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Supplementary Discussion

Mechanical model of CVD graphene/polymer nanolaminates and derivation of the effective

modulus of graphene

In the micromechanics approach, the main proposed strategies to predict the effective
properties of a composite material are based on the implementation of analytical methods
(such as the Rule of Mixtures [1]) or semi-empirical methods (such as the Halpin-Tsai model
[2D).
One of the simplest relationships that has been developed to describe the reinforcement
achieved from a high-modulus filler in a low-modulus matrix, under uniform strain, is the so-
called “rule of mixtures” (RoM), in which the Young's modulus of a composite E. along the
fibres direction is given by

E. = E,(1 —Vp) + ViE; Supplementary Equation (1)
where En, and Es are respectively the modulus of the matrix and of the filler, and V, and Vs are
the volume fraction of the matrix and of the filler. The RoM was developed for continuous
and unidirectional fibres and its simplicity is coming from hypothetical assumptions such as
the unidirectional alignment of the fibres, their infinite length and the perfect bonding
between the components.
Another common approach used for nanocomposites with parallel-aligned nanoplatelets is the
Halpin-Tsai model (HT). Accordingly, for nanocomposites having fillers with high
orientation degree, the Young’s modulus in the direction longitudinal to the filler orientation

(En) can be estimated by:

Ey = [Hzm’“vf] En, Supplementary Equation (2)
1-nuVy
where, ny; is defined as
-
Ny = lgnﬂ l Supplementary Equation (3)
Em



and a is the aspect ratio of the filler (width/thickness).
It is interesting noting that, when a — oo, which is the case of very large filler platelets,
Supplementary Equation (2) is then reduced to the RoM and gives the maximum
reinforcement:

Ey =EVi+ E,(1 —Vp) Supplementary Equation (2-i)
We implemented the HT model to predict the Young’s modulus of a PMMA-graphene
composite with fully aligned layers, with different aspect ratios, a. Results are plotted in
Supplementary Figure 2 as a function of graphene volume fraction and are compared to the
prediction based on the RoM. In the models, E; and Er,, have been set, respectively, as 1.01
TPa and 1.75 GPa. The former is modulus of pristine, defect-free graphene [3] and the latter is
the modulus of PMMA as evaluated on the bases of our tensile tests. It is clear that the
reinforcement approaches the maximum reinforcement when a >10,000, which is the point at
which the HT model approaches the RoM, in agreement with the analysis reported by Liu et

al. [4].

The aspect ratio of the proposed nanolaminates is higher than 1,000,000; therefore the RoM
can be safely adopted to validate our results. Actually, in order to derive the effective modulus
of graphene in the nanolaminate system, the RoM can be rewritten as follows:
E.=E,(1-V)+ViEf = E.=Ey,—E,V;+ ViE;

= E.=Eyn+ Vi(Ef—Ep) Supplementary Equation (1-i)
Therefore, E¢ can be derived by applying a linear square fitting to the experimental data E.
plotted as a function of Vs. In fact, Supplementary Equation (1-i) is in the formy =a + bx and

the effective modulus of graphene E; is obtained from the slope term:

b=(E—En) = E =En+b



Theoretical Calculation of EMI Shielding Effectiveness

a) Minimum shielding performance

For electrically thin samples with t << & (skin depth), and under the good conductor

approximation, the total shielding effectiveness can be expressed as [5]:
SEt = 20log;, (1 + % ot) Supplementary Equation (4)

where Z, is the free-space impedance and ot is the inverse of the sample sheet resistance (o is
the DC conductivity).

This formula can be easily extended in the case of graphene/polymer multilayers introducing
the sheet number N (>1) instead of the sample thickness as parameter [6].

Values extracted using this simple model allows to predict the “zero-frequency” shielding
performance of our samples. The numerical results have been reported in Supplementary
Table 3 and nicely match but for the smallest N (Vs=0.04%) the extrapolated values deducted

from the experimental SE+ curves as a function of frequency.

b) Decomposition of shielding effectiveness

The shielding effectiveness SErgr = —20logT(w) is defined as the total attenuation
(measured in dB) and consists of three contributions due to signal surface reflection, multiple
internal reflections, and absorption. Under the good conductor approximation (o > we,
where w is the angular frequency and e the material dielectric constant), SEror can be

estimated using a simplified expression:

SEror = 20log, (% /wiu) + 20log,

The first two terms refer to the contribution produced by the interface (air-sample, with Z,

SE

_SEa
1—10 1o

+ SE4 Supplementary Equation (5)

free space impedance) reflection and internal reflections respectively, whereas

SEp =6.14t/ow Supplementary Equation (6)
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takes into account absorption losses inside the sample.

The first and third term are directly correlated with sample properties (electrical conductivity
o, magnetic permeability y, thickness t). Since we are considering a non-magnetic material, in
our case u = u,, the free space permeability. The second term, SEy expressing attenuation
due to multiple internal reflections, in layered systems is actually a negative term that reduces
the total shielding effectiveness. When SEa is larger than 10 dB, usually this contribution can
be neglected, which is always the case in our specimens but at the smallest layer numbers (i.e.
at small V). Therefore, the SE behaviour as a function of frequency depends on the interplay
between the contributions to the shielding given by material absorption and interface
reflection only. Indeed, the SEA term obviously increases with frequency since it inversely
depends on the penetration depth, whereas the SEgr term shows a decreasing frequency
behaviour according to the transmission line model of shielding [7]. For the majority of
samples, this implies that the two contributions balance out and the overall shielding is almost
constant with frequency. However, in the limit of a good conductor approximation the electric
field is actually “shorted out” at the first interface, and the SEg term relative weight in
Supplementary Equation (5) diminishes [8]. This is clearly seen in Fig. 4c for specimens
having the same graphene volume but different total thickness: when absorption becomes the
dominant shielding mechanism, SE as a consequence increases with frequency. Moreover, as
expected from Supplementary Equation (6), the higher the conductivity the larger is the
contribution given by SEa. Nevertheless, a further increase in overall conductivity produced
by reducing thickness of the single graphene/PMMA layer will produce a minor effect on the
total shielding effectiveness since this term linearly depends on t. A high conductivity
increases also the shielding SEr produced by sample surface, however reflection and
absorption follow an opposite trend as a function of frequency, therefore they tend to intersect

at the highest frequencies.



In Supplementary Figure 7 we plot the total shielding effectiveness for the 100 layers sample
(0.5 vol%) and its decomposition in the three different contributions SEg, SEym and SEa in the
frequency interval of investigation. It is worth to highlight that in all measurements presented
here the frequency behaviour of the shielding effectiveness is consistent with a simple Drude
scenario where the graphene electrical conductivity still shows a flat response in the low THz
region, consistently with many literature reports [16-18]. Of course, it is possible that a
frequency drop in the in-plane electrical conductivity and therefore in the SE dependence
occurs at higher frequencies, in agreement with the predictions given in [6]. Moreover, as
discussed in the main text, at the highest volume fraction there might be an additional
contribution to the shielding given the presence of hopping electrons (through-plane

conduction) when tpyma 1S less than 100 nm.



Supplementary Methods

Scratch test method

The thickness of the single PMMA/ CVD graphene layer was measured through atomic force
microscopy (AFM) with a Dimension Icon (Bruker) instrument. The single PMMA/ CVD
graphene layer deposited on Si wafer was scratched using a scalpel without damaging the
substrate. AFM images of the scratch were acquired in the Peak Force Tapping mode using
ScanAsyst-Air probes (stiffness 0.2—0.8 N/m, frequency ~80 kHz). Several scratches were
measured for each deposited layer to allow statistical analysis of data. The average depth of
the scratch below the mean surface plane, corresponding to the film thickness, was evaluated

using the cross-section analysis of the Nanoscope Analysis software.

Scanning Electron Microscopy

Scanning Electron Microscopy (ZEISS SUPRA 35VP SEM) was employed to assess the

morphology of the produced nanolaminates.
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Supplementary Figure 1. Relation between the thickness of the polymeric layer and the
volume fraction of graphene in the nanolaminate.
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Supplementary Figure 2. Theoretical predictions of the elastic modulus of a
graphene/PMMA nanocomposite (E;) versus graphene volume fraction Vg, Halpin-Tsai

model (solid lines) plotted for different graphene aspect ratios a and Rule of Mixture (dashed
line).



Supplementary Figure 3. Effect of roughness of copper foil on the morphology of the
Gr/PMMA layer. (a) Optical micrography and (b) AFM images of copper foil after CVD
process. (c) Optical micrography of Gr/PMMA single layer deposited on Si wafer.
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Supplementary Figure 4. Effect of roughness of Cu foil on the mechanical behaviour of the
nanolaminates: Stress-strain curve of Gr/PMMA laminates produced on copper foils of
different roughness. It is interesting noting that roughness of the Cu sacrificial substrate plays
an increasing role as the thickness of the polymeric layer decreases. In fact, for the
nanolaminates with 0.28% graphene (thickness of PMMA around 120 nm), a visible
improvement of the mechanical performance is observed, while in the nanolaminates with
0.13 % (thickness of PMMA 250 nm), the effect of copper roughness is negligible on the final
performance of the nanolaminate.
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Supplementary Figure 5. THz transmission spectra for Gr/PMMA nanolaminates with

different graphene content.
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Supplementary Figure 6. Shielding effectiveness in the experimental frequency range for
neat PMMA and PMMA filled with 0.27 vol% GNPs. The thickness of the films is 5 um.
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Supplementary Figure 7. Frequency dependence of the total (measured) shielding
effectiveness SEtor (square symbols) and its decomposition in surface reflection, internal
reflections and absorption contributions for 100 layers of graphene/PMMA stack with 0.5
vol% of graphene. SEg, SEa and SEy (blue, red, and green continuous lines respectively)
were calculated using Supplementary Egs. (5) and (6).
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Supplementary Tables

Supplementary Table 1. Fabrication details of Gr/PMMA nanolaminates

. Nominal . Actual
Solution Nominal Measured
. Angular Layer Graphene . . Graphene
in . N. of | Nanolaminate Final
. speed | Thickness | Volume . . Volume
Anisole . layers thickness thickness .
(W1%) (RPM) (nm) Fraction (um) (um) Fraction
’ (%) " " (%)
3 1500 250 0 20 5 5.05 0
6 1000 750 0.044 6 4.5 4.64 0.04
6 2000 500 0.066 10 5 5.15 0.06
3 1500 250 0.13 20 5 4.98 0.13
3 2000 200 0.165 20 4 4.1 0.17
3 3000 150 0.22 30 4.5 4.58 0.22
2 1500 100 0.33 50 5 5.08 0.33
2 3000 65 0.5 100 6.5 6.47 0.5
1 1500 33 1 4 0.132 0.132 1
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Supplementary Table 2. State of the art on graphene-PMMA discontinuous composites

Filler Vol. fraction| E | Tensile strength Elongation at Conductivity Ref.
(%) (GPa) (MPa) break (%) (S/cm)
0 0.75 24.2 2.8 3.00E-11
GO o 054 | 0.865 23 2.6 9.00E-06
(in situ polymerization)
1 0.85 14.2 15 8.00E-05
0.05 6.00E-07 9
rGO (sheet casting) 0.27 8.00E-05
0.54 0.963 28.4 2.2 8.00E-04
1 1.054 26.6 1.7 1.00E-03
0 3.12 55.4 2.5
CRGO 0.54 3.85 50.7 2.27 N.A. 10
PMMA-grafted-CRGO 0.54 4.43 63.8 2.46
0 2.09 30.78 1.67
Graphene functionalized 0.27 2.71 43.3 2.42
PMMA 0.11 2.89 58.52 2.77 N.A. 11
(in situ polymerization) 0.27 5.24 66.08 3.32
0.54 4.67 49.15 1.79
0 1.87 35.5 2.3
PMMA grafted GO 0.27 2.09 37.1 35
(solvent casting) 0.54 2.18 42 4.8 NA 12
1.62 1.56 21.4 0.9
non modified GO
(solvent casting) 0.54 1.45 32.7 2.7
0 2.35 59.5 4.15
0.29 2.43 60 4.1
0.58 2.47 60 4.1
FLG (Spm) 1.22 2.55 61 3.9
(melt mixing)
3 2.6 61 3.8
5.9 2.5 59 3.1 N.A. 13
11.5 2.8 55 3
1.22 2.62 60.5 3.8
FLG (20 um) 3 2.85 60.5 2.1
(melt mixing) 5.9 3 59 3
11.5 4.1 42 1.6
0 2.55 61 3.9
0.29 2.75 60 3
. 0.58 3 59 3.1
GO (melt mixing) 122 59 60 32 N.A. 14
3 2.6 59 2.8
5.9 2.85 31 1.5
0 7.5E-17
0.05 8.5E-17
0.26 3.33E-16
Thermally exfoliated GO 0.52 3.33E-14
(solvent ggsting) 0.78 NA. N-A NA 2.38E-4 15
1.05 5E-3
1.58 1E-3
2.67 1E-2
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Supplementary Table 3. Comparison between minimum (theoretically calculated) and

measured EMI Shielding Effectiveness.

Nanolaminate

Ver c C Minimum shielding SE@0.5 THZ
[%] | [S/cm] thickness (um) [dB] [dB]
0.04 4.6 4.64 3.1 2.9
0.06 6.9 5.15 4.0 7.4
0.13 8.7 4.98 5.2 10.1
0.22 | 16.7 4.58 8.2 12.4
0.33 | 28.7 5.08 11.4 15.3
0.5 93.1 6.47 21.9 23.2
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