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Morphology of the fabricated samples: E-0, N-0, E-50, and N-50

Figure S1 shows plan-view SEM images of the fabricated samples as listed in Table 1 in the
Manuscript. The samples, which consist of only nylon 66 without Ag layers, i.e., E-0 and N-0, are
shown in Fig. S1(a) and (b). Also, SEM images of the Ag layers in E-50 and N-50 are presented in Fig.
3(d) in the Manuscript and Fig. S1(c), respectively. Although the Ag layer in E-50 was annealed and
flattened after hot-pressing, the porous and anisotropic structure of the nylon 66 mat was still
preserved as shown in Fig. 3(d). In addition, the non-porous structure of the nylon 66 film remained
intact after the Ag deposition and subsequent hot-pressing process as shown in Fig. S1(c). However,
there were some imperfections such as pores and non-uniform thickness.

Figure S1. SEM images of the nylon 66 and/or the deposited Ag layers in (a) E-0, (b) N-0, and (c) N-
50. The scale bars are 2 pm.
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Pore size distributions of ethanol-treated and hot-pressed mats with and without the Ag-
deposition
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Figure S2. Pore size distributions of the ethanol-treated and then hot-pressed mats without (gray) and
with (red) the Ag-deposition. The average pore diameter of the former and latter is 100.0 and 58.6 nm,
respectively. The portion of pores with smaller size increases during the metal deposition process.

DSC analysis

To characterize the effect of the hot-pressing temperature on the crystallization of nylon 66
electrospun mats, DSC measurements were conducted while ramping temperatures from 40 to 300
°C at a heating rate of 10 °C/min and using a nitrogen purge gas. Figure S3(a) shows the DSC
thermographs of the electrospun mats, which were hot-pressed under different temperatures. During
the heating runs, broad endotherm peaks were observed at low temperatures because of solvent
evaporation[1]. Table S1 shows the analysis results of the DSC measurements, which summarize the
two endothermic temperatures, melting enthalpy, and crystallinity of the electrospun mats. The
electrospun mats have two melting endotherms without cold crystallization, which indicates that
those melting endotherms originate from imperfect a-phase formed during the electrospinning
process [1]. In addition, one of the endotherm peaks disappeared after hot-pressing above 120 °C.
The crystallinity was calculated based on the ratio of melting enthalpy (AH,,) to that of theoretical
100% crystalline nylon 66 (AHY, = 200.8 ]/g) [2]. Figure S3(b) shows the degree of crystallinity of the
mats and film in relation to the hot-pressing temperature. The crystallinity of mats gradually
increased with the hot-pressing temperature because polymeric molecules are better recrystallized at
higher annealing temperature [3,4]. Therefore, the mats hot-pressed at higher temperature have
higher crystallinity values. Moreover, the film was hot-pressed only at 160 °C, and it shows
crystallinity similar to the crystallinity of a mat hot-pressed at 70-120 °C.

Table S1. Two melting endotherms, melting enthalpy, and crystallinity of the DSC measurements

Sample Twm1 (°C) Tm2(°C)  AH,, (J/g)  Crystallinity (%)
As-spun 260.56 269.74 80.22 38.9
Ethanol-treated 260.35 267.60 87.82 42.6
Ethanol-treated/hot-pressed at 40 °C 260.64 265.04 84.01 40.8
Ethanol-treated/hot-pressed at 70 °C 262.66 268.02 87.96 42.7
Ethanol-treated/hot-pressed at 120 °C 267.06 88.45 429

Ethanol-treated/hot-pressed at 160 °C 265.93 95.20 46.2
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Ethanol-treated/hot-pressed at 200 °C
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Figure S3. DSC measurement results of the electrospun nylon 66 mats and film. (a) DSC
thermographs of the electrospun mats produced from as-spun, ethanol-treated, and ethanol-treated
mats hot-pressed at 40, 70, 120, 160, and 200 °C. (b) Measured crystallinity using DSC for ethanol-
treated hot-pressed electrospun mat (black square) and ethanol-treated hot-pressed non-porous film
(red circle) as a function of the hot-pressing temperature. The crystallinity of non-porous film was
hot-pressed only at 160 °C. The measurements were performed with a heating rate of 10 °C/min and

a nitrogen purge gas.

Contribution of electrical conductivity to SEa
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To investigate the relationship between the electrical conductivity and the absorption of the
shield, electromagnetic interference shielding effectiveness (EMI SE) values, resulting from the
different electrical conductivity of the deposited Ag layer in N-50 and E-50, were numerically
calculated using COMSOL, as shown in Fig. 54. Because there exists a dependence of the absorption
loss of an EM wave of a material on its electrical conductivity [5], the electrical conductivity of Ag is
one of the factors which enhance the absorption during the multiple reflections. However, although
the difference in electrical conductivity was considerable, as shown in Fig. 3 (Manuscript), the
increase in absorption SE is insignificant. Therefore, the lower electrical conductivity of E-50 is also

large enough to cause multiple reflections.
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Figure S4. Numerically calculated SEa/SEr of a multi-layered structure with applied electrical
conductivity of Ag layers in N-50 (black continuous line) and E-50 (red continuous line) on the X- and

Ku-bands.
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Mesh configuration for numerical calculation

(b)

Figure S5. Mesh configurations for numerical calculation using COMSOL. (a) “Normal mesh” type
was applied as a waveguide, including a sample at the center of the waveguide. (b) Enlarged mesh
configuration in the central region of the waveguide.

Analytical calculation of EMI SE

The SE and the contribution of multiple inter-layer reflections of N-50 were analytically
calculated following the transfer-matrix method [6]. According to the transfer-matrix method, the
reflection coefficient and transmission coefficient of N-50 could be obtained using recursive
propagation matrices corresponding to each layer. The EM wave in a rectangular waveguide is a
plane wave and incident normally to the interface, and the electric field at position z can be described
as

E(z) = Efe" +Eje¥? = E*(2)+E(2), (S1)

where Ef and E; are the arbitrary constant vectors that satisfy Z-Ef =0 and y is the
propagation constant, defined as y = /jou(c + jwe) where p,0,¢, and w are the permeability,
conductivity, permittivity, and angular frequency of the incident EM wave, respectively. Figure S6(a)
shows a schematic cross-sectional view representing electric fields which propagate in the i layer of
the multi-layer structure. Therefore, the electric field of the ith interface can be written as E; = E;f +
E;, where E;" and E; are the electric fields of E; propagating forward (Z) and backward (-2),
respectively. Assuming homogenous and isotropic materials, the intrinsic impedance of the i layer

ismn; = \/ jowu;/(o; + jwe;). Then, the reflection coefficient (gi) and transmission coefficient (pi) at the
it interface are defined with the intrinsic impedance of it and (i-1)tlayers as follows:

E(z) = Efe" +Eje¥? = E*(2)+E(2), (S2)

E(z) = Eje Y+ Eje"”

E*(z2) + E~(2), (S3)

From the transfer-matrix theory, the relation between EF and Ej, can be described as

Ei+) (E-+ 1/ eviti q.eYiti E*

e (B 2 L e ey, s
(Ei ‘\Eiri/  pi\qe"fi eVt J\Ej, 4
where M;, y;, and t; are the transfer-matrix, the propagation constant, and the thickness of the i
layer. The structure of N-50 is composed of four Ag layers (i = 2, 4, 6, 8) and five nylon 66 layers (i =
1,3,5,7,9), placed between two semi-infinite media of air (i = 0, 10) as shown in Fig. S6(b). The total

transfer matrix of N-50 (My_s,) was calculated by multiplying the transfer-matrices for each layer,

9

9
£) =] [(En) =] Twp (5) = s (550)
_]= M| .0 )= M;— " 10| = My_ 10 S5
(El ] i E10 ] lp10 0 N-50 0 ( )
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9
1 a b

My _ =—| |M'= , S6

N-50 prol ] i (c d) (S6)

where E'f, is the electric field transmitted through N-50 toward the air. Using the definition of a
scattering matrix, the S-parameters of N-50 can be calculated using the components of My_s, as

Ef c
Sll = E = 5 (S7)
E'Sy 1
S,y =——=-— S8
21 E1+ a ( )

according to Eq. (1-3) in the Manuscript, the SE can be calculated from these results as follows:

c 2
SEx = —10log(1 — |5| ) (S9)
1% ci?
SE, = —1010g(|5| /a - I (S10)
SEr = SE, + SEg (S11)
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Figure S6. Schematic cross-sectional diagrams of i* layer in a multi-layer structure and N-50. (a) The
ih interface refers to the left interface of the i* layer, and the Ei* and Ei are forward (2) and backward
(—2) electric fields on the left side of the it interface. Moreover, gi and pi refer to the reflection
coefficient and transmission coefficient at the ith interface. (b) Cross-section schematics of N-50. The
intrinsic impedance, propagation constant, and thickness of the it layer are expressed as 7, y, and £,
respectively, when i is 0 to 10.

Using these processes, the SE of N-50 was calculated using the measured electrical conductivity
of Ag in N-50, other material properties of Ag and nylon 66 from the literature [7,8], and MATLAB
software. Additionally, the contribution of inter-layer multiple reflections to SEa was obtained by
subtracting the penetration loss when the EM wave passes through a material without reflection. The
penetration loss contributes to SEa by attenuating the EM waves when it passes through the material.
According to the shielding theory [9], the penetration loss is defined as

9 <t
SEA penetration (dB) = 2010g|ezi=1y‘t‘| (512)
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Influence of hot-press process on the porosity of E-50

As for the porosity calculations, the porosity (¢) was calculated from a true density (pre) and the
density including pores (p), i.e., ¢ = (Prrue — P)/Prrue, Where pis calculated from the ratio of its mass
to the volume. Figure S7 shows the porosity values of the as-spun, the firstly hot-pressed mat, and E-
50. The firstly hot-pressed mat and E-50 were made of three as-spun mats and five firstly hot-pressed
mats through the first and second hot-pressing processes, respectively. The obtained porosity values
of the as-spun mat, the firstly hot-pressed three mat, and E-50 were 74.3, 70.0, and 27.7%, respectively.
The porosity decreased drastically by a factor of 2.5 after the second hot-pressing process. The
thickness values of the feeler gauges, which were used for the first and second hot-pressing processes,
were 30 and 100 um, respectively. Although the thicker feeler gauge was used for the second hot-
pressing process, the effect of hot-pressing was more significant because five firstly hot-pressed mats
were hot-pressed together.
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Figure S7. Porosity of as-spun, firstly hot-pressed electrospun mat, and E-50. Notably, the thickness
of E-50 was enough to be measured, which made the error bar of E-50 unnoticeable.
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