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Encapsulating Laser-Induced Graphene to Preserve its
Electrical Properties and Enhance its Mechanical Robustness

Fatemeh Bayat, Mohammad Nazeri, Gerd Grau, and Simone Pisana*

Laser-induced graphene (LIG) has gained significant attention as a promising
material for various applications, including flexible electronics, due to its high
electrical conductivity, ease of fabrication, and cost-effective production. However,
its fragile structure makes it susceptible to degradation under mechanical stress
and harsh environments. Existing encapsulation techniques compromise LIG’s
conductivity, limiting its practical applications. Herein, an encapsulation method
that enhances the mechanical durability while preserving its electrical propetties is
introduced. The LIG exhibits an initial sheet resistance of 2.2 Qsq ', which is
among the lowest values ever achieved. Using a pressure of 80 psi, LIG is
encapsulated with a polyimide layer, resulting in a minimal resistance increase of
only 5%. Comprehensive characterization, including Raman spectroscopy and
scanning electron microscopy, confirms that the encapsulation approach main-
tains the structural integrity of LIG while significantly improving its resilience to
bending and environmental factors such as moisture and temperature fluctuations.
Additionally, initial cyclic loading tests demonstrate the encapsulated LIG’s ability
to retain most of its conductive properties after the first mechanical deformation.
These findings highlight the potential of this encapsulation technique for
advancing flexible and wearable electronic devices, paving the way for more

as electronics, energy storage, and biomedi-
cal applications."™ Its unique properties,
including high surface area,’*® ultra-high
carrier mobility,”” high thermal conductiv-
ity,[1%'! ultra-thin thickness,™®! and chemi-
cal stability,™®! have positioned it as a
revolutionary material in nanotechnology.
Among the numerous methods for gra-
phene fabrication, laser-induced graphene
(LIG) has emerged as a promising technique
due to its simplicity, cost-effectiveness, and
scalability. Unlike conventional methods
such as hydrothermal,”**! chemical reduc-
tion,[***”) chemical vapor deposition (CVD),"®*!
and template-directed synthesis,?*2! which
often require high temperatures, hazardous
chemicals, and multistep processes, LIG
offers a rapid, one-step approach for con-
verting carbon-rich polymers into porous
graphene structures using laser irradiation.
Initially demonstrated in 2014, this process
enables direct graphene patterning on poly-

durable, high-conductivity graphene-based technologies.

1. Introduction

Graphene, a 2D monolayer of carbon atoms arranged in a hexag-
onal honeycomb structure, has gained widespread attention due to
its exceptional electrical, mechanical, and thermal properties.
Serving as the fundamental building block for various carbon allo-
tropes, including fullerenes, carbon nanotubes, and graphite, gra-
phene has been extensively studied since its isolation in 2004 by
Geim and Novoselov, leading to advancements across fields such
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imide (Kapton) substrates using a CO, laser

without vacuum conditions, chemical treat-

ments, or transfer steps, making it highly

attractive for industrial applications.?>*’!
The process involves ultrafast photothermal conversion, wherein
high-intensity laser pulses induce rapid heating (~10°°Cs™’),
breaking chemical bonds and restructuring carbon into a gra-
phene-like network. This transformation primarily converts sp’-
hybridized carbon into sp>hybridized graphene while preventing
complete oxidation through localized oxygen depletion and rapid
gas release (CO and CO,).>> %

LIG exhibits a porous, 3D interconnected structure with high
electrical conductivity, mechanical flexibility, and surface area,
making it ideal for energy storage devices (supercapacitors,
1)al’rte1ries),[6'22‘3 0-32] wearable electronics,?>¥ and electrochemical
sensors.***7) Additionally, it has been explored for sustainable
applications such as water treatment and fuel cell electrodes.!®*"!
The electrical conductivity of LIG (=25 S cm™") is comparable
to graphite perpendicular to its basal plane (3-25Scm™)
and higher than most semiconductors (1078-10%* S cm™') but
remains two or more orders of magnitude lower than metals
(>10*S cm™").?83% However, despite its promising attributes,
LIG’s practical implementation is hindered by its inherent
mechanical fragility.[*>*"]

One of the key limitations of LIG is its susceptibility to cracking
and degradation under even mild mechanical stress, which poses
challenges for applications requiring repeated deformation.**4?
While its porous structure enhances conductivity, it also weakens
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mechanical integrity. Additionally, substrate adhesion varies based
on laser processing conditions, and mechanical stresses such as
bending, stretching, and surface abrasion can introduce micro-
cracks and increased resistance over time.**™*! Furthermore,
humidity and temperature fluctuations can accelerate oxidation
and degrade electrical performance,***”) emphasizing the need
for stabilization strategies to improve mechanical durability and
environmental stability.

To address these challenges, researchers have explored encap-
sulation techniques to enhance LIG’s mechanical robustness
while maintaining high conductivity. Protective polymer coatings,
such as polydimethylsiloxane (PDMS)!*>*#*% and parylene, shield
the LIG surface from environmental factors, but significantly
increase sheet resistance (e.g., from 0.13 t0 0.97 kQ sq ™ with poly-
urethane encapsulation, and from 1.5 to 15.9kQ sq ™" using ther-
mal evaporation Si0,).*>*# In Spasenovi¢ et al., adhesive tape was
manually pressed onto the LIG surface and peeled off to assess
damage, with the change in resistance reported as a percentage.
For LIG on commercial PI, the resistance increased by more than
400%, from =400 Q to 2 kQ, indicating extremely weak adhesion.
A similar trend was observed for LIG on PU-30st,-40st,-50st (wt%
soft segment content), where the resistance increased by ~375%
(from 2.1 to 10kQ), =110%, from 2.1 to 4.4kQ, and less than
30% (from 6.6 to 8.5kQ) respectively.’” Similarly, embedding
LIG into epoxy resins or thermoplastic polymers enhances dura-
bility but often compromises electrical performance 24404343
Plasma treatment techniques, such as cold Argon plasma, have
been shown to increase graphene crystallinity by 21% and improve
electrical conductivity by 51.13%, which can enhance the structural
integrity and electrical stability of LIG under operational stress.
Additionally, gold nanoparticle coatings enhance triboelectric
properties, potentially contributing to better durability in energy-
harvesting applications, though their effect on conductivity
remains underexplored.®*? Another approach involves laser proc-
essing parameter optimization, where modifying laser power and
scan speed produces denser graphene networks with improved
resilience, yet does not fully address LIG’s mechanical fragility
under stress."’

This study aims to develop a novel and simple encapsulation
method to improve LIG’s mechanical durability while preserv-
ing its high electrical conductivity. We introduce a hydraulic
press encapsulation technique, where an additional polyimide
layer is applied under controlled pressure. This approach main-
tains LIG’s electrical properties while significantly enhancing
its resistance to mechanical stress and environmental degrada-
tion. To systematically assess this method, we optimize applied
pressure to minimize its impact on electrical resistance while
improving structural integrity. The encapsulated LIG samples
undergo electrical, structural, and mechanical characterization
using Raman spectroscopy, scanning electron microscopy
(SEM) imaging, cyclic loading tests, and environmental durabil-
ity studies. These investigations will evaluate our method’s
effectiveness in preserving LIG’s conductivity, flexibility, and
environmental stability. By enhancing the mechanical resil-
ience of LIG while maintaining its electrical performance, this
study provides a foundation for future research and real-world
applications requiring both high conductivity and structural
integrity.
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2. Experimental Section
2.1. Fabrication of LIG

The fabrication of LIG was performed using a 10.6 pm wavelength
CO, laser cutter (Hydra 16A) from Hyrel 3D (Atlanta, GA), which
selectively patterned graphene structures onto Kapton (polyimide)
substrates with silicone adhesive (CGSTAPE-8458, Creative
Global Services (CGS), Newmarket, ON). The primary substrate
used was a flexible adhesive polyimide sheet with a total thickness
of 250 pm. The substrate was prepared by stacking two layers of
Kapton tape (each 127 pm thick, excluding adhesive), with the
adhesive sides pressed together to form a single ~250 pm-thick
structure. The laser patterning process was conducted under ambi-
ent conditions, eliminating the need for vacuum environments or
additional processing chemicals. The laser was programmed to
inscribe rectangular patterns, measuring 36 mm x 2 mm, using
vector mode for lengthwise features and raster mode for widthwise
features. The laser’s focal distance was 8 mm and the beam spot
size was ~400 pm.

The laser parameters were optimized to achieve LIG with low
sheet resistance. In our case, this was obtained at a laser power of
45% of the 40 W maximum (18 W) to ensure controlled photo-
thermal decomposition without excessive ablation. Additionally,
a pulse spacing of 1000 dots per inch and a scan rate of 700 mm
per minute were selected, with a temporal spacing between laser
pulses of 2.178 ms. Figure 1 illustrates the laser scribing process,
the resulting LIG microstructure, and the hydraulic press encap-
sulation method, providing a graphical representation of the CO,
laser beam interacting with the Kapton substrate and how LIG
fabricated on the Kapton substrate is encapsulated with an addi-
tional polyimide layer under controlled pressure. The inset dis-
plays a SEM image of the porous LIG surface.

The optimal laser settings were selected through a systematic
variation of power and scan rate. The laser power was adjusted
between 15% (6 W) and 80% (32 W), while the scan rate was var-
ied from 200 mm per minute to 1500 mm per minute.

2.2. LIG Encapsulation

Given the inherent mechanical fragility of LIG, encapsulation
was necessary to improve its durability while preserving its elec-
trical properties. The encapsulation technique described here is
scalable and is implemented using a hydraulic press to sandwich
LIG between two polyimide layers under controlled pressure.
This process was optimized to enhance resistance to mechanical
stress and environmental degradation while maintaining the
original material conductivity.

Since the LIG was fabricated on a Kapton substrate to begin
with, the encapsulation process involved placing an additional
125 pm-thick adhesive-backed Kapton sheet over the as-fabri-
cated LIG to ensure full coverage. The assembly was pressed
using a Carver 4386 hydraulic press at a controlled pressure
to allow the encapsulation layer to conform to the graphene struc-
ture without excessive structural and electrical degradation. An
s-beam load cell was used to monitor the pressure applied.
The hydraulic press encapsulation setup is shown in Figure S3,
Supporting Information.
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Figure 1. a) Schematic representation of the laser scribing process and the resulting LIG microstructure (inset, SEM image width 200 pm). b). Schematic

illustration of the hydraulic press encapsulation process for LIG.

2.3. Resistance Measurement

The electrical resistance of LIG samples was measured using two
complementary techniques: two-point and four-point methods.
Two-point measurements provide a quick and straightforward
resistance measurement by placing silver paint electrodes at a
fixed distance along the LIG tracks. However, this method is sus-
ceptible to error due to contact resistance introduced at the inter-
face between the silver paint contacts and the graphene surface.
To ensure a reliable measurement, four-point measurements
were carried out using silver paint contacts arranged in a straight
line with equal spacing along the LIG tracks, in order to evaluate
the influence of contact resistance. Comparison to two-point
measurements is provided in Figure S4, Supporting Information.
Comparative measurements were also carried out with an Ossila
four-point probe system with similar results. The four-point meas-
urements confirmed that contact resistance was not sizeable
enough to alter the trends, and this allowed us to more easily
examine the effect of mechanical pressure on the LIG electrical
resistance while applying pressure during the encapsulation pro-
cedure. The in situ resistance measurement was performed in the
hydraulic press to continuously monitor resistance variations. The
setup is shown in Figure S3, Supporting Information.

2.4. Raman Spectroscopy Analysis

To characterize the structural integrity of LIG before and after
encapsulation, Raman spectroscopy was performed using a
Bruker Senterra dispersive Raman microscope equipped with
a 532nm excitation laser. Raman spectroscopy is widely used
for graphene-based materials as it provides insights into the
degree of graphitization, disorder, and defects within the carbon
structure. The analysis focused on key Raman peaks, including
the D band (~1350 cm™"), which is associated with structural
defects; the G band (~1580 cm’l), which corresponds to in-plane
vibrations of sp>hybridized carbon atoms; and the 2D band
(2700 cm™ "), which provides information on the number of
graphene layers and stacking order.”*>
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Raman spectra were collected for unencapsulated LIG, as well
as for LIG that was compressed using a glass slide under two
different pressures: 80 and 780 psi. This allowed us to compress
the LIG structure under similar conditions to the encapsulation
process while maintaining optical access for Raman microscopy.
The intensity ratio of the D to G bands I(D)/I(G) was used to
assess the presence of defects in the structure, while the position
and relative intensity of the 2D band were examined to assess the
layer characteristics of LIG.F%73]

2.5. SEM Analysis

Previous studies have shown that unencapsulated LIG typically
exhibits a highly porous, 3D interconnected network, a structural
feature that contributes to its high surface area and electrical con-
ductivity but also affects its mechanical robustness.**¢*%! The
morphology of laser-induced graphene is known to be influenced
by laser processing parameters, with variations in power and
scan speed leading to differences in pore size, sheet connectivity,
and defect density.>”

To investigate the morphological features of LIG and the
effects of encapsulation, SEM imaging was conducted using a
FEI Magellan 400. Imaging was performed at an accelerating
voltage of 5kV with a working distance of 5mm to obtain
high-resolution surface images. SEM imaging was performed
on unencapsulated LIG and compressed samples that were sub-
jected to pressures of 80 and 780 psi to evaluate the microstruc-
ture under similar conditions to the encapsulation process while
maintaining access to the surface for imaging.

2.6. Mechanical Bending Tests

To further investigate the mechanical durability of LIG under
repeated deformation, systematic bending cycle tests were con-
ducted. The bending tests aimed to simulate conditions where
LIG-based devices would undergo flexing, testing their potential
suitability for flexible electronics applications. The samples were
subjected to cyclic bending around cylinders having different

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

35USD|7 SUOLUWIOD SAIES1D 3|qedtdde ay) Aq peusenof ase sajpie YO ‘38N JO Sajnu o} Ariqi uljuO 4311 UO (SUORIPLOD-PUR-SLLB) WD AB| 1M Alelq Ut |UO//:SdNY) SUORIPUOD pue S 13U} 39S *[G202/60/82] U0 Aiq1T aulluo A1 '989TOSZOZ WePe/Z00T OT/I0P/W0d A5 | 1M Ateiq U UO"padLeApe; /SNy WO} pAPeojUMOd ‘0 ‘8792.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

curvatures (diameters of 25, 35, and 45 mm). Each sample was
tested for 3 bending cycles, and electrical resistance was recorded
before bending and after each cycle to monitor potential degrada-
tion. While the bending tests in this study focus on 3 cycles as an
initial benchmark, future work will include extended-cycle tests to
evaluate long-term mechanical performance.

2.7. Environmental Durability Tests

The stability of LIG is a critical factor for its practical implementa-
tion in applications, particularly in applications where exposure to
environmental factors such as moisture and temperature fluctua-
tions is unavoidable. To evaluate the effectiveness of the encapsu-
lation method in protecting LIG from environmental degradation,
durability tests were conducted under controlled humidity condi-
tions. These tests assessed the electrical performance of both
encapsulated and unencapsulated LIG samples when directly sub-
merged in water. For these tests, each encapsulated and unencap-
sulated LIG sample was individually immersed in deionized water
for 24, as shown in Figure S7, Supporting Information. After
immersion, the samples were removed, and their electrical resis-
tance was measured immediately to evaluate potential changes due
to water exposure.

3. Results and Discussion

3.1. Electrical Performance of As-Fabricated LIG

The electrical performance of LIG was assessed to determine its
baseline conductivity before encapsulation. After optimizing the
laser power and scan rate, the average sheet resistance measured
was 2.20 +0.14 Qsq ' across 24 LIG samples, with individual
values ranging from 2.00 to 2.44 Q sq". Notably, the sheet resis-
tance achieved in this study is among the lowest ever reported for
LIG, only surpassed by the value obtained by our group using a
different laser system and 3D printed polymer substratel®® and a
recent study achieving 1.02 Qsq~" using a 3D-printed polymer
substrate and a different laser system.[® Increasing the laser
power beyond this threshold resulted in excessive ablation and
degradation of the graphene network, whereas lower scan rates
led to increased carbonization and loss of conductivity. The opti-
mization of sheet resistance as a function of laser power and scan
rate are provided in Figure S1 and S2, Supporting Information. A
comparison of the electrical properties of the fabricated LIG with
previously reported values is presented in Table 1, demonstrating
that the proposed fabrication method significantly improves
sheet resistance compared to many conventional laser-scribed
graphene structures. This is a useful starting point for encapsu-
lation studies, as it represents a low-resistance value that is prac-
tically useful to maintain post-encapsulation.

3.2. Effect of Applied Pressure on Resistance

To evaluate the influence of mechanical pressure on the electrical
resistance of LIG, samples with silver paint contacts were placed
under a glass cover to ensure uniform pressure distribution.
In situ resistance measurements were recorded to monitor varia-
tions in conductivity as a function of applied pressure. As shown
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Table 1. LIG sheet resistance values obtained in this work compared to
previous studies.

Sheet resistance Reference Engraving method

[@sq7]

2.20+£0.14 This work CO, laser on Kapton

7.86 [27] CO, laser on Kapton

10-50 [78] CO; laser on Kapton

120 [79] CO;, laser on Kapton

130 [45] CO, laser on polyimide

6.14 [23] CO; laser on PI film

25 [77] CO; laser on PI film

0.3 [66] CO; laser on 3D-printed PEI

15.9 [80] CO; laser on 3D-printed PEI

32 [36] CO; laser on lignin-rich paper

44 [81] Visible light laser on various substrates
1.02 [65] Blue laser on pure and 3D-printed PEI and

PEEK

in Figure 2a, the resistance of LIG under a single loading/unloading
cycle exhibited a nonlinear increase with increasing pressure. At
lower pressures (=80 psi), the resistance changes remained rela-
tively moderate, with a minimum increase of 18%, indicating
minimal disruption to the conductive pathways. As pressure
increased, a steady upward trend in resistance was observed.
The highest applied pressure of 3800 psi resulted in the most sig-
nificant resistance increase of 195%, suggesting a progressive
compression of the LIG network and potential changes in the
structure. This result serves as a comparative starting point for
the results obtained later in the encapsulation experiment.

To assess the behavior of LIG under repeated mechanical
stress, cyclic loading and unloading tests were conducted to eval-
uate its electrical resistance behavior over multiple pressure cycles.
As shown in Figure 2b-d, the resistance exhibited a distinct
response pattern across several loading cycles. The first loading
cycle caused a significant and irreversible increase in resistance,
indicating structural changes within the LIG network. Notably,
most of this resistance change occurred during the unloading
phase. Subsequent cycles demonstrated a different but more
reproducible behavior, applying pressure reduced resistance from
the previously established baseline, and upon unloading, the resis-
tance returned to a value that was often slightly higher than before,
suggesting minor progressive structural alterations. This trend
remained consistent across all pressure levels, with variations
in magnitude depending on the applied force.

These findings indicate that LIG undergoes an initial restruc-
turing under mechanical stress and suggests that for applications
involving cyclic mechanical stress, an initial conditioning phase
may be necessary to stabilize the electrical properties of LIG.
After this phase, the material demonstrates predictable and sta-
ble behavior, making it suitable for long-term use in flexible or
pressure-sensitive devices. However, applications requiring
precise resistance stability should account for both the initial irre-
versible change and the minor progressive shifts over extended
cycling.

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85UB017 SUOWLLOD aAITeaID 8|qedldde ay) Aq peusenob 8. ssonre YO ‘8sn Jo sa|nl Joj Ariqi8uluQ /8|1 UO (SUONIPUOD-PUR-SWSI W00 A8 | 1M Afeq 1 BulUO//SANY) SUONIPUOD pUe SWe | 8y} 88S *[6Z02/60/82] U0 ARiq1Tauljuo A1 ‘989T0SZ0Z WaPe/Z00T 0T/I0p/u0d A8 1M Arelq 1 puljuO"peaueApe//:sdny woly papeo|umod ‘0 ‘8792/25T


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

=
o N
o o
L 1

o~

S o
P
@

Increase in resista

N

3
-
@

0 1000

Resistance (Ohm)

2000 3000 4000
Pressure (psi)

0 100

200 300 400
Pressure (psi)

—
O
~

m)
N S IS
S Y] N

Resistance (Oh
w
o]

w
[}

www.aem-journal.com

70

a (9]
o o

Resistance (Ohm)
N
o

Pressure (psi)

0 250 500 750 1000 1250 1500 1750

Figure 2. a) Increase in LIG resistance under different static pressures using a glass slide cover. Each data point represents a separate sample exposed to
a given static pressure only once. b—d) Cyclic loading/unloading tests showing resistance variations as function of applied pressure for different ultimate
pressure conditions: b) 80 psi, c) 400 psi, and d) 1600 psi.

3.3. Effect of Encapsulation on Resistance

To evaluate the impact of encapsulation on LIG’s electrical prop-
erties during mechanical loading, the resistance was again mea-
sured in situ, but this time the encapsulating Kapton layer was
used instead of a rigid glass slide. Figure 3 presents the percent
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resistance change for encapsulated LIG across a pressure range
of 0-4000 psi, showing a significantly lower increase (5-30%)

compared to the 20-200% observed in non-encapsulated sam-
ples. At pressures below 1000 psi, encapsulated LIG exhibited
a minimal resistance increase (5-10%), while at pressures up
to 2500 psi, the increase remained within 10-20%. The highest
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Figure 3. a) Increase in LIG resistance under different static pressures using a glass slide cover (black circles) or encapsulating polyimide (red squares).
Each data point represents a separate sample exposed to a given static pressure only once. b) Expanded view of panel (a) to highlight the smaller increase

in resistance during encapsulation.
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pressure range (3000—4000 psi) resulted in increases between 20
and 30%, demonstrating improved mechanical resilience com-
pared to nonencapsulated samples. The smallest observed resis-
tance change was only 5% at 80 psi, indicating that at this lower
pressure, the encapsulation effectively preserves LIG’s electrical
stability with minimal impact on conductivity.

The encapsulation effectively limits pressure-induced resis-
tance changes by distributing the mechanical stress, preventing
localized deformation in the LIG structure. Unlike pressure-
loaded nonencapsulated samples, which were only covered by
a glass layer and exhibited rapid resistance increases, encapsu-
lated LIG maintained more stable conductivity across a wide
pressure range. We propose that the protective effect of
Kapton encapsulation arises from its elasticity, which helps dis-
tribute pressure more evenly, reducing localized stress points
that could compromise LIG’s structure.

This study is the first to successfully encapsulate low-resistance
LIG (2.20+0.14Q5sq ") while maintaining minimal resistance
increases postencapsulation. These findings underscore the poten-
tial of encapsulated LIG for flexible electronics and pressure-
sensitive applications, where stable electrical performance under
mechanical stress is essential.

3.4. Mechanical and Environmental Stability Tests

To determine the optimal encapsulation condition, the pressure
resulting in the least increase in electrical resistance was first
identified, indicating that lower pressures are preferable to main-
tain low resistance. However, it was necessary to determine
whether the lowest pressure provided sufficient mechanical
integrity and prevent mechanical or environmental degradation.
To investigate this, a bending test was conducted on LIG samples
encapsulated at different pressures (80-3800 psi) using cylinders
of varying diameters (25, 35, and 45 mm) to systematically eval-
uate the performance under varying pressures with respect to
both electrical stability and mechanical robustness.

Each sample was bent over a single cylinder and the resistance
was measured before bending, after release, and repeated for three
cycles to determine the percent increase in resistance. The data
resulting from these tests are tabulated in Table S2, Supporting
Information.

As shown in Figure 4, increasing the encapsulation pressure
led to a greater percentage increase in resistance after three
bending cycles, ranging from 64% at 80 psi to 123% at 3798 psi.
Larger bending diameters resulted in smaller resistance changes,
indicating less mechanical damage due to lower strain. The
trend suggests that lower encapsulation pressures (80-400 psi)
provide a better compromise between flexibility and electrical
stability, with resistance increases remaining around 64-75%
after three bending cycles. Higher pressures caused significant
increases in resistance both during encapsulation and after
bending, making them less suitable for applications requiring
mechanical flexibility. We note that most of the irreversible
increase in resistance takes place during the first bend and
release cycle, with minimal increase afterward, suggesting a
similar origin in the relation between structural deformation
and resistance increase as observed in the pressure-dependent
data in Figure 2.

Adv. Eng. Mater. 2025, 202501686 €202501686 (6 of 10)

www.aem-journal.com

- O 25mm
=120y 2 e R
3 Q
£ A
% 100 8
7] o) A
[0]
x PN
£ 801 g
[0}
(7]
g gﬁ%
g 601
0 1000 2000 3000 4000

Encapsulating Pressure (psi)

Figure 4. Increase in resistance of encapsulated LIG after bending around
cylinders of different diameters: 25mm (black circles), 35 mm (red
squares), or 45 mm (blue triangles). For comparison, the average resis-
tance increases of nonencapsulated LIG for the same bending diameters
are 518%, 461%, and 343%, respectively.

For comparison, nonencapsulated LIG was subjected to the
same bending test, and the resistance increases were substantially
higher, 518% at 25 mm, 461% at 35 mm, and 343% at 45 mm,
demonstrating the material’s fragility under mechanical stress.
Encapsulated samples, in contrast, showed only a 64-123% resis-
tance increase, reinforcing the protective role of encapsulation.

To evaluate the moisture resistance of encapsulated LIG, 10
samples encapsulated at 80 psi were fully immersed in deion-
ized water for 24h. Initial resistance values were recorded
before immersion, and measurements were taken immediately
after removal to assess any changes in electrical conductivity.
The results, summarized in Table S3 and S4, Supporting
Information, show that encapsulated LIG exhibited minimal
resistance increases after moisture exposure, with an average
increase of 1.0 +0.5% across ten samples. These values indi-
cate strong durability against moisture, suggesting that encap-
sulation effectively mitigates conductivity degradation in humid
environments. For comparison, nonencapsulated LIG under-
went the same test and showed a higher average resistance
increase of 2.00 £1.15% across 5 samples, as shown in
Figure 5. To quantify the statistical significance of the effect
of encapsulation, a two-sample t-test was conducted to compare

N w
) =}
) )

g
=}
|

Resistance Change (%)
[&)]

Encapsulated Non-encapsulated

Figure 5. Increase in resistance of LIG after 24 h immersion in deionized
water.
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resistance changes between encapsulated (n = 10) and nonen-
capsulated (n=5) samples. These results confirm that the
encapsulation process enhances LIG’s resistance to moisture-
induced degradation, making it suitable for applications in envi-
ronments with high humidity or direct water exposure.

3.5. Raman Spectroscopy Analysis

Raman spectroscopy was used to assess the structural changes in
LIG under different encapsulation pressures, providing insights
into defect formation, layer stacking, and strain effects. As shown
in Figure 6, the Raman spectra exhibited three prominent peaks:
the D peak (~1350 cm™ '), the G peak (1600 cm '), and the 2D
peak (/2700 cm ™ '). The unencapsulated LIG exhibited charac-
teristics of few-layer graphene, with an I(D)/I(G) ratio of 0.862
indicating moderate defect density and an I(2D)/I(G) ratio of
0.721 suggesting multilayer graphene. The full width at half max-
imum (FWHM) of the 2D peak (69.4 cm™") further confirmed
the few-layer nature, consistent with previous literature.[”~7°!
Compression at 80 psi resulted in an increased I(D)/I(G) ratio
of 1.286, indicating additional defects, while the I(2D)/I(G) ratio
remained relatively stable at 0.789, suggesting minimal impact
on graphene stacking. At 780 psi, however, the I(D)/I(G) ratio
further increased to 1.323, accompanied by a sharp drop in
I(2D)/I(G) to 0.314 and FWHM broadening to 122.4cm™'.
These changes indicate a transition to a more disordered struc-
ture with stronger layer coupling and increased strain. Table 2
summarizes the key Raman parameters for all investigated

1600

Before Encapsulation
—— Encapsulated at 80 psi
—— Encapsulated at 780 psi

14004

1200 2D
1000+
800 -
600+

Intenstity (a.u.)

400

1000 2000 3000
Raman Shift (cm™)

Figure 6. Raman spectra of LIG samples: as prepared (black), after apply-
ing 80 psi of pressure (red) and 780 psi of pressure (blue).

Table 2. Summary of Raman spectroscopy parameters for LIG samples
under different encapsulation pressures.

Sample D peak G peak 2D peak  I(D)/ 1(2D)/ 2D
position position position 1(G)  I(G) FWHM
[em™ [em™] [em™ [em™]

Before 1343.2 1592.7 2663.6 0.862 0.721 69.4

encapsulation

80 psi 1346.8 1593.1 2670.1 1.286 0.789 79.3

encapsulation

780 psi 1341.9 1588.2 2673.7 1.313 0.314 122.4

encapsulation
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samples, clearly showing the progressive structural changes with
increasing encapsulation pressure.

The progressive shifts in Raman parameters give clues to the
type of structural evolution taking place in LIG under different
pressures during the encapsulation process. Low-pressure encap-
sulation largely preserves the graphene-like character, while
high-pressure encapsulation introduces significant defects and dis-
order. These findings align with previous studies, where increased
pressure led to compressive strain effects in grapheme.”** The
stability of FWHM values for the D and G peaks across all samples
suggests that the fundamental graphitic structure is maintained,
though variations in peak intensity and 2D band broadening indi-
cate changes in interlayer interactions and defect density.[**”®!

These results emphasize that lower encapsulation pressures
are preferable for maintaining desirable graphene properties,
while excessive pressure compromises structural integrity, which
is consistent with electrical resistance results. This analysis pro-
vides a foundation for optimizing encapsulation conditions to
balance electrical and mechanical performance in LIG-based
applications.

3.6. SEM Analysis

SEM imaging was used to analyze the microstructural changes in
LIG samples exposed to different pressures. Figure 7a shows that
unencapsulated LIG exhibits a highly porous, 3D network with
interconnected pores. High-magnification images reveal thin,
wrinkled graphene sheets forming this structure, which contrib-
utes to LIG’s high surface area and conductivity. Encapsulation at
80 psi Figure 7b does not alter the microstructure at any magni-
fication level, confirming that low-pressure encapsulation pre-
serves the original structure. This aligns with the minimal
resistance change observed post-encapsulation, indicating that
the LIG’s electrical and morphological properties remain intact.

In contrast, LIG encapsulated at 780 psi Figure 7c exhibits sig-
nificant structural compression, with a denser network and
reduced pore size. Higher magnification images reveal sheet
stacking (marked by red circles) and graphene layer fractures
(red arrows), indicating increased strain and disorder. This
structural transformation aligns with the Raman spectroscopy
findings, which show greater defect formation and reduced gra-
phene-like characteristics at higher encapsulation pressures.

These SEM observations confirm that while low-pressure
encapsulation maintains the desirable porous structure of LIG,
high-pressure encapsulation induces densification, altering its
electrical and mechanical properties. The results emphasize
the importance of optimizing encapsulation pressure to improve
structural integrity and performance.

4, Discussion

Having identified the optimal encapsulation pressure that mini-
mizes resistance increase while maintaining mechanical stability,
we can compare the electrical performance of our encapsulated
LIG with previously reported encapsulation techniques. Our
method resulted in a minimal resistance increase of only 5%, with
the initial sheet resistance of about 2.2 Qsq . This is a significant
improvement compared to other encapsulation strategies, where

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 7. SEM images of LIG samples a) as prepared, b) after applying 80 psi of pressure, and c) after applying 780 psi of pressure. The magnification
increases from top to bottom, with scale bars of 100 um (top), 50 pm (middle), and 1 pm (bottom).

resistance increases range from 154% (duct tape coating) to as high
as 1277% (polyurethane coating).!*”) LDPE and HDPE coatings
resulted in resistance increases of 231% and 269%, respectively,
while composite-based approaches, such as LDPE/LIG/HDPE
and LDPE/LIG/cheesecloth, led to resistance increases of 262%
and 338%, demonstrating the limitations of such encapsulation
materials. Given that previous studies did not focus on systemati-
cally assessing the resistance changes as a function of encapsula-
tion parameters, we can only speculate on the reasons for the
improvements found in this work. The laser scribing conditions
being used to prepare the LIG have profound repercussions on
the microstructure and electrical properties;”” therefore, the
mechanical deformation of the LIG layer during encapsulation will
have varying effects that depend on the initial structure. The
increase in resistance we observe as a function of encapsulation
pressure points to a disruption of the conduction network in
the LIG, and this is a common feature in other encapsulation stud-
ies.*”) These studies do not specify the encapsulation pressure
used, but based on the methodology utilizing a consumer lamina-
tor, this was likely relatively low pressure. Therefore, the smaller
increase in resistance after encapsulation we observe here is not
likely attributed to smaller applied pressures, although there is a
difference in how the pressure is applied (locally using rollers
as in ref. 45 or uniformly in our case). We believe the improvement

Adv. Eng. Mater. 2025, 202501686 €202501686 (8 of 10)

in resistance stems mainly from the initial LIG microstructure,
which appears to be more laterally interconnected in our work than
the vertical fibers found in ref. 45, and therefore less susceptible to
electrical transport disruption over the length of the device. The
exceptionally low resistance increase observed with our encapsula-
tion method highlights its superiority in preserving LIG’s electrical
properties while still providing mechanical reinforcement. These
findings indicate that our approach achieves a more effective bal-
ance between conductivity retention and encapsulation durability,
making it a promising candidate for applications requiring both
mechanical stability and high electrical performance.

5. Conclusion

This study has introduced a novel hydraulic press encapsulation
technique that significantly enhances the mechanical durability of
LIG while maintaining excellent electrical conductivity. The encap-
sulation process was optimized, resulting in an encapsulated LIG
with an initial sheet resistance as low as 2.20 & 0.14 Q sq ', a min-
imal increase of only 5% compared to unencapsulated LIG. Our
results demonstrate that the encapsulated LIG not only maintains
its high conductivity essential for flexible electronics but also
shows a remarkable improvement in mechanical robustness.

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Cyclic loading tests confirmed that the encapsulated LIG could
sustain repeated mechanical stress, retaining its conductive
properties effectively. Moreover, the encapsulated LIG exhibited
superior resilience to moisture with negligible degradation in
performance, showing only a 1% average increase in resistance
after 24-h water immersion tests, compared to a 2% increase in
unencapsulated samples. Bending tests further showcased the
enhanced mechanical stability of the encapsulated LIG, with resis-
tance increases remaining around 75% after the first bending
cycle around a 25 mm diameter cylinder. In contrast, the unencap-
sulated LIG experienced a resistance increase above 500% under
similar conditions. Further studies could explore whether these
observations persist long-term. The encapsulation technique
detailed in this study outperforms existing methods by maintain-
ing over 95% of the electrical performance of LIG while signifi-
cantly enhancing its mechanical and environmental stability.
This method provides a practical, cost-effective, and scalable solu-
tion for integrating LIG into various applications, including wear-
able devices, flexible sensors, and stretchable interconnects, where
durability and conductivity are paramount.
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