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Achieving structural nanocomposites that combine high fracture toughness with excellent electrical conductivity
for electromagnetic interference (EMI) shielding is urgently required in engineering applications; however, this
remains a significant challenge. Inspired by the nacre's “brick-and-mortar” architecture, we report a nacre-like
epoxy bulk nanocomposite reinforced by a neat graphene lamellar skeleton, which exhibits significantly
improved fracture toughness and electrical conductivity. The neat lamellar graphene skeleton is facilely prepared
by bidirectional shear-flow field in an expanded extrusion, which effectively reorients graphene oxide sheets to
be highly aligned, followed by ambient drying and thermal reduction. At an ultralow graphene loading of 1.04 wt
%, the resulting nacre-inspired epoxy nanocomposite achieves a 3.84-fold increase in fracture toughness
compared to pure epoxy. The electrical conductivity reaches 74.34 S/m, which results in an outstanding EMI
shielding effectiveness (66.80 dB) in 8.2-12.4 GHz. The bidirectional shear-flow methodology enables the
effective preparation of ordered lamellar graphene skeletons with highly restored graphene lattices, promoting
the applications of nacre-like epoxy nanocomposites with high toughness and conductivity for advanced struc-

tural materials with EMI shielding performance.

1. Introduction

Nacre features a typical “brick-and-mortar” lamellar structure that
exhibits high fracture toughness [1-3]. These remarkable characteristics
make nacre an important model for the design and preparation of high-
toughness nanocomposites [4-7]. Epoxy resin is an engineering material
with high strength, stiffness, and chemical resistance, which is widely
used in advanced fields including aerospace, automotive, and elec-
tronics [8-11]. However, the highly cross-linked structure results in
inherent brittleness and low fracture toughness [12]. To enhance the
toughness of epoxy resin, nanofillers, such as graphene, carbon nano-
tubes (CNTs), and nanofibers, are usually introduced into the epoxy
matrix via simple blending methods [13-19]. Nevertheless, such nano-
fillers tend to agglomerate, preventing the stable and homogeneous
dispersion in the epoxy matrix, limiting further enhancement in me-
chanical properties [20-23]. The agglomeration of nanofillers hinders
the construction of continuous conductive networks, thereby limiting
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the further enhancement of nanocomposites' electrical conductivity
[24-27]. Natural nacre with brick-and-mortar structures provides an
inspiration for constructing tough and conductive nanocomposites
incorporating an ordered lamellar skeleton of nanofillers [28-30].
Nevertheless, it remains a challenge to precisely tailor the nanofillers'
arrangement to form an ordered lamellar skeleton.

Previous efforts have highlighted the bidirectional freezing, also
known as ice templating that fabricates three-dimensional (3D)
graphene-based lamellar structures [31-36]. For example, Peng et al.
[34] fabricated lamellar carboxymethyl cellulose sodium (CMC)/gra-
phene oxide (GO) hybrid skeletons by bidirectionally freezing to
toughen nanocomposites. Liu et al. [35] prepared polyamic acid salt
(PAAS) and GO aerogels via bidirectional freezing to develop nano-
composites with high through-plane thermal conductivity. Although the
bidirectional freezing effectively prepares such graphene-based lamellar
structures, polymer additives are usually incorporated to maintain the
structural stability owing to the powerful van der Waals interactions
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between GO sheets and ice crystals [37-39]. The polymer additives
inevitably limit electrical conductivity [34,40]. Moreover, such
direction-specific freezing critically requires precise a temperature
gradient to achieve the long-range lamellar order [41]. Flow-assisted
assembly has emerged as another effective strategy for tailoring the
alignment of nanosheets in 3D space and constructing macroscopic hi-
erarchical architectures [42-44]. A typical instance is that graphene
fibers with the transversely concentric and axially aligned structure
were prepared via a multiple shear-flow methodology [45]. Therefore, it
is promising for designing the shear field to achieve such neat lamellar
graphene skeletons with significant electrical conductivity [46].

Here, we propose a facile bidirectional shear-flow methodology that
employs an expanded extrusion process to align GO sheets horizontally.
This process enables the fabrication of lamellar graphene aerogels
(LGAs) with long-range order, which serve as skeletons for nacre-like
nanocomposites. Subsequent thermal reduction at 1500 °C and epoxy
infiltration endow the nanocomposite with exceptional fracture tough-
ness and electrical performance. Specifically, at an ultralow graphene
content of 1.04 wt%, the nanocomposite exhibits a fracture toughness of
2.57 MPa-m'/2, which is almost four times that of pure epoxy, alongside
a high electrical conductivity of 74.34 S/m. Furthermore, the nano-
composite exhibits an outstanding electromagnetic interference (EMI)
shielding effectiveness (SE) of 66.80 dB in the X-band frequency range
(8.2-12.4 GHz). This bidirectional shear-flow methodology provides an
efficient route for constructing long-range ordered lamellar structures
and fabricating tough and conductive nacre-like nanocomposites.

2. Experimental section
2.1. Materials

Aqueous GO dispersion was purchased from Hangzhou Gaoxi Tech-
nology Co. Ltd. (www.gaoxitech.com). The epoxy matrix (E51) was
obtained from Nantong Xingchen Synthetic Materials Co., Ltd. Hardener
(methyltetrahydrophthalic anhydride, MTHPA), and accelerator (N, N-
dimethylbenzylamine, DMBA) were obtained from Chuzhou Hui-Sheng
Electronic Materials Co., Ltd. Other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals and reagents were
used as received.

2.2. Fabrication of lamellar graphene aerogels

Aqueous GO suspensions (5, 10, 20 mg/g), with an average lateral
size of ~12.50 pm (Fig. S1), were injected into a coagulation bath (5 wt
% CaCly) through a custom-designed channel under bidirectional shear-
flow to form lamellar GO hydrogels. The hydrogels were washed three
times with deionized water to remove residual Ca®", then immersed in a
reduction bath (4 wt% sodium ascorbate) at 70 °C for 5 h, followed by
washing with deionized water for 8 h to remove the residual sodium
ascorbate. Subsequent processing included freezing and drying at
ambient temperature to obtain chemically reduced LGAs.

The aerogels were thermally reduced under an argon atmosphere
using a programmed heating procedure. First, the samples were heated
to 400 °C at a rate of 0.5 °C/min and held for 1 h. Subsequently, the
temperature was increased at 5 °C/min to the final temperatures of 500,
1000, or 1500 °C, and maintained for 2 h. For clarity, the resulting
materials are labeled as LGAx-y, where x = 5, 10, and 20 correspond to
initial GO concentrations of 5, 10, and 20 mg/g, respectively, andy = i,
ii, and iii indicate the thermal reduction temperatures of 500 °C, 1000
°C, and 1500 °C, respectively.

For the fabrication of GO/sodium alginate (SA) hybrid aerogels, 1 wt
% SA solution was mixed with 20 mg/g GO suspension at variable mass
ratios. The mixtures were homogenized and degassed. The resulting
chemically reduced LGA/SA aerogels with a mass ratio of 5:5 are
designated as LGA-S.
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2.3. Fabrication of nacre-like graphene/epoxy nanocomposites

Nacre-like graphene/epoxy nanocomposites (E-LGAs) were fabri-
cated via vacuum-assisted impregnation and thermal curing. The epoxy
resin, hardener, and curing accelerator were thoroughly mixed at a mass
ratio of 100:85:1.05, and the LGAs were vacuum-infiltrated with the
mixture at 70 °C for 4 h. The curing protocol consisted of sequential
stages: 2h at 100 °C, 2 h at 140 °C, and 90 min at 160 °C. For clarity, the
resulting nanocomposites are designated E-LGAx-y and E-LGA-S.

2.4. Characterization

Scanning electron micrographs (SEM) was performed using a Hitachi
S$4800 with an accelerating voltage at 5.0kV. The SAXS experiments
were carried out at the beamline BL16B1 at the Shanghai Synchrotron
Radiation Facility, with a sample-to-detector distance of 2000 mm. The
Raman test was operated by Renishaw inVia Reflex Raman microscopy
(excitation wavelength, 532nm).

The mechanical properties were evaluated using distinct setups
tailored to different loading modes and all mechanical data reported
represent the average values obtained from at least three valid speci-
mens for each testing condition. Fracture and flexural tests were per-
formed on an RGWT-4000-20 universal testing machine (REGER).
Specifically, SENB tests were conducted via three-point bending tests on
rectangular specimens (30 x ~2.5 x ~2.5 mm?). For these specimens, a
notch was introduced perpendicular to the lamellar direction using a
diamond blade and sharpened with a razor blade to a depth of
approximately half the specimen width(0.45<a/W<0.55). The SENB
tests were then performed with a span length of 12 mm and a crosshead
speed of 0.1 mm/min. The flexural strength was determined by testing
unnotched three-point bending specimens (30 x ~2.5 x ~2.5 mm®)
under identical conditions. Tensile properties were characterized for
both the E-LGAs and the original graphene skeletons. For the E-LGAs,
tensile tests were carried out on a C45.103 universal testing machine
using rectangular specimens (30 x ~2.5 x ~2.5 mm®) at a crosshead
speed of 10 mm/min. For the original graphene skeletons, the gauge
length in tensile tests was 5 mm on the RGWT-4000-20 machine at a
speed of 1 mm/min.

The evolution of strain fields during crack propagation was moni-
tored with a digital image correlation (DIC) system. A random speckle
pattern was prepared on the sample surface by first applying a matte
white base coat, followed by the deposition of matte black dots.
Throughout mechanical testing, a CCD camera recorded sequential im-
ages of this pattern at 2 Hz. Full-field strain data were subsequently
processed and computed using VIC-3D software.

Electrical conductivity was measured along the directions parallel
and perpendicular to the lamellar plane using a standard two-probe
method with a Keithley 2460 multimeter. Specimens with dimensions
of 25.0 x ~2.5 x ~2.5 mm? were connected at both ends with copper
tape and conductive silver paste. The self-monitoring capability was
evaluated using notched beam specimens (30.0 x ~2.5 x ~2.5 mm?)
under three-point bending at a crosshead speed of 0.05 mm/min. Elec-
trical resistance was simultaneously recorded using a Keithley 2460
multimeter. The testing protocol consisted of an initial loading-
unloading cycle with concurrent stress and resistance monitoring, fol-
lowed by a second loading test under identical conditions. The EMI SE
was tested in the X-band frequency range with the waveguide method on
a vector network analyzer (ZNB-40, Rohde & Schwarz, Germany). The
thickness of each test sample was about 3 mm.

2.5. Calculation

According to ASTM D5045-14, the initial fracture toughness, Kic,
was calculated by the following equation:
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where Pj¢ is the maximum load at crack initiation; S, B, and W are the
span, width, and thickness of the specimen; and a is the notch size.

According to ASTM E1820-13el, the fracture toughness, Kj, was
calculated as the following equation:
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where Ap is the plastic area under the load-displacement curve, E is the
Young's modulus, and v is the Poisson's ratio.

The crack extension (Aa) was computed indirectly through a recur-
sive method:
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where a, is the crack length; u, and f; represent the measured
displacement and load at each point after crack departure, respectively;
and C, is the corresponding compliance calculated at these points.

According to ASTM D790-17, the stress (o) and strain (¢) were
calculated from the three-point bending force-displacement curves using
the following equations
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Here, F is the force; D is the displacement; S is the support span
length; b and d are the specimen width and thickness, respectively.
Flexural strength and fracture strain were computed from the peak F and
D values at failure.

The conductivity (¢ = 1/p) were computed using the equation below
1 L
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where b, d and L denote the width, thickness, and length of the specimen,
respectively, and R represents the electrical resistance.

The EMI SE was determined from the scattering parameters (S11, S22,
S12, S21) acquired by a vector network analyzer.
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Where R, T and A represent the reflection, transmission and absorption
power coefficients, respectively. SEt, SEg, and SE4 represent the total,
reflective, and absorptive SE, respectively.

To comprehensively evaluate the alignment of the graphene
lamellae, the orientation order was quantified via both SAXS patterns
and SEM image analysis. For the SAXS measurements, the azimuthal
intensity distribution I(¢), was extracted from the characteristic
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scattering arc, where ¢ denotes the azimuthal angle. The full width at
half maximum (FWHM in degrees) was obtained by fitting the I(¢)
profile with a Gaussian function. Consequently, the SAXS-based orien-
tation order parameter (fsaxs) was calculated using the empirical
formula:

fsaxs = (180" — FWHM) /180" 13)

Alternatively, the orientation was analyzed from the SEM images by
applying a Fast Fourier Transform (FFT) using ImageJ software. The
resulting FFT power spectra allowed for the calculation of the order
parameter fgpr, according to Herman's orientation function:

forr = % 14)
/2 2 4

2,y Jo L(g)cos’Psingds y

(cos’e) fg/z 1(¢)singdd 15)

Where ¢ represents the azimuthal angle. I(¢) denotes the azimuthal
intensity distribution derived from the FFT frequency map and (cos? ¢)
is the mean-square cosine of the angle. An fpr value of 1 indicates
perfect alignment parallel to the reference direction, while a value of
0 implies a completely random orientation.

3. Results and discussion

3.1. Bidirectional shear-flow for nacre-like graphene/epoxy
nanocomposites

The fabrication process of nacre-like E-LGAs prepared via bidirec-
tional shear-flow methodology is illustrated in Fig. 1a and Video S1.
First, GO suspension was extruded through a custom-designed channel
with specific expansion ratio into CaCly solution for gelation (Fig. S2),
forming lamellar GO hydrogels. These hydrogels were then chemically
reduced with sodium ascorbate. Subsequent steps included freezing and
ambient drying, yielding chemically reduced LGAs. The resulting skel-
etons were thermally reduced at various temperatures without signifi-
cant shrinkage (Fig. S3). Finally, vacuum infiltration with epoxy
prepolymer and curing were carried out to produce the nacre-like E-
LGAs.

To elucidate the alignment process of GO nanosheets in the bidi-
rectional shear-flow field, we investigated the structural evolution
during the expanded extrusion process by SEM (Fig. 1b). In Stage I, GO
nanosheets became almost aligned parallel to the flow direction under
strong shear forces within the confined channel [43,47]. In the bidi-
rectional shear-flow region (Stage II), the combined action of vertical
flow (u) and horizontal flow (v) synergistically reoriented GO nano-
sheets to align perpendicular to the flow, forming a parabolic arrange-
ment due to the significant velocity gradient from the center to the sides
[48-50]. The parabolic GO nanosheets finally stabilized into a hori-
zontal long-range ordered lamellar structure in Stage IIl under a uniform
velocity profile of plug flow within the vertical section (Fig. S4) [51].
Based on the bidirectional shear-flow field, LGAs were successfully
prepared with highly ordered lamellar structure (Fig. S5), in contrast to
the random structure formed without bidirectional shear-flow (Fig. S6).

We directly observed the liquid crystalline texture in the bidirec-
tional shear-flow field under polarized light and investigated the effect
of expansion ratios on the liquid crystalline texture. As shown in Fig. 1c,
the liquid crystalline texture was in accordance with SEM images
(Fig. 1b) from the expanded extrusion process, exhibiting a parabolic GO
texture in the bidirectional shear-flow region [52]. The liquid crystalline
textures observed at variable expansion ratios spanning from 300% to
1000% demonstrated that the bidirectional shear-flow methodology
could fabricate lamellar structures across a wide range of expansion
ratios (Fig. S7). Accordingly, we prepared LGAs with their lateral di-
mensions enlarged from 1 x 1 em? to 15 x 15 cm? (Fig. 1d).
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Fig. 1. Bidirectional shear-flow-assisted fabrication of LGAs and their nacre-like nanocomposites. a) Schematic illustration and corresponding photographs of the
fabrication process. b) Schematic diagram and corresponding SEM images depicting the alignment evolution of GO sheets within the flow channel: (I) parallelly
aligned GO nanosheets along the flow direction before entering the bidirectional shear-flow field; (II) gradual alignment under bidirectional shear-flow field, and (III)
long-range ordered lamellar structure. c) Optical image of the GO liquid crystalline texture observed in the bidirectional shear-flow channel under polarized light. d)
Photographs of LGA samples with various sizes. e) Radar plot comparing the EMI SE, fracture toughness, Young's modulus, flexural strength, and electrical con-

ductivity of E-LGA20, E-LGA-S, and E-LGA20-iii.

Furthermore, this methodology can also be extended to prepare lamellar
skeletons composed of SA and GO (Fig. S8). Our bidirectional shear-flow
methodology, combined with ambient drying, enables the preparation
of LGAs without the precise temperature gradient required in conven-
tional bidirectional freezing. Furthermore, this methodology also offers
excellent reproducibility and structural stability (Fig. S9). We investi-
gated nacre-like nanocomposites based on two types of skeletons: neat
lamellar graphene (E-LGA20-iii, E-LGA20) and SA-hybrid lamellar gra-
phene (E-LGA-S). All nanocomposites exhibit significantly enhanced
fracture toughness compared to pure epoxy resin. Moreover, they
simultaneously demonstrated superior electrical conductivity and EMI
shielding performance (Fig. le), achieving an exceptional balance of
fracture toughness and conductivity that outperforms many previously
reported carbon-based and graphene skeleton-structured systems (Fig.
S10).

We systematically investigated the influence of GO concentration on
the formation of the lamellar structure (Fig. 2). At low concentrations,
GO sheets lacked sufficient overlapping to form a robust, continuous
network, resulting in a fragile structure. As the concentration of the GO
precursor solution increased, we sequentially prepared lamellar GO
aerogels. We observed that increasing the GO concentration led to a
narrowing of lamella spacing (Figs. 2a;—c1), which defined as the dis-
tance between adjacent lamellae. The lamella spacing of the prepared
chemically reduced LGAs decreased from 59.07 pm to 21.05 pm as the
GO concentration was increased from 5 mg/g to 20 mg/g (Figs. 2as4—c4).
Thermal reduction effectively removed the decorated oxygen functional
groups on the GO nanosheets with decreased intensity ratio of D band
and G band (Ip/Ig) characterized by Raman spectroscopy, thereby

providing LGAs with restored graphene lattices (Fig. S11) [53]. We
found that the lamella spacing remained essentially constant during
both thermal reduction and vacuum infiltration of epoxy into the LGAs
(Figs. 2ap—co and S12), resulting in a stable and uniform lamellar
structure in the nanocomposites (Figs. 2as—c3 and S13).

3.2. Mechanical properties of nacre-like graphene/epoxy nanocomposites

The ordered “brick-and-mortar” architecture of E-LGAs is crucial to
their enhanced fracture toughness [54], as evaluated by SENB tests. As
shown in Fig. 3a, the E-LGAs show a yield behavior at the end of the
linear elastic region, in which the load on the sample decreases in a
stepwise manner. In contrast, epoxy resin displays a brittle fracture in its
force-displacement curve, indicating a catastrophic failure. Specifically,
to validate the enhancement in intrinsic mechanical properties, we
conducted tensile tests on the pure graphene skeletons (Fig. S14). The
results demonstrate that the LGA20-iii skeleton, thermally reduced at
1500 °C, simultaneously exhibits superior strength and toughness
compared to the chemically reduced LGA20. This improvement is
attributed to the restoration of the sp? lattice and enhanced interactions
between graphene sheets at higher annealing temperatures, leading to
an intrinsically robust framework. Consequently, this strengthening
translates to the composite performance, where the yield load is
improved with increasing thermal reduction temperature (Fig. S15a)
[55]. The load-bearing capacity of E-LGAs increases with the decreasing
lamella spacing (Fig. S15c). Additionally, the improved interfacial
interaction between SA and epoxy resin also reinforces the nacre-like
nanocomposites [56,57]. E-LGA-S exhibits a force-displacement curve
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Fig. 2. Structure of the lamellar skeletons and composites with different GO concentrations. a;—c;) Cross-sectional SEM images of LGAS5, LGA10, and LGA20
skeletons, respectively. ar—c,) Cross-sectional SEM images of LGA5-iii, LGA10-iii, and LGA20-iii skeletons, respectively. az—c3) Cross-sectional SEM images of E-
LGAS5-iii, E-LGA10-iii, and E-LGA20-iii nanocomposites, respectively. as—c4) Statistical distribution of lamella spacing in the LGA skeletons.
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comparable to that of E-LGA20-iii, which is composed of an LGA
reduced at a high temperature. Notably, the initial fracture toughness,
K¢, is dramatically enhanced in the E-LGAs as shown in Fig. 3b and
Table S1. Owing to its intrinsic brittleness, the K¢ of epoxy resin is only
0.67 MPa-m*/%. When loaded perpendicular to the lamellar direction, E-
LGA20, E-LGA-S, and E-LGA20-iii exhibited Kjc values of 0.87, 1.33, and
1.55 MPa-m'/?, which are 1.30, 1.99, and 2.31 times the value of pure
epoxy, respectively. For the E-LGAs, K¢ increases with higher GO con-
centration and annealing temperature, a trend that is correspondingly
reflected in the force-displacement curves (Figs. S15b and d).

In addition to the Kjc, which serves as a valid parameter for evalu-
ating resistance to crack initiation, we measured the maximum fracture
toughness, Kj, to capture the extrinsic toughening mechanisms activated
during the crack propagation stage [58]. Mechanisms such as crack
deflection at low-stiffness interfaces contribute significantly to energy
dissipation. By effectively impeding crack propagation, these extrinsic
toughening pathways enhance the growth resistance of cracks, leading
to a characteristic rising resistance curve, commonly known as the R-
curve effect [59]. As the crack extended, the fracture toughness of E-
LGA20-iii increased at a higher rate than that of E-LGA-S (Fig. 3c). The
maximum fracture toughness, Kj, values for E-LGA20-iii and E-LGA-S
reached 2.57 MPa-m'/? and 2.17 MPa-m'/?, respectively, within the
American Society for Testing and Materials (ASTM) limit (E1820-13el).
In contrast, brittle fracture occurred in epoxy resin with a constant value
of 0.67 MPa-m'/.

Fig. 3d compares the fracture toughness of the nacre-like E-LGA20-iii
with that of epoxy nanocomposites toughened by conventional blending
methods. Even with improved dispersion through modification or
compounding, agglomeration inevitably hinders greater enhancement
in fracture toughness. Thus, the K¢ (nanocomposite)/Kjc (epoxy) ratio
for homogeneous nanocomposites typically ranges between 1.19 and
1.96 (Table S2). More significantly, the graphene lamellar skeleton
prepared via the bidirectional shear-flow methodology addresses key
challenges including nanofiller aggregation and low toughening effi-
ciency. With a GO content of only 1.04 wt%, the E-LGA20-iii exhibits a
fracture toughness that significantly surpasses that of homogeneous

= Crack Deflection
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epoxy nanocomposites. Notably, the Kj of E-LGA20-iii measured
perpendicular to the lamellar direction reaches 2.57 MPa-m'/2, 3.84
times that of pure epoxy, demonstrating exceptionally high fracture
resistance. The anisotropic skeletons lead to mechanical anisotropy of
the E-LGAs (Fig. S16). Although the weak interfaces were introduced to
improve fracture toughness, the nanocomposites preserved mechanical
strength nearly comparable to that of pure epoxy (Figs. S17, S18 and
Table S3).

To gain further insight into the toughening mechanisms of the E-
LGA20-iii, the fracture surfaces and crack propagation paths of the SENB
specimens were examined using SEM and DIC. Multi-scale analysis re-
veals that the extrinsic toughening is governed by hierarchical mecha-
nisms across different length scales. At the macroscopic scale, the crack
in the nacre-like E-LGA20-iii propagates in a highly tortuous, non-linear
manner (Figs. 4b, S19 and Video S2), contrasting with the straight,
brittle fracture path of pure epoxy (Fig. 4a). This macroscopic tortuosity
indicates that the alternating epoxy/graphene lamellar structure acts as
an effective barrier, forcing the crack to deviate from its nominal growth
plane and extending the energy-dissipation path. At the microscopic
scale, the synergistic action of crack branching, local deflection, and
frictional pull-out prevents catastrophic failure and dramatically en-
hances the fracture toughness of the nanocomposite [52,55,56], as
shown in Figs. 4c and d. The rigid graphene skeleton obstructs the crack
tip, triggering local crack deflection (yellow arrows in Figs. 4c and d)
and crack branching (green arrows in Figs. 4c and d), which significantly
multiplies the fracture surface area. Furthermore, unlike the smooth
fracture surface of pure epoxy (Fig. S20b), the E-LGAs exhibit prominent
graphene sheet pull-out (Fig. S20a). This pull-out process is intrinsically
accompanied by interfacial friction, as evidenced by the smooth sliding
traces on the lamellae surfaces (pink arrows in Figs. 4c and d). This
frictional sliding dissipates considerable strain energy, thereby
impeding crack propagation.

Fig. 4. Crack paths and fracture mechanisms of E-LGAs and epoxy. a) SEM image of crack propagation in epoxy resin. b) SEM image of the fracture surface of E-
LGA20-iii. ¢, d) Enlarged SEM images of the regions highlighted by the blue and yellow boxes in (b), respectively. The main toughening mechanisms are indicated:
crack branching (green arrows), crack deflection (yellow arrows), and interfacial friction (pink arrows).
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3.3. Nacre-like graphene/epoxy nanocomposites for self-monitoring and
EMI shielding applications

The lamellar structure renders the graphene skeleton intrinsically
anisotropic, thereby forming continuous in-plane conductive pathways.
Consequently, the in-plane conductivity of E-LGAs is an order of
magnitude higher than the through-plane conductivity (Fig. S21). As
shown in Fig. 5a, the E-LGA20-iii composed of thermally reduced LGAs
achieved an electrical conductivity of 74.34 S/m, nearly two orders of
magnitude higher than that of E-LGA20 (1.35 S/m), whose skeleton was
only chemically reduced by sodium ascorbate. Such a high electrical
conductivity is also significantly superior to that of previously reported
nacre-like nanocomposites using graphene/polymer hybrid lamellar
skeletons [34,57]. The outstanding electrical performance of E-LGA20-
iii facilitates the monitoring of crack propagation for the assessment of
structural integrity [60]. During the first loading cycle of the notched E-
LGA20-iii specimen, the electrical resistance increased steadily in tan-
dem with the load, as the crack initiated and propagated (Fig. 5b). When
the load peaked, the normalized resistance change (AR/R) increased to
9.97%, indicating the formation of an internal crack. In the second
loading cycle, the load initially rose to a peak value and then decreased
gradually (Fig. 5¢). Correspondingly, AR/Ro first increased steadily and
then surged sharply to 22.70%, suggesting the opening and stable
growth of the pre-existing crack. These results confirm that the struc-
tural integrity of E-LGAs can be effectively monitored by tracking the
electrical resistance change.

The significantly improved electrical conductivity allows our E-LGAs
to achieve excellent EMI shielding performance. The corresponding
conductivity and EMI shielding values for all samples are listed in Table
S3. Over the X-band frequency range, the EMI SE of E-LGA20-iii,
fabricated from thermally reduced LGAs at 1500 °C, reaches 66.80 dB,
which is 1.81 and 1.61 times higher than those of E-LGA-S (36.93 dB)
and E-LGA20 (41.49 dB), both of which are based on chemically reduced
LGA skeletons (Fig. 5d). Notably, these electrical and shielding proper-
ties exhibit excellent long-term stability and environmental durability
(Fig. S22). In contrast, epoxy resin is insulating, leading to a low EMI SE
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of only 2.70 dB at a thickness of 3 mm. As the annealing temperature
increases from E-LGA20 to E-LGA20-iii, the SEt rises progressively (Figs.
S23a and b), attributed to the effective restoration of the conjugated
carbon lattice and the removal of oxygen-containing groups [61]. The
resulting highly conductive network facilitates electron transport and
enhances conduction loss [62,63]. Simultaneously, increasing the GO
concentration from 5 to 20 mg/g significantly boosts the SEt from 51.20
dB to 66.80 dB (Figs. S23d and e). The corresponding evolution of power
coefficients (Figs. S23c and f) further corroborates the intensified
interaction between the EMWs and the material network. This
enhancement arises from the denser lamellar spacing in high-
concentration composites, which creates more physical barriers per
unit volume to intercept electromagnetic waves (EMWs) [64,65].

To elucidate the dominant shielding mechanism, the contributions of
reflection and absorption were analyzed based on the S-parameters. As
shown in Fig. 5e, the absorbed EMI SE (SEa, 52.98 dB) of E-LGA20-iii
significantly exceeds its reflected EMI SE (SEg, 13.83 dB) indicating that
E-LGA20-iii primarily attenuates EMWs through strong internal ab-
sorption. Based on this high internal attenuation, we proposed the
synergistic shielding mechanism illustrated in Fig. 5f. First, the macro-
scopic conductivity provided by the graphene skeleton induces ohmic
losses, dissipating energy into heat. This mechanism accounts for the
superior EMI shielding of E-LGA20-iii compared to E-LGA20 and E-LGA-
S. Second, the lamellar graphene skeleton plays a critical role in internal
attenuation. The high SE represents the multiple reflections and scat-
tering of incident EMWs at interfaces of lamellae, which significantly
extends the propagation path and effectively attenuates the energy [66].
Furthermore, the abundant heterogeneous interfaces between the gra-
phene sheets and the epoxy matrix act as capacitor-like structures.
Under the alternating electromagnetic field, these interfaces generate
interfacial polarization and dipole relaxation (Maxwell-Wagner-Sillars
effect), further contributing to dielectric loss [67].Therefore, the
lamellar structure of E-LGA20-iii contributes significantly to its shield-
ing performance.
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4. Conclusion

In summary, we have successfully fabricated a nacre-inspired epoxy
nanocomposite featuring a highly ordered, long-range lamellar gra-
phene skeleton via a scalable bidirectional shear-flow strategy. With an
ultralow graphene loading of 1.04 wt%, the resultant nanocomposites
achieve a fracture toughness of 2.57 MPa-m'/? (3.84-fold enhancement
over pure epoxy) and a high electrical conductivity of 74.34 S/m. These
enhancements are attributed to the effective extrinsic toughening
mechanisms and the formation of continuous conductive networks along
the lamellae. Furthermore, the nanocomposites demonstrate superior
performance in EMI shielding and reliable crack self-monitoring. This
work not only validates the efficacy of the bidirectional shear-flow
technique but also highlights its potential for the scalable production
of macroscopic nanocomposites with tailored structural skeletons and
integrated multifunctional properties.
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