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Introduction

Advanced functional polymer materials are gaining increasing

Surface-percolated GNP coatings on 3D-printed
PLA lattices for tunable EMI shielding and
flame-retardant multifunctionality

Najmeh Taala,® Mohammad Aberoumand,? Erick Gabriel Ribeiro dos Anjos®® and
Uttandaraman Sundararaj (=) *?

The growing demand for lightweight systems capable of integrating multiple functionalities has acceler-
ated interest in multifunctional material systems (MFMS). This work presents a scalable approach for fabri-
cating such systems by combining 3D-printed porous PLA lattices using the Fused Deposition Modeling
(FDM) method at 30% infill, followed by dip-coating of graphene nanoplatelets (GNPs). Up to nine coating
cycles were applied to diamond-lattice structures, enabling tunable electromagnetic interference (EMI)
shielding, improved flame retardancy, and surface-controlled electrical conductivity. FESEM analysis
revealed compact and laminar (platelet-stacked) GNP assemblies, with early cycles producing uniform
coverage and later cycles showing increased surface densification. EMI shielding effectiveness (SE+)
across the X-band (8.2-12.4 GHz) increased with coating cycles, reaching ~25 dB after nine cycles.
Shielding was absorption-dominated, and a resonance peak near 10-10.5 GHz demonstrated the poten-
tial to create frequency-tunable absorption performance using pore geometry. Electrical conductivity
increased almost linearly with coating cycles, reaching 102 S m™t at nine cycles. Notably, surface-perco-
lating conductive networks emerged after the first cycle—distinct from classical bulk percolation—high-
lighting the efficiency of surface-enabled charge transport on 3D architectures. Flame-retardant perform-
ance also improved significantly: thermogravimetric analysis (TGA) showed a 24.4 °C rise in Tg-max and a
340% increase in char yield, while the Limiting Oxygen Index (LOI) increased from 19.1% (neat PLA) to
27.5% after nine cycles. Surface engineering steps—including NaOH etching and PEI functionalization—
enhanced wettability and facilitated uniform GNP deposition, improving strong adhesion, especially at
lower coating cycles.

reduction, sustainability, and cost efficiency. These advantages
are particularly crucial in demanding sectors such as
defense,>* aerospace,” automotive,” wearable electronics,”®

attention due to their potential to integrate multiple function-
alities into a single, lightweight platform. Multifunctional
Material Systems (MFMS) represent a class of engineered
materials in which two or more functions—such as electrical
conductivity, thermal stability, and mechanical strength—are
incorporated within one material system. This eliminates the
need to assemble separate monofunctional components, sim-
plifying device architecture and reducing failure points.»* The
emergence of MFMS has opened new pathways for improving
design flexibility, minimizing assembly complexity, and
enhancing system-level reliability—all while enabling weight
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telecommunications,” the Internet of Things (IoT),'® soft
robotics,'"** and biomedical devices.™

The rapid advancement of telecommunications and digital
technologies has led to the widespread presence of electromag-
netic (EM) waves—oscillating electric and magnetic fields that
are now an integral part of modern environments. These ubi-
quitous electromagnetic waves can cause electromagnetic
interference (EMI) with other electronic devices, adversely
affect the performance and reliability of nearby devices."*™*®
Although EMI shields are designed to mitigate interference,
reflection-driven secondary scattering can reduce shielding
efficiency and contribute to secondary electromagnetic
pollution.””*® In parallel, potential biological and health risks
associated with EM field exposure, from DNA chain breakage
to brain tumors, have been studied in the medical/health-
science literature, and reported associations continue to be
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discussed depending on exposure conditions and specific bio-
logical endpoints.'*! As a result, electromagnetic interference
(EMI) shielding has become a critical design requirement, par-
ticularly for precision electronics and densely packed circuitry.
Metals have traditionally been used for EMI shielding due to
their high electrical conductivity, which reflects incident EM
waves. However, their inherent drawbacks—such as high
density, corrosion susceptibility, processing challenges, and
reflection-driven secondary EM pollution—limit their utility in
next-generation, lightweight devices."

To overcome the limitations of metallic EMI shielding,
polymer-based alternatives have been extensively developed
over the past two decades. These materials offer distinct
advantages, including low density, chemical resistance, ease of
processing, and the ability to integrate additional functional
properties.>* In polymer composites and hybrid systems, EMI
shielding generally occurs through three main mechanisms:
reflection, absorption, and multiple internal reflections.***
Reflection results from the impedance mismatch between the
shield and the surrounding environment, where free electrons
in the material generate an opposing field to cancel out the
external EM wave.>*>® Absorption, meanwhile, occurs through
mechanisms such as Joule heating due to electrical resistance,
dipolar polarization, and interfacial polarization at the bound-
ary between two materials with different electrical
conductivities.>**® Ideally, materials with minimal surface
reflection and moderate impedance mismatch are preferred,
as they enhance absorption while reducing secondary EM pol-
lution.*® Multiple internal reflections may contribute to
attenuation when the shield’s thickness approaches or is
below the skin depth, contributing to additional wave attenu-
ation—particularly in porous systems. In this context, architec-
tural factors such as pore geometry, structural periodicity, and
lattice resonance can create additional shielding effects not
observed in bulk materials.>® For instance, cavity resonance
occurs when EM waves are trapped within a structured cavity,
forming standing waves at specific frequencies influenced by
the cavity’s geometry and size.?>*! Researchers have explored
these effects using 3D printing to design metamaterials with
tailored pore sizes and lattice structures to optimize EMI
shielding and absorption. One study by Lv et al** demon-
strated that hexagonal honeycomb lattices combined with
small pore sizes significantly improved EMI shielding perform-
ance in TPU/CNT composites, with optimal results observed
when pore sizes were smaller than approximately one-fifth to
one-eighth of the incident wavelength.

Despite their multifunctional potential, polymers are inher-
ently flammable, posing serious safety risks in many appli-
cations. Therefore, integrating flame-retardant features into
polymer-based MFMS is essential, particularly for environ-
ments that require both fire resistance and EMI shielding.**—’
Aerospace, electronics, and electric vehicles are among the
sectors urgently demanding such dual-functionality
materials.*®*° However, traditional flame retardants such as
halogenated or borate-based compounds have raised environ-
mental and health concerns.**** In response, carbon-based
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additives, especially graphene nanoplatelets (GNPs), have
emerged as promising, eco-friendly alternatives offering both
flame resistance and additional functional benefits.*’

Graphene nanoplatelets (GNPs) have been shown to
enhance flame retardancy in polymers by improving structural
stability, increasing char yield, and forming compact, layered
barrier structures. Their platelet-like morphology introduces a
tortuous pathway for mass transfer, reducing oxygen diffusion
and heat penetration.**™*> Hofmann et al.*® reported a 74%
reduction in the peak heat release rate (PHRR) in polypropyl-
ene composites with only 5 wt% of functionalized graphene.
Huang et al.*” achieved a 46% decrease in PHRR using 8 wt%
graphene oxide in EVA. Ali et al.*® demonstrated that combin-
ing GNPs with intumescent flame retardants in polypropylene
formed a dense char layer, significantly improving flame resis-
tance. Similarly, Idumah et al.*® observed a LOI increase from
15% to 24% in PP composites with only 0.1 phr exfoliated
GNBP; this value reached 31% with 5 phr.

Beyond blending GNPs into polymers, surface coating has
emerged as another effective strategy to enhance flame retar-
dancy with minimal material usage. Matta et al.>® investigated
the deposition of graphene nanoplatelet (GNP) inks onto PET
foam via surface coating techniques. Their findings revealed
that coating the foam with a poly (styrene sulfonate)/GNP (PSS/
GNP) dispersion, with a GNP loading of 5.3 wt%, significantly
delayed flame penetration (1000 °C) from 10 seconds to 210
seconds. Additionally, a lower GNP intake of 3.5 wt% resulted
in a 68% reduction in the heat release rate (HRR) compared to
uncoated PET foam. Kim et al.>" developed graphene phospho-
nic acid (GPA) as a flame-retardant coating for traditional
Hangi paper. Remarkably, a GPA loading of 13.6 wt% pre-
vented ignition entirely, allowing only the emission of white
smoke. Song et al.>® utilized a Meyer-rod coating process to
deposit a hybrid film composed of GNP, carbon nanotubes
(CNTs), and lignin onto cellulose paper. This approach formed
a dense and compact protective layer that effectively inhibited
oxygen and decomposition byproduct penetration. As a result,
flammability was significantly reduced, and the coated
samples exhibited excellent self-extinguishing behavior. Chen
et al.>® developed a layer-by-layer coating strategy using gra-
phene oxide functionalized with a phosphorus-nitrogen
flame-retardant compound, alternated with polyethyleneimine
(PEI) layers. This multilayer coating created a protective barrier
on the polyvinyl alcohol (PVA) matrix, substantially reducing
heat transfer. Compared to neat PVA, the coated system
showed a 30 °C increase in initial decomposition temperature
(from 230 °C to 260 °C) and a 60% reduction in total heat
release with 30 bilayer cycles.

In the present study, a facile and scalable dip-coating
process was employed to deposit GNP ink onto surface-modi-
fied, porous PLA structures fabricated via 3D printing. The
resulting samples, engineered in a diamond-like lattice con-
figuration, exhibited a combined enhancement of multifunc-
tional properties, including electromagnetic interference (EMI)
shielding, electrical conductivity, and flame retardancy. The
lattice-based architecture enabled by additive manufacturing

This journal is © The Royal Society of Chemistry 2026
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produces lightweight structures with high surface area, pro-
moting absorption-dominant EMI shielding behavior through
increased wave interaction and internal scattering within the
porous framework.

Unlike conventional approaches that focus on bulk compo-
sites or flat-coated substrates, this work establishes a novel
integration of 3D-printed porous architectures with nano-
material dip-coating, revealing correlations between structural
geometry, coating morphology, and adhesion behavior. The
combination of engineered porosity and surface chemistry
influenced the GNP coating uniformity, adhesion strength, and
microstructure formation—revealing how architectural design
directly governs surface wetting, layer compaction, and overall
multifunctional performance. This structural-materials inter-
action, particularly the emergence of surface percolation-based
conductivity and geometry-dependent EMI shielding tunability,
provides insight into designing lightweight, multifunctional
systems through surface-enabled phenomena.

Altogether, this study demonstrates a scalable approach that
integrates lattice architecture with surface-enabled conductive
coatings to achieve absorption-dominant EMI shielding and
improved fire performance at low effective GNP loading.

Materials and methods
Materials

Graphene nanoplatelets (GNPs) were obtained in powder form
from MGgrafeno® Project (Belo Horizonte, Brazil) with a
reported purity of 94%. According to the manufacturer’s speci-
fications, the GNPs consist of 6-10 graphene layers, with
lateral dimensions of 1-2 pm and an average thickness of
approximately 2 nm. All solvents and reagents used were of
analytical grade. 2-Propanol (99.5% purity), sodium hydroxide
pellets (97% purity), and chloroform (99.8% purity, stabilized
with ethanol) were purchased from Sigma-Aldrich (St Louis,
MO, USA). Branched polyethyleneimine (PEI) was also
obtained from Sigma-Aldrich in viscous liquid form, with a
weight-average molecular weight (M,) of approximately
25000 ¢ mol™' and a number-average molecular weight (M)
of ~10000 g mol™" (determined via gel permeation chromato-
graphy, GPC). Its density was reported as 1.03 g mL™.
Polyvinylpyrrolidone (PVP), supplied by Sigma-Aldrich in
powder form, had a molecular weight (M,,) of approximately
1300000 g mol™'. Commercial polylactic acid (PLA) filament
for 3D printing was acquired from Shenzhen Creality 3D
Technology Co., Ltd (Shenzhen, China), under the trade name
“Hyper Series PLA”. The filament was white in color, with a
diameter of 1.75 mm and a density of 1.23 g cm™>. In addition,
PLA pellets were purchased from NatureWorks (Minneapolis,

MN, USA), with the same density of 1.23 g cm ™.

Preparation method

3D-printing process. All samples were fabricated using a
Sermoon D3 Pro dual-nozzle fused deposition modeling (FDM)
3D printer (Shenzhen Creality 3D Technology Co., Ltd,
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Shenzhen, China), equipped with a 0.4 mm nozzle. The printing
parameters were set to a nozzle temperature of 210 °C, a bed
temperature of 60 °C, and a printing speed of 100 mm s™'. A
30% infill density was employed using a line infill pattern
oriented at +45°, and each printed structure included three solid
bottom layers.

The diamond lattice architecture was selected as a model
geometry due to its geometrical simplicity—uniaxial cross-
section, unidirectional 3D printing direction, and simple geo-
metrical characteristics—which allow for repeatable and
uniform dip-coating and ink penetration inside the lattice,
and indeed its mature and well-practiced 3D printing unit-cell
structure. In this study, the printer feedstock filament dia-
meter was 1.75 mm, and the nozzle diameter (the raster fila-
ment’s diameter) was fixed at 0.4 mm to ensure the lattice
resolution. The characteristic pore size (mesh size) was
0.9 mm, corresponding to 30% infill density, to ensure EM
waves-structure interaction according to the pore’s length scale
to the X-band’s wavelength (2.5-3.75 cm®*) proportionality.

For electromagnetic interference (EMI) shielding and contact
angle measurements, samples were printed with dimensions of
22 x 11 x 3 mm®. These prints contained three solid bottom
layers but no top layers, allowing for direct surface exposure.

Samples used for Limiting Oxygen Index (LOI) testing were
fabricated with dimensions of 60 x 10 x 3 mm?, following the
same printing parameters as the EMI/contact angle specimens.
For the tape-peeling adhesion tests, larger square samples (50
x 50 x 3 mm®) were printed, incorporating both three solid
bottom layers and three solid top layers to better simulate
coated functional surfaces.

The 3D sliced models corresponding to each test category—
EMI shielding, LOI, and tape-peeling—are illustrated in Fig. 1,
panels (a), (b), and (c), respectively.

10 mm

b)

<)

10 mm

Fig. 1 Sliced 3D-printing visualizations of the sample geometries used
for (a) electromagnetic interference (EMI) shielding, (b) limiting oxygen
index (LOI) testing, and (c) tape-peeling adhesion tests.
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Surface Etching of 3D-Printed PLA Samples. All 3D-printed
PLA samples underwent a two-step cleaning procedure to
remove residual glue and surface contaminants. First, the
samples were immersed in 2-propanol and sonicated for
15 minutes, followed by a second 15-minute sonication in de-
ionized (DI) water. After each step, the samples were gently
dried with sterile laboratory tissue.

For surface etching, sodium hydroxide (NaOH) pellets were
dissolved in DI water to prepare a 1 M NaOH solution, which
was stirred at 400 rpm for 1 hour to ensure complete dis-
solution. The pre-cleaned PLA samples were then submerged
in the 1 M NaOH bath for 1 hour and 45 minutes, a duration
chosen to achieve effective surface modification without com-
promising structural integrity. This etching treatment
increased surface roughness—enhancing mechanical inter-
locking capacity while preserving the dimensional stability of
the 3D-printed lattice. The selected etching time was con-
sidered near-optimal, producing a roughened surface without
excessive polymer degradation.*

The etching mechanism is dominated by hydrolytic degra-
dation, in which NaOH attacks and cleaves ester bonds within
the PLA backbone, generating both chemical and topographi-
cal modifications at the surface.’®”” After etching, samples
were thoroughly rinsed with DI water to remove any residual
NaOH and reaction byproducts, ensuring a neutral, clean
surface before proceeding to functionalization.

Post-etching surface functionalization of PLA samples.
Surface functionalization was performed by immersing the
etched PLA samples in a 2 wt% polyethyleneimine (PEI) solu-
tion. PEI was first dissolved in DI water and stirred at 400 rpm
for 2 hours to achieve complete mixing. The etched PLA
samples were then submerged in the PEI solution for
60 minutes, enabling the introduction of amine (-NH,) func-
tional groups onto the PLA surface.

This functionalization step served two key purposes:

(1) to counteract the increased hydrophobicity induced by
NaOH-etching-induced roughness, and

(2) to introduce chemically active sites capable of anchoring
graphene nanoplatelets (GNPs).

PEI, being a polycationic polymer rich in amine groups,
interacts strongly with the hydroxyl (-OH) and carboxyl
(-COOH) functionalities formed during NaOH etching, contri-
buting to improved interfacial adhesion.>® Moreover, PEI acts
as an effective molecular bridge between the PLA surface and
GNP coatings, enhancing bonding through electrostatic attrac-
tion and hydrogen bonding with GNPs dispersed in the dip-
coating ink.>***

Following functionalization, the samples were rinsed with DI
water to remove any loosely adsorbed PEI molecules. A mild
thermal curing step at 50 °C for 15-20 minutes in a convection
oven was then applied to remove residual moisture and promote
molecular rearrangement within the PEI layer. This curing
process further strengthened hydrogen bonding and electrostatic
interactions, resulting in a more robust PEI-PLA interface.”

Dip-coating ink preparation. Polyvinylpyrrolidone (PVP) was
first dissolved in 2-propanol (2.5 wt%) under magnetic stirring
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at 400 rpm for 1 h. PVP served as a stabilizing agent to facili-
tate uniform dispersion of graphene nanoplatelets (GNPs) in
the solvent. Commercially supplied GNPs were then added at a
concentration of 5 wt%, and the mixture was stirred for 24 h at
400 rpm to promote homogeneous dispersion.

To further reduce agglomeration, the suspension was sub-
jected to bath sonication for two 15 min cycles with a 15 min
interval to prevent excessive heating. During dip coating, the
dispersion was maintained under continuous stirring (400
rpm) and sealed to minimize solvent evaporation and preserve
ink stability.

Dip-coating procedure. For the dip-coating process, surface-
functionalized 3D-printed PLA samples were held vertically by
their shorter edge using tweezers and quickly immersed in the
GNP ink for one minute. Each sample was then withdrawn per-
pendicularly to minimize flow irregularities.

After each coating cycle, the samples were placed in a con-
vection oven at 50 °C for 20 minutes to allow complete solvent
evaporation before the next cycle was initiated. The number of
coating cycles ranged from 1 to 9, and samples coated at cycles
0 (uncoated), 3, 6, and 9 were selected as representative groups
for characterization. These were labelled as “cycle 0”7, “cycle 3”,
“cycle 6”, and “cycle 9”, respectively, as shown in Fig. 2. All
samples featured a one-sided structure and were fully coated
throughout the accessible lattice structure. The term “one-
sided structure” refers to the geometric asymmetry of the
printed lattice, in which one face is capped by a solid wall,
while the opposite face remains open to the porous diamond
lattice. This architectural characteristic was maintained after

20 mm

Fig. 2 Front and side views of 3D-printed PLA samples after (a and b) O
(cycle 0), (c and d) 3 (cycle 3), (e and f) 6 (cycle 6), and (g and h) 9 (cycle
9) dip-coating cycles.

This journal is © The Royal Society of Chemistry 2026
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coating and is intrinsic to the printing design rather than the
coating process.

Characterization methods

Thermogravimetric analysis (TGA). Thermal stability of the
GNP-coated 3D-printed PLA samples (cycles 0, 3, 6, and 9) was
evaluated using a thermogravimetric analyzer (Q500, TA
Instruments, New Castle, USA). Approximately 3-10 mg (typi-
cally ~5 mg) of each sample was heated from 25 °C to 500 °C
at a constant rate of 10 °C min~" under a nitrogen atmosphere
with a flow rate of 20 mL min".

Contact angle measurement. Surface wettability of
untreated, etched, and GNP-coated PLA samples was assessed
using a drop shape analyzer (DSA25, KRUSS Scientific
Instruments, North Carolina, USA). A droplet of GNP ink was
dispensed via a 20G needle onto the non-porous side (capped-
side) of each sample, and the contact angle was recorded over
4 seconds at 30 fps, using the Young-Laplace fitting method
for accuracy. Contact angle measurements were performed on
at least n > 5 independent locations per sample, and the
reported values represent the mean + standard deviation.

Morphological and elemental analysis. Surface and cross-
sectional morphology of GNP-coated samples were examined
using a Field Emission Scanning Electron Microscope
(FE-SEM; Quanta FEG 250, FEI Company, Hillsboro, USA),
operated in both secondary and backscattered electron modes.
All specimens were sputter-coated with a thin platinum layer
to minimize charging effects.

Surface morphology was imaged directly on intact coated
samples, while cross-sectional analysis was performed on cryo-
fractured samples prepared using a Leica Ultracut UTC ultra-
microtome (Wetzlar, Germany) at —80 °C. Coating thickness
and delaminated regions (before and after tape peeling) were
analyzed using Image] software. Additionally, ash residues
from combusted samples were embedded in epoxy (Sigma-
Aldrich, St Louis, USA) and mounted on SEM stubs for post-
combustion imaging.

Elemental composition was assessed via Energy-Dispersive
X-ray Spectroscopy (EDS), using a Quantax system (Bruker
Nano GmbH, Berlin, Germany) equipped with an XFlash 5030
SDD detector and Bruker SVE III pulse processor.

Tape peeling test. Adhesion strength of the GNP coatings on
3D-printed PLA samples was evaluated using a modified tape
peeling method that combined both qualitative and quantitat-
ive analysis. The baseline method followed ASTM D3359,%
Method B (cross-hatch test), typically used as a qualitative
benchmark for coatings below 150 pm thickness.

A carpet-cutting blade was used to generate two sets of five
parallel cuts, each 20 mm long, 2 mm apart, arranged perpen-
dicularly to form a cross-hatch grid (see Fig. 3c).

To improve reproducibility and gain quantitative insight,
this test was integrated with a universal tensile testing
machine (Instron 5965, Norwood, USA), converting the pro-
cedure into a force-measured delamination test.

This approach allowed the measurement of the maximum
force required to initiate and propagate coating delamination,

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Images of (a) and (b) set-up for 180° tape peeling testing, and (c)
ASTM D3359 method B cross-hatch cut grid.

thereby providing a quantitative metric for coating durability.
Two cross-hatch grids were prepared per sample—one for surface
imaging and one for cross-sectional analysis post-delamination.

Testing was conducted at 23 °C. A 3M™ DT8 duct tape
(Saint Paul, USA) strip was applied to the coated surface and
preloaded with 400 N. The tape was then folded back 180°,
attached to the upper grip, and peeled off in tensile mode at
3000 mm min~", while the sample was clamped from below
(15 mm gauge length), as shown in Fig. 3a and b. Each test
was repeated three times per sample to ensure reproducibility.

Electrical conductivity measurement. Surface electrical con-
ductivity of the GNP-coated 3D-printed PLA samples was
measured using a Loresta GP resistivity meter (MCP-T610,
Mitsubishi Chemical Co., Japan) equipped with a four-point
probe head (MCP-TP08P, Mitsubishi Chemical Co., Japan).
This setup enabled accurate surface resistance measurements
while minimizing contact resistance effects.

Electromagnetic interference (EMI) shielding effectiveness.
EMI shielding effectiveness (SE) of the coated porous 3D-
printed samples was evaluated using an Agilent E5071C vector
network analyzer (ENA Series, 300 kHz-20 GHz), in conjunc-
tion with a WR-90 rectangular waveguide operating in the
X-band frequency range (8.2-12.4 GHz). Shielding effectiveness
was calculated based on the scattering parameters
(S-parameters), using the logarithmic ratio of transmitted to
incident power, expressed in decibels (dB).**

EMI shielding calculations. The electromagnetic shielding
properties were evaluated using a vector network analyzer
(VNA) in the X-band frequency range.®® The scattering para-
meters (S-parameters) were recorded in the form of a 2 x
2 matrix (eqn (1)):

s— |:S11

S12
1
So1 Szz] @)
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where Sy, and S,, represent reflection coefficients, and S,; and
Sy, represent transmission coefficients. The reflectance (R)
(egn (2)) and transmittance (T) (eqn (3)) were calculated from
the squared magnitudes of the measured parameters:

R=Sul’ (2)
T =[S 3)

The absorbance (4) was determined using eqn (4):
A=1—(R+T) (4)

The reflection (SER) (eqn (5)) and absorption (SE,) shielding
(eqn (6)) components were calculated as:

SEr(dB) = —10 log(1 — R) (5)

SEA(dB) = —10 log (%) 6)

The total shielding effectiveness (SEr) was obtained from
eqn (7):

Limiting oxygen index (LOI) testing. Flame retardancy was
assessed via Limiting Oxygen Index (LOI) testing, following the
ASTM D2863 standard. Tests were conducted using a commer-
cial LOI apparatus (AT-P6012A, Amade Technology Co., Ltd,
Hong Kong, China). This method determines the minimum
oxygen concentration required in an oxygen-nitrogen mixture
to sustain sample combustion for at least 3 minutes under
ambient conditions. LOI measurements were conducted on n
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> 3 specimens per condition, and results are reported as mean
+ standard deviation.

Results and discussion

Thermal properties

The thermal behavior of the GNP-coated 3D-printed PLA
samples (cycles 0, 3, 6, and 9) was analyzed using thermo-
gravimetric analysis (TGA) and derivative thermogravimetric
(DTGA) curves, as shown in Fig. 4. The corresponding thermal
parameters are summarized in Table 1.

Table 1 Thermogravimetric data of 3D-printed PLA samples with
increasing GNP coating cycles

Property
Sample Char content ~ GNP content
name ODT (°C) Td-max (°C) (%) (%)
Cycle 0 311.7 £ 0.5 353.6 £ 0.6 1.6 £0.2 —
Cycle 3 312.1+04 359.4 +0.5 4.2+0.3 2.6 £0.1
Cycle 6 325.1+0.6 368.2 £ 0.5 5.4+0.2 3.8+0.1
Cycle 9 339.2+0.8 378.1+£0.5 7.1+0.3 5.5+0.2

Cycle number indicates the number of dip-coating repetitions with
GNP. Note: the effective GNP content for each coating cycle was
estimated from the increase in residual char yield relative to the
uncoated PLA scaffold (Cycle 0), assuming that the additional
thermally stable residue originates primarily from the carbonaceous
GNP coating. Values are reported as mean + standard deviation from
replicate TGA measurements.

100 - 17
—Cycle 0
—Cycle 3
0 -
2 —Cycle6 |
301 Cycle 9
701 = 0
e
Q\\O/
g 60 [ 14 .g
= i ®
B 50 £
2 ol 3
: )
(0}
301 4s P
20
1
10+ |
_—-—-'-.'.if-: - 0
0 50 100 150 200 250 300 350 400 450 500

Temperature (°C)

Fig. 4 Thermogravimetric (TGA, solid lines) and derivative thermogravimetric (DTG, dashed lines) curves of PLA scaffolds coated with O, 3, 6, and 9

GNP dip-coating cycles.
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The uncoated (neat) PLA sample, referred to as “cycle 0”,
exhibited a sharp mass loss over a narrow temperature range,
with an Onset Degradation Temperature (ODT) of 311.7 °C and
a Maximum Degradation Temperature (Tyq.max) Of 353.6 °C.
These values are typical of pristine PLA and indicate its
limited thermal stability.®®

Progressive dip-coating with GNP led to two major
improvements:

(1) a consistent increase in both ODT and Tg_mayx, and

(2) a noticeable broadening of the DTGA peaks.

The T4q.max increased by 5.7 °C (cycle 3), 14.5 °C (cycle 6),
and 24.4 °C (cycle 9) compared to neat PLA, demonstrating the
thermal shielding effect of the GNP coating.®”*®

The broadening of the DTGA peaks suggests a reduction in
the mass loss rate (MLR), indicating that the thermal degra-
dation of the polymer became more gradual with increasing
GNP coverage. This is attributed to the barrier properties of
GNP, which hinder heat and gas transfer, delaying the onset
and peak of thermal decomposition.

Char residue, a key indicator of flame retardancy, also
increased significantly with coating thickness. While neat PLA
yielded only 1.6% residual char, samples with 3, 6, and 9 GNP
coating produced 4.3%, 5.4%, and 7.1% char,
respectively.

These enhancements: higher Tg.max, reduced MLR, and
increased char yield—collectively indicate that the GNP layer
acts as a thermally protective barrier, effectively improving the
fire resistance of the PLA scaffold. This effect likely arises from
the GNP film’s ability to delay volatile release and promote the
formation of a dense char layer, thus elevating the overall
thermal degradation threshold.®®7°

Furthermore, the difference in char yield between the neat
and coated samples offers a practical estimation of GNP
uptake during the dip-coating process.

The effective GNP content was estimated from the TGA
residual mass fraction (char yield) by comparing coated
samples with the uncoated PLA scaffold (Cycle 0). Assuming
that the increase in final residue primarily originates from the
thermally stable carbonaceous fraction introduced by the GNP
coating, the GNP loading for a sample coated with 7 cycles was
calculated as:

cycles

WGNPJL (0/0) - Ychar,n (0/0) — Ychar0 (0/0)7

where Y pqr , is the residual mass fraction of the n-cycle coated
sample and Ycparo is the residual mass fraction of the
uncoated PLA scaffold. For example, Ycharo = 1.6 = 0.2% and
Ychar,s = 4.2 * 0.3%, yielding Wgnp s = 2.6%. Based on this cal-
culation, the GNP loading for cycles 3, 6, and 9 was estimated
to be approximately 2.6 wt%, 3.8 wt%, and 5.5 wt%,
respectively.

This calculation provides an estimate of GNP loading
derived from residue differences and may include minor con-
tributions from coating additives (e.g., PVP) or potential vari-
ations in PLA charring behavior.
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Surface wettability, contact angle behavior, and interfacial
capillarity

Fig. 5 summarizes the static and dynamic contact angle behav-
ior of untreated PLA, NaOH-etched PLA, and PEI-modified
PLA, demonstrating how sequential surface modifications
shape the wetting and interfacial properties critical for suc-
cessful dip coating.

The untreated PLA sample shows a moderate initial contact
angle of 39.8°, while NaOH-etched PLA exhibits a slightly
higher angle of 44.7°, despite increased surface roughness.
While the Wenzel model predicts that roughness should
enhance wettability by amplifying the inherent surface energy,
the observed increase in contact angle instead aligns with the
Cassie-Baxter regime, where micro-roughness entraps air
beneath the droplet, decreasing effective liquid-solid
contact.”'””® This behavior illustrates that roughness alone
does not guarantee improved wettability, particularly when
hierarchical pores and etched microcavities are present on 3D-
printed PLA surfaces.

Upon subsequent modification with polyethyleneimine
(PEI), the initial contact angle remains nearly unchanged
(44.6°); however, a sharp drop to 12.2° within 4 seconds is
observed, signaling a dramatic improvement in dynamic wett-
ability. This rapid wetting behavior is indicative of enhanced
surface polarity, driven by the introduction of hydrophilic
amine (-NH,) functional groups from PEL®> These groups
increase the polar component of the surface free energy, pro-
moting stronger interactions with both water and polar ink
dispersions such as the GNP-based coating used in this study.
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Fig. 5 Contact angle measurements at 0.1 s and 4 s for (a and b)
untreated PLA, (c and d) NaOH-etched PLA, and (e and f) PEI-modified
PLA.
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Although the initial static contact angle does not immediately
reflect this chemical shift, the dynamic response highlights an
activated and highly wettable surface, suitable for reliable ink
anchoring and rapid spreading during dip coating.”*7°

The combined effect of NaOH etching and PEI modification
creates a well-defined interfacial environment that promotes
robust GNP coating adhesion. NaOH etching increases nano-
scale roughness and available surface area, providing mechani-
cal interlocking sites that help anchor deposited nanocarbon
layers. PEI, on the other hand, introduces a dense layer of
polar and hydrogen-bonding functional groups, which
improves chemical compatibility, suppresses dewetting, and
enhances electrostatic interactions with GNP platelets.>”>
This dual modification strategy mitigates the hydrophobic be-
havior associated with surface roughening and results in a
more wettable surface, which is consistent with enhanced
interfacial interactions and improved coating affinity.”®

These wetting transitions directly influence the dip-coating
process. Under the selected withdrawal conditions, the coating
behavior corresponds to the Landau-Levich-Derjaguin (LLD)
regime, where film formation is governed by a balance
between viscous drag and surface tension forces.”””’
Maintaining a low capillary number ensures that the deposited
ink forms thin, continuous, and uniform sub-micron films
ideal for establishing surface-percolated conductive networks
after drying. Additionally, the architected lattice of the 3D-
printed PLA—composed of struts, pores, and interconnected
junctions—acts analogously to a microfiber scaffold, providing
geometric anchoring sites that minimize runoff, promote
capillary pinning, and stabilize the coating across complex
topographies.®”®*  Together, the enhanced wettability,
increased surface polarity, and favourable capillary dynamics
enable controlled GNP deposition, ultimately yielding
uniform, adherent coatings essential for high-performance
multifunctional structures.

To quantitatively assess surface wettability, the average
water contact angle measured at 4 s for each surface treatment
is presented with corresponding standard deviations in Fig. 6.
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Fig. 6 Average water contact angle of untreated PLA, NaOH-etched
PLA, and NaOH + PEI modified PLA measured at 4 s after droplet depo-
sition. Values represent mean + standard deviation (n = 5).

Nanoscale

View Article Online

Nanoscale

Surface morphology

To further elucidate the effect of surface pretreatment, FESEM
micrographs of the untreated PLA scaffold, NaOH-etched PLA,
and NaOH + PEI-modified PLA were examined (Fig. 7). The
untreated PLA exhibits a relatively smooth surface, whereas
NaOH treatment induces homogeneous surface roughening
and micron-scale texturing. Such morphological changes are
expected to enhance mechanical interlocking with the sub-
sequent GNP coating.

Following PEI modification, the etched morphology
remains visible, while the surface appears more uniformly
covered and smoothened. This observation is consistent with
the presence of an interfacial modifying layer that may contrib-
ute to improved coating adhesion. In the cross-sectional
FESEM images, a thin interfacial region consistent with the
PEI-treated surface can be distinguished (Fig. 8).

Coating morphology

Fig. 9 presents the surface morphology of GNP-coated 3D-
printed porous PLA structures across different dip-coating
cycles. The first, second, and third rows correspond to samples
coated for 3, 6, and 9 cycles, respectively. In Fig. 9a, e and i,
the diamond-like porous lattice geometry remains visible
across all conditions, indicating that the macro-architecture of
the 3D-print is preserved throughout the coating process.
However, as the number of coating cycles increases, the pore
openings become progressively narrower. By the 9th cycle,
partial pore blockage is observed, reflecting a substantial
increase in overall coating thickness and deposition density.

High-magnification images (Fig. 9¢, g and k) focus on indi-
vidual printed struts and reveal the microstructural arrange-
ment of the deposited GNPs. The FESEM images suggest a
laminar or platelet-stacked morphology characteristic of gra-
phene nanoplatelet assemblies. As PVP was employed as a dis-
persing agent during ink preparation, a thin residual polymer
phase may remain at platelet interfaces following solvent evap-
oration; however, this interphase was not directly resolved in
the present study. Importantly, this surface-connected archi-
tecture differs from the conductive pathways seen in tra-
ditional nanocomposites governed by classical bulk percola-
tion theory. In polymer composites, nanoparticle dispersion
and network formation are constrained by the semi-solid
polymer matrix. In contrast, dip-coated thin films lack this
constraint, allowing for enhanced lateral connectivity and even
partial nanoparticle agglomeration, particularly in the upper-
most coating layers.®>"8*

After up to six coating cycles, the morphology becomes
more compact and homogeneous. The inter-platelet air gaps
shrink considerably, and the graphene layers form a denser
stack along the PLA surface. However, after nine coating
cycles, the topmost layers appear increasingly flaky and less
consolidated, with more irregular platelet spacing. This mor-
phological shift may indicate the onset of a saturation-like be-
havior in the coating process. In early cycles, smaller GNPs
effectively fill voids and consolidate the underlying structure.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 FESEM micrographs (secondary electron mode) of untreated PLA (a—c); (d—f) NaOH-etched PLA; (g—i) NaOH + PEl-modified PLA.

Fig. 8 Cross-sectional FESEM micrograph (secondary electron mode)
of the NaOH-etched and PEI-modified PLA scaffold. The dashed line
indicates the approximate boundary between the near-surface treated
region and the PLA bulk.

Beyond a certain point—evident in the 9-cycle sample—further
deposition adds loosely stacked material, increasing surface
roughness and  potentially limiting further film
densification.”®

This journal is © The Royal Society of Chemistry 2026

Although these higher-cycle samples appear rougher and
exhibit localized agglomeration, this does not necessarily
imply greater variation in coating thickness. Instead, it reflects
a shift in the mode of film growth—from consolidation-domi-
nated to surface accumulation. This transition emphasizes the
importance of balancing coating thickness with film integrity,
as excessive deposition may hinder adhesion, create mechani-
cal weak points, or introduce electrical inconsistencies in func-
tional coatings. The data suggest that six coating cycles may
represent an optimal balance between film thickness, connec-
tivity, and uniformity.

Cross-sectional characterization of GNP-coated layers

To evaluate coating uniformity, thickness, and structural integ-
rity, cross-sectional FESEM analysis was performed on GNP-
coated 3D-printed PLA samples after 3, 6, and 9 dip-coating
cycles. Fig. 10 presents representative cross-sectional images
for each coating condition. These images provide additional
insight into how coating cycles influence not only layer thick-
ness but also morphological alignment within the coating.

As summarized in the inset table in Fig. 10, the average
GNP layer thickness increased substantially with additional
coating cycles. For the 3-cycle sample, the layer measured
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Fig. 9 FESEM micrographs (secondary electron mode) of the surface of 3D-printed PLA samples at various magnifications: (a—d) 3 coating cycles,

(e—h) 6 coating cycles, and (i-1) 9 coating cycles.

18.85 pm in thickness. This value increased by approximately
253.6% and 418.6% for the 6-cycle and 9-cycle samples,
respectively, approaching 100 pm after nine cycles. The steady
and predictable increase in layer thickness suggests good
repeatability and scalability of the dip-coating process.

A comparative examination of the high-magnification cross-
sections (Fig. 10c and e) reveals another important trend: the
layered GNP structures become more uniform and stratified
with increasing coating cycles. In both the 6-cycle and 9-cycle
samples, the GNP sheets exhibit a horizontally aligned, lami-
nated morphology oriented nearly parallel to the PLA substrate
surface.

Panels (a), (b), and (d) show the interface between the PLA
substrate and the GNP coating layer, with arrows identifying
the respective regions and the dashed line indicating the
coating-substrate boundary. Panels (c) and (e) provide higher-
magnification views of the GNP coating layer only, where the
PLA substrate is not visible.

This in-plane alignment of the graphene nanoplatelets is
critical, as it introduces several functional advantages. First,
the horizontal stratification increases diffusion path tortuosity,
which enhances barrier properties by impeding the pene-
tration of gases or liquids through the coating. Second, the

Nanoscale

ordered stacking contributes to improved coating compact-
ness, minimizing interstitial voids and enhancing mechanical
integrity. Third, and most notably, the parallel arrangement of
conductive graphene layers facilitates multiple internal reflec-
tions of incident electromagnetic (EM) waves, thereby enhan-
cing overall EMI shielding performance.”>”%¢"%°

This microstructural arrangement—achieved through a
scalable dip-coating process—illustrates the successful inte-
gration of both architectural control and material alignment,
enabling multifunctional coatings that are mechanically
robust, electrically conductive, and suitable for advanced EMI
shielding applications.

Peeling resistance

The adhesion strength and mechanical durability of the GNP
coatings on 3D-printed PLA substrates were evaluated using a
tape peeling test. This method provides both quantitative and
qualitative assessment of coating adhesion by examining
cross-sectional thickness changes via FESEM and measuring
the force required to initiate delamination.

Fig. 11 presents the cross-sectional FESEM images of GNP-
coated samples before (left column) and after (right column)
tape peeling for 3, 6, and 9 coating cycles. For the 3-cycle

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Cross-sectional FESEM images (secondary electron mode) of
3D-printed PLA samples dip-coated with GNP for (a) 3 cycles, (b and c)
6 cycles, and (d and e) 9 cycles, shown at increasing magnifications.

sample (Fig. 11a and b), the initial GNP thickness was
14.2 pm, and approximately 1.7% of the coating was removed
after three peeling cycles. The minimum delamination force
measured for this sample was 0.75 MPa, indicating strong
coating adhesion at lower thickness.

In contrast, samples coated for 6 and 9 cycles exhibited
substantially greater coating loss. For the 6-cycle sample
(Fig. 11c and d), approximately 59.3% of the original 24.9 pm
layer was removed, while the 9-cycle sample (Fig. 11e and f)
showed 77.9% removal from an initial thickness of 88.9 um.
The corresponding delamination forces decreased to 0.65 MPa
(6 cycles) and 0.55 MPa (9 cycles). These results indicate a pro-
gressive reduction in peel resistance with increasing coating
thickness.

This trend is consistent with a transition in failure mode.
While thinner coatings appear to fail primarily at or near the
coating-substrate interface, thicker multilayer coatings show
increased susceptibility to separation within the GNP layers.
As coating thickness increases, the GNP-GNP interfaces—
especially in the uppermost layers—become more susceptible
to delamination, likely due to reduced compaction and weaker
van der Waals forces between platelets.”

The improved adhesion observed in the 3-cycle coating is
consistent with the combined NaOH and PEI surface pretreat-

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Cross-sectional FESEM images (secondary electron mode) of
GNP-coated 3D-printed PLA samples before (left column) and after
(right column) tape peeling: (a and b) 3-cycle sample; (c and d) 6-cycle
sample; (e and f) 9-cycle sample.

ment, which enhances surface roughness and modifies the
interfacial region.”

Even in thicker coatings, a residual GNP layer (10-20 pum)
remained after peeling, indicating that the base coating layer
maintains partial adhesion to the PLA substrate.

These results underscore the importance of balancing
coating thickness with cohesive strength, especially for
mechanically loaded applications.

The dashed red line indicates the coating-substrate inter-
face. Arrows identify the GNP coating layer and PLA substrate.
Measured coating thickness values are reported as mean =
standard deviation from multiple measurements.

Cross-hatch adhesion grading and surface delamination
behavior

Fig. 12 shows the post-peeling surface morphology of cross-
hatch grids applied to GNP-coated 3D-printed PLA samples after
3, 6, and 9 dip-coating cycles.”** This visual assessment, based
on the ASTM D3359 Method B standard, complements the quan-
titative peeling tests and provides insight into the extent and dis-
tribution of delamination across the coated surfaces.

In the 3-cycle sample (Fig. 12a and b), no visually detectable
delamination was observed within the grid squares or along
their edges. The coating remained fully intact after tape
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cycles (D)

Fig. 12 Post-peeling surface morphology of cross-hatch cut grids (secondary electron mode) for GNP-coated 3D-printed PLA samples: (a and b) 3
cycles (5B rating); (c—e) 6 cycles (3B rating); (f and g) 9 cycles (1B rating). Red-marked regions indicate visible delamination.

removal, qualifying for the highest adhesion rating of 5B. This
strong adhesion performance is consistent with strong inter-
facial adhesion and film cohesion, consistent with earlier
mechanical tests indicating high peel strength and minimal
thickness loss.

At 6 coating cycles, partial delamination becomes evident.
In Fig. 12c, regions marked in red highlight delaminated
zones, which account for approximately 10% of the total grid
area. According to the ASTM grading scale, this corresponds to
a moderate adhesion rating of 3B. As shown in Fig. 12d and e,
delamination is primarily localized at the corners of the
squares, while central regions largely retain their coating. This
pattern may be associated with stress concentration effects
and slightly lower compaction in outer layers may initiate
failure under peeling.

In the 9-cycle sample (Fig. 12f and g), the delamination is
significantly more widespread, occurring in nearly all square
corners and extending toward the center in several regions.
The total delaminated area is estimated at ~52%, yielding a
lower adhesion rating of 1B. Despite the apparent degradation,
it is important to note that the entire GNP layer is not necess-
arily removed. In many areas, only the uppermost GNP layers
are lifted during peeling, while residual base layers remain
adhered to the PLA substrate. However, per standard evalu-

Nanoscale

ation criteria, any visually lifted or fractured coating—regard-
less of partial retention—is classified as delaminated and fac-
tored into the adhesion grade.

These results underscore the impact of coating thickness
on peel behavior. Thinner coatings (3 cycles) exhibit high
interfacial strength and cohesive integrity, while thicker, multi-
layer coatings become more susceptible to surface cracking
and edge delamination under stress. The visual grading trends
are consistent with measured peel forces and cross-sectional
damage analysis, confirming that optimal coating design must
balance functional thickness with mechanical robustness.

To validate the proposed adhesion mechanism, post-peel
FESEM analyses were conducted for untreated PLA, NaOH-
etched PLA, and PEI-modified PLA after identical coating con-
ditions (3 cycles). As shown in Fig. S1, untreated PLA displayed
the weakest coating adhesion, whereas NaOH or PEI alone
yielded partial improvement; the combined NaOH + PEI treat-
ment showed the strongest coating adhesion, consistent with
contributions from both mechanical interlocking and inter-
facial interactions.

Electrical conductivity

Fig. 13 presents the surface electrical conductivity of architected,
3D-printed PLA samples coated with graphene nanoplatelets

This journal is © The Royal Society of Chemistry 2026
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Fig. 13 Electrical conductivity versus number of coating cycles for solid
and porous side of the coated 3D-printed PLA samples.

(GNP) via dip-coating for 1 to 9 cycles, measured separately on
the porous (lattice-exposed) and solid (capped) sides. As
expected, the conductivity of neat PLA was negligible (~107"* S
m™"), confirming its insulating nature. However, even after just
one or two coating cycles, a substantial increase in conductivity
was observed: the porous side reached ~10~" S m™", while the
solid side exceeded 1 S m™". These early improvements reflect
the rapid establishment of interconnected conductive pathways
across the surface, well before any bulk saturation, highlighting
the role of surface percolation in driving electrical
performance.’*°® Conductivity continued to increase steadily
with additional coating cycles, displaying a near-linear trend
rather than the abrupt jump typically associated with classical
percolation theory. This deviation reinforces the idea that con-
ductivity arises not from volumetric filler thresholds but from
the progressive densification and continuity of the GNP film
across the architected PLA substrate.”® A notable uptick in con-
ductivity was observed around cycle 6, potentially marking the
onset of a more uniformly connected surface network.

Across all samples, the solid side consistently demonstrated
higher conductivity than the porous side, attributable to the
smoother surface and absence of surface voids that can
disrupt film continuity. However, as the number of coating
cycles increased, the conductivity gap between the two sides
diminished, with the solid-to-porous conductivity ratio drop-
ping from 16.4 to 2.9. This convergence suggests that GNP ink
deposition became increasingly uniform, with more complete
infiltration and coverage of the lattice struts and pore walls.

The structural topology of the 3D-printed lattice plays a key
role in this behavior. On the porous side, GNP deposition
follows the contours of the interconnected struts, forming fila-
mentous networks rather than flat films. This architecture sup-
ports the directional propagation of conductive pathways,
resulting in mild electrical anisotropy that is gradually sup-
pressed by repeated coating cycles. Ultimately, the architec-
ture-enabled surface percolation mechanism allows the con-
ductive network to span the full geometry of the porous
scaffold with minimal material input.

This journal is © The Royal Society of Chemistry 2026
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Importantly, this dip-coating strategy achieved comparable
or superior electrical performance (10™" to 10° S m™") relative
to prior studies that required significantly higher filler load-
ings. Lee et al.”” achieved ~10° S m™" using CNT on cellulose
paper with 10 times of coatings; Souri et al.’® reported 107 to
107" S m™' for GNP-coated yarns; Tian et al.®® obtained 6.43 S
m~' with 60 wt% graphene on nylon. In contrast, composite
approaches require >10 wt% GNP to reach 10° S m™*.*%°7"% [
contrast, the present work attained these results using
<2.62 wt% GNP, demonstrating material efficiency, process
scalability, and excellent compatibility with complex 3D-
printed geometries.

EMI shielding

Fig. 14 presents the total shielding effectiveness (SEt) of archi-
tected, 3D-printed PLA structures as a function of GNP dip-
coating cycles. A nearly linear trend is observed, where SEr
increases steadily from ~0 dB (uncoated) to ~25 dB after nine
cycles. Importantly, no sharp threshold or saturation behavior
emerges within the studied range, suggesting a controlled,
cycle-dependent enhancement in shielding performance.

After only two dip-coating cycles, the structure achieves a
SEr of ~10 dB—equivalent to 90% attenuation of incident elec-
tromagnetic waves. With six coating cycles, the SEt exceeds 20
dB, a widely accepted benchmark for commercial EMI shield-
ing applications. By the ninth cycle, shielding effectiveness
approaches 25 dB, corresponding to ~99.7% attenuation. This
performance is notable considering the minimal filler content
and the lightweight, porous nature of the substrate.

The observed linearity closely mirrors the progressive
increase in GNP layer thickness and conductivity across cycles.
Given the superior electromagnetic properties of GNP relative
to PLA, it is clear that the GNP coating becomes the dominant
shielding medium, with its growth directly translating into
improved SE.%'

To elaborate on the underlying EMI shielding mechanism
of the GNP-coated 3D-printed porous PLA structure, the key

25

—_ —_ )
5 “« S

Total Shielding Effectiveness (dB)

v

0 1 2 3 4 5 6 7 8 9
Number of Cycles

Fig. 14 Total shielding effectiveness (SEt) of 3D-printed porous PLA
samples as a function of graphene nanoplatelet (GNP) dip-coating
cycles.
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factors affecting both EM wave reflection and absorption are
as follows:

« Reflection: As a conductive material, GNP serves as the
outer coating on the PLA substrate and acts as the initial inter-
face for incident EM waves. Due to impedance mismatch, a
portion of the wave is reflected. Reflection is further enhanced
through ohmic loss (Joule heating) induced by the GNP’s elec-
trical resistivity.'®® As shown in Fig. 13, the electrical conduc-
tivity of the GNP layer increases linearly with coating cycles,
leading to greater reflection due to increased impedance mis-
match.'% Additionally, the skin effect contributes to reflection
by limiting wave penetration in more conductive materials
and/or at  higher thereby  reducing
absorption.?®1%”

» Absorption: EM wave absorption occurs through several
mechanisms. Ohmic loss dissipates wave energy via electrical
resistance in the GNP layer.'°® Dipole polarization-induced
loss also plays a role, where GNP dipoles align and reorient
within oscillating EM fields, generating heat due to internal
friction.”” Furthermore, the heterogeneous structure intro-
duces interfacial polarization, described by the Maxwell-
Wagner-Sillars (MWS) effect. This occurs at the GNP-PLA
interface, where differing conductivities result in charge
accumulation and rearrangement.*®'°® A larger interfacial area
and a more conductive, thicker GNP layer facilitate greater
charge separation, thus enhancing energy loss and enabling
lightweight, efficient EMI shielding.''*'"

Fig. 15 illustrates the total shielding effectiveness (SEr) of
3D-printed porous PLA structures dip-coated with graphene
nanoplatelets (GNP) across the X-band frequency range
(8.2-12.4 GHz) for four coating levels: 3, 6, and 9 cycles. The
uncoated porous PLA structure (cycle 0) provides negligible
shielding, while the SE; increases steadily with additional
coating cycles. A distinct resonance peak near 10 GHz appears
for all samples, with its amplitude growing consistently as
coating thickness increases. This trend reflects the stronger
interaction between EM waves and the progressively developed
conductive GNP network.'*>7'14

frequencies,
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Fig. 15 Total shielding effectiveness versus frequency 3D printed PLA
samples coated for 0, 3, 6, and 9 times.
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The porous diamond-lattice structure, although inherently
non-conductive, acts as a highly effective scaffold for coating
deposition due to its large surface-area-to-volume ratio. This
architectural advantage enhances scattering, reflection, and
absorption by enabling multiple internal reflections and
lengthening the EM propagation path.*>™® As GNP layers
become thicker and more continuous, they form conductive
surfaces that enable efficient reflection and dissipative losses
through ohmic heating and dielectric relaxation.™*® Together,
the conductive coating and lattice-induced scattering create a
hybrid shielding mechanism that leverages both geometry-
driven and material-driven attenuation.

Interfacial polarization—particularly Maxwell-Wagner-
Sillars (MWS) polarization—further contributes to shielding
performance. The sharp conductivity contrast between PLA
and GNP produces localized charge accumulation at the inter-
face, strengthening dielectric losses and improving energy dis-
sipation, especially at lower X-band frequencies.'*®*'!
Additionally, the periodic diamond-shaped pores can behave
as resonant cavities, reinforcing attenuation through geometric
resonance and aperture-induced scattering."'”**® This combi-
nation of interfacial and geometric effects becomes increas-
ingly important as the conductive network matures.

The small SEr peak observed in the uncoated sample near
10 GHz arises solely from cavity resonance rather than intrin-
sic EM properties of PLA. This occurs due to confinement and
partial reflection of EM waves within the lattice pores.'*® With
increasing coating cycles, this resonance becomes stronger
and begins to couple with natural cavity modes and Fabry-
Pérot-type interference effects that are especially pronounced
in partially coated structures.>®**°

By cycle 6, SEr reaches approximately 18-20 dB across the
frequency band, indicating the formation of a continuous con-
ductive GNP film. This level of connectivity enhances internal
reflections, increases absorptive losses, and promotes more
efficient wave damping. The stronger 10 GHz resonance peak
at this stage likely results from the combined effects of
extended propagation paths and improved energy trapping
within the lattice. The pronounced increase in SEt from cycle
3 to cycle 6 is consistent with the development of a more con-
tinuous conductive network, which enhances effective electro-
magnetic attenuation through improved interconnectivity and
dielectric response.'®?°

At cycle 9, SEr increases further, accompanied by an even
more intense resonance peak. The expanded GNP-PLA inter-
facial area strengthens MWS-driven polarization losses, while
the thicker, more uniform coating enhances cavity resonance
and constructive interference.’®*”'?! The slight rightward
shift in the peak may be related to thickness-dependent
changes in effective cavity dimensions and internal reflection
pathways, influencing frequency-dependent attenuation behav-
ior. Higher conductivity also reduces skin depth, improving
absorption at elevated frequencies. Moreover, the denser GNP
network facilitates faster dielectric relaxation processes, broad-
ening the resonance peak and increasing the overall attenu-
ation bandwidth. This progression shows that higher GNP

This journal is © The Royal Society of Chemistry 2026
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loading promotes absorption-dominated shielding, increasing
the integrated attenuation across the SE; spectrum.**12>123

For comparison, Fig. S2 shows the shielding effectiveness
due to reflection (SEg) for the same coating cycles. All curves
exhibit a characteristic dip at the resonance region (10-10.5
GHz), followed by recovery at higher frequencies, further sup-
porting the transition toward absorption-dominated shielding
as the coating becomes thicker and more conductive.

While the present work focuses on a single lattice geometry,
variations in lattice topology and characteristic length scales
are expected to likely influence electromagnetic shielding be-
havior. Changes in unit-cell size or raster filament’s dimen-
sions, and printing pattern would alter electromagnetic wave
propagation paths, internal scattering, and the effective inter-
action length within the porous structure.

From a physical perspective, architectural modifications
can alter frequency-dependent attenuation behavior as well as
EM waves absorption characteristics by influencing cavity
dimensions, impedance transitions, and internal reflection
pathways. The degree to which electromagnetic waves are con-
fined, scattered, and dissipated depends strongly on lattice
periodicity and pore geometry. A systematic investigation of
lattice-dependent EMI responses represents an important
direction for future work.

Table 2 summarizes the reflectance (R), transmittance (T),
and absorbance (A) coefficients for samples coated with 0, 3, 6,
and 9 GNP cycles. The uncoated sample (cycle 0) shows high
transmittance (7 = 0.85) and low reflectance (R = 0.11), as PLA
closely matches the impedance of air and therefore exhibits
minimal reflection or absorption.'***®

Table 2 Reflectance (R), transmittance (T), and absorbance (A) para-
meters for samples coated with 0, 3, 6, and 9 GNP cycles

Parameter Cycle 0 Cycle 3 Cycle 6 Cycle 9
R 0.11 0.18 0.36 0.59
T 0.85 0.07 0.03 0.00
A 0.04 0.75 0.62 0.41
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Fig. 16 Reflection, absorption, and total shielding effectiveness for 3D-
printed PLA samples coated with 0, 3, 6, and 9 GNP cycles.
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With increasing coating cycles, reflectance rises markedly,
yet absorption remains the primary contributor to shielding.
As shown in Fig. 16, shielding effectiveness due to absorption
(SEa) accounts for ~93%, 88%, and 84% of total SEr for cycles
3, 6, and 9, respectively. Even at higher coating thicknesses,
the growth in R does not translate into dominance of reflec-
tion-based shielding (SEg)."** Overall, the SEg/SE, balance
remains roughly constant at ~15% and ~85%, highlighting
that additional dissipation mechanisms enhance absorption
beyond what surface reflectivity alone would predict.
Theoretical considerations support this trend: when R < 0.9,
SEg typically remains below 10 dB.'*® whereas SE, becomes
significant once transmittance drops to ~10~> or lower—con-
ditions met in cycles 6 and 9. This confirms that improved
EMI performance at higher coating levels is governed largely
by transmitted-power suppression and absorption-driven
losses. Frequency-dependent R and A data (Fig. S3-S4) further
show dips in reflectance and corresponding absorption peaks
near 10-11 GHz.

The persistent dominance of absorption suggests that the
porous lattice contributes additional attenuation pathways.
According to aperture theory, the patterned geometry creates
aperture-like regions that induce multiple scattering, localized
resonance, and extended wave propagation paths, all of which
increase the likelihood of energy dissipation.'’” When these
internal pore surfaces are coated with conductive GNP, such
effects intensify and broaden the absorption response across
the X-band."*°

Overall, the combined contribution of the conductive GNP
coating and the finely patterned porous architecture results in
absorption-dominant EMI shielding across all coating cycles.
The structural design enhances electromagnetic scattering,
resonance effects, and dielectric losses, leading to attenuation
levels suggesting that both electrical conductivity and struc-
tural effects contribute.

Flame retardancy

Table 3 summarizes the Limiting Oxygen Index (LOI) values
for 3D-printed porous PLA samples coated with 0, 3, 6, and 9
GNP dip-coating cycles. A clear and progressive enhancement
in LOI is observed with increasing coating cycles. The
uncoated PLA sample (cycle 0) exhibits an LOI of 19.1, con-
firming its high flammability. In contrast, GNP-coated
samples show substantial improvements of +28.3%, +35.3%,
and +43.2% for cycles 3, 6, and 9, respectively, reaching a
maximum LOI of 27.5 at cycle 9. These results indicate that

Table 3 Limiting oxygen index (LOI) of 3D printed porous PLA samples
coated with GNP

Material LOI (%)
Pure PLA 19.1+0.4
GNP coated PLA cycle 3 24.6 £0.3
GNP coated PLA cycle 6 25.9£0.2
GNP coated PLA cycle 9 27.5+0.2
Nanoscale
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repeated GNP dip-coating forms an increasingly effective
flame-retardant barrier that delays ignition and suppresses
flame spread.

LOI values are reported as mean + standard deviation from
replicate measurements.

The improved flame retardancy arises from the combined
effect of the GNP coating and the diamond-shaped porous
architecture. During combustion, the GNP layers facilitate the
formation of a cohesive protective char that insulates the
underlying polymer, slows heat transfer, and reduces pyrolysis
rates.'*®'?” The layered carbon network acts as an efficient
thermal barrier and restricts the emission of volatile degra-
dation products.*®

Thermogravimetric analysis (TGA) supports this interpret-
ation: char yield increases by 161.7%, 235.2%, and 337.1% for
the 3-, 6-, and 9-cycle samples, respectively.®® Derivative TGA
(DTGA) results show broader decomposition peaks and elev-
ated maximum decomposition temperatures (T4.max), indicat-
ing higher thermal stability and delayed degradation.*®"*” The
tortuous layered pathways created by the GNP-rich char hinder
the diffusion of volatile gases and reduce their interaction with
the flame front."”®'*° Additionally, GNP has been reported to
impede oxygen diffusion within polymer matrices, further sup-
pressing combustion.”® This barrier effect is visually reflected
in Fig. 10(c) and (e), where overlapping GNP sheets form a
dense protective layer that limits oxygen penetration into the
PLA substrate.'*’

Fig. 17 presents FESEM images of the post-combustion resi-
dues. The uncoated PLA (cycle 0) shows severe melt dripping,
re-solidification, and a porous residue indicative of extensive
volatile release.”®® No integrated char layer is observed.
Backscattered FESEM imaging reveals scattered white regions
corresponding to degradation residues enriched in barium,
sulfur, and oxygen, consistent with the decomposition of PLA
filaments containing barium sulfate additives.?*"*3

In contrast, GNP-coated samples exhibit markedly different
combustion behavior. At cycle 3, partial char formation
appears while some melt dripping persists. By cycles 6 and 9,
char formation becomes dominant, effectively preserving the
sample geometry. The cohesive char layer formed on the
exposed walls acts as a physical barrier that prevents collapse
and retains structural integrity during burning."**

Higher-cycle samples show better preservation of the orig-
inal printing raster patterns, particularly in the central
regions. Magnified backscattered images (Fig. 17b, d, f, h)
confirm the presence of dense, condensed char supported by a
continuous, layered GNP barrier. This structure likely contribu-
ted to limiting heat transfer, slowing combustion kinetics, and
enhancing overall fire resistance.”**'*> Additional FESEM
images of the residues for cycles 3, 6, and 9 are shown in
Fig. S5 at various magnifications, providing further insight
into the strengthened char morphology.

Comparison with state-of-the-art and critical perspective

The 9-cycle GNP coated lattice (total thickness ~ 3 mm, total
weight ~ 0.6 g) exhibited an above-average total shielding effec-
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Fig. 17 FESEM images (left: secondary electron mode, right: backscat-
tered mode) of combusted porous 3D-printed PLA samples coated with
0, 3, 6, and 9 GNP cycles. Panels (a and b) correspond to cycle 0, (c and
d) to cycle 3, (e and f) to cycle 6, and (g and h) to cycle 9.

tiveness (SEr) of ~25 dB in the X-band (8.2-12.4 GHz), with
peak values approaching ~30 dB. Total shielding effectiveness
equal to or above 20 dB is considered practical for most com-
mercial electronic protection applications. normalizing the
total shielding effectiveness, the thickness and weight specific
total shielding performance corresponded to approximately 8
dB mm™" and 42 dB g ', respectively. In many reported bulk
graphene/polymer composites, comparable attenuation levels
were achieved through volumetric percolation at higher filler
loadings, often exceeding 10 wt%, in some cases approaching
20 wt%. >19103136 15 contrast, the present architecture
achieved comparable specific EMI shielding effectiveness with
an estimated GNP loading of ~5.56 wt%, as determined from
TGA residue analysis. This difference highlights that incorpor-
ating GNP as surface percolated networks on a lightweight 3D

This journal is © The Royal Society of Chemistry 2026
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printed ordered lattice skeletons yields significantly superior
electronic multifunctional properties compared to classic
fillers dispersion within the entire polymer’s volume.

Moreover, the EMI shielding mechanism was dominated by
absorption, which is highly advantageous to reduce secondary
electromagnetic reflection pollution and minimize potential
interference with surrounding devices."'>"*”7*%% In this study,
a periodic diamond lattice was introduced to provide abun-
dant reflective surface areas to further attenuate EM waves
intensity by absorption through internal scattering events
within the porous structure. Therefore, this present study
underscores the effectiveness of surface-connected conductive
networks combined with architecture-mediated EM wave
interactions. 3117119140

Conclusion

This study demonstrates a facile and scalable dip-coating strat-
egy for integrating graphene nanoplatelet (GNP) surface con-
ductive networks onto architected 3D-printed PLA lattice skel-
etons. The 3 mm thick structure—featuring 30% infill of a
diamond lattice skeleton, with 0.9 mm unit cell size, confined
by a solid wall at one side—achieved above-average total
shielding effectiveness of ~25 dB (peak ~30 dB) within X-band
at an estimated GNP loading of ~5.56 wt%, corresponding to
9-cycle coating, with absorption-dominant attenuation mecha-
nism. In addition, the coated lattices achieved electrical con-
ductivity exceeding 100 S m™" and improved flame retardancy
(LOI up to 27.5%), demonstrating the feasibility of combining
EMI shielding, electrical conduction, and fire resistance within
a single lightweight lattice platform.

The physical adhesion of GNP coating to the PLA skeleton
surface was ensured by means of mechanical interlocking—
surface roughening by NaOH etchant—combined with polar
interfacial interactions—PEI surface conditioning. Increasing
GNP coating cycles resulted in nearly linear enhancement in
all multifunctional properties performances. Nevertheless, the
coating peeling test results indicated that the cohesion failure
between deposited GNP layers dominated the delamination
mechanism as the number of coating cycles increased.
Therefore, the superior multifunctional properties were traded
off with a weaker coating peeling resistance, leading to choos-
ing a non-unique number of coating cycles that suits a specific
application requirement. However, 6-7 coating cycles did offer
a balance between multifunctional properties, performance,
and coating peeling resistance.

This study sheds light on the possible combinatorial effect
of surface-percolated conductive pathways on periodic porous
lattice architecture in achieving lightweight EMI shields featur-
ing very low nanomaterial content, superior shielding effective-
ness, and absorption domination.

Future work will focus on exploring how lattice topology, as
well as printing parameters affect the EM waves’ attenuation,
impedance mismatch condition, and durability under cyclic

This journal is © The Royal Society of Chemistry 2026
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mechanical loading to further refine architecture-enabled EMI
shielding systems.
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