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Numerous 2D sheets are generally exfoliated and prevalent to be assembled into macroscopic lamellar
materials. However, these highly expected materials still inherit the easy exfoliation of 2D sheets and
exhibit severe delamination failure problems, despite their outstanding in-plane performances and
functions. Here, we find the increasing stack order of 2D sheets inversely aggravates delamination and
uncover the hidden interlayer dissipation as the dominating mechanism. We propose a strong
interlayer entanglement toughening strategy to greatly improve the delamination strength of
graphene oxide papers by 268%, achieving a superior delamination resistance of benchmark natural
nacres. The interlayer disentanglement offers extra dissipative sites to alleviate the stress concentration
of the crack tip and suppress the crack propagation. This work provides an effective structural design
strategy to resolve the intrinsic delamination problem of 2D lamellar materials, paving the way to
realistic applications as structural materials and durable coatings.
The easy exfoliation nature of mother lamellar crystals facilitates
the birth of two-dimensional sheets but causes intrinsic delami-
nation failure of their assembled lamellar materials [1–4]. In
the surging research trend of 2D materials, laminated crystals
with high in-plane but weak interlayer strength are usually exfo-
liated into individual sheets, exemplified by graphene [5,6],
MoS2 [7], BN [8] and MXene [9]. Diverse 2D sheets have been
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assembled into rich macroscopic materials, extending from
papers [10,11], fibers [12–14] and coatings [15,16]. These macro-
scopic materials have exhibited outstanding mechanical and
transport properties along the in-plane direction. The assembled
papers of 2D sheets can have ultra-strength above 1 GPa and
high stiffness up to 100 GPa [10,17–20], promising their use in
realistic applications as structural components to withstand
extreme mechanical loading. Despite the favorable in-plane
properties, the neat macroscopic materials principally inherit
the intrinsic conflict of the mother lamellar crystals and behave
the easy failure trend with delamination [2,21–24]. This intrinsic
delamination weakness greatly hampers the realistic applications
to bear complicate deformations beyond simple in-plane
tension.
1
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Previous efforts have focused on promoting mechanical
strength of assembled materials of 2D sheets, generally through
enhancing the stack order or design the interlayer molecular
interactions [10,11,17,19,20,25–27]. Increasing the stack order
and density promoted the tensile strength of graphene assem-
bled papers up to 1.1 GPa and the modulus to 60 GPa, through
hydro-plastic stretching [10], high shearing coating [26] and
water mediated pressing [27]. Design the interlayer interaction
improved the strength of graphene paper to 1.8 and 98 GPa
[19]. These efforts have pushed the in-plane mechanical limit
of assembled materials, but ignored or even aggravated the easy
delamination failure [4]. Some theoretical studies proposed a pos-
itive path to enhance the tensile strength of assembled materials
by lattice disorder [28] and surface roughening [29] which
decrease the regularity of stacking. Besides, improving the
stress-transfer efficiency by stacking texture design is also a
potential way to enhance interlayer adhesion and strengthen
puncture resistance in out-of-plane [30]. To date, the systematic
investigation of delamination failure of assembled 2D materials
remains ignored and how to prevent the delamination is a
challenge.

Here, we investigate the delamination behavior of the model
graphene papers and reveal that the interlayer energy dissipation
ability determines the delamination resistance, rather than the
bonding strength. Inspired by the natural nacre, we propose an
FIG. 1

Delamination failure behavior of 2D assembly materials. (A) Photographs
interlayer organic mortar. (B) Photographs of the delamination failure of the co
delamination test along out-of-plane direction. (D) Delamination strength versu
natural lamellar nacre.
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artificial interlayer entanglement toughening (IET) strategy to
improve the interlayer energy dissipation, bringing the maxi-
mum 268 % and 328 % improvement in the delamination
strength and the shearing strength in out-of-plane direction for
graphene oxide papers. Strong interlayer entanglement intro-
duced by ultra-high molecular weight polyvinyl alcohol (uPVA)
enhanced the interlayer frictional resistance and dissipated sub-
stantial strain energy to suppress the initiation and growth of
cracks, approaching the delamination resistance of benchmark
nacre. The interlayer toughening strategy can be applied to
design rich composites of other 2D materials with high delami-
nation resistance, covering from reduced graphene (rGO), boron
nitride (BN) and montmorillonite (MMT). Our work initiates
resolve the intrinsic delamination conflict of assembled 2Dmate-
rials and provides a general effective IET strategy to complement
the long-ignored delamination deficiency, enabling realistic
applications of prevalent 2D sheets.

Result
Intrinsic delamination behavior of 2D assembly materials
We firstly examined the delamination behavior of lamellar mate-
rials, including natural nacre and assembled papers of graphene.
For natural nacre, we removed the interlayer organic glues by
mild thermal treatment and the integrating bulk can be sepa-
rated and peeled off to generate platelet debris (Fig. 1A, S1).
of the delamination failure of the natural lamellar nacre when removing
mmercial graphene thermally conductive paper. (C) Schematic of the direct
s crystallinity of four kinds of typical 2D graphene microscope materials and
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As to the assembled graphene paper, which is a commercial pro-
duct for heat spreading, a severe delamination failure easily
occurs, similar to the easy exfoliation of graphite (Fig. 1B, S2).
In the direct delamination test, the interlayer binding strength
is tested by perpendicularly pulling apart in the out-of-plane
direction (Fig. 1C) to quantitatively evaluate the delamination
resistance [31,32]. We examined the model graphene materials
system extending from the well-known graphene oxide (GO)
paper, reduced graphene oxide (rGO) paper and flake graphite
and high temperature annealed graphene paper (Fig. S3). We
found a strange trend that the delamination strength decreases
as the increasing crystallinity, which principally means higher
density, more regular stacking and stronger interlayer binding
strength (Fig. 1D, S4). This counterintuitive trend denotes that
the delamination is not directly determined by the interlayer
binding strength.

In the comparable analysis of natural nacre, the interlayer
protein glues bind rigid platelets and can provide excellent stress
dissipation function of lamellar bulks [33–35], setting a bench-
mark delamination strength of 13.3 MPa (Fig. 2A, B). In graphene
assembled materials, the enhancing interlayer stacking and bind-
ing have demonstrated a considerable promotion of in-plane
strength and stiffness [10], however, brought delamination fail-
ure trend. In this case, we can conclude that the interlayer dissi-
pation directly determines the delamination resistance of
lamellar materials, but not pervious mere interlayer binding
strength and stacking order [36–38].

In the theoretical fracture frame, the delamination can occur
in two steps: the initiation of slit cracks and their propagation
[39,40]. For highly crystalline graphite and mica, the delamina-
tion stress brings the burst of slit crack in the well-stacking struc-
tures (one is enough) and the propagation proceeds
catastrophically along one slit crack plane to exhibit a smooth
peeled surface [41], usually resulting in an atomically smooth
substrate for atomic force microscopy (AFM) test (Fig. S5). As to
the GO paper, the interlayer hydrogen bonds between GO sheets
act as recoverable dissipating sites to resist the generation and
propagation of slit cracks [42,43], resulting in a higher delamina-
tion strength (4.5 MPa) than that (3.4 MPa) of rGO paper even
with stronger in-plane strength (Fig. 1D).

Artificial interfacial entanglement toughening design
Deducing the delamination failure mechanism, we proposed an
artificial interlayer entanglement toughening (IET) strategy to
enhance the delamination resistance of graphene assembled
materials. We introduce ultra-high molecular weight polyvinyl
alcohol (uPVA, Mw = 1.2 106 Da) as the interlayer glue and the
strong interlayer entanglement between uPVA chains and gra-
phene sheets, providing efficient energy dissipation capability
to resist delamination failure (Fig. 2C). Comparedwith the natural
nacre, the introduced strong entanglement of uPVA chains dissi-
pate the delamination energy by chain frictional sliding [18,44],
acting as the fold-unfold cycling of interlayer proteins (Fig. 2A,
S6). The softer GO sheets with better deformation ability and load
transfer efficiency can also help to toughen assembled materials
by allowing larger opening distance in delamination [2,40,45].

We used a tape peeling test to examine the delamination resis-
tance qualitatively. Both nacre slice and uPVA-GO papers kept
Please cite this article in press as: K. Li et al., Materials Today (2025), https://doi.org/10.10
integrating after peeling by sandwiched copper tapes, exhibiting
their excellent delamination resistance (Fig. 2B, D). By contrast,
GO papers without uPVA can be easily peeled off (Fig. S7). To
intuitionally assess the efficiency of strong entanglement, we
used PVA with normal Mw (1.5 104 Da) as the interlayer binder
and its GO composite paper was easily peeled into two layers
(Fig. S8), similar to the delamination behavior of neat GO papers.

Fig. 2E shows the comparison of direct delamination strength
curves of uPVA-GO papers, neat GO and normal PVA-GO papers.
At the beginning, the lower slope of strength-displacement curve
of the uPVA-GO paper implies the interior lower stress concen-
tration to depress the generation of slit cracks, resulting from
enhanced plastic deformation ability by introducing the uPVA
which is a ductile phase and is primarily related to plasticity, that
is, enlarging the plastic zone [40]. As delamination proceeds, the
early inflection point in the uPVA-GO curve is attributed to that
the highly entangled uPVA polymer is more fast responsive than
the neat GO and normal PVA-GO to resist crack propagation
with delamination deformation by the interlayer mechanical
interlocking. Finally, uPVA-GO paper exhibits a larger delamina-
tion failure displacement (0.32 mm) than that ( 0.2 mm) of neat
GO and normal PVA-GO papers. Accompany with the larger dis-
placement is the high ultimate delamination stress (11.8 MPa) of
uPVA-GO paper, which is nearly two-folds higher than that of
neat GO and normal PVA-GO papers. We also checked the peel-
ing force with different loading angles by the 45�/90�/180� tape
peeling tests, showing a collaborative contribution of highly
entangled uPVA chains to improve both sheet deformation and
interlayer delamination to relieve the delamination deficiency
(Fig. S9). The remarkable improvement in delamination resis-
tance by the proposed IET strategy demonstrates that the strong
interlayer entanglement is effective for depress the occurrence of
delamination at low polymer containing (Fig. 2F).

The delamination fracture also has an important effect on the
overall mechanical performance with complex deformation
manners, especially integrating with other components [46–
48]. Aside from the direct delamination test, we conducted the
lap-shear and stretching test to evaluate the delamination related
performances (Fig. S10, S11). The lap-shear and tensile strength
of uPVA-GO papers reach its maximum value of 18.4 MPa and
367 MPa respectively, showing a distinct increase than neat
GO and normal PVA-GO papers (Fig. 2G, H). These indicate that
the IET strategy is effective and powerful to improve the delam-
ination resistance and relieve the intrinsic conflict in both direc-
tions for 2D lamellar materials.

Mechanism of interlayer entanglement toughening
We checked the microscopic mechanism of delamination of lay-
ered nacre, neat GO and uPVA-GO papers. The natural nacre
exhibited a rough delamination failure section with sliding and
crack deflection stages, which dissipate the energy to resist slit
generation and propagation to enable its high delamination
strength (Fig. S12) [33,49]. The neat GO paper showed smooth
exfoliated fracture plane, which reflect the ease crack propaga-
tion to penetrate through one exfoliated plane (Fig. 3A, C). As
to the uPVA-GO paper by the IET strategy (Fig. 3B, D), its delam-
ination fracture surface has a quite rough morphology, which
features with deflection stages and many dissipation structures,
3
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FIG. 2

Artificial interfacial entanglement toughening design and delamination behavior analysis. (A) Schematic of the tolerate exfoliation mechanism
contributed by interlayer protein glue in natural nacres. The blue coiling lines represent organic proteins such as Lustrin A and Pif97 [33]. The red lines
emphasize the unfolding process during delamination deformation. (B) Photograph of the tape peeling test of natural nacre, showing well anti-exfoliation
performance result from no remains on the tape surface. The scale bar is 0.5 cm. (C) Schematic of the tolerate exfoliation mechanism contributed by
disentanglement energy dissipation in our IET papers. The blue entangled lines represent uPVA chains and the yellow balls represent physical crosslinking
points by intramolecular hydrogen bonds. The red lines emphasize the disentanglement process during delamination deformation. (D) Photograph of the
tape peeling test of IET-GO papers. The scale bar is 0.5 cm. (E) The strength–displacement curves of three typical samples with different interlayer energy
dissipation abilities. (F-H) Schematic of the delamination test and the delamination strength (F), lap-shear test and the shear strength (G), tension test and the
tensile strength (H) of samples with different PVA concentrations and molecular weight.
including pulling out edges and microscale bumps in the exfoli-
ated planes. Wrinkle analysis of the delamination failure section
demonstrates that the IET-GO paper has a roughness degree of
350 nm, much higher than that (230 nm) of neat GO paper
(Fig. S13).
4
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The interlayer uPVA acts as the soft phase to enhance the plas-
tic dissipation capability to relieve the delamination stress con-
centrating and resist the delamination failure (Fig. 3E-H) [40].
The closer force mapping of delamination surface revealed that
uPVA forms soft bumps (height of 180 nm and width
16/j.mattod.2025.02.011
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FIG. 3

Mechanism analysis of artificial interfacial entanglement toughening. (A and B) Schematic of delamination crack propagation behavior of neat GO
papers (A) and uPVA-GO papers (B). (C-F) SEM images and AFM height phase images of the delamination fracture surfaces of neat GO papers (C and E) and
uPVA-GO paper (D and F). (G, H) Fast force volume mappings of neat GO papers (G) and uPVA-GO papers (H), the light portion means a relatively higher force
region. (I) AFM normalized force-DZsensor curve of neat GO papers and uPVA-GO papers. (J) Critical stress intensity factor (KIc) resulting from single-edge
notched test for two kinds of papers. (K) In-situ adhering force curves of neat GO papers and uPVA-GO paper. The inset picture are the schematic of three
stages in test process. (L,M) SEM images of the in-situ adhere probing test process of neat GO papers (L) and uPVA-GO papers (M) during the in-situ adhering
test. The scale bars are 1 lm.
of 1 lm) after delamination, enhancing the intrinsic toughness
to resist exfoliation failure [50]. We tested the nanoindentation
deformation response of neat GO and uPVA-GO papers [51].
Neat GO paper exhibits an elastic interlayer deformation behav-
Please cite this article in press as: K. Li et al., Materials Today (2025), https://doi.org/10.10
ior but uPVA-GO paper demonstrates a plastic deformation
behavior to exhaust the interlayer stress and toughen the
lamellar structure (Fig. 3I). The intrinsic toughening mechanism
of IET strategy is confirmed by the higher critical stress intensity
5
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factor (KIc) of uPVA-GO paper ( 2.2 MPa m0.5) than that
( 1.2 MPa m0.5) of neat GO paper, measured by the standard
single-edge notched test (Fig. 3J, S14) [40,52]. Beside the
enhanced delamination resistance, IET strategy improved the
lap-shear, tensile strength and out-of-plane bending strength of
GO papers (Fig. S10, S11, S15).

We monitored the exfoliation at microscale by the in-situ
adhere probing test [53]. For neat GO paper, the sticky needle
can clearly peel off small debris (Fig. 3L). By contrast, the smooth
surface of uPVA-GO paper deformed to bump around the lifting
probe tip (Fig. 3M), evidencing the resistance against easy exfoli-
ation as observed in peeling surface morphology (Fig. 3F, H). The
record force curves demonstrate the higher energy dissipation
capability to resist exfoliation (Fig. 3K). The delamination curve
of uPVA-GO paper features a strain hardening trend to dissipate
more energy as compared with the elastic curve of neat GO
FIG. 4

Comparison in strength between in-plane direction (tensile strength) and o
with diverse interlayer interaction. The green region means 2D materials asse
2D materials assembled by chemical crosslinks such as electrovalent bonds. Th
showing an effective synergy enhancement of the delamination strength and t
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paper, resulting from the enhanced inter-chain friction by
intramolecular hydrogen bonding of uPVA [18,54–57]. The ulti-
mate exfoliation force of uPVA-GO paper (160 lN) is nearly 2-
times higher than that (50 lN) of neat GO paper, revealing the
efficiency of IET strategy to resist delamination failure.

Through IET method, lamellar GO materials start to have a
comparable delamination strength to the benchmark natural
nacre, complementing the outstanding in-plane performances
with high out-of-plane failure resistance (Fig. 4). The MD simula-
tions at the molecular scale also reveal that the highly entangled
polymer chains help loading transfer between GO sheets, provid-
ing strong energy dissipation by disentanglement, slipping, and
surging at high strains to prevent GO sheet edges from sliding
apart in the fracture process [18,56]. In the previous trend,
chemical crosslinking and van der Waals interaction can
enhance the interlayer bonding and in-plane strength up to a
ut-of-plane direction (delamination strength) of 2D assembly materials
mbled by van der Waals force such as p-p stacking. The blue region means
e red star means our artificial interfacial entanglement toughening design,
ensile strength for graphene assembly materials.

16/j.mattod.2025.02.011
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remarkable level of 2 GPa [19], but gives a neglectable improve-
ment in delamination resistance. In contrast to the greatly
expected use as realistic structural materials, the increasing in-
plane strength conversely brings a greatly deteriorated delamina-
tion resistance. The resulting low fracture toughness would be no
means of relieving any local high stresses and where cracks once
initiated, immediately propagate in an unstable and often catas-
trophic fashion, especially under the large out-of-plane deforma-
tion [40]. Beyond the previous trend, IET method can balance
the in-plane strength merit and the outstanding delamination
FIG. 5

Interlayer entanglement toughing 2D lamellar composites. (A) Schematic and
The scale bar is 30 lm. (B, C) SEM images of the bending failure for rGO bulks (B
strength–strain curves of rGO bulks and IET-rGO bulks. The strain is calculated by
Electrical conductivity of two composite bulks. (F) Photos of IET-BN coating on
coatings. Insert picture is the digital photo of the wear resistance test. The weig
thermal diffusivity (TD) testing of two kinds of freestanding papers. The curvature
of IET-MMT papers. (J) Mechanical and thermal performance characterizations for
time of the LED matrix with different heat insulations and the schematic of the

Please cite this article in press as: K. Li et al., Materials Today (2025), https://doi.org/10.10
resistance, enabling the lamellar 2D materials usable to approach
realistic applications.

Delamination resistant functional lamellar materials
Using IET strategy to relieve the delamination deficiency, we fab-
ricated the uPVA-reduced graphene papers (IET-rGO) and their
laminated composite bulks with epoxy resin (Fig. 5A). The IET-
rGO bulk exhibited an excellent bending strength of
163.5 MPa, which is almost three times higher than that
( 35 MPa) of the neat rGO bulks (Fig. 5D). The high bending
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photos of IET-rGO composite bulks and the SEM image of the cross-section.
) and IET-rGO bulks (C). The scale bar is 20 lm. (D) The three-point bending
dividing the displacement of the indenter by the thickness of the sample. (E)
PP separator membranes. (G) The wear resistance curves of two kinds of
ht is 50 g and the sandpaper is 600 mesh. (H) The cycle bending in-plane
radius is 1 mm and the inserts are photos of samples (D = 25 mm). (I) Photo
two kinds of MMT papers. (K) Central temperature evolution versus running
test system.
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strength of IET-rGO bulks results from the improved delamina-
tion resistance of IET-rGO papers, which allows the resin to bind
laminated papers tightly together, enhancing the fracture tough-
ness and inducing a mix-mode fracture of bulks which is helpful
to increase the resistance of crack propagation (Fig. 5C) [58].
Otherwise, the delamination failure easily occurs at the interface
between papers and resins, even at mild curvature (Fig. 5B),
which is a fatal failure for the structural bulks, regardless the high
in-plane strength. Meanwhile, benefitting from the relatively low
containing of the ultra-high molecular weight polymer, the elec-
trical conductivity of IET-rGO composite bulk shows a mildly
degrading by 37 % as compared to the neat rGO composite bulk
at the same resin containing (Fig. 5E).

Extending from the model graphene based materials, the IET
strategy was also applicable for preparing delamination resisting
materials of other typical 2D sheets, such as boron nitride (BN)
and montmorillonite (MMT). We fabricated a durable IET-BN
coating with excellent wear-resisting property, which can pre-
vent the sliding of tablets and hold the structure integrity during
violent shear and bending deformation (Fig. 5F-H, S16). This IET-
BN coating kept the stable in-plane thermal diffusivity (TD) dur-
ing cyclic bending with a small bending radius of 1 mm, outper-
forming the abrupt fragmentation of neat BN coating (Fig. 5H,
S16). We fabricated freestanding IET-MMT paper by vacuum fil-
tration (Fig. 5I). The strong entanglement of uPVA effectively
toughened the MMT interlayer interaction and greatly improved
the overall mechanical performances in both in-plane and out-
of-plane directions (Fig. 5J). The delamination failure section of
IET-MMT paper exhibited typical dissipation structures, resem-
bling the same strengthen mechanism of IET-GO (Fig. S17).
The low TD with high delamination resistance of IET-MMT paper
can find realistic applications in the thermal insulation (Fig. 5K,
S18).

Discussion
2D sheet and their assembled materials have ignited great expec-
tations for the past two decades [59,60]. Numerous researches
have demonstrated the outstanding in-plane performances of
their prototype assembled materials, which is the spirit of utiliz-
ing the planar properties of 2D sheets [10,61]. Beyond these
dominating merits, any fatal deficiency would disable the pre-
vailing uses to meet the all-round requirements of realistic appli-
cations, which should be paid more researching attentions [62].
In this paper, we caught a paradox of delamination behind the
outstanding in-plane performances of 2D sheet assembled mate-
rials, which could become the hidden fatal deficiency to hinder
their realistic applications.

By comparative analysis, a contradictive trend was unveiled as
the enhancing packing order of 2D sheets of their neat laminated
materials generates an aggravating delamination failure (Fig. 1D).
This counterintuitive trend denotes that the prevailing enhance-
ment stacking order or interlayer binding strength is hard to
meet the complex deformation in realistic applications. The
dominating mechanism of resisting delamination is the inter-
layer dissipation, but not the mere stacking order and interlayer
8
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binding, which is the mechanism of nature nacre to keep struc-
tural integration and resist delamination by interlayer proteins
[33].

Inspired by the natural nacre, we proposed a strategy to
resolve the long-ignored delamination weakness of assembled
2D materials. We introduced ultrahigh molecular weight poly-
mer with strong chain entanglement to provide efficient inter-
layer energy dissipation with a low filler loading. In the IET
strategy, strong interlayer entanglement enriches the energy
dissipation pathway and alleviates the stress concentration of
the crack slits and suppress delamination propagation, achiev-
ing desirable balance between the intrinsic conflicted in-plane
and out-of-plane strength. The GO model materials exhibited
comparable resistance strength of benchmark nature nacres.

The IET strategy can extend to the general assembled materi-
als of 2D sheets. A series of delamination resisting materials with
favorable functions were verified extending from reduced gra-
phene to BN and MMT. The IET strategy acts as efficient method
to relieve the ignored delamination failure and points a pathway
to balance the all-round properties of 2D sheets assembled mate-
rials for wide realistic applications, ranging from structural com-
ponents to coating and functional materials.

Experimental procedures
Resource availability
Lead contact
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact,
Zhen Xu (zhenxu@zju.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All the necessary data to evaluate the main conclusions of this
paper have been presented in the main text and Supplemental
Information. Additional data related to the paper can be
obtained from the authors upon request.

Fabrication of GO and IET-GO papers
GO aqueous dispersions were purchased from Hangzhou Gaoxi
Technology Co., Ltd. (Fig. S19). Sodium MMT powders were pur-
chased from Zhejiang Fenghong New Material Co., LTD. PVA
powders were purchased from energy chemical. IET-GO papers
with different PVA mass fractions were prepared by mixing the
given amount of GO (5.7 mg/ml) and PVA (5 wt%) dispersions.
Uniform dispersion was cast-dried on the PET substrate at 25�C
for 48 h and peeled off to obtain freestanding neat GO, normal
PVA GO and IET-GO papers (Fig. S20).

Fabrication of metal crosslinked GO papers
As-prepared GO papers were immersed in 0.25 M NaCl, KCl,
LiCl, CaCl2 and Mg(CH3COO)2 solution at room temperature
for 2 h respectively [63]. Then the crosslinked papers were
washed by DI water three times to remove residual salt ions on
the surfaces and dried at 25�C for 12 h.
16/j.mattod.2025.02.011
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Fabrication of IET-rGO/Resin composites
As-prepared IET-GO papers (30 wt% uPVA) were fixed both sides
on the glass plate and reduced by the mixture of HI and acetic
acid (1:3 v/v) at 90�C for 24 h. Residual HI was removed by heat-
ing at 105�C for 12 h under vacuum. Reduced IET-GO papers
(IET-rGO papers) were cut to 1 ⅹ 1 cm with 30 pieces by mold
and bonded with epoxy resin (purchased from Wells Advanced
Materials (Shanghai) Co., Ltd) by heating under pressure.

Fabrication of IET-BN coatings
A dispersion of BN flakes in DI water was prepared using a PSI-20
high pressure homogenizer. The dispersion, consisting of 400 mL
of DI water, used 100 g/L of boron nitride flakes as the starting
material. Sodium deoxycholate (SDC) at a concentration of
9 g/L served as the surfactant, and carboxymethylcellulose
sodium salt (CMC) at 10 g/L was added as a rheology modifier.
The mixture was processed through 50 cycles in the homoge-
nizer, with each cycle involving a complete pass of the 400 mL
mixture through the interaction chamber of the homogenizer.
IET-BN dispersions (30 wt% PVA) were prepared by mixing the
given amount of BN (2 wt%) and PVA (5 wt%) dispersions. Plasma
cleaned commercial polyolefin separator (Celgard (PP) separator)
was placed on a flat surface and IET-BN dispersions was then
spread on it by Mayer-bar. Coated separator was dried at 45�C
for 24 h. IET-BN papers were prepared by casting IET-BN disper-
sions (30 wt% PVA) on substrate and dried at 25�C for 48 h.

Fabrication of IET-MMT papers
Dispersion of MMT in deionized water (1 wt%) was stirred thor-
oughly for 10 days and then centrifuged at 3000 rpm for 15 min
twice to remove unexfoliated MMT. IET-MMT papers were fabri-
cated by vacuum filtering with the obtained dispersion on the
cellulose acetate filtration paper (pore size of 0.2 mm) and then
dissolving the filtration paper in acetone.

Delamination strength measurement
In the delamination test, paper samples were cut to a circle plate
with diameter of 5 mm by mold, and adhered to a glass slide by
epoxy resin (3 M DP420). Nacre samples were fabricated by man-
ual sandpaper burnishing. Then, we attached an as-burnished
extrusion-rivet bolt with diameter of 4.6 mm to another sild of
the sample on glass by epoxy resin. Before the test, we adhered
the glass to a T-shaped machined part by quick-drying adhesive
and used a plate machined part with thread for easily clamping.
And we used a hexagonal nut to relieve the assembly stress and
keep the loading direction is vertical to sample surface (Fig. S21).
All samples were run in decuple. Additional information related
to the test can be obtained from the Supplemental Information.
In-situ adhere probing test
In the in-situ adhere probing test, the force sensor was calibrated
by a spring with a standard stiffness of 9.38 lN/lm. After calibra-
tion, the atomic force microscope (AFM) tip was moved to the sil-
icon substrate under low voltage and dipped the SEM glue on the
tip. Then the tip was moved to the sample and adhered to the
sample surface by raising the electron beam intensity and curing
the glue. After completely curing, the tip was lifted with a uni-
form velocity and the change of force value could be recorded.
Please cite this article in press as: K. Li et al., Materials Today (2025), https://doi.org/10.10
Characterizations
The mechanical tests were carried on different electronic univer-
sal testing machines. The Instron 5943 was used for out-of-plane
drawing and lap-shear test at a loading rate of 0.3 mm/min. The
Instron 2344 was used for tension test at a loading rate of 2 mm/
min and the gauge length was 5 mm. The Reger RGWT-4000–20
was used for single-edge notched test and three-point bending
test at a loading rate of 0.06 and 1 mm/min respectively.

The structure and surface morphology were investigated by
optical microscopy (Nikon E600POL), optical profilometer
(Wyko NT9100), XRD (X’PertPro PANalytical diffractometer),
SEM (Carl-Zeiss EVO-10, sigma 500 and Hitachi S4800) and
AFM (Cypher ES). The electrical conductivity was measured by
two-probe method on the Keithley 2400 multiple-function
source-meter. The thermal performance were measured by laser
scattering equipment (LFA 467, Netzsch, Germany) and thermal
infrared imager (T630sc, FLIR, USA).
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