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Abstract
As wireless solutions for communication, information, and sensing in modern society, electromagnetic waves (EMWs) 
have contributed considerably to the increase in the quality of people’s everyday lives. At the same time, EMWs produce 
electromagnetic pollution, issues with electromagnetic interference (EMI), and radio frequency (RF) signal leakage. These 
circumstances lead to high demand for efficient EMI shielding materials.
To design an EMI shielding product, a compromise must be achieved between the electromagnetic shielding efficiency, the 
thickness of shielding materials, durability, mechanical strength, reduced volume and weight, and elasticity. Due to its abil-
ity to block EMWs, flexibility, lightweight, and chemical resistivity, graphene has been identified as a promising candidate 
material for efficient EMI shielding. Herein, we reviewed the studies that investigated various graphene-based composites 
as potential EMI shielding materials, with a focus on the composites based on graphene and silver nanowires due to their 
high EMI shielding efficiency, low production price, and favorable mechanical properties.
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1  Introduction

The rapid development of technology led to a large number 
of electronic devices used in everyday life and professionally. 
Smartphones and various smart gadgets became inevitable 
parts of modern life. These changes make our life more com-
fortable. All these electronic devices emit electromagnetic 
waves (EWs) and lead to a new form of modern contami-
nation, named electromagnetic pollution. EWs can cause 
serious issues as a result of electromagnetic wave pollution 

leading to electromagnetic interference (EMI), and informa-
tion leakage. Devices that generate EMI are those that trans-
mit, distribute, or use electric energy. When EWs penetrate 
between equipment joints, they can affect the performance 
of different devices, lead to damage to instrument compo-
nents, and eventually reduce the device’s lifetime. EMI could 
also be dangerous for people with pacemakers and implant-
able cardioverter–defibrillators (ICDs) [1–3]. Particularly 
important is professional exposure to radiofrequency (RF) 
electromagnetic fields. Power plant workers, those operating 
on medical instruments, workers in the metal industry, on 
welding machines, and in telecommunication are exposed to 
this type of electromagnetic field. Extremely low-frequency 
electromagnetic fields (ELF EMFs frequency < 300 Hz) are 
ubiquitous. Surprisingly, their effects on living organisms 
are poorly understood and subjected to debate.

Several studies linked the risk of childhood cancer, 
particularly leukemia, to ELF EMF exposure [4–7] and 
brain cancers such as glioma [4]. Chronic exposure leads 
to changes in neuronal activity, affects long-term potentia-
tion in hippocampal CA1 region, and shows an inhibitory 
effect on the amplitude of long-term potentiation [5]. These 
changes indicated that ELF EMF affects learning and mem-
ory. Other studies associate ELF EMF with sleep quality, 
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anxiety, and depression [6]. The study where 66 scientific 
publications were analyzed using a meta-analysis of obser-
vational studies in epidemiology (MOOSE) concluded that 
chronic exposure to EMFs elevated the risk for neurodegen-
erative diseases (amyotrophic lateral sclerosis and Alzhei-
mer’s disease) by 10% [7]. Other studies showed that ELF 
EMFs induce stress reactions, causing morphological as 
well as physiological alterations in subjected organisms [8]. 
Occupational exposure to ELF EMFs was not connected to 
an increased risk of malignant lymphoma [9]. Jalilian et al. 
analyzed the cases of different lymphoma registered between 
1961 and 2005 in Finland, Iceland, Norway, and Sweden, 
and the prevalence was similar to the population that was 
not exposed to ELF EMFs. While short-term exposure does 
not affect cortisol levels in humans [10, 11], its secretion 
pattern is changing and it is related to the field intensity in 
the case of long-term exposure [12]. As a major glucocor-
ticoid hormone, cortisol level was followed in the blood of 
workers occupationally exposed for 1–20 years. This study 
revealed a change in the cortisol secretory pattern. The sup-
pressive effect of ELF EMFs on the levels of chromogranin 
A, a marker of neuroendocrine tumors and stress, was also 
reported [13]. Scientists are disagreeing regarding the effects 
on human health, due to a lack of clear cause–effect connec-
tion. But ELF EMF certainly contributes to ROS production 
and oxidative stress and many other diseases [14].

Thus, the need for materials that can protect people but 
also instruments from both EWs and interference is increas-
ing along with technological development. Material with 
EMI shielding efficiency (EMI SE) of 20 dB is appropriate 
for commercial applications. Thick and dense conductive 
materials are efficient in EMI shielding. A highly effective 
EMI shielding material is metal. But, metals in the form of 
foil or fibers are rigid, with poor elasticity, they are not trans-
parent, not good for wearable applications, and they reflect 
EWs leading to further secondary EWs pollution. Another 
material is conductive polymer composites (CPCs), which 
are lightweight, have good sealability, are easy to mold, 
are relatively low cost, and have no magnetic interference 
[15–17]. Silicone rubber also showed a good EMI perfor-
mance due to excellent high- and low-temperature stability, 
weather, and chemical resistance [18, 19].

For the use in EMI shielding, the new material should be 
lightweight, thin, elastic, durable, flexible, chemically stable, 
economically acceptable, produced by eco-friendly proce-
dure, and resistive to moisture, in order to be applicable in 
the space and aircraft industry, motor vehicles, portable and 
wearable electronic devices.

One of the promising materials for EMI shielding is gra-
phene, its derivates, and composites. Due to its flexibility, 
lightweight, electrical conductivity, and chemical resistiv-
ity, graphene attracted large attention as a shielding mate-
rial [20]. Graphene was discovered by Geim and Novocelov 

using adhesive tape to mechanically exfoliate graphite and 
isolated graphene for the first time in 2004 and won a Nobel 
prize in 2010 for this discovery [21]. From high-quality 
graphene produced by chemical vapor deposition (CVD), 
electrochemically exfoliated graphite, to more defective 
graphene with poorer electrical conductivity produced by 
the reduction of graphene oxide, graphene showed different 
properties as well as cost. In this review, we will analyze 
graphene produced using different methods, and its com-
posites for application in EMI shielding addressing the most 
promising approaches to achieve desired shielding efficiency 
(SE), considering both economic and ecological aspects of 
production. Due to the volume of the work published in the 
field of electromagnetic shielding, we restricted our study to 
graphene, considering the rising interest in this material in 
EMW shielding. This field has evolved drastically in the last 
decade, which creates a need for comprehensive but clear 
studies understandable for researchers across different fields. 
A large number of review papers are analyzing MXene, con-
ductive polymers, and graphene-based composites, while 
only a few review papers explore graphene as EMI shield-
ing material [22–24]. In contrast, this review paper focuses 
on the EMI shielding of graphene and connects its structural 
characteristics with measured SE, and to composites with 
silver nanowires which greatly contribute to the efficiency 
of graphene sheet to block EMWs.

2 � EMI shielding

EM shielding is based on reflection, absorption, and multiple 
reflections [25, 26]. Shielding efficiency describes how well 
materials block EMWs and it is expressed in decibels—dB. 
Higher values of dB mean that material is more efficient 
in EMI shielding. The commercial application requires a 
minimum SE of 20 dB, which is equivalent to the blocking 
of 99% of incident EMWs.

The total shielding efficiency (SET) of a material is the 
sum of reflection (SER), adsorption (SEA), and multiple 
reflections (SEMR) shielding. EMWs are characterized by 
power (P), electric (E), and magnetic field (H) intensities. 
Thus, SET is defined as the logarithmic ratio of the incident 
(Pi) to transmitted power (PT) of electromagnetic radiation 
according to the following relations (1) and (2):

where I—indicated incident, R—reflected, and T—trans-
mitted component of EWs [27]. The interaction of the EM 
waves in the collision with different EMI shielding materials 

(1)SET = 10 log
PI

PT

= 20 log
EI

ET

= 20 log
HI

HT

(2)SET = SEA + SER + SEMR
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is described in Fig. 1, where reflection, absorption, and mul-
tiple reflections are presented.

Electrically conductive materials such as metals are mainly 
reflecting EWs when they hit the surface rich in electrons and 
the SER is related to the ratio between the conductivity (σ) and 
permeability (μ) of the material, according to Eq. 3.

While reflection is primary, the absorption of EMWs is a 
secondary mechanism of EM shielding. Materials with mag-
netic or electrical dipoles are candidates for absorption shield-
ing which is related to the following equation:

where d is the thickness, and α is the attenuation constant 
of the slab, respectively. For magnetic conductive materials, 
absorption is the dominant shielding mechanism and it is 
directly proportional to the permittivity of the materials [27].

The multiple reflection is the process during which EW 
undergoes multiple internal reflections due to inhomogeneity 
and occurs between the interface layers [28, 29]. This type of 
shielding is characteristic of thin materials and happens when 
EWs are trapped inside the boundaries of materials, where 
they have reflected again from one to another boundary. The 
SEMR can be calculated using the following expression:

where d is the sample thickness and δ is the penetration 
depth. This type of shielding is observed in porous struc-
tures, where hollows in the internal structures become active 

(3)SER = 39.5 + 10 log
�

2f��
∝ �∕�

(4)SEA = 20 log
d

e�
= 8.7d

√

f�� ∝ d�� ∝ �d

(5)SEMR = 20 log
(

1 − e
−2d

�

)

spots for the scattering of EMWs and make SEMR similar 
to the absorption of EMWs. The schematic presentation is 
shown in Fig. 1b.

The most desirable shielding mechanism is absorption, 
considering that EMWs in that case were not emitted back 
into the environment. The higher the dB level of EMI shield-
ing effectiveness, the less energy is transmitted through the 
shielding material. In EMI shielding theory, when an EM 
wave impinges on a shielding material, the incident power 
is divided into reflected, absorbed, and transmitted power 
and the corresponding power coefficients of absorbance 
(A), reflectance (R), and transmittance (T) are such that 
R + T + A = 1. The fraction of the absorbed EMWs is calcu-
lated from the previous equation, A = 1 − R − T. In a vector 
network analyzer (VNA), scattering parameters S11 (or S22) 
and S21 (or S12) are measured to calculate the reflectance 
and transmittance power coefficients, R = S11

2 and T = S12
2, 

and the absorbance is indirectly derived from A = 1 − R − T. 
Apart from these coefficients, to evaluate the efficiency of 
EMI shielding materials, the values of two more parameters 
were considered: specific EMI shielding effectiveness (SSE) 
and absolute effectiveness (SSE/thickness of material).

In the recent past, graphene has become an interesting 
shielding material due to its electrical properties such as 
high electrical conductivity, and saturation velocity, good 
mechanical properties such as flexibility and strength, but 
also resistivity to corrosion and chemical reagents. Thus, in 
only the last 5 years the interest in graphene as EMI shield-
ing materials largely increased (Fig. 2). Results of searching 
the Scopus database using keywords “electromagnetic inter-
ference shielding” and “graphene” showed that in 2022 was 
262, while just 10 years ago, the number of papers published 
with the same keywords was only 11.

Fig. 1   Interaction of EMWs 
with materials, absorption, 
transmission, and multiple 
reflections (a). EW inside of 
lamellar materials (b), porous 
(c, d), and compact materials 
(e)
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Composites based on graphene oxide and silver nanow-
ires (AgNWs) were not explored widely as electromagnetic 
shielding material although they seem like a very efficient 
shielding material with good mechanical properties and 
chemical inertness. Table  1 summarizes the morphol-
ogy of graphene and AgNWs, electrical conductivity and 
sheet resistance, and EMI SE values for different compos-
ites. Results indicated that GO alone as well as in com-
posite with AgNWs produces a good shielding barrier. In 
the further part, we are exploring structural properties as 
well as the mechanism behind the shielding effects of these 
nanomaterials.

2.1 � Graphene and graphene oxide, from structure 
and properties to application in EMI shielding

2.1.1 � Graphene analysis

Graphene is a 2D nanomaterial composed only of C atoms 
that are sp2 hybridized. C atoms are organized in the 
6-membered so-called benzene ring. Each atom is cova-
lently bonded to three neighboring carbons, which leaves 
one unpaired electron per each C. Orbitals of these unpaired 
ones are overlapping creating a π-cloud above and over each 
ring, while in graphene, these clouds from each benzene 
ring create a unique cloud where electrons traveling freely. 
This structure makes graphene a unique material considering 
its electrical, mechanical, thermal, and chemical properties 
[46]. To study these mostly sp2 structures and their derivates 
such as graphene oxide, the most important techniques are 
Raman, Fourier Transform infrared, X-ray photoelectron 
spectroscopy, X-ray diffraction, and others [47–56]. Typical 
Raman, XPS, FTIR, and XRD spectra of graphene and its 
oxidized derivate, GO are presented in Fig. 3. In the Raman 

spectrum of graphene (Fig. 3a), the most intense band is the 
so-called graphitic or G band which stems from in-plane 
starching of sp2 bonded C atoms, it is located usually around 
1585 cm−1 [57, 58], while the 2D band is the second-order 
overtone of the G band and its intensity and shape are related 
to the number of the graphene layers, as presented in the 
left part of Fig. 3a showing deconvolution of 2D band and 
estimation of layers numbers [47]. In the Raman spectra of 
GO, an additional band around 1380 cm−1 is present (defect 
or D-band) and its intensity is correlated with defects in 
graphene structure such as edges, heteroatoms, vacancies, 
and Stone-Wale [59–62]. The ratio between the intensity of 
D and G bands (ID/IG) is proportional to the level of struc-
tural disorder and it is 0 for defect-free graphene and from 0 
to above 2 for highly defective structures such as GO [62]. 
The shoulder bands in the Raman spectra of the GO locates 
around D and G bands can be identified by spectral decon-
volution [50], and their position is dependent on the oxygen 
content in GO or reduced GOs, as presented in Fig. 3b.

Typical wide-scan XPS spectra of graphene oxide show 
peaks from C and O 1s [64–66], while analysis of those 
reveals the at% of each functional group in materials [48]. In 
Fig. 3b, the removal of oxygen-containing function groups 
at different temperatures can be observed as an increase in 
at% of sp2 C atoms, and lowering of C–OH, C–O–C, C=O/
HO–C=O, and C=O, as well as the enhancement in the C/O 
ratio presented in the upper right corner. FTIR spectra are 
often used to identify the presence of functional groups, but 
it does not give quantitative data about their content [67, 
68]. Band assign to carboxyl (–COOH) is usually around 
1020 cm−1, epoxy (C–O–C) at 1243 cm−1, aromatic sp2 
(C=C) at 1544 cm−1, 1627 cm−1 from carbonyl (C=O), and 
from hydroxyl (–OH) groups band is located at 3420 cm−1 
[68]. XRD is a valuable tool to investigate graphene-like 
structures and one example is presented in Fig. 3e. Graphite 
shows only one sharp peak at 2θ = 26.4° which corresponds 
to the (002) diffraction plane [69–71] and the lattice distance 
of 0.34 nm. Oxidation leads to an increase in the interlayer 
distance due to layers exfoliation, water intercalation, and 
incorporation of functional groups on the basal plane of 
graphene sheets and this could be observed by shifting the 
peak to a lower angle, to 10.9° which corresponds to layer 
distance of 0.81 nm [49]. When GO is reduced, the peak 2θ 
is shifting to higher angles, while declining in the interlayer 
distance could be used to follow the process of reduction as 
well. This can be seen in Fig. 3e, where GO loses functional 
groups over time of the hydrothermal reduction treatment 
and the graphene structure has been partially restored.

The morphology of the graphene and graphene oxide 
is usually studied using atomic force microscopy (AFM) 
which gives information about surface roughness, sheets 
size, sheets height, and profiles (Fig. 4a–h) [72, 73]. By 
measuring the height of the sheet using AFM, the number 

Fig. 2   Results of the Scopus database on 1st February 2023, using 
TITLE-ABS-KEY “electromagnetic interference shielding” AND 
“graphene”
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of graphene layers could be estimated (Fig. 4b, d) or it can 
show the surface roughness of the sheet which is usually 
related to functional groups (Fig. 4g, h). Scanning elec-
tron microscopy (SEM) is used for the investigation of the 
cross section morphology of the standing films and the film 
thickness (Fig. 4i, j) [74–76] but also for analysis of sheet 
morphology (Fig. 4k, l) [77–79]. Transmission electron 

microscopy (TEM) is an inevitable tool for the analysis of 
sheets size, and layers numbers (Fig. 4m, n, o) [80]. It even 
offers the possibility to investigate graphene structure at the 
atomic level and contributes to the estimation of the pres-
ence of defects such as vacancies (Fig. 4n) or to study edges 
(Fig. 4o). Apart from microscopic techniques, methods such 
as dynamic light scattering (DLS) [81] and zeta sizer are 

Table 1   Summarized results of various graphene-based nanomaterials, and their electrical (sheet resistance, R and electrical conductivity, σ), 
structural properties, and EMI SE

a D is diameter, L is length

Material Graphene or GO AgNWsa R or σ Structure EMI SE

Graphene oxide (GO) films 
[30]

Hummer’s
 ≈ 1.1 nm thick
1.2 μm

– 1000 S/cm XPS C/O 73.1; XRD: 26° 
(002), ID/IG 0.14

20 dB

Graphene oxide [31] Hummer’s 
Small SGO 1 μm2

Large LGO 23 μm2

– 152 ± 7.5 S/cm XPS: C/O 1.79 (rSGO) 
to 6.75 (rLGO); ID/IG 
0.9–1.4

XRD: (002)
AgNW/cellulose papers 

[32]
– Polyol

D 19 nm
L 18 μm

67.51 S/cm XRD: (101), (002), (111), 
(200), (220), (311)

48.6 dB at 1 GHz

GO/AgNWs/GO films [33] Hummer’s D 15–35 nm 
L 15–25 μm

6.5 × 104 S/m XPS C/O: 9 
Raman ID/IG 1.4

38 dB at 8.4–12 GHz

PET/AgNWs/Graphene 
[34]

CVD graphene D 90 nm 
L 40 μm

199.75 to
152.33 Ω/sq

– –

rGO/AgNWs composites 
on glass, textile fabric, 
and PET [35]

High shear speed of 
expanded graphite

3–15 layers 
10 to 30 μm

Polyol
D 30–50 nm 
L 30–50 μm

6–24 Ω/sq XRD: (002), (111), (200), 
(004), (220)

XPS O/C 0.041
contact angle: 129

–

PET/AgNWs/GO/acrylic 
NP [36]

0.5–5 μm D 35–45 nm 
L 5–15 μm

34.8 Ω/sq Contact angle 86.3° 20 dB (0.5–3 GHz)

GO/AgNWs composite 
[37]

40 μm D ~ 37 nm 
L < 10 μm

2.9 × 106 S/m density 2.9 g/cm3 92 dB for 2.9 g/cm3, 
32 dB for 18 μm on 
cotton

G/GQDs/AgNP in PVDF 
[38]

Improved Hummers XRD: (111), (200), (220), 
(311)

43 dB at 8 GHz

GO/AgNWs/PDMS aero-
gel [39]

Hummer’s Polyol 12.1 S/cm 34.1 dB

Polyurethane/GO/AgNW 
[40]

D 20–25 nm
L 25–30 μm

20 dB

PET/GO/AgNWs/Ag 
grids/PET [41]

Polyol 1.6 Ω/sq Transparency 74.4% 42.9 dB at 1.8 GHz

rGO/AgNWs aerogels [39] 5–8 μm D 60 nm 
L 20–30 μm

XPS C/O 6.6, ID/IG 1.6, 
XRD: (002), (111), 
(200), (220), (311)

45.2 dB

PMMA/graphene/metal 
mesh hybrid [42]

5.53 Ω/sq 28.9 dB at 12–18 GHz

AgNWs/GO [43] XRD: (002) GO, (111), 
(200), (100)

40.1 dB

AgNWs/GO [44] ID/IG: 1.1–0.7, XPS: O 
groups, XRD: 25–46 nm

35.5 dB

Free-standing GO–AgNW 
composite [45]

0.5–2 μm size D 40 nm
L 20–45 μm

1144.32 to 2255.8 S/cm Charge of GO: − 47.4, Ag 
NWs: + 16.2 mV

XRD: (001), (111), 
(200), (220), XPS C/O 
0.33–0.37

55.16 dB
66 779.66 dB cm−1
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particularly useful for investigating the average sheets size 
and charge of the GO in solution, respectively [82].

With numerous astonishing structural, chemical, physi-
cal, and mechanical properties, graphene attracted attention 
across various scientific fields [84–88]. Recently, the inter-
est in its potential application in EMI shielding is growing. 
First, we will summarize the results regarding graphene, 
graphene oxide, and doped graphene, and after we will deal 
with composites with graphene and silver nanowires.

2.1.2 � EMI shielding with graphene‑based materials

One of the first studies reporting the ability of the graphene-
based composite to block EMW was published in 2009 [89]. 
Liang et al. produced a composite based on GO and epoxy 
polymer using an in situ polymerization. GO was produced 
using the modified Hummer’s method, followed by chemi-
cal reduction with hydrazine leading to the production of 
rGO. Then, the epoxy polymer was obtained directly on the 

Fig. 3   Raman spectra of graphene (a), reprinted with permission 
from Raman Studies of Monolayer Graphene: The Substrate Effect, 
by Yingying Wang, Zhen Hua Ni, Ting Yu, et  al., The Journal of 
Physical Chemistry C, 112, 29, 10,637–10640. 
Copyright 2008 American Chemical Society [47], and graphene 
oxide (b) reprinted with permission from The Importance of Inter-
bands on the Interpretation of the Raman Spectrum of Graphene 
Oxide by Sergi Claramunt, Aïda Varea, David López-Díaz, et  al., 
2015, 119, 18, 10,123–10129, Copyright 2015 American Chemi-
cal Society [51], XPS from (c and d) reprinted with permission 
from Probing the Thermal Deoxygenation of Graphene Oxide Using 
High-Resolution In Situ X-ray-Based Spectroscopies by Abhijit Gan-
guly, Surbhi Sharma, Pagona Papakonstantinou, et al., 2011, 115, 34, 

17,009–17019, Copyright 2011 American Chemical Society [48], 
FTIR spectra of rGO and GO reprinted with permission from Con-
trolled synthesis, characterization and reduction of graphene oxide: 
A convenient method for large-scale production by Tarko Fentaw 
Emiru, Delele Worku Ayele Egyptian Journal of Basic and Applied 
Sciences 4, 1, 2017, 74–79, Copyright Creative Commons Attribu-
tion-NonCommercial-NoDerivatives License (e) [50], and XRD spec-
tra of graphite, GO and reduced GO at different condistion, reprinted 
from Structural Evolution of Hydrothermally Derived Reduced Gra-
phene Oxide, Hsin-Hui Huang, K. Kanishka H. De Silva, G. R. A. 
Kumara, Masamichi Yoshimura, Scientific Reports, 8, Article, 6849 
(2018) a under a Creative Commons Attribution 4.0 International 
License (f) [49]
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graphene surface and cured. rGO/polymer composite with 
15 wt% of rGO had SE of 21 dB in the frequency range 
between 8.2 and 12.4 GHz (X-band). Another study proved 
the EMI shielding efficiency of graphene, where SE was 
35 dB in the frequency range of 0.1–15 GHz [90]. They 
showed that the electrical conductivity of graphene could 
be tuned by electrostatic or magnetostatic bias revealing its 
potential application in EMI SE.

The graphene monolayer produced using the CVD 
method showed a rather low EMI SE of 2.27 dB, and the 
main shielding mechanism was concluded to be absorp-
tion [91]. The high sheet resistance of 635 Ω/sq indicated 

that monolayers had a defective structure and showed very 
poor SE, while those with 2 and 3 layers showed SE of 
4.13 and 6.91 dB, respectively, in the frequency range of 
2.2–7 GHz. With the increase in graphene layer number, 
the absorption component is lowering while the refec-
tion one is increasing, which is similar behavior that was 
observed in thin metal films, such as Au film. Defect-free 
graphene was proven to be better in EMI SE than those 
with defects, while SE increases with the number of gra-
phene layers [92]. When few-layer graphene was produced 
using the same method, the thickness of the graphene 
sample was 4 nm, EMI SE was 19.1 dB (18–26.5 GHz), 

Fig. 4   AFM images of the graphene deposited on SiO2 support before 
and after thermal reduction (a–d) adapted under the terms of the 
Creative Commons Attribution 3.0 license, by Lene Gammelgaard, 
José M Caridad, Alberto Cagliani, David M A Mackenzie, Dirch H 
Petersen, Timothy J Booth, Peter Bøggild Graphene transport prop-
erties upon exposure to PMMA processing and heat treatments, 2D 
Materials 1 (2014) 035005. https://​doi.​org/​10.​1088/​2053-​1583/1/​3/​
035005 [73], AFM images of unreduced (e, g) and reduced GO (f, h), 
adapted with permission from Langmuir 2009, 25, 10, 5957–5968. 
Copyright 2009 American Chemical Society [72]; SEM images of 
air-dried rGO (i) and vacuum-annealed rGO (j), adapted with permis-

sion from ACS Nano 2010, 4(7), 3845–3852, Copyright 2010 Amer-
ican Chemical Society [74]; SEM image of graphite flakes (k) and 
exfoliated GO sheets (l) under the terms of the Creative Commons 
CC BY license, Copyright © 2018, Samar Azizighannad et al., Step-
wise Reduction of Graphene Oxide (GO) and Its Effects on Chemi-
cal and Colloidal Properties, Scientific Reports, 2018, 8, 10,083 
[83]; high resolution-TEM images of GO (m, n, and o) adapted from 
adapted with permission from Nano Letters 2010, 10, 4, 1144–1148 
by Cristina Gómez-Navarro, Jannik C. Meyer, Ravi S. Sundaram, 
et al. Copyright 2010 American Chemical Society [80]

https://doi.org/10.1088/2053-1583/1/3/035005
https://doi.org/10.1088/2053-1583/1/3/035005
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and transmittance was 80.5% [93]. With an increase in 
the electrical conductivity of graphene, i.e., multilayered 
graphene, a higher electrical conductivity was achieved as 
compared to monolayer graphene leading to higher reflec-
tion and vice versa. But, due to restrictions in the size of 
CVD-produced graphene, this method is inappropriate for 
transfer to large-scale, technically complicated, and uneco-
nomical, thus other approaches must be considered. Gra-
phene for application in EMI shielding is usually produced 
as a bulk material, using Hummer’s method in the form 
of graphene oxide followed by reduction. The schematic 
presentation of the single-layered graphene structure and 
EM shielding is presented in Fig. 5.

Due to the presence of the discontinuities in the π-cloud, 
EWs are able to pass through graphene, while a part of the 
waves is absorbed are absorbed and converted into heat. In 
the case of a few-layer graphene, better shielding efficiency 

could be explained by multiple absorptions of the transmit-
ted waves, as presented in Fig. 6.

When GO films were fabricated by direct evaporation of 
GO suspension under mild heating, it was noticed that the 
material possess a high EMI SE [30]. Ultrathin GO films 
(8.4 μm) were annealed at 2000 °C and showed excellent 
EMI shielding effectiveness of 20 dB and high in‐plane 
thermal conductivity of 1100 W m−1 K‐1. The material had 
excellent mechanical flexibility and structural integrity dur-
ing bending, indicating that the graphitization of GO film 
could be considered a new alternative way to produce excel-
lent EMI shielding material.

Chemically reduced graphene thin film had a similar 
EMI SE, of around 20 dB [31]. GO flakes were obtained 
by Hummer’s method and separated into large (LGO, with 
a surface area of 23 μm2) and small GO flakes (SGO, area 
1 μm2) by centrifugation. Free-standing films were produced 

Fig. 5   Schematic presentation 
of single-layer graphene struc-
ture with indicated covenant 
bonds and π-cloud, and defect 
in graphene structure and the 
faith of EMW when they hit its 
surface, reflection, transmission, 
and absorption from top (left) 
and side view (right)

Fig. 6   Schematic presenta-
tion of multilayer graphene the 
faith of EMW when they hit its 
surface, reflection, transmission, 
and absorption of EMWs
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by vacuum deposition, while film thickness was controlled 
by changing the volume of GO dispersion. Using HI vapor, 
the chemical reduction was achieved and rLGO and rSGO 
were produced. The film thickness was from 7.5 to 10 μm. 
XPS analysis showed that the ratio C/O was 1.56 and 1.79 
for SGO and LGO, and it increased to 5.25 and 6.75, respec-
tively, after the reduction. Structural disorder of GO is usu-
ally estimated using Raman spectra analysis where the ratio 
between D and G bands is proportional to defects in gra-
phene structure [61, 93]. In this case, the ID/IG peak inten-
sity ratios were 0.93, 0.90, 1.40, and 1.35, corresponding 
to SGO, LGO, rSGO, and also rLGO films. These values 
are considered relatively high meaning that in the graphene 
structure defects are present. XRD showed a 2θ peak of 
graphite sharply appearing at 26.71°, indicating a d-spacing 
of 3.34 Å, while the shift of 2θ peak from 10.39° (SGO) 
to 26.0° (rSGO) and from 10.7° (LGO) to 26.14° (rLGO) 
suggest the reduction. With the increase in GO sheets size, 
drastic enhancement in both electrical (243 ± 12 S cm−1) and 
thermal conductivity (1390 ± 65 W m−1 K−1) was detected. 
Total EMI shielding effectiveness of both rSGO and rLGO 
thin films in L and S bands (300 MHz–4 GHz) frequency 
range with various thicknesses:

•	 3 μm shows EMI SET values of ∼ 4.5 and 6 dB for rSGO 
and rLGO,

•	 7.5 μm reaches up to ∼ 15 dB for rLGO film and ∼ 12 dB 
for rSGO film at 1 GHz,

•	 two films of 7.5 μm thicknesses together (total thickness 
∼ 15 μm):∼ 20.2 dB (rLGO) and ∼ 17 dB (rSGO).

EMI SE value increases with the film thickness. This 
indicates that not only electrical conductivity but also the 
thickness of the shielding materials plays a key role in 
EMI shielding efficiency. For rLGO of thickness ∼ 15 μm, 
SET, SER, and SEA were measured to be ∼ 20.2, 5.55, and 
14.65 dB, respectively. A similar trend was found for rSGO 
with smaller sheets, where SET, SER, and SEA were ∼ 16.7, 
5.42, and 11.28 dB, respectively. These results suggest that 
graphene films have both reflective and absorptive charac-
teristics to electromagnetic radiation; with absorption as 
the dominant shielding mechanism. But also, these results 
indicate that sheet size does not play a key factor in the EMI 
shielding of graphene.

The graphene pellet was produced in the CVD procedure 
and analyzed as a free-standing film for EMI shielding [94]. 
The thickness of the film was 50 μm, electrical conductivity 
was 1136 S/cm, and EMI shielding efficiency was 60 dB.

For graphene paper, EMI SE was between 53 and 55 dB 
[95]. The material was obtained using five-stage process, 
from graphite thermal exfoliation at 1150  °C, sonica-
tion, vacuum filtration, thermal annealing (up to 450 °C), 
and mechanical compression (5 MPa). The conductivity 

of 443 S/cm was achieved and reached 1435 S/cm after 
compression.

In another study, GO flakes in three different sizes 
(5–8 μm, 20–30 μm, and 40–50 μm) were used to obtain 
GO free-standing films [96]. The reduction was achieved by 
thermal treatment at 2600 °C, and samples were mechani-
cally compressed at 300 MPa maximal. The highest SE was 
measured for the film prepared from the largest GO flakes 
(73.7 dB) and it was noticed that mechanical compres-
sion leads to lowering the EMI SE. This phenomenon was 
explained by pore crashing. Namely, in free-standing gra-
phene films, insulated air pores and graphene walls are pre-
sent. When the incident EMWs hit the interference between 
graphene and air pore, one portion of EMW is transmit-
ted while the other is reflected, and multiple reflections 
and transmissions are repeated infinitely between graphene 
walls in the lamellar structure of free-standing films. But 
after compression, the distance between the wall in pores is 
lowered which leads to destructive interference of EMWs.

One more study investigated free-standing graphene 
films [97]. Herein, GO was first obtained using chemical 
exfoliation of graphite using sodium perborate (BH8NaO7) 
and concentrated H2SO4. Vacuum filtration followed by 
mechanical compression (20 MPa) was used to obtain gra-
phene film. Graphene with low defect and low O content 
(1.8–2.6 at%) was produced. Very thin free-standing films of 
1.6 and 3.2 μm showed astonishing EMI SE of 33 and 68 dB, 
respectively. This is a record shielding efficiency compared 
to the sample thickness. The main shieling mechanism was 
absorption. Figure 7 presents the structure of GO with indi-
cated defects such as wholes and O-functional groups, as 
well as the interaction with EMWs and absorption.

With the doping of graphene sheets, the EMI SE was 
largely improved [98]. Herein, researchers selected large 
graphene sheets, doped them with iodine, and produced 
free-standing films with a remarkable EMI SE of 52.2 dB, 
when the sample thickness was only 12.5 μm. Using GO 
dispersion, free-standing films were obtained by vacuum 
filtration, and annealed at 1600 °C in Ar atmosphere, fol-
lowed by expositing to I2 vapor at 200 °C to incorporate I 
atoms in the graphene structure. Apart from EMI shield-
ing efficiently, the material showed astonishing electrical 
conductivity of 1.05 × 105 S/cm. Also, when graphene was 
doped with only 1.95 at% of S atoms, produced free-standing 
films showed the EMI shielding efficiency of 38.6 dB [99], 
and around 33.2 dB for graphene doped with 5.6 wt% of 
sulfur [100], and for ultrathin films with nitrogen (7.89 at%) 
SE was 58.5 dB [101]. This remarkable increase in the EMI 
SE was explained by the increase in the electron density in 
the graphene π-cloud, as can be observed in Fig. 8, where 
S-, N-doped GO was presented. Although heteroatoms 
increase structural disorder, if they have higher electron-
egativity or are incorporated into the graphene structure 
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as electron-donating functional groups [102, 103], these 
atoms lead to an increase in electron density in the graphene 
π-cloud, improving electrical conductivity as well as EMI 
SE.

To reduce the processing time and materials need for 
reduced GO film production, GO dispersion was deposited 
on the Zn foil which served as a support and as a reduc-
ing agent [104]. The EMI SE was between 12.75 and 
33.50 dB. Graphene functionalized with polyvinylidene 
fluoride (PVDF) showed an EMI SE of 20 dB in the X-band 
(8–12 GHz) [105].

One more free-standing rGO film was produced by ther-
mal reduction of GO film [106]. Here, GO contained 19 
at% of O, while after reduction O at% was 13, according to 
XPS. With a thickness of 93.1 ± 12.4 μm, rGO free-standing 
film showed EMI SE 61.6 dB at 12.4 GHz. A key factor in 

the high SET is the reduction of graphene and restoration of 
sp2 structure, which resulted in electrical conductivity of 
1.17 × 104 S/m.

A porous 3D, graphene-based nanomaterial was pro-
duced using the CVD approach and porous Cu/Ni foils as 
a catalyst and template [107]. The walls of the pores were 
built from 2 to 5 graphene layers. Materials showed extraor-
dinary EMI SE of above 720 dB cm3/g and SSET higher 
than 45 000 dB cm2/g. Pores sizes were 60 μm, density 
20–33 mg/cm3, the porosity of 98.5–99.0%, and surface area 
was 26 m2/g, while electrical conductivity was amazing at 
1.5 × 105 S/m. XPS analysis showed that the material con-
tained only 1.8 at. % of O, while the rest was C mostly in sp2 
configuration. The surface of the 3D foam was hydrophobic 
with a 105° of contact angle. Electrical conductivity moti-
vated the researchers to investigate EMI SE in the frequency 

Fig. 7   GO structure with 
marked wholes and O-func-
tional groups (left) and interac-
tion with EMWs leading to 
dipole and charge relaxation, 
absorption and transmission 
(right)

Fig. 8   The structure of hetero-
doped GO (left) and side view 
of the same one in the interac-
tion with EMWs (right)
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range of 8–12 GHz. For these measurements, 3D graphene 
was filled with polydimethylsiloxane (PDMS) polymer, and 
materials showed SE from 0.3 to 40 dB, when thicknesses 
were varied from 1 to 100 mm. The main shielding mecha-
nism for this material was absorption.

Analysis of these papers leads to the following 
conclusions:

•	 Graphene is able to absorb EMW;
•	 The reduced form of graphene oxide is a more efficient 

shielding material compared to GO;
•	 The thickness of graphene plays a very important role in 

EMI shielding, and it increases with the graphene layer 
number;

•	 Although defect-free graphene is highly efficient in shiel-
ing, better efficiency can be achieved with increased layer 
number;

•	 Even graphene oxide films with defective structures that 
are electrically non-conductive are capable of blocking 
EMWs;

•	 Incorporation of electron-rich atoms in graphene sheets 
leads to N-doping, an increase in electron density, and 
eventually an improvement of electrical conductivity as 
well as EMI SE.

2.2 � AgNWs composites in EMI shielding

Although graphene has been produced in the electrically 
conductive form, the procedure for obtaining this type of 
material can be expensive, the size of graphene could be lim-
ited by chamber size (CVD or thermally annealing), while 
the chemical reduction is often demanding and dangerous 
(such as the use of heating in H2 atmosphere), leading to the 
production of a large amount of residual chemical reagents 
and solvents. Thus, combining GO with electrically conduc-
tive and very thin nanostructures such as silver nanowires is 
one of the successful strategies to produce new nanocompos-
ite materials efficient for EMWs shielding. Silver nanowires 
are being used for the fabrication of highly conducting com-
posite materials including thin films, sandwich structures, 
foams, and fibers due to their high conductivity [108–117]. 
Nevertheless, AgNWs undergo chemical changes that are 
accelerated by high humidity and temperature, light, and 
H2S, forming acanthite (Ag2S), oxide (Ag2O), or chlorargyr-
ite (AgCl) layers [118–121]. Ag2S is a semiconductor with 
lower electrical conductivity than bulk silver [122], due to 
the formation of nanoparticles on the AgNWs surface [119]. 
Thus, to achieve long-term stability, AgNWs must be pro-
tected with a layer of material that will block their contact 
with water and air [123].

EMI SE of AgNWs was studied in different complexes and 
various efficiencies were measured, from 15 dB as sandwich 
structure poly(ether sulfone) (PES)-AgNWs-polyethylene 

oxide (PEO) [124], 18 dB (3–17 GHz) for AgNWs in epoxy 
resin with 3-aminopropyltriethoxylsilane (APTES) [125], 
50  dB (0.5  GHz) for AgNWs with polyaniline (PANI) 
[126], 70 dB (8–18 GHz) for AgNWs in carbon aerogel 
[127], around 64 dB for AgNW deposited on textile and 
covered by PU [128], 56 dB (X-band) for AgNWs deposited 
on silk with transition metal carbide/carbonitride (MXene) 
nanosheets [129], 32 dB (X-band) MXene/AgNW-PVA 
[130], 48  dB for AgNWs coated with Ti3C2TxMXene 
[131], 50 dB for MXene/AgNW/PU composite foam [132], 
30.5 dB for the PET/AgNW/Ti3C2Tx/PVA-PSS film [133], 
81 dB for Ti3C2Tx MXene-silver nanowire [134], 59 dB 
for textile immersed in AgNWs)/polyvinyl butyral (PVB) 
mixture [135], 45.9 dB for AgNWs with biodegradable 
poly(3-hydrobutyrate-co-3-hydroxyvalerate) (PHBV) [136] 
or 27.6 dB with other biodegradable polymer poly(l-lactic 
acid) [137], 97.3 for AgNWs with thermoplastic polyure-
thane (TPU) [138], 27 dB woven Ag-NW 3D networks, 
66 dB for AgNWS with acrylamide (AAm) and N-acryloyl-
11-aminoundecanoic acid (A-11) aerogel [139], 19.1 dB 
AgNWs with PEDOT:PSS [140], 48.6 dB for AgNW poly-
imide composite foams [32].

Graphene oxide due to its mechanical flexibility, a large 
number of negatively charged functional groups and large 
surface area, easily creates complex with AgNWs, cover-
ing their surface which leads to the preservation of their 
structure and the electrical properties [141]. Thanks to 
various synthetic procedures, GO could be obtained in dif-
ferent sizes, oxygen content, and at various prices. Due to 
these facts, numerous studies investigate the properties of 
GO–AgNWs composites, while its EMW SE becomes more 
efficient and shows various advantages that will be discussed 
in the following part.

2.2.1 � Graphene oxide/silver nanowires composites for EM 
Shielding

One of the first studies investigating graphene-AgNWs-
based composite as the shielding material was published in 
2015 [34]. Herein, AgNWs were prepared in the form of net-
works by multistep drop-casting them on quartz substrates. 
Then, CVD-produced single-layered graphene (SLG) was 
placed covering only the half of AgNW network. Laser irra-
diation was applied with a pulse of 248 nm and Δτ of 25 ns, 
at a repetition rate of 10 Hz. These experiments proved that 
graphene perfectly protected AgNWs that were beneath the 
graphene layer. Both the shape and the size of NWs were 
intact. On the opposite, a severely damaged region of NWs 
was observed when laser irradiation was directly applied 
to the AgNWs surface. Herein, laser irradiation induced 
fragmentations and cutting of AgNWs. Even single-layer 
graphene created a protective thermal barrier that preserved 
NWs.
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In another study, composites made of the AgNWs with a 
diameter between 15 and 35 nm, and a length of 15–25 μm 
and Hummer’s method produced GO were studied [33]. 
Large and small GO flakes were separated by centrifuga-
tion. The free-standing, sandwich films were prepared by 
vacuum deposition onto the porous membrane using the 
following deposition procedure: GO water dispersion was 
run through the membrane, then AgNWs were deposited, 
and GO was deposited one more time. Thus, GO/AgNWs/
GO hybrid films were peeled off from a membrane filter. 
For the chemical reduction of GO in the hybrid film, HI 
was used. The films were flexible and only 8 μm thick. The 
C/O ratio was 9 after reduction, while the Raman ID/IG ratio 
(1.4) revealed a large number of defects, and the electrical 
conductivity was 6.5 × 104 S m−1 when 35 wt% of AgNWs 
was in the film. Herein, the enhancement in the electrical 
conductivity and EMI shielding was assigned to the tight 
contact of the top and bottom graphene layers with the mid-
dle AgNW layer. Graphene layers blocked the contacts of 
AgNW with air and prevent their corrosion and oxidation. 
EMI SE for the film at the X-band (8.4–12 GHz frequency 
range) was: 17 dB for rGO, 24 dB with 10 wt% AgNW con-
tent, and 38 dB with 35 wt% AgNW loadings. EMI shielding 
mainly depends on the electrical conductivity of the sample. 
So, improved EMI shielding was a result of increased con-
ductivity, while the main shielding mechanism was assigned 
to the absorption of EM.

Later, in 2018, rGO/AgNWs composites were produced 
and atmospheric pressure plasma jets (APPJs) treatment 
was applied to increase the electrical conductivity [35]. 
Herein, AgNWs were produced by the polyol method while 
graphene was obtained by high shear speed treatment of 
expanded graphite (eG). Conducive ink was obtained by 
mixing AgNW and eG in different mass ratios (60:40, 40:60, 
30:70, and 20:80). Inks were deposited on glass, textile fab-
ric, and PET followed by APPJ treatments, for up to 15 s. 
AgNWs were 30–50 nm in diameter and 30–50 μm length, 
while graphene sheets were composed of 3–15 layers and 10 
to 30 μm in lateral size, with low oxygen concentration (4.48 
at%) and the O/C ratio of 0.041. Interconnections between 
AgNWs (30–50 nm) and graphene were accomplished in 
two ways: direct crossed-wire junctions at the lateral level 
and over graphene with wires vertically in the next layer. 
Structural analysis revealed additional disorders and defects 
due to AgNWs incorporation in graphene sheets and a 
charge doping effect between the two materials in the film. 
Graphene acts as a physical barrier and protects AgNWs 
from both oxygen and moisture due to its gas barrier and 
superhydrophobic properties, leading to moisture repellence.

One more transparent EMI shielding film was prepared 
using AgNWs and GO on a PET substrate [36]. First, 
AgNWs (35–45 nm in diameter and 5–15 μm in length) were 
dispersed at a concentration of 0.5 wt% in isopropyl alcohol 

(IPA) and wet-coated onto the PET substrate, dried using a 
hot plate (Fig. 9a). AgNW films were sprayed or coated with 
water or a water-based GO suspension and after the AgNWs 
were wet-sintered with a roll-to-roll system at temperatures 
of 40–140 °C, dried, and reduced with hydrazine vapor. The 
acrylic microemulsion was spin-coated onto these films 
and highly transparent material was obtained (Fig. 9b, c). 
The sheet resistance was reduced from 38.9 to 34.8 Ω/□ 
at 140 °C. EMI shielding performance was improved com-
pared to pure AgNWs: SER values were increased by 2.1 
times, from 4.1 to 8.6 dB (at 1 GHz) at the same optical 
transmittance (90.3%), SEA value of AgNW increases by 
approximately 1.5 times from 9.4 to 13.9 dB as compared to 
that of the pristine AgNWs at the same optical transmittance 
(90.3%) (Fig. 9d–f). Total EMI SE values were around 20 dB 
at a frequency of 0.5–3 GHz.

Another GO–AgNWs composite was prepared by simple 
mixing GO dispersion (1 wt% in water, flake size 40 μm) 
with AgNWs (1 wt%, ethanol, diameter ~ 37 nm, the length 
above 10 μm) [37]. Mass ratios varied from 20 to 80 wt%, 
and free-standing films were produced by drying dispersion 
in a Teflon mold. Composites were deposited to the cot-
ton textile by immersing in the ink with 80 wt% content of 
AgNWs. The self-healing performance was investigated by 
measuring EMI SE, followed by partially breaking and then 
water spraying onto the damaged region. A high electrical 
conductivity of 2.9 × 106 S/m was measured and a relatively 
low density (2.9 g/cm3). The EMI SE in the 80 wt% com-
posite films reached 72 dB at 8.2 GHz [37]. The highest 
electrical conductivity was 2.9 × 106 S/m in the film with 
80 wt% of AgNWs. When the content of AgNWs increases, 
the number of electrical pathways was enhanced, resulting in 
reduced electrical resistance and increased film conductivity. 
EMI shielding mechanism was explained by the multilayered 
structure. When the EMWs first strike the surface of the 
composite, some waves were reflected through interactions 
with free electrons on the surface, while the remaining wave 
penetrates the composite, and further interactions with free 
electrons cause a loss of electromagnetic energy. The energy 
loss phenomenon was repeated at each layer through the 
thickness of the composite and EMW energy was signifi-
cantly decreased as it passes through the film. When AgNWs 
content increased, both the SEtotal and SEA were enhanced 
[37]. This GO–AgNW composite (with 80 wt% of NWs) 
showed a total EMI SE of 92 dB, 18 μm thick, and highly 
flexible. On cotton, a total EMI SE was 32 dB while the tex-
tile was highly flexible, had mechanical stability during 1000 
bending cycles, self-healing properties, and high potential 
to apply in EMI cloth for wearable devices, aerospace, and 
military applications.

Composite with Hummer’s produced GO flakes and 
polyol-synthesized AgNWs was partially reduced with 
vitamin C, freeze-dried, and backfilled with PDMS [39]. 
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Electrical conductivity was 12.1 S/cm, EMI SE in X-band 
was enhanced with the increase in AgNWs and reaches the 
highest value of 34.1 dB at 0.43 wt% rGOs and 0.33 wt% 
AgNWs loadings. Thanks to the segregated structure of the 
composite, the incident EMWs easily penetrate the compos-
ite and were attenuated thanks to the synergistic behavior 
of two facts, outstanding electrical conductivity and porous 
inner structure.

More recently, GO–AgNW composite was produced 
by electrochemical deposition [44]. Herein, AgNWs were 
produced directly at the PDMS, a flexible substrate using 
electrospinning and subsequent electroless deposition. First, 
a precursor for nanoseeds for AgNW production was pro-
duced by electrospinning of PVB and SnCl2 in a nonpolar 
solvent, n-butanol. Then, the AgNW network was formed 
from Tollen’s reaction when Ag was deposited by electroless 
depositing on the templates. When AgNW was obtained, 
GO flakes were deposited using electrodeposition. Elec-
trolyte was GO water dispersion (0.25 mg/ml), while the 
electrodes were iridium sheet and AgNW network. During 
the electrochemical reaction, GO was deposited on AgNWs 

supported and reduced with a nanosecond pulse laser. Struc-
tural order was improved, as Raman ratio ID/IG was lowered 
from 1.1 to 0.7, while XRD showed that an average grain 
size was increased from 25 to 45 nm, for the GO–AgNW and 
rGO–AgNW samples. With a transmittance of an amazing 
91.1%, the rGO–AgNWs had a high SET of 35.5 dB and 
lowered for only 10% after 1000 cycles of stretching and 
releasing (Fig. 9g–i). These materials showed extraordinary 
durability, transmittance, and EMI SE.

Another similar composite, with GO and AgNWs to 
block EMI, was produced by Jia et al. [45]. Different from 
other studies, herein GO has not been subjected to any 
chemical nor physical approach for the reduction of O-con-
taining functional groups, while the size of flakes was 
between 500 nm and 2 μm. AgNWs were 40 nm in diameter 
while their length varied from 20 to 45 μm. A free-standing 
GO–AgNWs composite with a multilayered structure and 
low thickness was produced using vacuum filtration and a 
layer-by-layer self-assembly approach. First, layers of GO 
were deposited, by pouring 6 mL of GO dispersion followed 
by 8 mL of AgNWs. Obtained multilayer samples were 

Fig. 9   Schematic presentation 
of composite production (a), 
photographs of resulting materi-
als (b and c), EMI SER (d), EMI 
SEA (e), EMI SER (f) compo-
nents for different stages of 
material production, reprinted 
with permission from highly 
bendable and durable transpar-
ent electromagnetic interference 
shielding film prepared by wet 
sintering of silver nanowires, 
by Dong Gyu Kime et al., ACS 
Appl. Mater. Interfaces 2018, 
10, 29,730 − 29,740 [36]. 
Copyright 2023 American 
Chemical Society. Transmission 
spectra (g), EMI SET of com-
posites with different AgNWs 
and GO loadings (h), values 
of EMI SETr and EMI SEA 
(i). Reprinted with permission 
from Reduced Graphene Oxide 
Conformally Wrapped Silver 
Nanowire Networks for Flex-
ible Transparent Heating and 
Electromagnetic Interference 
Shielding by Yang et al. ACS 
Nano 2020, 14, 8754 − 8765 
[44]. Copyright 2023 American 
Chemical Society



72	 Graphene and 2D Materials (2023) 8:59–80

1 3

exposed to the pressure of 20 MPa for 5 min. GO flakes were 
negatively (-47.4 mV) and AgNWs were positively charged 
(+ 16.2 mV), thus electrostatic interaction was built. GO 
flakes were wrinkled due to the capillary force between the 
sheets and nanowires during water evaporation. Composite 
without compression showed electrical conductivity of 56.88 
S cm−1, while the multilayered structure varied from 1144.3 
to 2255.8 S cm−1. EMI SE in the range of 18–26 GHz fre-
quency (K band) was 60.7 dB for AgNWs, and for the 
multilayer GO/Ag-xL was 55.16 dB. The density-specific 
shielding effectiveness was 25.55, while for GO/Ag-3L was 
56.22 dB cm3 g−1. They found that SET was a positive con-
nection between conductivity and it was following Simon’s 
formula. For multilayer samples, the main EM shielding 
component is absorption and it is related to the ability of 
EM waves to enter the material. By comparing absorption 
and reflection, most of the reflected waves occur in the layer 
of AgNWs with the highest electrical conductivity. Authors 
suggested that EM shielding is a result of multiple reflec-
tions and multiple absorptions. When the EM waves hit the 
GO layer which is not conductive, a weak reflection occurs, 
and a large fraction of the EM wave enters the material 
and travels until it reaches the highly conductive layer of 
AgNWs, as presented in Fig. 10a. Then, waves are reflected 
while the rest of the wave is reduced by hitting the next GO 
layer, as other reflections in from AgNWs, as it is presented 
in Fig. 10b and c. In the case of multiple absorptions, when 
EM waves hit the GO it has been absorbed in detects sites 
and O-functional groups, and it is acting as nano-capacitor. 
Defect leads to inhomogeneity in electron cloud density as 
well as charges, causing the dipole and charge polarization 
relaxation. Thus, EMW are converted into heat, while in 
AgNWs layer charge carriers lead to conducting, hopping, 
and tunneling producing the surface current. EMWs could 

be covered in Joule heat or reflected from the AgNWs layer 
to the GO phase where multiple absorption leads to EMW 
blocking.

Aerogel based on GO and AgNW was produced and stud-
ied as an EMI shielding material [142]. Simple mixing of 
GO water dispersion with AgNWs, followed by the addition 
of reducing agent ascorbic acid and ambient pressure drying, 
was proposed. Authors reported that GO sheets were 5–8 μm 
with folded wrinkles, while AgNWs were 60 nm in diameter 
and a length from 20 to 30 μm. An interesting morphology 
was observed: AgNWs were interconnected and attached 
to the wrinkled GO layers. This aerogel had an abundant 
porous structure, with pore size from a few microns to sev-
eral hundred microns and homogenous distribution of both 
AgNWs and rGO in the hybrid material. The reduction 
leads to a remarkable increase in the C/O atom ratio from 
2.6 to 6.6. Raman analysis proved that defects of graphene 
sheets created by oxygen-containing groups were partially 
repaired in aerogel due to a lowering in ID/IG ratio from 2.08 
to 1.59. In this composite, AgNWs were tightly bonded to 
the surface of rGO sheets and become a bridge which was 
connecting sheets and it is associated with the resistance 
for deformation. For rGO, EMI SE was 17.1 dB, while for 
aerogel with increased AgNWs content, the SER component 
remained low, but SEA was increasing. The highest EMI 
SE was 45.2 dB. When incident waves enter the shielding 
materials, the interaction between the free carriers (electrons 
and holes) with waves resulting in the formation of induced 
currents caused dissipation of the EWs energy. The parallel 
process is occurring as the movement of induced currents 
generates an induced electromagnetic field in the materials 
to further decay incident waves. With larger AgNWs con-
tent in the material, electrical conductivity is higher as well 
and more free carriers are present in the material which are 

Fig. 10   Schematic presentation 
of the structure of GO–AgNWs, 
side view of composite and 
interaction with EMW with 
composites, and interaction 
of EMWs with multilayer 
composite
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moving and consuming EWs. Furthermore, AgNWs created 
links among graphene sheets making the electron transport 
channels that accelerate the EW consumption. The dissipa-
tion of EMW is connected with induced currents and an 
induced EM field. Both currents and fields interact with 
incident waves and induce the transformation of the wave’s 
energy into heat energy. A porous, 3D network structure 
redistributes the EM field and improved wave attenuation. 
Thus, an appropriate combination of material and its inner 
structure and porosity, hide the impressive strategy for EMW 
attenuation and shielding.

By combining GO with good mechanical but poor electri-
cal properties with AgNWs with excellent conductivity but 
limited elasticity, strength, and chemical stability, improved 
complexes are simply obtained and showed astonishing 
shielding properties, with SE from 20 dB at a frequency of 
0.5–3 GHz [36], 31 db [143], 34.1 dB [39], 35.5 dB [44], 
38 dB (8.4–12 GHz frequency range) [33], 45.2 dB [142], 
60.7 [45], to 72 dB at 8.2 GHz [37], 76.6 dB [144]. Com-
posites were prepared in the form of free-standing layers, at 
various supports including cotton, glass, or PET as well as 
an aerogel. Several shielding mechanisms were proposed:

•	 Reflection from conductive AgNWs layers to the GO 
layer that is absorb the part of reflected waves,

•	 Multiple absorption and multiple reflections inside the 
layered structure of GO–AgNWs,

•	 In defect sites and O-functional groups, and it is acting as 
nano-capacitor and causing the dipole and charge polari-
zation relaxation,

•	 Incident EMWs induced currents and an induced EM 
field lead to the transformation of the wave’s energy into 
heat energy.

2.2.2 � Graphene oxide/silver nanowires–polymers 
composites for EM shielding

Apart from pure graphene, and graphene with AgNWs, vari-
ous composites with polymers were produced with the aim 
to increase the durability, mechanical strength, elasticity, and 
improve transparency or EMI SE by combining these com-
posites with conductive polymers [39, 145–151]. Electrical 
non-conductive polymers are fully transparent to EMW due 
to a lack of electric and magnetic dipoles as well as electrical 
conductivity [152]. For instance, polycarbonate with elec-
trical conductivity of 10–12–10–14 S/m shows SET of 0 dB 
[153]. By combining PC with magnetic or metallic fillers, 
this polymer could be converted into efficient EMI shielding 
material [154–157]. Conductive polymers such as polypyr-
role, polyaniline, and polythiophene due to their high electri-
cal conductivity and good dielectric properties, are highly 
efficient EMI shielding material, as well as their composites 
[158–161]. This study is focused on the effects of graphene 

which is why the composites with these polymers which 
possess itself EMI SE will not be discussed further.

In Table 2, the EMI SE of various graphene-based com-
posites and their thickness and transparency were presented. 
These results showed that graphene samples could have both 
high EMI SE and transparency, as presented in Table 2.

When graphene was functionalized with both graphene 
quantum dots (GQDs) and silver nanoparticles and incor-
porated in polyvinylidene fluoride (PVDF) by solution 
blending, a high EMI SE was observed [38]. Only 2 wt% of 
graphene composite was used to produce a modified poly-
mer with a total EMI SE (SET) of 43 dB at 8 GHz while a 
reflection contribution of 50.3% [38].

Composite based on polyurethane and GO/AgNW was 
investigated too [40]. The diameters and lengths of the 
AgNWs in the IPA suspension (0.5 wt%) were 20–25 nm 
and 25–30 μm, respectively. A hydrophobic silane-function-
alized graphene‒urethane rubber (HS/G‒UR) with AgNWs 
was overcoated on PET support. In this way, a durable, bend-
able material was produced with SET of 18.9 dB.

GO–AgNW composite was prepared during the process 
of AgNW synthesis [41]. Herein, during AgNW polyol-
synthesis, GO dispersion in EG (1 mg/ml) was added to 
the reaction mixture. During this stage, GO was reduced 
and formed rGO/AgNWs complex. This solution was coated 
onto a PET substrate with coating rods. Silver grids were 
printed on the second PET. Two supports were put together 
face-to-face on a hot press. Raman spectroscopy proved the 
chemical reduction of GO, while electrical resistivity was 
1.6 Ω/□, transparency was 74.4%, and EMI SE was 42.9 dB 
at 1.8 GHz.

Ma et al. fabricated a polymethyl methacrylate (PMMA)/
graphene/metal mesh hybrid film with the EMI SE of up to 
28.9 dB at 12–18 GHz while the sheet resistance of graphene 
was significantly suppressed from 813.27 to 5.53 Ω/sq when 
the light transmittance was 91% [42].

The liquid phase stripping method was used for graphene 
synthesis afterward individual dispersions of G and AgNWs 
in ethanol were mixed [43]. To produce shielding layers, on 
the glass substrate, different materials were spin-coated, first 
PEDOT:PSS, followed by AgNWs, and the graphene solu-
tion. Using water, PEDOT:PSS was dissolved and detached 
from the glass support. TEM analysis showed wrinkled gra-
phene flakes. It was assumed that these wrinkles are respon-
sible for bending resistivity and flexibility. Very high light 
transmittance was measured for one layer (78.4%). For a 
film with a thickness of 30 μm, EMI SE was 40.1 dB and 
47.0% transmittance, while for the most transmitting film, 
EMI SE was 28 dB.

Over the years, several approaches for obtaining com-
posites based on graphene/GO and AgNWs have been 
developed:
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1.	 AgNWs colloid deposited on support followed by on-top 
synthesis of graphene using CVD [34],

2.	 AgNWs colloid and GO dispersion mixed in different 
volume/mass ratios [33, 35, 37],

3.	 wet-coating of AgNWs on PET support followed by a 
coating of GO dispersion [36],

4.	 aerogel of GO flakes and polyol-synthesized AgNWs 
backfilled with PDMS [39],

5.	 synthesis of AgNWs on supports by electroless deposit-
ing techniques followed by GO electrodeposition [44],

6.	 vacuum filtration to achieve layer-by-layer self-assembly 
of GO and AgNWs [45],

7.	 aerogel was obtained by GO water dispersion mixing 
with AgNWs followed by reduction [142],

8.	 in situ synthesis of AgNWs on GO flakes by hydrother-
mal route [144].

Due to simplicity, the quick establishing of the interac-
tions between GO and AgNWs, the possibility to produce 
the composite at a large scale, processability, and the ease of 
control of the content of each component of the composite, 
the method listed under 2 is mostly used in AgNWs-GO 
preparation.

Thanks to excellent flexibility, transparency, processabil-
ity, and a high EMI SE, these films showed great promise in 
various applications, from instrument protection, car, and 
other vehicles industry, to the application textile industry.

3 � Conclusion

Graphene and its composites are being increasingly studied 
as EMI SE materials. With the development of synthetic 
methods and possibilities to modulate graphene structure, 
EMI shielding efficiency is getting higher. The mass-scale 
production of graphene requires it to be both cost-effective 
and ecologically friendly. Most of the recent studies per-
formed in recent times considering graphene for shielding 
applications involve the production of graphene with either 
the Hummers method or the CVD method. It seems that the 
electrochemical exfoliation of graphite for graphene produc-
tion has great potential and many advantages for example 
due to avoidance of chemical use, mild conditions, simplic-
ity as well as the potential to be transferred to a large scale. 
Various possibilities to doped graphene structure from het-
eroatoms to functionalization with electron-donating func-
tional groups lead to improvements in the electrical conduc-
tivity of this material as well as its EMI SE. In the future, the 
development of new, green approaches for graphene doping, 
such as hydrothermal approach, microwave or laser-induced 
doping, or gamma irradiation could highly improve graphene 
EMI shielding behavior. Due to their chemical properties, 
AgNWs create complex easily with GO and highly improve 
electrical conductivity and EMI SE. However, they are not 
stable in the environments. Combining graphene or GO with 
AgNWs with different polymers is a promising strategy to 
produce commercial proactive cover against EMWs that are 

Table 2   EMI SE, sample 
thickness, and transparency of 
the sample

a GNR-graphene nanoribbons
b TCP-transparent cellulose paper

Material SET (dB) Thickness Trans-
parency 
(%)

CVD graphene [91] 2.27 0.4 nm 98.3
PEI/RGO [162] 6.36 20 nm 62
Graphene/PMMA [163] 48% 800 nm 97.8
Graphene/PET [92] 19.14 4 nm graphene 80.5
Metal mesh/graphene [164] 14.1 – 97.3
graphene/metallic mesh/transparent dielectric 67.9 – 85
Graphene/metal network [42] 20.67 320 µm 94
Acrylic polymer-coated/rGO/AgNWs [92] 24 – 85
Ni mesh/GO [165] 12.1 20 nm 83
PVA GNRa—Fe3O4 [166] 16.36 – 79.8
Ti3C2Tx MXene-PU-AgNWs [167] 27.8 – 86
Epoxy/carbon nanotube sandwich [168] 23.4 6 mm 0
Graphene mesh [169] 3.86 3–5 95
PDMS/AgNWs/TCP [169] 39.1 – 86.8
PET/AgNWs/rGO [170] 33.6 – 82
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efficient shielding materials, transparent, durable, stable, 
lightweight, and thin.
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