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ABSTRACT. Electromagnetic interference (EMI) shielding coating materials with thicknesses in 

the microscale are required in many sectors, including communications, medical, aerospace and 

electronics, to isolate the electromagnetic radiation emitted from electronic equipment. We 

report a spray, layer-by-layer (LbL) coating approach to fabricate micron thick, highly-ordered 

and electrically-conductive coatings with exceptional EMI shielding effectiveness (EMI SE 
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≥4830 dB/mm), through the alternating self-assembly of negatively-charged reduced graphene 

oxide (RGO) and a positively-charged polyelectrolyte (PEI). The microstructure and resulting 

electrical properties of the (PEI/RGO)n LbL structures are studied as function of increasing mass 

of graphene deposited per cycle (keeping the PEI content constant), number of deposited layers 

(n), flake diameter and type of RGO. A strong effect of the lateral flake dimensions on the 

electrical properties is observed, which also influences the EMI SE. A maximum EMI SE of 29 

dB is obtained for a 6 μm thick (PEI/RGO)10 coating with 19 vol.% loading of reduced 

electrochemically-exfoliated graphene oxide flakes with diameters ~3µm. This SE performance 

exceeds those previously reported for thicker graphene papers and bulk graphene/polymer 

composite films with higher RGO or graphene nanoplatelets contents, which represents an 

important step towards the fabrication of thin and light-weight high-performance EMI shielding 

structures.  

 

INTRODUCTION  

New environmental pollution problems
1
 are emerging due to the rapid development of electronic 

technologies, including telephones, computers and radios. Electronics and their components with 

higher power, smaller size and faster operative speed emit unwanted electromagnetic waves, 

causing electromagnetic interference (EMI) between different electronic devices with 

detrimental impact on their performance.
2-5

 Recently, electrically conductive polymer 

composites have raised much attention for EMI shielding applications
6-17 

because of their light 

weight, resistance to corrosion, flexibility, good processability and low cost compared to 

conventional metal-based materials.
2 

High electrical conductivity and connectivity of the 

conductive fillers in polymer composites are key factors to optimize their EMI shielding 
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performance.
6, 7, 9, 12, 13 

Carbon-based materials have been investigated as conductive fillers to 

fabricate composite materials for EMI shielding because they offer a combination of high 

electrical conductivity, excellent mechanical properties, light weight, flexibility and large aspect 

ratios.
6-17 

In particular, graphene emerges as highly promising for EMI shielding applications due 

to its excellent in-plane electrical conductivity (∼4.5 × 10
4
 S/cm)

14, 18-20 
and easy 

processability.
21 

Graphene-based polymer composites, foam structures, aerogels, thin films and 

papers have already been investigated as light-weight EMI shielding materials.
2, 22-30  

An EMI SE 

~500 dB·cm
3
/g was reported for a graphene foam composite with a density ~0.06 g/cm

3
,
2 

and 

~33780 dB·cm
2
/g for ultralight cellulose fiber/thermally reduced GO hybrid aerogels, with a 

density as low as 2.83 mg/cm
3
.
22 

More recently, EMI SE of 21.8 dB have been reported for 

thermoplastic polyurethane/reduced graphene oxide composite foams with only 3.17 vol.% of 

RGO
27

, whereas EMI SE of 48.56 dB has been found for 3D-interconnected graphene aerogels 

decorated with cobalt ferrite nanoparticles and ZnO nanorods
28

.
 
Graphene papers with 

thicknesses between 12.5 and 470 µm
23, 24

 and ~30-60 µm thick graphene/polymer composites
25, 

26
 were also investigated as EMI shielding materials. Wan et al. reported EMI SE of up to ~52.2 

dB for iodine doped and ~47 dB for 12.5 µm thick undoped reduced GO papers
23

, whereas EMI 

SE ~55.2 dB was reported for 0.47 mm thick multilayer films composed of highly ordered 

nitrogen-doped graphene.
24 

More recently, EMI SE up to 26 dB have been reported for 

transparent films based on graphene nanosheets and silver nanowires
29

, whereas values of 58.5 

dB have been found for 6.6 μm-thick nitrogen-doped graphene films
30

. EMI SE ~14 dB was 

found for 0.03-0.05 mm thick free-standing graphene/thermoplastic polyurethane (TPU) 

composite films with 0.12 vol. fraction of liquid-phase-exfoliated pristine graphene nanosheets,
25 

whereas ~27 dB was achieved for 0.35 mm thick multilayer graphene/polymer composite with 
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0.60 vol. fraction of graphene.
26

 Despite being required in sectors such as medical, aerospace or 

electronics, micron-thick graphene-based coatings with reduced graphene contents have not been 

exploited yet for EMI, due to the difficulty to overcome the ~20 dB target required for 

commercial applications
2
 with such low amounts of graphene (relative to most of the previously 

described works). 

     Layer-by-layer (LbL) assembly of oppositely-charged polyelectrolytes and inorganic particles 

can be used to fabricate highly-ordered multilayer nanostructured films and coatings with 

thickness in the nano- or micro- scale.
31 

This coating method offers important advantages, such 

as uniform coverage of the substrate and controllable film/coating thicknesses.
31 

Another 

advantage is its great versatility, as it can be used with a wide variety of fabrication processes, 

including dip-, spray- or spin-coating.
31 

A few reports on the successful preparation of GO-

polymer self-assembled multilayer structures using LbL approaches with remarkable gas barrier 

properties can already be found in the literature
32-34

. Transparent coatings/films prepared by LbL 

electrophoretic deposition of RGO,
35 

or by chemical vapor deposition (CVD) graphene alternated 

with spin coated PMMA
36

 were fabricated as transparent EMI shielding materials. In these 

works,
35, 36

 the LbL coatings were manufactured using dip-coating or electrophoretic deposition 

due to their ability to produce nanometer thick coatings with low graphene contents and hence 

high transparency.
35-37 

However, for the majority of EMI applications, transparency is not 

required, allowing more scalable routes, such as spray coating, to be employed with high 

concentrations of graphene (≥ 10 wt.%). Thus a detailed evaluation of how the microstructure 

and electronic properties develop in LbL multi-layered structures with increasing amounts of 

graphene is needed to optimize the properties of the coatings, while minimizing thickness, 

weight and amount of graphene employed.  
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     Here, we develop a spray LbL coating technique to fabricate thin (up to 30 µm thick), highly-

organized and electrically-conductive graphene based coatings on a substrate, alternating 

negatively-charged reduced graphene oxide flakes and positively charged polyelectrolyte (PEI) 

to render (RGO/PEI)n coatings (n = number of deposition cycles), as schematically represented in 

Figure 1. We show how the microstructure, level of orientation of the graphene flakes and 

electrical properties of the LbL coatings develop as a function of the amount of reduced 

graphene oxide deposited per cycle, while keeping the amount of PEI and n constant, and we 

relate it with their EMI shielding effectiveness. An outstanding maximum EMI SE of 29 dB was 

obtained for a 6 μm thick (PEI/RGO)10 coating with 19 vol.% loading of reduced 

electrochemically-exfoliated graphene oxide flakes with diameters ~3µm, making our coatings 

potentially promising for EMI shielding applications. 

RESULTS AND DISCUSSION 

Microstructure of the (PEI/TRGO)n LbL coatings 

Multi-layered graphene coatings were prepared using a LbL approach by alternating self-

assembly of negatively charged thermally reduced GO (TRGO) and a positively-charged 

polyelectrolyte (PEI), n times on a PET substrate, as represented schematically in Figure 1. (Zeta 

potential revealed negative charges of about -50 mV and -40 mV for 0.5 mg/mL dispersions of 

100µm-TRGO and 20µm-TRGO, respectively, in ethanol, whereas a positive charge of ~12 mV 

was found for a 10 mg/mL PEI/H2O solution). The microstructure of the top surface and 

transverse section of the LbL (PEI/TRGO)n coatings is studied by SEM (details in the 

Experimental Section) and the micrographs are shown in Figure 2. The top surface has wrinkles 

(Figures 2a,b) similar to the topology of the TRGO flakes (TEM micrographs Figure S1, SI). 

This is consistent with a LbL formation where the particles dictate the morphology of the 
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deposited polymer layers. SEM micrographs of the transverse sections of the LbL coatings in 

Figures 2c,d reveal that the spray-on approach produces highly-ordered and well-defined multi-

layered microstructures.  

 

Figure 1. Schematic of the spray coating approach used to fabricate the LbL coatings through 

alternating the absorption of negatively-charged TRGO and a positively-charged polyelectrolyte 

(PEI) on a PET substrate, rendering (PEI/TRGO)n coatings (n = number of bi-layers).  

 To further characterize the layered microstructure of these coatings, polarized Raman 

spectroscopy was used. Polarized Raman spectroscopy has been previously employed to evaluate 

and quantify the orientation of graphene oxide flakes in a PVA composite.
38 

Following this 

procedure described by Li et al.
38

, the orientation of the TRGO flakes in the LbL coatings 

prepared here was evaluated using a backscattering geometry and obtaining spectra with the 

polarized laser beam aligned either perpendicular (in the z-direction) or parallel (in the x-

direction) to the surface of the specimen as shown in Figure 3. The specimen was rotated relative 

to its axes and an analyzer was used with the scattered light. A VV (vertical/vertical) 

combination of incident and scattered polarization was employed in which the directions of the 

incident and scattered polarization were the same, and the change in the intensities of the D band, 

ID, with specimen orientation was monitored. The variation of ID for the studied coatings for the 

two laser beam directions with the relative orientations of the incident laser polarization are 
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shown in Figure 3. (The intensities have been normalized in each case for a maximum intensity 

of unity). In the case where the laser beam is parallel to the z-axis (i.e., perpendicular to the plane 

of the coating, Φz) in Figure 3 it can be seen that the ID remains approximately constant as the 

specimen is rotated. In contrast, when the laser beam is parallel to the x-axis (Φx, Figure 3) the ID 

is a maximum when the direction of laser polarization is parallel to the specimen edge plane and 

a minimum when it is perpendicular to the edge.
39 

This is consistent with the in-plane alignment 

of the TRGO layers in the LbL coating structure seen in the SEM micrograph in Figure 2. 

 

 

Figure 2. SEM images of the surface morphology of (PEI/20µm-TRGO)5 (a) and (PEI/100µm-

TRGO)5 (b). SEM images of the transversal section of (PEI/20µm-TRGO)5 LbL coating (c, d). 

(TRGO loading = 14 vol.%). 
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Figure 3. Variation of ID as a function of Φz (a, c, e) and Φx (b, d, f) for (PEI/100µm-TRGO)10 

coatings with different graphene loadings. Schematic description of the x, y and z directions in 

the coating specimens. 

     A fitting of the data plot in Figure 3 follows a function on the form: 

ID = A·cos
4
 Φx + B                                                                                                 Equation (1) 

with A = 0 and B = 1 for completely randomly oriented flakes, and A = 1 and B = 0 for a perfect 

alignment of the flakes. A higher level of orientation (i.e. a higher A and a lower B, see Figure 3) 

is detected in coatings with 10.8 vol.% graphene than with 24 and 38 vol.%, for the same n. This 

may be due to a combination of more overlap between the flakes and the formation of small 
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agglomerates of graphene at higher loadings. The former is related to the onset of complete in-

plane coverage, meaning that the 24 and 38 vol.% coatings have similar levels of orientation (see 

later), whilst the latter is consistent with Li’s work
38

 where a decreasing orientation with 

increasing GO loading was observed in PVA composites and attributed to aggregation.   

     All samples have a similar crumpled surface morphology (Figures 2a,b) and multi-layered 

structure (transverse surface, Figures 2c,d). Their thicknesses (shown in the SI, Figure S4) 

depended strongly on loading and n, as well as on the flakes lateral dimensions. (The graphene 

loading, i.e. the amount of graphene deposited per cycle can be easily controlled by modifying 

the deposited volume of a dispersion of graphene with a known concentration). A linear increase 

of the overall thickness with increasing loading is observed for constant n. At very low loadings 

of graphene (< 0.027 vol.%) similar thicknesses were observed for 20 µm and 100 µm diameter 

flakes (named as 20µm-TRGO and 100µm-TRGO, respectively) based coatings as expected 

from depositing TRGO flakes with similar thicknesses, whereas the coatings fabricated with the 

100µm-TRGO are thicker at higher graphene loadings, probably due to increased overlap of the 

large flakes relative to the small flakes. The thicknesses of the coatings increase with n for 

constant graphene loading. 

Electrical properties 

In order to understand how the electrical conductance develops in multi-layer microstructures, 

the electrical conductivity of the LbL coating structures fabricated was evaluated with increasing 

graphene loading per cycle and n. Log-log plots of conductivity as a function of frequency for 

(PEI/20µm-TRGO)n and (PEI/100µm-TRGO)n at increasing loading of graphene for n = 2 and n 

= 10 are shown in Figure 4. Figure 4 shows the behaviour typical of 2 phase systems, i.e. a 
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resistive component (graphene) and a capacitive component (PEI, i.e. a dielectric material). 

Below the percolation threshold, the conductivity depends linearly on frequency, as 

characteristic of dielectric behaviour, and typical of insulating materials.
40 

Above percolation the 

conductivity plateaus up to a critical frequency at which the behaviour reverted to a dielectric 

behaviour. This indicates the formation of conductive paths within the matrix and a dominance 

of the resistive component, combined with a dielectric behaviour at higher frequencies where the 

capacitive component (i.e. the polyelectrolyte and network junctions) dominates. At high 

graphene loadings (> 13.5 vol.% for n = 2 and > 24.3 vol.% for n = 10) the conductivity is 

independent of the frequency across the entire frequency range. This is typical of an electrically-

conductive material,
40 

similar to that observed for a pure graphene paper (i.e. a free-standing 

paper prepared by vacuum filtration of a dispersion of the as-prepared graphene), also shown in 

Figure 4. 
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Figure 4.  Log-log plots of conductivity as a function of frequency for (PEI/20µm-TRGO)n and 

(PEI/100µm-TRGO)n LbL coatings (n = 2, n = 10) for different graphene loadings. 

     Percolation threshold 

The percolation threshold depends on the flakes lateral dimensions and n. For the (PEI/20µm-

TRGO)n systems the percolation is between 14.05 and 24.86 vol.%  of graphene for n = 2, and 

between 0.3 and 1.8 vol.% for n = 10. For LbL coatings with 100µm-TRGO this is in the ranges 

of 3.6-9.8 vol.% and 0.2-1.19 vol.% for n = 2 and n = 10, respectively. Figure 5  shows the 

conductivities of the LbL structures at 1Hz as a function of graphene loading for the two 

graphene types studied here at n = 2,10. These show S-shape curves typical of percolated 
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systems,
40 

suggesting that classical percolation theory
41

 could be used to calculate the percolation 

threshold (Pc), defined as the critical/minimum amount of filler required to transform a non-

conductive material into a conductive one. Assuming that the fillers are distributed randomly 

within the polymer matrix, the conductivity can be described as:
40

 

 σ = σ0 (P - Pc)
t
                                      Equation (2) 

where P is the fraction of filler in the LbL structure, Pc the percolation threshold, t the 

conductivity exponent, σ0 is the electrical conductivity of the matrix and σ the electrical 

conductivity of the LbL system. 

 

Figure 5. Semi-log plot of conductivity as a function of graphene loading for the LbL coated 

systems: (a) (PEI/20µm-TRGO)2; (b) (PEI/20µm-TRGO)10; (c) (PEI/100 µm-TRGO)2; (d) (PEI/ 

100µm-TRGO)10. (The inserts are log-log plots of conductivity as a function of P-Pc, determined 

from the vol. fraction data). 
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     From Figure 5, Pc = 0.20 for n = 2 and Pc = 0.01 were determined for n = 10 for (PEI/20µm-

TRGO)n. Linear fittings of log (Conductivity) vs. log (P-Pc) data (insert in Figure 5) give t = 0.52 

and 1.74 for n = 2, 10, respectively. Similarly, for the (PEI/100µm-TRGO)n, Pc = 0.10 for n = 2 

and Pc = 0.01for n = 10 were found, resulting in t = 1.16 and 1.77, respectively.  

     Lower percolation thresholds were found for 100µm- than for 20µm-TRGO for identical 

graphene loading and n. Also, the percolation threshold for n = 10 is lower than for n = 2 (for 

identical loading of graphene and independent on the lateral dimensions). The percolation 

thresholds are summarized in Table 1. 

Table 1. Experimental (determined from the data shown in Fig. 5) and theoretically-calculated 

percolation thresholds and coverage graphene loadings for the LbL coatings. 

Graphene n Exp. Perc. Threshold 1Theor. Perc. Threshold 2Exp. Coverage 3Theor. Coverage 

20µm-TRGO 2 0.20  

0.0013-0.0037(vol. fraction) 

 

0.24 (vol. fraction) 

 

0.002-0.0059 (vol. fraction) 10 0.01 

100µm-TRGO 2 0.10 

10 0.01 

1
according to classical percolation models

42
 (fraction of graphene which correspond to an area 

occupation of 68%); 
2
corresponding to the transition from n-dependency to n-independency; 

3
calculations shown in SI (fraction of graphene corresponding to an area occupation of 1). 

     Pike and Seager 
42

 studied a two dimensional random-lattice site system at a critical area 

fraction of ~0.68 using Monte Carlo calculations and assuming particles to be uniform discs with 

hard cores. If we consider the TRGO flakes as uniform discs deposited on a substrate (in one 

deposition cycle) with overlapping, the percolation should happen theoretically at 0.0013–

0.0037,
42 

which corresponds to the vol. fraction of graphene calculated for one deposition cycle 

with the graphene occupying 68 % of the surface of the substrate (see SI). The theoretical values 

are lower than those derived from our experiments, which we relate to the presence of defects on 
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the TRGO flakes coming from the reduction process, the presence of gaps possibly associated to 

a non-highly homogeneous distribution of the flakes, as well as to the fact that TRGO flakes are 

not discs with uniform diameters. The wrinkled nature of TRGO flakes (TEM, SI) may also 

contribute to this discrepancy. 

     For a percolated system, t depends on the dimensionality of the composites. Theoretically, t 

should vary from ~1.6 to 2.0 for 3D-percolated systems and from 1 to ~1.6 for 2D.
40, 43 

Applying 

the classical percolation theory
42

 to our data, we can say that our LbL coatings show a 2D-

percolation mechanism, with t increasing with n, which suggests an evolution from 2D to 3D-

percolated systems from n = 2 to n = 10. In addition, higher values of t are found for larger 

flakes, as expected from percolation theory.
40 

 

     Zhao et al.
44

 studied percolation in graphitic conductive networks embedded in polymer 

composites and reported t = 2.40-6.92,
 
corresponding to 3D-percolation. Du et al.

45
 reported t = 

1.08 for a 2D-percolated segregated graphene network in bulk high density polyethylene 

composites processed by hot-press,
 
which suggests that the level of orientation/organization of 

the fillers in the matrix must be defining the dimensionality of conduction. We thus assign the 

level of organization achieved in our LbL coatings (evidenced by SEM and polarized Raman) as 

responsible for the 2D conduction mechanism found here. The differences between theory and 

experimental data, and the discrepancies between different reported experimental systems, must 

be related to additional factors influencing the percolation, such as additional dimensional 

aspects of the filler network, presence of agglomerates, polymer-filler interaction, level of 

organization/orientation, etc. 
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Development of the conductance in LbL structures above percolation  

Above percolation, the conductivities increase with graphene loading and n up to a maximum 

limit, Figure 6. The n-dependence before saturation suggests that when the electrons find defects 

or gaps in one graphene layer, they tend to hop to the next level (from n = 1 to n = 2, …, as 

schematically represented in Figure 6), leading to enhancement of overall conductivities (the 

variation of the conductivities of the coatings with increasing n is shown in Figure S6 in the SI). 

This observation agrees with the small increase in t with increasing n, i.e. the increasing 3D 

nature of the network. Even with the electrons hopping to contiguous layers to find more 

conductive paths, the systems behave as 2D percolated systems.  
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Figure 6. Comparison of the conductivity of (PEI/20µm-TRGO)n and (PEI/100µm-TRGO)n LbL 

coatings for different n and schematic representation of the three regions found for the electrical 

behaviour of the LbL coatings with increasing graphene loading: (a) below percolation; (b) 

between percolation and coverage (conductivities are n-dependent); (c) above coverage 

(conductivities are n-independent). 
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Coverage  

There is a second critical graphene loading at which conductivities reach a maximum (Figure 6). 

This maximum cannot be further increased, neither by increasing the graphene loading nor by 

increasing n and corresponds to the conductivity measured for bulk papers composed purely of 

graphene (i.e. the inherent conductivity of the graphene employed for the fabrication of the LbL 

structures where the inter-flake resistance gives an intrinsic limit).  

     We attribute the transition from n-dependency to n-independency to the formation of a 

continuous network of graphene in one deposition cycle, which we define as complete coverage 

(i.e. 100 % occupation of the surface). The experimental coverage loading is found at a vol. 

fraction ~0.24, significantly higher than the theoretical loading (calculations shown in the SI), 

similar to what we observed for the percolation and due to the same reasons (the theoretical 

coverage vol. fraction of graphene is estimated ~0.001-0.0032). 

     Figure 3 reveals lower orientation at vol. fractions of TRGO ≥ 0.24 (i.e. above complete 

coverage), related to the presence of more wrinkles and overlapping between flakes above 

coverage relative to a situation in which ‘isolated’ TRGO flakes are deposited with not many 

connections, overlaps or agglomerates (as represented schematically in Figure 6). All 

experimental and theoretically-calculated percolation thresholds and graphene loadings are 

compiled in Table 1. (The % coverage corresponding to the fractions studied here is presented in 

the SI).  

     At graphene loadings above complete coverage, interlayer hopping no longer provides paths 

of higher conductivity. Hence the conductivity becomes independent of n and the maximum 

conductivities of 19 S/m for 34 vol.% of 20µm-TRGO and 127 S/m for 39 vol.% of 100µm-

TRGO are found. The maximum conductivity corresponds to the inherent conductivity of 
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graphene paper, highlighting the importance of choosing an electrically conductive graphene, as 

required for the targeted application, but with sufficient charged groups for LbL formation. 

     Reaching coverage in one deposition cycle is an important parameter to optimize the 

electrical properties while minimizing thickness and graphene loading. Within the n-dependent 

region the coatings are typically thicker and less conductive than those fabricated with just one 

deposition cycle using graphene loadings above coverage. Most of the reported work
46, 47

 on 

multi-layered structures did not achieve coverage in one deposition cycle, they are typically 

focused on increasing the conductivities by incrementing the number of deposition cycles until 

saturation. In the works reported by D. G. Wang et al.
46

 and L. Wang et al.
47

 electrons were 

assumed to hop between layers, in agreement with our results below coverage (shown in Figure 

S6, SI).  

     The self-assembly of the 100µm-TRGO flakes gives higher conductivities and lower 

percolation thresholds relative to those found for the self-assembly of the 20µm-TRGO ones for 

identical n, which we relate to the presence of more flake-flake connections and defects in 

20µm-TRGO than in 100 µm-TRGO (also observed for the bulk papers). Previously reported 

simulations and experiments showed that fillers with larger aspect ratios lead to reduced 

percolation thresholds in systems with higher dimensionalities
48-50

.  

EMI shielding 

The coatings with the largest amounts of graphene material and the highest electrical 

conductivities were then EMI tested. Figure 7 plots the EMI SE for (PEI/TRGO)10 LbL 

structures prepared with increasing graphene in the range of 8-13 Hz, widely used in 

communication applications such as TV, microwaves and telephones.
51 

Figure 7a indicates that 
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the EMI SE is almost constant across the entire range of frequencies. These data reveal that EMI 

SE increases linearly with increasing graphene loadings for a constant n. The data can be linearly 

fitted, Figure 7b, indicating higher EMI SE with increasing graphene content. 

 

 

Figure 7. (a) Total EMI SE of (PEI/100µm-TRGO)n and (PEI/20µm-TRGO)n LbL coating 

structures; (b) EMI shielding effectiveness vs. vol. fraction of TRGO. The equations obtained 

from linearly fit these data are: EMI SE (dB) = 14.63·vol (R
2
 = 0.93), and EMI SE (dB) = 

62.47·vol (R
2
 = 0.97) for (PEI/20µm-TRGO)10 and (PEI/100µm-TRGO)10, respectively. (c) 

Absorbance (=Absorbance/(Absorbance+Reflectance)) and Reflectance 

(=Reflectance/(Absorbance+Reflectance)) contributions. (d) Total EMI SE of (PEI/REGO)10 

LbL coating structures. 
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     A strong effect of the lateral dimensions of TRGO flakes on the EMI SE is also observed, 

related to the superior electrical properties of the larger TRGO flakes relative to the smaller ones. 

These results are in agreement with the work by Wan et al.
23

 where superior EMI shielding was 

reported for papers fabricated with larger-size graphene sheets. These authors also attributed this 

finding to fewer defects and a more conjugated carbon domain size in larger flakes, leading to 

higher electrical conductivities and, thus, to superior EMI SE.  

     In order to establish fundamental basis for designing high-performance EMI shielding 

materials, the mechanism for improved EMI shielding performance was investigated. Figure 7 

plots Absorbance (= Absorbance/(Absorbance+Reflectance)) and Reflectance (= 

Reflectance/(Absorbance+Reflectance)) contributions to the total EMI SE for a (PEI/100µm-

TRGO)10 coating. This shows a 10% contribution of reflectance and a 90% absorbance, 

indicating that absorption is the dominant shielding, in agreement with previously reported 

works
23, 36

.  

     Our LbL coating approach can also be used for other negatively-charged graphene materials, 

such as hydroiodic acid (HI)-reduced electrochemically exfoliated GO (EGO).
52 

The zeta 

potential technique revealed a negative charge of around -45 mV for a 1 mg/mL aqueous 

dispersion of EGO and its electrical conductivity is much higher than TRGO. The variation of 

sheet resistance of LbL coatings with increasing graphene loading is shown in Figure S8 in the 

SI. The maximum conductivity (i.e. minimum sheet resistance) depends on the type of graphene 

(level of defects and inherent conductivity), which suggests the possibility of improving and 

tuning the electrical properties of the coatings by using graphene materials with lower amount of 

defects and, thus, higher conductivities. As a consequence, the total EMI SE of these reduced 

electrochemically produced graphene based coatings (Figure 7d) is ~5 times higher than TRGO-
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based coatings with similar graphene content and n. In addition, the (PEI/R-EGO)n coatings are 

thinner than those prepared using TRGO, which makes these EMI SE better in terms of dB/mm 

(see Table 2 for comparison with literature data on graphene-based papers and graphene/polymer 

composite films). We get EMI SE ~29 dB for ~6 µm thick samples (SEM micrograph, Figure 

S9, SI), These results suggest that our approach can be used for other processable graphene 

materials (provided they have negatively-charged surfaces), which offers the possibility of tuning 

electrical conductivity and EMI SE to fit the requirements of emerging applications.  

Table 2. Comparison between the EMI SE data found in this work and previously reported data 

for graphene papers and graphene/polymer composite films. 

Material EMI SE (dB) Thickness (mm) Vol. fraction  graphene dB/mm Reference 

LbL (TRGO/PEI)n coatings 15 0.03 0.30 500 This work 

LbL (R-EGO/PEI)n coatings 29 ≤0.006 0.30 ≥4830 This work 

Graphene paper 47– 52.2 0.0125 1 3760-4176 23 

N-doped graphene paper 55.2 0.47 1 117.4 24 

Graphene/TPU film 14 0.03 – 0.05 0.12 280 – 466 25 

Graphene/epoxy 27 0.04 – 0.06 0.6 675 – 450 26 

RGO-EDA 58.5 0.0066 1 8863 30 

     The maximum EMI SE per unit thickness in (PEI/100µm-TRGO)10 LbL coating (500 

dB/mm) and R-EGO based coating (4830 dB/mm) compare favourably with literature. Wan et 

al.
23

 reported EMI SE values of up to ~52.2 dB for iodine-doped graphene papers and ~47.0 dB 

for undoped graphene papers with thicknesses ~12.5 µm. A similar EMI SE (~55.2dB) was 

reported for multilayer films of highly-ordered nitrogen-doped graphene with a much higher 

thickness (0.47 mm),
24

 whereas
 
the work by Lin et al.

30
 reported slightly higher EMI SE values 

for nitrogen doped graphene papers with higher total amounts of graphene. Thus, our LbL 

coatings have much better EMI shielding with considerably lower graphene content (Table 2). 

Our EMI SE is also superior to most previously studied graphene/polymer composites, typically 

using higher graphene contents.
25, 26 

Our results are better than those reported by Song et al.
26
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(EMI SE up to ~27 dB) for much thicker (0.35 mm) films of multilayer graphene/epoxy 

composite containing 0.60 vol. fraction of graphene, as well as better than the EMI SE ~14 dB 

reported for free-standing conducting graphene/TPU composite films with 0.12 vol. fraction of 

graphene and thicknesses between 0.03 and 0.05 mm.
25 

Thin coatings/films prepared by LbL 

electrophoretic deposition of RGO
35 

or by chemical vapor deposition (CVD) graphene alternated 

with spin coated PMMA
36

 were fabricated as transparent EMI shielding materials. Although they 

rendered very high values for dB/mm (2-3 orders of magnitude higher than the values found 

here), the absolute EMI SE values are limited by the transparency required in some sectors. The 

work reported here is not focused on fabricating transparent coatings, but on increasing the 

absolute EMI SE values of these coatings. Our method allows us, thus, to fabricate bulk (i.e. 

non-transparent) structures but still thin (up to 30 µm thick) and highly ordered graphene based 

coatings to maximize the electrical conductivity and EMI SE with the minimum possible 

thickness and amount of graphene employed. This underlines the importance of designing 

highly-ordered structures with optimized electrical properties in order to maximize the EMI 

shielding, minimizing both thickness and graphene content.  

CONCLUSIONS 

We report here a scalable spray coating layer-by-layer approach to fabricate thin, highly-ordered 

and electrically-conductive multilayer coatings for EMI shielding, through alternating self-

assembly of negatively-charged reduced graphene oxide (RGO) and a positively-charged 

polyelectrolyte n times on a substrate to fabricate (PEI/RGO)n coatings. SEM micrographs of the 

transverse sections of the LbL coatings revealed highly-ordered and well-defined multi-layered 

microstructures, further confirmed by polarized Raman spectroscopy, with thicknesses 

depending strongly on the loading of graphene per bi-layer and n. Percolation theory was applied 
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to these structures in order to understand the conduction mechanism. Outstanding EMI shielding 

performances were found for these coating structures through a mechanism of absorption. 

Maximum values of EMI shielding effectiveness ~29 dB for 6 µm thick coatings with 19 vol.% 

loading of reduced electrochemically-produced graphene oxide were found, which are 

considerably higher than those values previously reported for thicker graphene papers and 

graphene/polymer composite films with higher graphene contents, making our coatings 

potentially promising for EMI shielding applications in sectors where high EMI SE is important 

(especially if EMI absorbance is required) whilst transparency is not needed. In addition, we 

probed here that the EMI shielding performance of graphene based structures can be tuned by 

varying the nature and electrical properties of the graphene employed. 

EXPERIMENTAL SECTION 

Materials 

Polyethyleneimine (PEI) solution ~50% in H2O was purchased from Sigma-Aldrich. The 

graphene materials used in this work have been prepared as described in the next section. 

Preparation and characterization of TRGO and R-EGO 

In order to remove oxygen-containing functionalities from the surface of the flakes, GO powder 

(prepared using Hummers’ method) was thermally reduced in a nitrogen atmosphere by a rapid 

heating up to 750 °C using a metallic reactor heated with a gas burner
53

. TRGO was obtained as 

a black powder of very low bulk density. The super heating is the prime requirement to achieve 

exfoliation of graphene sheets simultaneously to the reduction. In order to control the diameter of 

the TRGO, two types of starting graphite were employed. A micro-graphite with a particle size 

distribution d50 = 17-23 µm (SGA 20 M 99.5; AMG graphite, Hauzenberg, Germany) to prepare 
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TRGO with a particle size distribution between 5-200 µm and an average diameter of ~20 µm 

(named 20µm-TRGO). Graphite with larger particles (Rfl 99.5; AMG graphite, Hauzenberg, 

Germany; min. 90% > 160 µm) was employed to produce TRGO with a particle size between 5-

900 µm and d50 ~100 µm (named 100µm-TRGO). 

     The combination of different average diameters (~20 µm vs. ~100 µm characteristic of 20µm-

TRGO and 100µm-TRGO flakes, respectively, as revealed by TEM, SI) and similar thicknesses 

(between 3.5 nm and 10 nm as revealed by AFM, SI), make these materials ideal to evaluate the 

role of lateral flake dimensions on microstructure and properties of the LbL coatings. (Further 

characterization of the TRGO filler materials, including XPS showing an effective reduction, is 

shown in SI). 

     EGO was prepared following the experimental procedure reported elsewhere.
52

 For the EGO 

based LbL coatings, the reduction was performed after deposition (as described below).  

Preparation of the LbL structures 

Multi-layered graphene coatings are prepared using a LbL approach by alternating self-assembly 

of negatively charged TRGO and positively-charged PEI, n times on a PET substrate, as 

represented schematically in Figure 1. Zeta potential revealed negative charges of about -50 mV 

and -40 mV for dispersions of 100µm-TRGO and 20µm-TRGO, respectively, in ethanol (0.5 

mg/mL), whereas a positive charge of about 12 mV was found for the PEI/H2O solution (10 

mg/mL). A commercial aerosol (Linden
TM

 H-BADG-AIRBRUSH-KIT) was used to deposit 

graphene and PEI by spraying the dispersions of TRGO in ethanol and the aqueous solutions of 

PEI, alternatively, on a PET substrate. The coatings were dried using an air flow at room 
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temperature after each deposition. The effect of rinsing after each deposition was evaluated and 

is discussed in the SI. 

     In order to assess the formation of the LbL system, the amount of graphene deposited per 

cycle (i.e. mg of graphene per deposition cycle and unit surface area, defined here as ‘areal mass 

of graphene’) is varied whilst the areal mass of PEI is kept constant (= 0.18 mg/cycle/cm
2
). The 

areal masses of TRGO and PEI are used to calculate the loading of graphene in the LbL 

structures as a weight per unit volume fraction. The loading depends on the areal masses of 

graphene and PEI (consequently, ‘graphene loading per cycle’ is equivalent to just ‘graphene 

loading’), but is independent of n. In order to assess the interaction between layers, n is varied 

between 1 and 10. The graphene loading, i.e. the amount of graphene deposited per cycle can be 

controlled accurately by modifying the deposited volume of a dispersion of graphene with a 

known concentration. In a similar way, the final thickness of the fabricated coatings can be also 

controlled accurately through controlling the graphene deposited per cycle and n.  

For the preparation of the R-EGO based LbL coatings, the EGO (prepared following the method 

reported elsewhere)
52

 was first deposited from a 1 mg/mL aqueous dispersion (which shows a 

negative charge of around -45 mV, as measured by Zeta potential). After deposition, the LbL 

EGO coatings were placed in a sealed bottle (100 mL in volume), containing 0.5 ml of HI (55%) 

and 1.25 mL of acetic acid, in a water bath at 95 °C for 1 h for reduction. The reduced EGO (R-

EGO) coatings were rinsed with ethanol four times to remove any residual acid and iodine and 

dried with N2 gas. An effective reduction of the EGO materials prepared here is shown by 

Raman analysis (Figure S7, SI), along with further details on the reduction procedure.  
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Characterization 

A Zeiss Ultra 55 FEG-SEM (scanning electronic microscope) is employed to analyse the surface 

morphology and the transversal section of the LbL coatings (using a EHT of 2 kV). The 

orientation of the graphene flakes is evaluated by polarized Raman spectroscopy using a 

backscattering geometry and a VV (vertical/vertical) combination of incident and scattered 

polarization, in which the directions of the incident and scattered polarization were the same. A 

rotational stage is employed to rotate the specimen with respect to its axes. The change in ID is 

recorded as a function of rotation angle, following the method by Li et al.
38

.  

     The sample thicknesses are measured with a digital micrometer IP65 QUANTUMIKE. The 

impedance is tested on 2 mm x 3 mm specimens using a PSM 1735 Frequency Response 

Analyzer from Newtons4th Ltd connected with Impedance Analysis Interface (IAI) at the range 

of frequencies from 1 to 10
6
 Hz. The conductivities (σ) of the coatings are calculated from the 

measured impedances as:
40

 

σ (ω) = |Y* (ω)| 
𝑡 

𝐴
 = 

1

𝑍∗ ×
𝑡 

𝐴
                                                                                     (Equation (3)) 

where Y*(ω) is the complex admittance, Z* is the complex impedance, t and A are the thickness 

and cross section area of the sample.  

     An Evolution 201 Thermo Scientific UV-Vis spectrophotometer is employed to analyse the 

absorption and transmittance in the range 300-800 nm. EMI shielding tests are performed using a 

PNA (vector network analyser 10MHz- 50 GHz), 2 RF cables and one pair of waveguides in the 

X-band frequency range (8.4 - 12.4 GHz). The samples (2.5 x 1.5 cm coatings) are compressed 

in the middle of two waveguides while VNA measured the S21 (transmittance), from which SE is 

calculated. 
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