electromagnetic simulation is carried out through CST software. In

this work, it is necessary to explore the structure related to the electromagnetic wave loss mechanismmainly includes porous structure, inter-

face structure, and the structure of alternating changing conductivity. Since porous structure is obviously conducive to electromagnetic wave

loss, meanwhile, the conductivity measured in this work is the conductivity of porous structure instead of solid structure, so it is more accurate

to choose solid structure model for simulation analysis. Therefore, in order to simplify the establishment of the model and express the elec-

trical conductivity of the materials in the model more accurately, the model was established as a multi-layer alternating structure. The

Figure 4. EMI shielding performance testing of GC/C-n films

(A–F) Electromagnetic properties of GC/C-n films at 8.0–12.0 GHz: (A) Total EMI shielding performance (SET); (B) EMI absorption effectiveness of GC/C-n films

(SEA); (C) EMI reflection effectiveness of GC/C-n films (SER); (D) Shielding efficiency of GC/C-n films; (E) Effective absorption coefficient (Aeff); (F) coefficient

for EMI.

ll
OPEN ACCESS

iScience 26, 107975, October 20, 2023 5

iScience
Article



electrical conductivity of the GC layer is set to 100000 S/m which is measured previously, while the the ε of C is set to 15 and the m is set to 1,

which can roughly express the electromagnetic parameters of porous carbon layer. The thickness of conductive layer was set at 0.1 mm, the

thickness of porous layer was set at 0.4 mm, and the total thickness of seven thin films was set at 160 mm, which was consistent with the SEM

characterization. The size was designed to be 22.86 mm 3 10.16 mm, which was consistent with the size of X-band waveguide cavity. The

structural model is shown in Figure 5A. The background conditions are set to vacuum, the boundary conditions in the x axis and y axis direc-

tions are established as an electric field equal to zero, the electromagnetic wave is along the negative direction of the z axis. The power loss

density was calculated first to exhibit the loss ability of different layers film in Figures 5C–5F. As can be seen from the power loss density, the

power loss density of single-layer film (Figure 5C) is obviously lower than that of multilayered film (Figures 5D–5F), which proves the impor-

tance of multilayer design. In addition, the power loss density of 7-layers film is so large that it can almost shield all electromagnetic waves,

which can also be seen from the total electric field distribution (Figure 5B). The 5-layer alternating thin film (Figure 5E) does not achieve such a

high loss capacity, which proves that the 7-layer design is necessary. The electric field distribution of the film is then calculated. Then, the

electric field intensity was calculated in Figures 5G and 5H, which shows that the electric field intensity on the surface of GC layer is significantly

higher than the C layer, whichmeans porous C layer exhibits much lower electric field intensity than the interface, means that the electric field

intensity has a sudden change at the interface of the two structures. When the electromagnetic wave incident on the interface, it will be re-

flected, and the reflection will enter the aerogel pore structure for multiple reflections and absorption, resulting in energy loss,44,45 which

represents that electromagnetic wave will be reflected in multiple stages and brings strong polarization effect, which is beneficial to electro-

magnetic wave loss.

The mechanism of GC/C-n for excellent EMI shielding is schematically illustrated in Figure 6. Due to the high surface conductivity of gra-

phene and carbon nanofibers in the GC layer, partial electromagnetic wave will be reflected directly, which can be explained by impedance

mismatch. Electromagnetic waves entering GC/C-n films are first partially consumed by the synergistic conduction loss of graphene and

carbon nanofibers, then the electromagnetic wave entering the alternating interface is attenuated at the interface by polarization loss and

multiple reflections at the porous carbon.46�48 According to the results of finite element analysis, there are multiple internal reflections of

electromagnetic waves in the multi-layer alternating structure, which will also benefit the loss of electromagnetic waves. Compared with

the dense carbon film without structural design, the film prepared in this work has better shielding performance. Therefore, the structural

design plays a key role in this work, because themultiple reflection and scattering of electromagnetic waves caused by the structure becomes

the dominant factor for the excellent shielding performance. Besides, the continuous conductive network constructed by carbon nanofibers is

also an essential reason for the effective transmission and attenuation of electromagnetic wave. The aforementioned reasons are effective to

the film to achieve high shielding performance.

In this paper, by referring to the multistage interface and layered structure of multi-layer steamed bread, GO/aPAN nanofibers were used

as solution and PVA aerogel film was used as the base to prepare composite alternating film by scraping and coating. Then, the multilayer

porous alternating graphene based film was prepared by high-temperature annealing reduction. The multi-layer alternating structure con-

structed by PVA and GO/aPAN nanofibers after annealing at high temperature will further increase the multiple reflection absorption of

electromagnetic wave, polarization at the interface and conductive loss of both will be conducive to its wide application in the field of

EMI shielding. In the range of 8–12 GHz, the EMI shielding value increases from 32 dB to 80 dB, and the shielding efficiency increases

from 99.87000% to 99.99999%. The relevant parameters of other working electromagnetic shielding films are listed in the supporting infor-

mation section (Table S1), which has good shielding properties or mechanical properties. However, the feature of this paper is that the

number of layers can be controlled, and the mechanical properties and electromagnetic shielding properties can be improved uniformly.

In particular, the film can reach 80 dB EMI when the tensile strength is sufficient to support the film, so light thin films with appropriate tensile

strength and EMI shielding properties can be selected according to the actual application situation through the regulation of the number of

layers, providing the prospect of long-term effective application in flexible equipment and an idea for novel structure design of graphene-

based thin films.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

Table 1. Comparison of EMI shielding properties of films with different alternating layers

EMI SE (dB) Thickness (cm) Mass (g) Density (g/cm3) SSE (dB$cm3/g) SSE/t (dB$cm2/g)

1 layer 31 0.0003 0.0003 0.7538 41.1262 137087.33

3 layer 42 0.002 0.0014 0.5276 79.5990 39799.5

5 layer 59 0.0074 0.0034 0.3463 170.3575 23021.28

7 layer 80 0.016 0.0064 0.3015 265.3300 16583.13
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B Materials availability

B Data and code availability

d METHOD DETAILS

B Materials

B Preparation of GC/C-n alternating reduction film

B Characterization of GO/aPAN-PVA-n and GC/C-n film

B EMI shielding effectiveness measurement

Figure 5. Electromagnetic simulation of GC/C-n films

(A–H) CST simulation results of multilayered structure at 8–12 GHz: (A) Electromagnetic shielding simulation model of multilayered structure; (B–F) Electric field

intensity distribution of (B) vector component of seven layers film; (c) one layer film; (D) three layers film; (E) five layers film; (F) seven layers film; (G and H) Power

loss density of (G) GC layer; (H) C layer.
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B Electromagnetic simulation of alternating multilayered film

d QUANTIFICATION AND STATISTICAL ANALYSIS

d ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107975.
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Figure 6. EMI shielding mechanism of the GC/C-7 film
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METHOD DETAILS

Materials

Polyacrylonitrile powder (PAN, Mw=150000) was purchased from Kelong Chemical Co. (Chengdu, China). The alkali-treated polyacrylonitrile

(aPAN) was prepared by N,N-dimethylformamide (DMF) and Sodium hydroxide (NaOH) (Sigma-Aldrich Chemical Co.) Aqueous GO solution

(10.0 mg/mL) was purchased from Hangzhou Gaoxi Technology Co. Ltd. Polyvinyl alcohol 1788 (PVA) was purchased from Chengdu Haihong

Experimental Instrument Co. Ltd. All reagents were used without further purification.

Preparation of GC/C-n alternating reduction film

Preparation of PVA aerogel film

5 g PVA powder was dissolved in 95 mL deionized water with stirring for 4 hours at 60�C. The solution was added to smooth petri dishes after

cooled to room temperature, then it was frozen with liquid nitrogen and freeze-dried for 48 hours. Multiple samples were prepared for later use.

Preparation of GO/aPAN solution

Initially, 10 g PAN powder was dissolved in 90 g DMF with stirring at 60�C for 3 hours to obtain 10 wt% PAN solution. PAN nanofibers film was

manufactured by electrospinning (20 G stainless steel needle, 2 mL/min velocity of flow, voltage of 15 kV, collecting plate of 15 cm). The elec-

trospun fibers filmwas dried in a vacuumoven at 60�C for 24 hours. Then the electrospun fibers filmwas alkaline treated by immersing into 1M

NaOH aqueous solution at 40�C for 2 h according to the reference[16]. Then it was dispersed at 10000-12000 rpm by a high-speed homog-

enous disperser after washing with deionized water (DW), and finally dried in oven at 60�C overnight. Afterwards, the aPAN nanofibers were

manufactured.

Subsequently, 10 mg aPAN was dissolved in 2.5 mL DW with ultrasonic dispersion to get uniform aPAN nanofiber solution, which was

mixed with 10 g GO solution (10 mg/g) and stirred to get uniform GO-aPAN solution.

Preparation of GO/aPAN-PVA-n alternate film

A layer of PVA aerogel film was placed on the flat substrate, and then the Go-aPAN solution was scraped and coated by a scaler (Tianjin Kexin

Test Airport KTQ-II) on the other side of the PVA film after air drying ,coating thickness is set to 3 mm, then themulti-layer alternating film was

prepared according to the above method, which was named as GO/aPAN-PVA-n film (n is the total number of layers of the film).

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Polyacrylonitrile powder Kelong Mw=150000

N,N-dimethylformamide Sigma-Aldrich Chemical CAS-68-12-2

Aqueous GO solution Hangzhou Gaoxi Technology 10 mg/g

Polyvinyl alcohol 1788 Chengdu Haihong Experimental Instrument CAS-9002-89-5
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Preparation of GC/C-n alternating reduction film

Firstly, GO/aPAN-PVA-n film was preoxidized in muffle furnace by heating to 200�C and helding for 40 min. Subsequently, the pre-oxidized

film was then carbonized in a graphite furnace and heated to 1200�C (10�C/min rate of heating) and again to 1900�C (5�C/min rate of heating)

for 1.5 h. After the procedure, the carbonized film was naturally cooled to room temperature. The whole process was carried out in vacuum.

Finally, graphene-carbon nanofiber/carbon aerogel was prepared and named GC/C-n (n is the total number of layers of the film).

Characterization of GO/aPAN-PVA-n and GC/C-n film

Themorphology and the fracture surface of the different composite papers were investigated by field-emission scanning electronmicroscopy

(FESEM,QANPA200, FEI). The structure of the composite films was analyzed by using an X-ray diffraction system (XRD, PW1830, Philips) with a

Cu-Ka radiation from 5 to 60�. The Raman spectrum (In Via, Renshaw) excited by a 532 nm laser was tested in the wavenumber range of 1000-

3000 cm�1. The electrical conductivity of the samples was measured using a standard fourprobemethod on a 4-Point Probes Resistivity Mea-

surement System. Stress-strain curves were measured by a small testing machine (XS (08) XT03, Xu Sai) with a loading rate of 0.1 mm/min at

room temperature (at least six samples).

EMI shielding effectiveness measurement

EMI shielding effectiveness measurements were carried out using an Agilent PNA E501C vector network analyzer in the frequency range be-

tween 8 and 12 GHz. The S parameters (S11, S21, S22, and S12) derived from the vector network analyzer can be used to calculate the ab-

sorption coefficient (A), reflection coefficient (R), transmission coefficient (T), SE absorption (SEA), SE reflection (SER) and SE total (SET):34

T = js11j2 = js22j2

R = js12j2 = js21j2

A = 1 � T � R

SER = � 10 log10ð1 � RÞ

SEA = � 10 log10½T∕ð1 � RÞ�

SET = SEA + SER

Electromagnetic simulation of alternating multilayered film

The CST electromagnetic simulation software (CST Studio Suite 2021) was used for modeling to analyze the lossmechanism of the alternating

multilayer film. The simulation was conducted by frequency domain simulator and the whole structure was simulated under ideal boundary

conditions where the electric field was zero. Since it is obvious that the porous structure is conducive to the internal multiple reflection of

electromagnetic wave, the simulation only needs to explore the effect of multilevel structure, especially the alternating structure on internal

electromagnetic wave. Therefore, in order to simplify the establishment of the model and reduce the complexity of calculation, the film was

only established into a multilayer alternating structure model in order to explore the electromagnetic wave lossmechanism inside. Frequency

in the whole simulation ranged from 8 to 12 GHz.

QUANTIFICATION AND STATISTICAL ANALYSIS

All mean values are expressed in the form of error bars.

ADDITIONAL RESOURCES

This work did not contain additional resources.
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