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Abstract 

With the rapid evolvement of wireless communication technologies, the ever increasing needs to 

prevent electromagnetic waves (EMWs) pollutions have urged the development of lightweight 

materials with excellent electromagnetic interference (EMI) shielding property. However, 

achieving desired EMI shielding performance often requires high loadings of conductive 

nanofillers, like graphene, which poses challenges to control the nanoparticle dispersion and the 

mechanical performance of the nanocomposite. Herein, we demonstrate a method to fabricate 

highly-loaded (>30 wt.%) graphene in microcellular epoxy nanocomposites, successfully 

overcoming the long-lasting dichotomy in the field of nanocomposites of high filler loading and 

dispersion. By utilizing supercritical CO2 foaming method, modified thermosetting epoxy-based 
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nanocomposite was foamed with multiple interfaces and tunable microcellular cells. In addition, a 

rearrangement of nanofillers during foaming process is favorable for more intense conductive 

network, leading to enhanced EMWs attenuation by repeated reflections and absorptions. An 

optimal combination of electrical conductivity (314 S·m-1), EMI shielding effectiveness (86.6 dB 

and 156.3 dB/(g/cm3)), compressive strength (27.4 MPa) and density (0.55 g·cm-3) has been 

achieved for foamed nanocomposite with 32.26 wt. % graphene content. This versatile method 

opens up an easy route to fabricate lightweight structural foams with high nanofiller contents, 

which could be used in many applications such as electronics, robotics, and aircrafts. 

 

Key words: Graphene; Epoxy foam; High nanofiller loading; Microcellular nanocomposites; 

Electromagnetic interference shielding effectiveness 

 

1. Introduction  

With the rapid evolvement of the information and communication technology, especially the 

use of 5G technology, electronic devices have become an integral part of our society with the 

capability of high-speed data transmission and portability. However, the increased usage of these 

electronic devices and other equipment also raises concerns on potential electromagnetic radiation 

and electromagnetic waves (EMWs) pollution, limiting the rapid pace of development for many 

technologies and applications. Clearly, novel materials and structures with high electromagnetic 

wave shielding and absorption capabilities are of great necessity to provide high safety assurance 

for next-generation electronic devices. Additional features like lightweight and high mechanical 

performance are also highly desired for their uses in portable electronics, healthcare devices, as 

well as transport sectors like aerospace or automotive [1-4]. 

Several governing factors, such as electrical conductivity, magnetic permeability and internal 

structural design, should be considered to achieve high electromagnetic interference (EMI) 

shielding performance [5]. As evidenced by the famous Faraday cage in 1836, high electrical 

conductivity is essential to provide the good shielding to block the EMWs, hence many traditional 

EMI shielding materials are made out of metals [6-8]. However, the high density and poor 

corrosion resistance of metallic materials often limit their utilization where the lightweight and 

portable features are required. To overcome these challenges and fulfill evolving demands and 

requirements, conductive polymer composites (CPCs) have been extensively explored in recent 
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years to provide both high EMI shielding efficiency and lightweight structural properties. 

Considering the wide range of options on conductive fillers, especially nanofillers with high 

electrical conductivity and permittivity, like carbon nanotubes and graphene nanoplatelets, 

together with ease of processing from various polymer matrices, high electrical conductivity can 

be achieved in CPCs for high EMI shielding effectiveness (SE). For instance, Liang et al. used 

solution mixing to fabricate the epoxy/graphene CPC with 15 wt.% graphene content, exhibiting 

EMI SE of about 21 dB at 8.2-12.4 GHz (X-band) [9]. Similarly, Ling et al. prepared 

polyetherimide/graphene composite with 10 wt.% of reduced graphene oxide (rGO), and obtained 

an EMI SE of 20.0 dB at X-band [10]. The higher graphene loading (20.0 wt.%) in polyvinyl 

chloride/graphene composite by solution mixing method exhibited an EMI SE of 29.5 dB at X-

band [11]. 

It is well acknowledged that the high loading of nanofillers could lead to severe 

agglomeration due to the extremely large surface areas of nanofillers, posing great challenges in 

the processing of CPCs. To overcome the potential aggregation of nanofillers in polymer matrix 

and to avoid consequent effects on conductive network and properties of processability and 

mechanical stress, constructing 3D framework of carbon-based fillers such as graphene aerogel 

has also been explored recently as a new strategy [12]. Chen et al. have prepared poly(dimethyl 

siloxane)/graphene foam, with less than 0.8 wt. % graphene loading and EMI SE of 30 dB at X-

band [13]. Furthermore, Chen et al. reported an outstanding conductivity of 148 S m−1 and EMI 

SE of ~33 dB at X-band for the epoxy nanocomposite with 0.66 wt.% CNT sponge, which is higher 

than conventional epoxy nanocomposites with 20 wt. % CNTs [14]. Huangfu et al. reported a 

remarkable EMI SE of 35 dB at the X-band for epoxy/reduced graphene oxide (rGO)/Fe3O4 

nanocomposites prepared by the epoxy infiltration into graphene aerogel functionalized with Fe3O4 

(1.5/1.2 wt.% of Fe3O4/rGO) [15]. In addition, Yan et al. prepared the polystyrene composite with 

3.47 vol. % 3D segregated rGO, representing a higher EMI SE of 45.1 dB at X-band [16]. Although 

many promising results can be found from the literatures, challenges remain on how to further 

increase the conductive nanofillers loading for enhanced EMI SE values, as the loading level is 

restricted by the graphene aerogel structure. 

Apart from increasing the intrinsic materials properties, such as electrical conductivity, an 

equally important and effective route to achieve high EMI SE is by controlling the internal 

structure of shielding mateirals. As indicated from graphene aerogel structure, a porous structure 
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consisting of multiple interfaces can effectively reflect the EMWs within the materials, leading to 

a high EMI shielding efficiency due to the waves attenuation during multi reflections [17]. 

Apparently, preparing conductive composite foams with microcellular structures are one of the 

great strategies to achieve these targets. Thanks to the strong extensional flow during cell growth 

and the consequent enrichment and rearrangement of conductive fillers, a more intense electrical 

conductive network in foamed composites is promoted. Zhang et al. have reported the graphene 

redistribution on cell walls in microcellular polymethylmethacrylate/graphene nanocomposites, 

resulting in a denser conductive network, higher electrical conductivity, as well as better EMI 

shielding performance [18]. Hamidinejad et al. reported a microcellular CPCs consisting of 

polyethylene/graphene nanoplatelets, with reduced percolation thresholds (9.8 vol.% nanofiller of 

foamed sample vs. 19 vol.% of solid sample) and high EMI SE of 31.6 dB at X-band [19]. Shen 

et al. have prepared a lightweight polyurethane/graphene nanocomposite with 3D network 

graphene prepared by dip-coating method and demonstrated a high EMI SE of 57.7 dB at X-band 

[20]. However, it is worth noting that these aerogel-based nanocomposites and foamed 

nanocomposites structures are often associated to mechanical brittleness, limiting their 

development in lightweight structural applications. 

In this study, these two-long lasting dichotomies in the field of nanocomposites are explored, 

namely the challenge of balancing high nanofiller loadings and nanofiller dispersion levels, as well 

as the challenge of achieving high electrical/electromagnetic properties while preserving 

mechanical performance in porous foam structures. A facile fabrication method to produce highly 

loaded yet well dispersed modified epoxy/graphene nanocomposites with tunable microcellular 

structures has been developed, based on a significantly enhanced foamability of modified 

thermosetting resins. Thus, this work provides a new direction of designing and fabricating 

nanocomposites with tailored internal structures and desired properties, for applications ranging 

from portable electronics to healthcare devices. 

2. Materials and methods 

2.1 Materials 

Epoxy resin (Diglycidyl ether of bisphenol-A, Mw: 1428～2000 g/mol) and hyperbranched 

epoxy resin (E102, Mw: 3200～3600 g/mol) were purchased from Yueyang petrochemical Co., 

Ltd., and Wuhan Hyperbranched Polymer Resin Science & Technology Co., Ltd., China, 

respectively. 2-ethyl-4-methylimidazole (2E4MZ, 96%), 3-glycidyloxypropyltrimethoxysilane 
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(KH560, 97%) and graphite (>99.99%) were bought from Aladdin industrial Co., Ltd., China. 

Polyether amine (M2070, Mw: 2000 g/mol) was obtained from Huntsman Co., Ltd., U.S.A. and 

carbon dioxide (CO2, 99.99%) was from ChangTe gas Co., Ltd., China. The concentrated sulfuric 

acid (H2SO4, 95-98%), sodium nitrate (NaNO3, >99.9%), dichloromethane (CH2Cl2), potassium 

permanganate (KMnO4), hydrazine hydrate (N2H4, 80%), hydrogen peroxide (H2O2, 30%) and 

other chemicals were achieved from Sinopharm Chemical Reagent Co., Ltd, China. 

2.2 Preparation of modified-epoxy (m-EP)/graphene nanocomposites 

Graphene aerogel (GA) was obtained from graphene oxide (GO) that was produced by 

modified Hummers method (S1, supporting information) as shown in Figure 1a. The GO 

suspension was reduced by hydrazine hydrate (N2H4) (Figure 1b). 5 g GO was dispersed in 1000 

ml deionized water and stirred for 12 h, followed by the addition of 50 ml N2H4 (24 wt.%) and 

mixing for 30 min. As shown in Figures 1a and 1b, the beaker with prepared GO dispersion was 

placed in oven at 90℃ for 3 days to obtain reduced graphene (rGO) hydrogel block that was then 

turned into porous GA by freeze drying. Epoxy resin, hardener, hyperbranched epoxy (E102, 

Figure S2) and prepared plasticizer (KM, S2, supporting information, Figure S1) were dissolved 

in dichloromethane (CH2Cl2). The epoxy and hardener were added with 20:1 weight ratio. The 

epoxy/E102/KM mixing solution with 90:10:5 of epoxy with hardener added, E102 and KM 

weight ratio was dried at 35 ℃ to fully remove the solvent and was turned into powder. The 

following curing reaction of epoxy/E102/KM (m-EP) was carried out inside the mold under 30 

MPa at 120 ℃ for 2 hours. The addition of E102 and KM into the epoxy matrix was to improve 

the molecular flexibility to enhance its foamability [21, 22]. The solid m-EP was prepared as 

reference sample.  

The introduction of rGO into m-EP matrix was achieved by the vacuum-assisted infiltration 

firstly (Figure 1c). The nanofiller concentration was controlled by different uncured m-EP 

concentrations in m-EP/CH2Cl2 solution. In detailed process, porous GA was infiltrated by m-

EP/CH2Cl2 solution, then the uncured m-EP was wrapped on graphene surface after removing 

solvent at 35℃. Subsequently, the uncured m-EP/rGO composites was grinded into powder and 

then placed into chamber to prepare m-EP/rGO nanocomposites by thermal compression with the 

processing conditions of 30MPa/2h/120℃ (Figure 1d and 1e). A series of prepared m-EP/rGO 

nanocomposites with different ratio between m-EP and rGO were recorded in Table S1. The m-

EP/rGO nanocomposites with different rGO loadings were marked as following: 0 wt.% (m-EP), 
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1.87 wt.% (m-EP/rGO-1.87), 4.55 wt.% (m-EP/rGO-4.55), 8.70 wt.% (m-EP/rGO-8.70), 12.50 

wt.% (m-EP/rGO-12.50), 22.22 wt.% (m-EP/rGO-22.22) and 32.26 wt.% (m-EP/rGO-32.26) rGO, 

respectively. These samples were prepared with thickness of 2 mm in the mold by a post curing 

process with gradient temperature program of 120℃/2h, 140℃/2h and 160℃/2h. 

2.3 Preparation of microcellular m-EP/graphene nanocomposites 

m-EP/rGO nanocomposites were foamed by applying the supercritical CO2 (scCO2), in which 

CO2 was pumped into micro-autoclave (Anhui Kemi Machinery Technology Co., Ltd., China) 

through supercritical fluid pump (S10SNXP1, SSI, U.S.A.). The real-time temperature was 

controlled and monitored by an automatic temperature control unit (Xiamen Yudian Automation 

Technology Co., Ltd., China). The saturated condition of 25MPa/50℃/48h was used to maintain 

the temperature and pressure during the foaming process to ensure the materials has achieved a 

saturated CO2 absorption. Afterwards, all gases were released during 10s and the CO2 saturated 

samples were placed in an oil bath to proceed with the free foaming process under 3～60s foaming 

time and 120℃ foaming temperature. The foamed samples were immersed in the ice water bath 

to stabilize their cellular macrostructures, followed by storing under -5℃ for another two weeks 

to fully release any residual CO2 before the characterization. 

2.4 Characterizations  

Both GO and rGO were examined by X-ray photoelectron spectroscopy (XPS, Kratos Axis 

Ultra DLD, U.K.) equipped with scanning monochromatic Al-Ka energy source (hv=1486.6 eV) 

and Raman spectroscopy (Alpha300R, WITec, Germany) using 532 nm wavelength laser. X-ray 

diffraction pattern (XRD, SHIMADZU, Japan) with Cu Kα radiation (λ=0.15418 nm) was used to 

measure crystalline structure of GO, rGO and m-EP/rGO nanocomposites from 5˚ to 80˚ at 5˚/min 

scanning speed. The nuclear magnetic resonance (NMR, Bruker Avance DRX 400, U.S.A.) was 

used to analyze molecular structure (Figrue S2) of hyperbranched epoxy (E102) at 400 MHz with 

CDCl3 as solvent. Thermogravimetric analysis (TGA, TA Q50, U.S.A.) was carried out from 50

℃ to 800℃ at 10℃/min under nitrogen atmosphere. Transmission electron microscope (TEM, 

FEI-Talos F200x, U.S.A.) and atomic force microscope (AFM, Dimension, Bruker, Germany) 

were employed to characterize the morphology of GO and rGO. The fracture surfaces of m-

EP/rGO solids and foams were examined by field emission scanning electron microscopy 

(FESEM, FEI Verios G4, U.S.A.) and scanning electron microscopy (SEM, VEGA 3 LMH, 

Czech). The electrical conductivity was measured by a four-point probe resistivity measurement 
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system (RTS-9). Besides, nanoindentation test (Hysitron-TI980, U.S.A.), compression 

measurement (SANS CMT5105, China), statistic of cell parameters using Pro-plus software, 

density and volume expansion ratio calculation, and thermal conductivity (Hot Disk instrument, 

AB Corporation, Sweden) were investigated and presented in materials and methods (S3-S7, 

Supporting information). EMI SE of specimens was achieved by dealing with scattering 

parameters (S11, S12, S22 and S21) measured by vector network analyzer (VNA, Agilent N5230, 

USA) in X-band (8.2-12.4 GHz) (S8, supporting information). 

3. Results and discussion 

3.1 Characterization of microcellular m-EP/rGO nanocomposites 

Figure 1 presents the overall fabrication process of the microcellular modified-

epoxy/E102/KM/graphene (m-EP/rGO) nanocomposites with their resulted morphologies. As 

shown in Figure 1a and 1b, the graphene oxide (GO) suspension was reduced by hydrazine hydrate 

(N2H4) to fabricate reduced graphene oxide (rGO) hydrogel, which was then lyophilized, leading 

to the formation of porous graphene aerogel (GA) [23]. The diluted m-EP resin was then infiltrated 

into GA assisted by vacuum-assisted infiltration (Figure 1c). During the thermal compression 

process (Figure 1d and 1e), the as-prepared uncured m-EP/rGO architecture was powdered and 

compressed into m-EP/rGO nanocomposites by simultaneously crosslinking reaction with dense 

graphene interconnections. 

Subsequently, the supercritical CO2 (scCO2) foaming process was utilized on the cured 

nanocomposites (Figure 1f), introducing microporous cells with graphene redistributed and 

enriched in the cell walls. Figure 1g shows the morphologies of GA as well as fabricated 

microcellular m-EP/rGO nanocomposites, confirming the well-controlled cell size distribution 

with highly concentrated yet well dispersed graphene nanoplatelets within the cell walls, which 

are essential for mechanical and electrical properties. The tailored m-EP structure (Figure 3) also 

successfully enabled the foaming process of crosslinked m-EP/rGO nanocomposites, overcoming 

another dichotomy between the thermosetting epoxy and the microcellular foamability. 
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Figure 1 The schematic illustrations of the fabrication process of microcellular modified-

epoxy/E102/KM/graphene (m-EP/rGO) nanocomposites: (a) graphene oxide (GO) suspension 

with 5 mg/ml concentration; (b) reduced graphene oxide (rGO) hydrogel (left), aerogel (GA, 

middle) and schematic graphene 3D framework (right); (c) vacuum-assisted infiltration of m-EP 

resin into GA with uncured m-EP wrapped on surface of GA after evaporation of organic solvents; 

(d) grinding to obtain the uncured m-EP/rGO in powder form for subsequent curing under 

compression moulding; (e) cured m-EP/rGO nanocomposite with dense rGO distribution; (f) 

introduce porous structure into m-EP/rGO nanocomposite by supercritical CO2 (scCO2) foaming 

method; (e) SEM images showing graphene morphologies and distributions in different 
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microstructures of GA, uncured m-EP/rGO, cured nanocomposite and microcellular m-EP/rGO 

nanocomposite (foaming time: 20 s and foaming temperature: 120 ℃) 

3.2 Morphology and interaction between graphene and m-EP matrix 

Clearly, both dispersion of nanofillers and the interaction between nanofillers and matrix are 

essential in achieving desired performance of nanocomposites. During the preparation of m-

EP/rGO nanocomposites by resin infiltration into GA, the effective interfacial interaction between 

graphene flakes and the m-EP matrix is crucial for the further powdering and curing under 

compression moulding. As shown in Figure 2a, epoxide and carboxyl groups on GO nanofiller 

react with N2H4, with C=C and C=N bonds as reaction products [24-26]. According to the TGA 

analysis, there are still about 9.87 wt.% of oxide groups on rGO surface, indicating a certain 

amount of hydroxyl group remained on rGO that could facilitate the interaction between rGO and 

m-EP resin. This has been confirmed by the X-ray photoelectron spectroscopy (XPS, Figure 2c 

and Figure S3) spectra, demonstrating that characteristic C 1s and O 1s peaks and the content of 

C and O element changed from GO to rGO, with the C/O ratio increased from 1.67 to 7.89, which 

is in agreement with the previously reported results [25]. The interactions between m-EP and rGO 

can be attributed to both the covalent bonding caused by crosslinked reaction and non-covalent 

bonding including hydrogen bonding and π-π stacking, which are related to polar groups and 

aromatic rings, respectively [27, 28]. 
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Figure 2 Characterization of interfacial interaction between rGO and m-EP matrix: (a) schematic 

presenting the reaction of epoxide and carboxyl groups of rGO and hydrazine hydrate (N2H4), as 

well as the existing hydroxide groups on rGO surface interacting with matrix; (b) transmission 

electron microscopy (TEM) and atomic force microscopy (AFM) microphotographs of rGO (insets 

shows high resolution TEM (HRTEM) image and thickness distribution of rGO); (c) X-ray 

photoelectron spectroscopy (XPS) widen scanning with the ratios of C and O elements in GO and 

rGO; (d) thermogravimetric analysis (TGA) measuring weight loss of GO and rGO after heating 

to 800 ℃ in N2 atmosphere; (e) TEM images of graphene in cured m-EP/rGO nanocomposite and 
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related HRTEM image (rGO content is 4.55 wt.%); (f) selected-area electron diffraction (SAED) 

maps of rGO and cured nanocomposite with 4.55 wt.% rGO 

Figure 2b shows the morphology of rGO with wrinkles and folds observed, and a typical flake 

thickness of 4.43 nm (about 13 layers) measured by transmission electron microscopy (TEM) and 

atomic force microscopy (AFM), confirming the influence of reduction process on rGO structure 

(GO morphology can be found in Figure S4). The results of field emission electron scanning 

microscopy (FESEM), X-ray diffraction (XRD) patterns and Ramon spectra in Figures S5-S7 

illustrate the features of GA and confirm restoration of conjugation sp2 regions and π-π stacking 

interaction during reducing GO to rGO [29]. Clearly, the successfully fabricated GA composed of 

rGO that possesses 4.43 nm thickness and reactive oxide groups benefits for the strong interaction 

between rGO and m-EP resins and then effective formation of electrical conductive network in m-

EP/rGO nanocomposites. The porous structure of aerogel also acts as a stable scaffold to facilitate 

the epoxy infiltration process without affecting the nanoparticle agglomeration due to sufficient 

contact surface area and reactive groups. Figure 2e presents rGO dispersion in m-EP/rGO 

nanocomposite, with the observed nanoscale thickness of dispersed graphene flakes. The high 

resolution TEM (HRTEM) also reveals no obvious crack or delamination in m-EP/rGO interfacial 

regions, further confirming the good interaction between nanofillers and matrix. The diffraction 

rings in selected-area electron diffraction (SAED) of Figure 2f represent that typical [100] and 

[110] lattice planes in m-EP/rGO are less sharp, on contrast to the clear rings from pure rGO, due 

to the presence of amorphous carbon structure from m-EP. The amorphous carbon structure of m-

EP weakens the intensities of electron diffraction, which indicates graphene flake was wrapped by 

m-EP matrix with strong interaction [30]. Furthermore, a series of m-EP/rGO nanocomposites 

(rGO contents ranging from 1.87 to 32.26 wt.%) were successfully prepared with homogeneous 

nanofiller dispersion. 

3.3 Tuning the foamability of thermosetting resins with modified epoxy 

As mentioned earlier, microcellular structure can render multi-reflection and attenuation of 

EMWs, hence greatly enhance the EMI SE of materials [18, 19]. However, it is worth noting that 

most of the literature has been focused on thermoplastic microcellular foams, such as polyethylene, 

polypropylene, polystyrene, polymethylmethacrylate and polylactic acid [31]. Despite the 

excellent mechanical properties, chemical and thermal resistance, thermosetting microcellular 

foams, like epoxy foams depending on scCO2 foaming method, are rarely reported due to their 
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heavily chemical cross-linked networks, which are unfavorable for the mass transmission of 

blowing gases [32]. 

 

Figure 3 Foamability of neat epoxy and epoxy/E102/KM (m-EP) matrices: (a) microstructure of 

fracture surface of neat epoxy foam and (c) m-EP foam at 20 s foaming time and 120 ℃ foaming 

temperature; schematic diagram illustrating CO2 transferring and foaming process in (b) epoxy 

and (d) m-EP matrix; the measured hardness (e) and storage modulus (f) from nano dynamic 

mechanical analysis for neat epoxy and m-EP system (inserts present the surface morphologies of 

epoxy and m-EP matrices) 
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Clearly, overcoming the challenge of the epoxy foamability could also open up a brand-new 

avenue of cellular nanocomposites for EMI applications with many existing advantages of 

thermosetting resins. Thus, modification of epoxy resins has been performed in this work with 

organic precursor (KM, Figure S1) as well as the hyperbranched epoxy (E102, Figure S2), enabling 

the subsequent foaming process by scCO2. The foaming capability of neat epoxy resins was 

examined by applying scCO2 foaming method. As expected, irregular and non-uniform cell 

morphologies can be found (Figure 3a) due to its high crosslink density which constrains the 

forming process as illustrated in Figure 3b. On the contrast, with the incorporation of plasticizer 

(KM) and hyperbranched epoxy (E102) to modify the epoxy matrix (m-EP matrix, Figure 3c and 

3d), the gas absorption as well as the subsequent bubble nucleation and growth during foaming 

process were successfully improved, leading to a relatively homogeneous cell morphology with 

cell size 1.21 µm and cell density 3.02×1011 cells/cm3, together with an ultra-low foam density 

(<0.1 g/cm3, Figure S12). As shown in Figure S8, the combined effects of the E102 where the 

hyperbranched structure can react with curing agent to form an irregular crosslinked structure, and 

the KM where the dangling primary amine and soft segment can open epoxide ring and participate 

in curing reaction to allow molecular movements on m-EP matrix foamability contribute to the 

obtained microcellular structures with well controlled morphologies [33, 34]. The influence of 

foaming conditions as well as the ratios of E102 and KM on the cell morphology were discussed 

and shown in Figures S9-S12. After comparison of cell density and volume expansion ratio of neat 

epoxy and the prepared m-EP composites in Table S2, the optimized ratio of epoxy to KM and 

E102 were fixed to be 90:10:5. The mechanical properties (Figure 3e and 3f) are employed to 

characterize and compare neat epoxy resin and m-EP. Both the storage modulus and hardness were 

reduced after modifying the epoxy resins that reveal lower glass transition temperature (Tg, Figure 

S9b), which all facilitated the mobility of polymer chains with correct matrix viscoelasticity upon 

foaming process [35-37]. Besides, it should note that the neat epoxy matrix applied in previous 

reported works showed lower density and limited foamability due to restricted polymer chain 

movability in crosslinked network that enable larger cell size, lower cell density and thicker wall 

thickness [32, 38, 39]. 

3.4 High graphene loading in m-EP/rGO nanocomposites with microcellular structures 

Thanks to the excellent aforementioned graphene/matrix interaction and relatively 

homogeneous graphene dispersion, the enhanced foaming capability of m-EP was successfully 
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transferred into the fabricated m-EP/rGO nanocomposites with a wide range of filler loadings 

(1.87～32.26 wt.%) without obvious agglomerations even at over 30 wt.% rGO contents. Figures 

4b and c, and S13b and c revealed the microstructure of m-EP/rGO nanocomposites before and 

after the foaming process with different nanofiller loadings. When the rGO loadings were 

relatively low (1.87 wt.% to 8.70 wt.%), the cell morphologies were not very homogenous with 

varied unit cell sizes as indicated from the large error bars in Figure 4f. Interestingly, with the 

increased amount of rGO contents, a more homogeneous cell distribution with small unit size 

hence a higher cell density was achieved. This is attributed to synergistic effect of the high loading 

of well dispersed graphene fillers acting as cell nucleating sites and constraining the cell growth 

during the foaming process. As shown in Figures 4c and f, and S13c, S14 and S15, a clear trend 

of decreased cell size can be observed with increased amount of rGO, together with a more uniform 

cell distribution and thinner cell wall. This could be attributed to the increased barrier performance, 

leading to a synergetic effect between microcellular structure and nanofiller distribution. On the 

one hand, high loading of well dispersed rGO has led to an increased number of m-EP-rGO 

interfaces, acting as gas reservoir sites of CO2 hence more cell nucleating sites (Figure S21), where 

critical nucleation energy is lowered and heterogeneous bubble nucleation is induced during 

foaming processes [35]. On the other hand, the re-arrangement of rGO network has also been 

enabled by the foaming process, leading to an effectively more enriched conductive network 

within the cell walls as illustrated in Figure 4d, 4d' and 4h. As expected, the electrical conductivity 

was increased after foaming process, for instance, from 10-2 S/m to 10-1 S/m at same rGO loading 

of 4.55 wt.%. The increased electrical conductivity can be visualized from Figure 4e, with the LED 

bulb under same voltage shown a much brighter light when connected through the foam specimen 

than solid specimen, confirming the higher amount of electrons passing through the specimen. 

This is attributed to the enriched rGO network within the cell wall due to stretching and squeezing 

effects during cell growth, leading to a more effective interconnection of rGO (Figures S16 and 

S17) [40]. 
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Figure 4 Morphologies and electrical conductivity of m-EP/rGO specimens with various rGO 

loadings: (a) uncured and (b) solid m-EP/rGO nanocomposites before foaming processes; (c) 

microcellular m-EP/rGO nanocomposites with different magnifications; (d and d') illustrations of 

graphene network re-distributions induced by the scCO2 foaming process and (e) indication of 

electrical performance by connecting the light bulb with solids and foams; (f) average cell diameter 

and cell density, showing a clear trend of more homogeneous cell distribution and higher cell 

density with increased amount of rGO contents (the average cell size decreased from 2.77 µm to 

0.64 µm, whereas the cell density increased from 9.61×109 cells/cm3 to 4.19×1011 cells/cm3 ); (g) 

density (from 0.18 g/cm3 to 0.55 g/cm3 ) and (h) electrical conductivity of both solid and foam 

specimens, confirming the lightweight and high electrical conductivity after foaming processes 
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With the highest nanofiller loading studied in this work (32.26 wt.%), electrical conductivity 

(3.14×102 S/m) of m-EP/rGO foams was achieved (Figure S18), together with uniform cell size 

and low density of 0.55 g/cm3 (Figure 4g). No obvious nanofiller agglomeration of nanocomposite 

was found at such high loading thanks to the strong interfacial interaction between rGO and m-

EP. Higher nanofiller content was obtained in m-EP/rGO nanocomposites by vacuum-assisted 

infiltration method with followed compression moulding, compared to GA-based nanocomposites 

fabricated via conventional methods with only about 1.0 wt.% graphene loadings [41, 42]. The 

results of TGA and XRD (Figures S19 and S20) have also confirmed the thermo-stability and rGO 

contents in all samples, as well as influence of rGO on the nanocomposites’ crystallinity [43]. The 

increased peak shift of XRD patterns caused by the risen proportion of oriented hexagonal carbon 

of rGO in m-EP/rGO systems confirms the intact structure within the nanocomposites. Therefore, 

a synergistic effect between high rGO loadings and foaming process of m-EP/rGO has enabled 

nanocomposite foam a well-controlled cell distribution and low density together with excellent 

electrical conductivity and homogeneous filler dispersions, successfully solving the long-lasting 

dichotomy of high loading and homogenous dispersion of nanocomposites. All of these elements 

are essential in achieving a lightweight structural conductive polymer composite with not only 

high EMI performance but also preserved mechanical properties. 

3.5 Excellent EMI performance with preserved mechanical properties 

The electromagnetic shielding efficiency as well as thermal and mechanical properties have 

been characterized and analyzed systematically for the m-EP/rGO nanocomposites. The expansion 

in specimen dimensions during the supercritical CO2 foaming process has led to an increase in 

thickness as well as the enrichment of electrical conductive nanofiller within the cell walls, 

benefitting the electromagnetic interference (EMI) shielding effectiveness (SE). Hence, excellent 

EMI SE performance can be found in current nanocomposites for both solid and foam specimens, 

especially for foamed those with high rGO loadings, with the absolute SET of 83.5 dB and 86.6 

dB in the m-EP/rGO-32.26 solid and foam, indicating over 99.999999% shielding efficiency [44]. 

As shown in Figures 5a, 5a' and 5a'', the EMI SE values of m-EP/rGO nanocomposites at X-band 

(8.2-12.4 GHz) increased with increasing loading of graphene for both solid and foam specimens, 

which is in good agreement with their electrical conductivities [45, 46]. As shown in Figure 5 a 

and a', with the same rGO loading, a higher SE value can be found in foamed specimens compared 

with solid specimens due to their higher electrical conductivity (Figure 4h) alongside with 
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multilevel wave reflection [47-49]. Due to higher thickness of foams caused by foaming process, 

the SET of m-EP/rGO microcellular nanocomposites were higher than that of their solid 

counterparts, which was in agreement with reported results [17]. The existence of porous structures 

within the m-EP/rGO foamed nanocomposites provides cavities to facilitate the multi-reflection 

and scattering of EMWs, lengthening the waves path, increasing the number of times that waves 

interact with conductive nanofiller and consequent contributing to the attenuation of induced 

EMWs [44]. For example, m-EP/rGO-4.55 solid presents EMI SE of 25.6 dB, lower than that of 

counterpart foam of 27.4 dB. At high rGO loading of 32.26 wt.%, a SET value of 83.5 dB is 

obtained for the solid specimen while a higher value of 86.6 dB for the foamed specimen. 

Figure 5a'' compares the total SE (SET), composed of reflected SE (SER) and absorbed SE 

(SEA), and the specific total SE (SSET, SET divided by material density) of both solids and foams 

and shows that with the increased amount of conductive nanofillers, a clear increasing trend of 

SET, SER, SEA and SSET can be observed for all m-EP/rGO solids and foams. The dominated SEA 

indicated that shielding mechanism was mainly based on EMI absorption rather than reflection 

(Figure S22). Higher SSET is achieved in foams than in solids because of low density of foamed 

samples. The obtained EMI SE properties not only outperformed most absolute total SE of the 

nanocomposites with similar filler contents (Figure 5c), but also achieved a significantly improved 

specific total SE values (SSET) of 156.0 dB/(g/cm3) from microcellular m-EP/rGO-32.26 specimen 

which is the highest value compared with any reported values from graphene reinforced epoxy 

nanocomposites in the literatures (Figure 5c inset). The practical tests illustrated in Figures S23 

and video S1 are employed to evaluate the shielding efficiency of m-EP/rGO-32.26 foam and 

present the validity and reliability of the shielding materials on EMWs shielding capacity. 

Compared with m-EP/rGO-32.26 solid, the foamed one is lightweight and porous (Figure 1e and 

f), highly conductive (Figure 4h) and more excellent in EMI SE (Figure 5a' and a''), representing 

its potential as advanced shielding materials.  

The shielding mechanism of current system is schematic illustrated in Figure 5b, with the 

incident waves striking onto the surface of materials and being partially reflected due to impedance 

mismatch - the difference in electromagnetic performance between shielding materials and 

ambient air [18, 50]. Then most of the EMWs in the nanocomposites are absorbed by highly 

conductive nanofillers because of the ohmic and dielectric loss, in which the well-dispersed and 

highly loaded rGO inside of current shielding materials can provide an efficient path to carry free 
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charges and forming eddy currents, that can transform electromagnetic energy into other type of 

energy (e.g. thermal energy). Meanwhile the rGO/m-EP interface can generate interfacial 

polarization, which benefits the dissipation of EMWs [51-54]. 

 

Figure 5 The electromagnetic interference (EMI) shielding effectiveness (SE) and thermal and 

mechanical performance of m-EP/rGO nanocomposites: EMI SE of m-EP/rGO solids (a) and 

foams (a') at X-band as well as (a'') individual contribution from absorbed SE (SEA), reflected SE 

(SER) and specific total SE (SSET); (b) schematic illustrations of shielding mechanisms with 

EMWs reflection and attenuation in solid and foamed specimens; (c) comparison of EMI 

performance with literature values, showing the highest reported value from current m-EP/rGO 

nanocomposites; (d) thermal conductivity and volume expansion ratios of m-EP/rGO solids and 

foams; (e and e') mechanical properties of nanocomposites showing preserved compressive 

strength of foams at high nanofiller loadings due to well controlled microcellular structures 
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The thermal conductivity of both solid and foamed nanocomposites is presented in Figure 5d, 

showing an increasing trend with increased rGO loadings. The highest value of thermal 

conductivity of 0.50 W/mK was obtained from solid m-EP/rGO-32.26 specimen compared with 

other specimens in this work, while the lowest value of 0.12 W/mk was achieved in m-EP/rGO 

foam with 1.87 wt.% rGO content, attributing to the excellent thermal properties of graphene 

network with homogeneous dispersion. As the expansion ratio increased from foaming process, 

the thermal conductivity of foamed specimens was reduced compared to that of solid specimens, 

due to the increased cavities caused by porous structure [19, 55]. This inverse relationship between 

thermal conductivity and expansion ratio also can be seen from the lowest thermal conductivity 

correlated with the highest expansion ratio for the case of m-EP/rGO-1.87 foam. The thermal 

infrared measurements were also employed to examine the fabricated specimens (Figure S24), 

with the results in good agreement with their thermal conductivity values. 

It is well acknowledged that the most graphene aerogels and its foams suffer from high 

brittleness with limited mechanical properties, i.e. compressive strength of only 8.0 kPa of pure 

aerogels (Figure S25), inevitably limiting their wider range of practical applications [23, 56-58]. 

The mechanical properties of fabricated m-EP/rGO nanocomposites were successfully preserved 

(Figure 5e), with compressive strength of 27.38 MPa at rGO loading over 30 wt.% alongside with 

a density as low as 0.55 g/cm3. In the compressive stress-strain curves, continuous increase of 

stress in elastic region with rGO loading can be found in solids [59]. The compressive stress was 

increased with strain during the elastic region, then reached to the maximum yield strength and 

then reduced as the increment of strain. The trend of raised yield strength of the different m-

EP/rGO solid nanocomposites could be found when the rGO loading ranged from 1.87 to 22.22 

wt.% rGO. With the filler loading increased to be 32.26 wt.% loading, the compressive strength 

decreased due to the weaken interaction of rGO and m-EP matrix at high loading. However, owing 

to the existence of microporous structure after foaming processes, mechanical performance of a 

series of m-EP/rGO foams is lower than that of counterpart solids. To the best knowledge of 

authors, this mechanical property, especially at such high graphene loading level, is an outstanding 

reported value for foamed nanocomposites. (Table S4). Clearly, the well-preserved mechanical 

properties together with low density of microcellular m-EP/rGO nanocomposite could be utilized 

in many applications such as portable electronics and healthcare devices. 

4. Conclusion 
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A novel strategy to fabricate epoxy/graphene nanocomposites with combined features of low 

density, outstanding electrical conductivity, high EMI properties, thermal insulation and 

mechanical strength, has been developed. The long-lasting dichotomy of dispersion and high 

loading of nanofillers in epoxy resins has been successfully overcome by infiltration m-EP into 

GA and tailoring the microcellular structures, with more than 30 wt.% of rGO well-dispersed in 

m-EP foam structures. Tailored modification of epoxy resins based on hyperbranched epoxy and 

plasticizers was employed to enable the successful scCO2 foaming process after crosslinking of 

thermoset resins, hence to fabricate the nanocomposite microcellular foams from cured 

nanocomposites. 

A synergistic effect between high loading of rGO and foaming process was found in this 

work, leading to a well-controlled cell morphology with enhanced electrical conductivity and cell 

wall strength. It is also worth noting that a balance between optimized porous structure and 

materials mechanical properties should be achieved, in order to promote both the thermal energy 

dissipation along the solid cell walls as well as the reflection and attenuation of EMWs within the 

cavities. Excellent electrical properties with conductivity of 3.14×102 S/m and EMI properties with 

specific total SE values of 156.3 dB/(g/cm3) were achieved, which are among the highest reported 

values for graphene reinforced nanocomposites. The low density of only 0.55 g/cm3 together with 

preserved mechanical properties of 27.4 MPa in compressive strength have demonstrated the 

feasibility of utilizing conductive polymer composites for next generation EMI shielding 

applications, such as portable electronics and devices where both high EMI SE as well as 

lightweight and structural properties are required. 
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Highlights 

1. A strategy to prepare m-EP/rGO nanocomposite with 32.26 wt.% rGO loading and 

uniform dispersion 

2. Controlled foamability of thermosetting nanocomposites by scCO2 foaming process 

3. Excellent electrical conductivity (3.14×102 S/m) and EMI SE (SET=86.6 dB) 

achieved from m-EP/rGO foam 
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