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Nanoarchitectonics-Enabled Stimulus-Selective Energetics:
Nacre-Mimetic Interfaces Synchronize Structural Resilience

and Enhanced Energy Release

Jingwei Li, Zhichao Zhao, Yihao Shen, Yongsheng Jia, Jinshan Sun, Yingkang Yao,
Quanmin Xie, Yurong Liu, Guangyu Yin, Zhangbo Ming, and Xuwen Liu*

The practical application of Metastable Intermolecular Composites (MICs)
has long been constrained by an intrinsic trade-off: the high specific surface
area required for rapid energy release inevitably induces extreme sensitivity
and structural fragility, while conventional stabilizing additives compromise
energy density. To resolve this, we present a bio-inspired geometric-interfacial
nanoarchitectural strategy. Hierarchically ordered films were engineered via the
oriented assembly of 2D flake aluminum (F-Al) and flake copper oxide (F-CuO)
into a nacre-mimetic “brick-and-mortar” architecture. This design enhances
stimulus-specific response: edge stress concentration in F-Al reduces thermal
ignition thresholds by >40%, while percolating conductive networks increase
electrostatic safety by 73%. Mechanically, the architecture improves strength
and toughness by >300% through crack deflection and frictional dissipation.
Furthermore, energy release efficiency is amplified, achieving an 8-fold
increase in flame propagation (128 mm s~') driven by anisotropic thermal

metal oxide oxidizers. Their energy re-
lease originates from violent redox reac-
tions between the components.l®8] This
unique reaction mechanism endows MICs
with immense potential for miniaturized,
high-precision applications, such as micro-
propulsion systems, miniature detonation
devices, and Micro-Electromechanical Sys-
tem (MEMS) igniters.[8-10]

However, the practical engineering ap-
plication of MICs faces long-standing crit-
ical challenges. On the one hand, the high
proportion of nano-active components or
the intentionally designed high porosity of-
ten results in a structurally loose material
with weak cohesion.['"12] This significantly
compromises its mechanical strength and

conduction and fluorine-mediated interface activation. This work establishes
geometric-interfacial nanoarchitectonics as a paradigm to synchronize
stress, charge, and heat transport, enabling next-generation energetic
materials for aerospace and Micro-Electromechanical Systems (MEMS).

1. Introduction

Metastable Intermolecular Composites (MICs) have garnered
significant research interest in recent years, owing to their sub-
stantially higher energy density, faster energy release rate, and
tunable reaction characteristics compared to traditional molec-
ular energetic materials (e.g., TNT, RDX).['*] Typical MICs sys-
tems consist of nano/microscale metallic fuels combined with
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toughness, rendering it unable to withstand
the mechanical demands of complex appli-
cation environments, such as aircraft vibra-
tions and impact loads.['"!2] On the other
hand, the enormous specific surface area
and surface energy of nano-active compo-
nents make them exceptionally sensitive to
external stimuli like electrostatic discharge, friction, and thermal
shock, posing serious safety hazards.'3*] The triggering spark
energy for certain unoptimized MICs systems can be as low as
0.1 mJ,%] far below the electrostatic energy typically carried
by a human body. Moreover, and critically, strategies designed
to mitigate electrostatic sensitivity or enhance mechanical in-
tegrity invariably compromise energy release characteristics. For
instance, introducing inert binders can improve mechanical in-
tegrity and reduce certain sensitivities, but it dilutes the active
components, lowering energy density and reaction rate.l"3! Coat-
ing or passivating particles can effectively reduce sensitivity, but it
may also hinder intimate contact between fuel and oxidizer, sim-
ilarly increasing ignition delay.["®! Therefore, developing a new
construction strategy that can synergistically optimize sensitivity,
mechanical strength, and energy release efficiency has become
an important challenge for MICs toward practical applications.
Inrecent years, the 2D design of energy materials has provided
new ideas for solving the coordinated optimization of mechanical
properties and functionality.*?%! A prime example is the nacre-
mimetic “brick-and-mortar” hierarchical structure, characterized
by the ordered arrangement of 2D lamellar components.[2122]
This architecture effectively overcomes the inherent brittleness
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of its constituent phases through various toughening mecha-
nisms, such as crack deflection, interlayer sliding, and organic
phase bridging, thereby achieving a remarkable synergy be-
tween strength and toughness.?1"2] While various biological
hierarchies, including the columnar structure of tooth enamel
and the fibrous networks of bone, each provide distinct advan-
tages in mechanical resilience and adaptability,[2*?7] the nacre-
mimetic architecture offers particular benefits for MICs through
its emphasis on extensive face-to-face interfacial contacts be-
tween components.[2-3% Introducing this 2D construction strat-
egy into MICs system design holds significant potential. The in-
terlocking effect between lamellae could substantially enhance
the mechanical properties of traditional composite energetic sys-
tems. Concurrently, leveraging the anisotropic regulation of elec-
trostatic and thermal transport inherent to 2D topological struc-
tures offers a pathway for the active control of external stimulus
response. Pioneering research®!3? has provided initial evidence
for the performance advantages of 2D architectures in energetic
systems. Therefore, it is necessary to conduct more in-depth stud-
ies on this strategy, focusing on its overall impact on energetic
systems and elucidating the underlying mechanisms leading to
the observed phenomena.

To resolve the fundamental trade-offs among mechanical
integrity, safety, and energy release efficiency that have long
constrained MICs, we herein propose a bioinspired nanoar-
chitectonic strategy. Distinct from recent advancements!*3-]
that utilize vacuum-assisted filtration primarily for inert fillers
or single-component 2D phases, this work pioneers the con-
struction of a “double-2D” reactive architecture by integrating
two-dimensionally transformed flake CuO (F-CuO) as an ac-
tive “brick” component with flake Al (F-Al). Engineered via
mechanical ball milling and evaporation-induced self-assembly,
this nacre-mimetic design exploits the geometric matching
of high-aspect-ratio components to establish continuous “face-
to-face” reactive interfaces. Systematic investigations encom-
pass microstructural evolution, interfacial chemistry, mechan-
ical response under stress, stimulus-selective sensitivity (ther-
mal/electrostatic), combustion dynamics, and PIR pathways. By
correlating architectural features with emergent properties, we
elucidate the mechanistic basis of the synergistic “mechanical
strengthening-energy release optimization-sensitivity passiva-
tion” triad inherent to the 2D-MIC system. These findings estab-
lish geometric-interfacial nanoarchitectonics as a paradigm for
synchronizing traditionally antagonistic properties in energetic
materials, providing foundational principles for next-generation
high-safety, structurally resilient smart energetics.

2. Results and Discussion

2.1. Morphology

High-energy ball milling—a representative mechanical alloy-
ing technique—was successfully used to transform aluminum
powder from spherical particles (S-Al) to 2D flake structures
(E-Al). Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) characterization re-
vealed that pristine S-Al particles exhibited regular spherical mor-
phology (Figure 1a—c) with a median particle diameter (Ds;) of
4.8 um (Figure S5, Supporting Information). Ball milling induced
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significant plastic deformation and cold welding, resulting in lat-
eral expansion of F-Al to 50-300 um (Figure 1d—f; Figure S6, Sup-
porting Information) with high aspect ratios. This 2D morpho-
logical transition substantially increased the fuel’s specific sur-
face area, providing abundant active sites for fuel/oxidizer inter-
facial reactions (Figure 1g).

HRTEM with selected area electron diffraction (SAED) analy-
sis further demonstrated that ball milling reconstructed both sur-
face oxide layers and crystalline structure. While S-Al featured
a smooth, homogeneous amorphous oxide layer (Figure 1ch),
ball-milled F-Al developed a rough, heterogeneous oxide layer
(Figure 1fh). Thickness profiling across representative regions
(Figure 1h,i) quantified this evolution. S-Al exhibited uniform ox-
ide thickness (variance: 0.015), whereas F-Al showed significant
thickness fluctuations (variance: 0.552). This pronounced thick-
ness heterogeneity is not accidental but originates from the “dy-
namic fracture-repassivation” cycles inherent to the high-energy
ball milling process.[**3”] The intense mechanical impact drives
continuous plastic deformation and cold welding, which prevents
the growth of a uniform oxide layer. Unlike the smooth, ho-
mogeneous shell of S-Al, this structurally irregular oxide layer
introduces abundant microscopic defects and high-aspect-ratio
features. These morphological fluctuations are instrumental in
modulating the material’s physicochemical properties, serving as
the structural basis for the enhanced performance discussed in
subsequent sections.

SAED patterns provided further insight into the crystallo-
graphic changes induced by ball milling. The S-Al exhibited
sharp diffraction spots (Figure 1c), indicating well-defined single-
crystalline characteristics. In contrast, the F-Al displayed diffuse
diffraction rings superimposed with spotty patterns (Figure 1f),
suggesting partial amorphization and polycrystallinity. This
structural transition was corroborated by X-ray diffraction (XRD)
analysis (Figure 1j). Both samples showed characteristic Al
diffraction peaks (JCPDS #85-1327) at 20 = 38.5° (111), 44.7°
(200), 65.1° (220), and 78.2° (311). However, significant peak
broadening was observed in F-Al, with the full width at half max-
imum (FWHM) of the (111) peak increasing from 0.09° (S-Al) to
0.21° (Figure 1j). This pronounced broadening confirms lattice
distortion and grain refinement resulting from intense mechan-
ical deformation during ball milling.

Following comprehensive characterization of individual 2D
components, composite films were fabricated to validate the scal-
ability of 2D architectural strategy. Free-standing energetic films
with “brick-and-mortar” hierarchy were constructed via vacuum-
assisted filtration self-assembly (Figure 2a), employing 2D F-Al
and F-CuO as rigid bricks bonded by a fluoropolymer mortar
phase. The vacuum-induced planar orientation effect enabled
multiscale ordered assembly, yielding mechanically robust films
with macroscopic structural integrity. Remarkably, these films ex-
hibited exceptional flexibility, permitting bending, folding, and
twisting without fracture (Figure 2b). The selection of the nacre-
mimetic structure is further justified by its synthesis compati-
bility with energetic materials. The nacre-like “brick” units are
efficiently generated via the top-down mechanical ball milling
of commercial spherical powders. This process exploits the plas-
tic deformation of aluminum to form high-aspect-ratio platelets,
which naturally self-assemble into ordered layered structures via
vacuum filtration to minimize system surface energy. This route
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Figure 1. Morphology and interface characteristics of F-Al/S-Al powder. SEM, HRTEM and SEAD characterization of a—c) S-Al and d—f) F-Al. g) Schematic
diagram of the 2D transformation. h) Structural characteristics of the Al,O5 interface layer and i) regional thickness analysis. j) XRD spectra of S-Al and

F-Al.

avoids the use of extensive inert templates or complex scaffolds
often required for other bio-inspired geometries, ensuring that
the high energy density of the MICs is preserved while achieving
structural coherence.

Cross-sectional SEM analysis (Figure 2c,d) revealed a well-
defined lamellar architecture with alternating F-Al and F-CuO
platelets bonded by fluoropolymer interlayers. Both components
exhibited pronounced in-plane alignment, confirming vacuum-
induced preferential orientation during filtration. Surface SEM
imaging (Figure 2e,f) demonstrated tight geometric interlock-
ing between platelets, indicating uniform interfacial integration.
HRTEM-EDS analysis (Figure 2g,h) elucidated interfacial bond-
ing characteristics, where spatial correlation of F and Al signals
confirmed fluoropolymer coating on aluminum surfaces. While
HRTEM-EDS confirms the spatial distribution of elements, the
specific molecular interactions at the interface were further elu-
cidated via FT-IR analysis (Figure S8, Supporting Information).
The spectra reveal a distinct blue shift in the C-F stretching vi-
bration peaks within the 1000-1100 cm ™. This shift is attributed
to the formation of hydrogen bonds (O-H---F) between the resid-
ual surface hydroxyl groups on the Al,O,/CuO shells and the
fluorine atoms in the Viton matrix. Critically, CuO layers bridge
to Al through continuous polymer linkages, establishing an
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integrated interfacial network (Figure 2h). This interlayered
structure helps to enhance the mechanical properties of the
film.[2838] To quantitatively evaluate the mechanical properties of
the nacre-inspired energetic architecture, tensile testing was per-
formed using a universal testing machine (Figure 2i). The stress-
strain curves revealed that the composite system incorporating F-
Al and F-CuO exhibited superior tensile performance (Figure 2j).
Specifically, ACF-FF (Al/CuO/fluoropolymer films composed of
F-Al and F-CuO; see experimental section for detailed nomencla-
ture) achieved the highest tensile strength (5.35 MPa) and tough-
ness (0.227 MJ m~3), confirming that the nacre-like structural de-
sign significantly improved the mechanical properties.
Enhanced mechanical properties primarily originate from
the synergistic hard/soft phase interaction and high interlayer
friction within the nacre-like architecture.?'**) The rigid F-Al
and F-CuO phases provide high strength, while the compli-
ant Viton binder enables substantial deformation capacity. Un-
der stress, these phases undergo cooperative deformation, ef-
fectively mitigating stress concentration that would otherwise
trigger brittle fracture. This synergistic interaction simultane-
ously elevates both strength and toughness.!?!*] Furthermore,
the high frictional resistance between adjacent lamellae (F-Al/F-
CuO) dissipates significant energy through controlled interlayer
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Figure 2. Construction and characterization of nacre-like energetic films. a) Self-assembly process of the composite energetic system with a “brick-
and-mortar” layered structure. b) Digital photos show that the films can be bent, stretched and twisted, showing favorable flexibility. c,d) cross-section
and e,f) surface SEM images of the energetic films. g,h) HRTEM images and EDS analysis of each component in the films. i) Mechanical properties

measurement method, j) tensile stress—strain curve and k) tensile strength and toughness of energetic films.

sliding during deformation. The superior strength (1156%—
308%) and toughness (1142%-302%) of F-Al-containing sys-
tems (ACE-FF/FS) over spherical counterparts (ACF-SF/SS) con-
firm that F-Al is the primary contributor to enhanced interlayer
friction.

The incorporation of F-CuO is not merely a compositional
change but a critical structural enhancement that amplifies both
mechanical resilience and energy release via geometric synergy.
Mechanically, the planar geometry of F-CuO significantly re-
inforces the nacre-mimetic architecture. Quantitative analysis
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reveals that the full-2D system (ACF-FF) achieves a 32.4% in-
crease in tensile strength and 48.4% increase in toughness com-
pared to the mixed-dimensional system (ACF-FS). In stark con-
trast, replacing S-CuO (spherical CuO) with F-CuO in spherical
aluminum systems (ACF-SF vs. ACF-SS) yields only marginal
gains (20.6% strength/11.1% toughness), underscoring that the
strengthening effect is maximized only when F-CuO is geomet-
rically matched with F-Al

In-situ tensile testing (Figure S7, Supporting Information) elu-
cidates the origin of this enhancement. As stress is applied, the
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initial crack does not propagate linearly. Instead, it undergoes sig-
nificant deflection and bifurcation along the “brick-and-mortar”
interfaces, extending the propagation path. Fracture surface anal-
ysis further reveals a characteristic “fish-scale” step-like morphol-
ogy, where F-Al and F-CuO platelets are pulled out with visible fil-
amentous polymer bridging. This indicates that the large contact
area of F-CuO facilitates intense interfacial friction and viscoelas-
tic deformation of the binder during interlayer sliding, thereby
dissipating substantial energy and preventing catastrophic
failure.

To contextualize these mechanical gains, we compared the
ACF-FF system with state-of-the-art 3D-printed energetic ma-
terials. While additive manufacturing enables complex geome-
tries, high-loading nanothermites and composite propellants of-
ten struggle with brittleness or limited tensile strength due to
weak interfacial bonding and porosity.***] In contrast, nacre-
mimetic film achieves a significantly higher tensile strength of
5.35 MPa and favorable toughness (0.227 MJ m~3). This ad-
vantage stems directly from the “brick-and-mortar” architecture,
where the ordered arrangement of 2D F-Al and F-CuO platelets
promotes crack deflection and frictional energy dissipation. This
suggests that the geometric-interfacial regulation in 2D-MICs ef-
fectively resolves the trade-off between high solid loading and
mechanical robustness.

2.2. Stimulus-Specific Response

According to the classical melt-diffusion theory, the fracture
of the protective Al,O, shell constitutes the critical first step
for subsequent redox reactions between exposed molten alu-
minum cores and oxidizers.[***] This failure threshold directly
dictates the thermal sensitivity and ignition characteristics of
aluminum-based energetic systems. Although it has been exten-
sively studied in conventional spherical aluminum, the response
of Al, O, shells encapsulating 2D F-Al to transient thermal stress
remains under-investigated. Understanding these morphology-
dependent mechanical responses is crucial for elucidating the
thermal sensitivity of 2D MIC systems.

Thus, finite element analysis was employed to investigate the
stress evolution in the Al O, shell under thermal shock. Tran-
sient stress evolution within the Al,O, shell of spherical (S-Al)
and flake (F-Al) AI@AIL, O, core-shell structures (Figures S2 and
S3, Supporting Information) was simulated under identical ther-
mal shock conditions using ANSYS. Figure 3a presents time-
resolved stress contour plots for both configurations. The S-Al
system exhibited uniform stress distribution across its Al,O,
shell, with minimal stress gradients observed along the thickness
direction. In stark contrast, F-Al displayed pronounced stress lo-
calization, where peak stresses concentrated at geometric edges.

Analysis of surface-specific stress profiles (Figure 3b) revealed
that both the basal surface (S,) and lateral surface (S,) of F-Al sus-
tained maximum stresses significantly exceeding mean values.
At the thermal shock peak (t = 1 s), peak stresses on these sur-
faces surpassed the spatial average by 29%-31%, confirming in-
tense local stress intensification. Combined with stress contours,
this demonstrates circumferential edge concentration in F-Al
(Figure 3c). This amplified edge stress concentration originates
from geometric discontinuities inherent to high-aspect-ratio pla-
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nar structures. When thermal loads traverse such discontinu-
ities, internal force transfer paths are compelled to divert around
abrupt curvature transitions, thereby elevating local stresses
through geometric reinforcement effects.[*c-*8 Conversely, S-Al
exhibited near-identical maximum and average stresses on both
its inner (S;) and outer (S,) shell surfaces (Figure 3d), reflect-
ing homogeneous stress distribution. This uniformity stems
from spherical symmetry—continuous curvature eliminates ge-
ometric singularities, enabling isotropic dissipation of thermal
stresses without local intensification. Critically, these uniform
stress values in S-Al remained consistently below the peak edge
stresses of F-Al. The intensified edge stress in F-Al substantially
reduces the effective fracture strength of the Al,O, shell un-
der thermal excitation. Compared to S-Al, this localized weaken-
ing promotes preferential crack initiation at lower global energy
inputs. Consequently, reactive molten aluminum cores become
more readily exposed during combustion in F-Al systems.

Complementing the simulation analysis, thermal response
sensitivity was experimentally quantified through Ni-Cr wire ig-
nition tests (experimental schematic in Figure 3e). Ignition de-
lay was determined by measuring the temporal offset between
voltage initiation and photodiode detection signals during com-
bustion (Figure 3f). Experimental results (Figure 3g) demonstrate
that 2D energetic systems incorporating F-Al (ACF-FF/FS) ex-
hibit significantly enhanced thermal responsiveness. Their av-
erage ignition delays measured 138 and 154 ms, respectively—
representing a 42%-50% reduction compared to S-Al systems
(ACF-SF: 266 ms; ACF-SS: 275 ms). This pronounced decrease
confirms that the 2D hierarchical architecture effectively lowers
the thermal excitation threshold of the system.

Collectively, the finite element simulations and ignition experi-
ments demonstrate that the distinct thermal response character-
istics of 2D MICs originate from morphology-dependent stress
modulation. The geometric discontinuity in F-Al induces local-
ized stress amplification at edges (29%-31% above mean stress),
which significantly weakens the Al,O, shell’s fracture resistance
under thermal excitation. It is worth noting that the thickness
fluctuation of the F-Al shell acts as a critical geometric sensi-
tizer for thermal response. Similar to the enhanced reactivity ob-
served in aged aluminum nanostructures,*! the non-uniform
oxide thickness exacerbates localized stress concentration under
thermal shock. Thinner or rougher regions of the shell function
as preferential failure sites, facilitating early rupture and core ex-
posure. This mechanism will be instrumental in reducing the
thermal ignition threshold.

Electrostatic discharge (ESD) poses critical safety risks during
the manufacturing, storage, and handling of energetic materials,
where accidental ignition may cause catastrophic failure.’*52l
The nacre-inspired layered architecture fundamentally modu-
lates ESD response by establishing continuous conductive path-
ways. We quantitatively evaluated electrostatic ignition thresh-
olds using a standardized ESD sensitivity apparatus (Figure 4a,b)
implementing the Bruceton up-down method,535* with 50% ig-
nition energy (Es,) as the primary metric.

Results demonstrate that the ACF-FF system exhibits a sig-
nificantly elevated E;, value of 247 m], representing a 73% in-
crease compared to the ACF-SS system (Eg, = 142 m]), as shown
in Figure 4c. Notably, both F-Al-containing systems (ACF-FF/FS)
display higher ESD thresholds than their S-Al counterparts,
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Figure 3. Numerical simulation and experimental measurement of thermal response in energetic systems. a) Thermal stress contours and b—d) stress-
time profiles at representative interfaces from finite element simulations of F-Al and S-Al. e,f) Schematic and methodology for Ni-Cr wire ignition delay
measurement. g) Ignition delays of various samples under thermal stimulus.

confirming that the 2D morphology of the metallic fuel compo-
nent is pivotal for enhancing electrostatic safety.

This enhancement stems from fundamentally distinct
charge transport characteristics. Conductivity measure-
ments (Figure 4d) reveal that F-Al systems (ACF-FF/FS:
128-1080 mS m™') exhibit conductivity values 3—4 orders of
magnitude higher than their spherical counterparts (ACF-
SS/SE: 0.26-0.49 mS m™!). S-Al form discontinuous networks
through stochastic point contacts with limited interfacial
connectivity and tortuous electron pathways (Figure 4e).
This structural discontinuity impedes charge transport, pro-
moting localized electrostatic accumulation under external
stimuli that compromises ESD safety. Conversely, the ori-
ented alignment of F-Al establishes percolating in-plane
conductive networks that facilitate efficient charge dissipa-
tion (Figure 4e), significantly enhancing electrostatic ignition
resistance.
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2.3. Flame Propagation Characteristics

To elucidate the regulatory mechanism of the nacre-like layered
architecture on the combustion behavior of the thermite compos-
ites, the self-sustained combustion process of strip-shaped ener-
getic films was quantitatively characterized using an open com-
bustion test platform (Figure 5a,b). Analysis of the relationship
between the flame front position and time revealed a significant
linear correlation for all systems (R? > 0.9), confirming the stabil-
ity of the combustion process (Figure 5c). The flame propagation
rate (V,) was calculated from the slope of the linear regression.
Systems utilizing F-Al (ACF-FF and ACF-FS) exhibited prop-
agation rates of 128 and 79 mm s~! respectively, representing a
5-8 fold enhancement over S-Al systems (ACF-SF: 15.9 mm s7;
ACF-SS: 15.1 mm s7!), as shown in Figure 5d. This sub-
stantial improvement is primarily attributed to thermally con-
ductive properties arising from the structural design. The
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containing F-Al/S-Al powder.

ACEF-FF system exhibits a 62.0% higher burning rate than ACF-
FS, whereas the transition from S-CuO to F-CuO in spherical
systems (ACF-SF vs. ACF-SS) results in a negligible 5.3% in-
crease. This disparity also originates from the high-efficiency
combustion facilitated by the formation of continuous ‘face-to-
face’ contact interfaces between F-Al and F-CuO. Unlike the
limited “point-to-point” contacts in spherical mixtures, this 2D
topology minimizes interfacial thermal resistance and drastically
shortens diffusion distances for oxygen and aluminum ions, syn-
chronizing robust mechanical integrity with accelerated energy
release.

Substantiating this analysis, steady-state thermography
measurements®!]  (Figure 6a,b) confirmed significantly en-
hanced thermal conductivity in F-Al systems. Temperature
evolution profiles 10 mm from the heating source (Figure 6c)
showed steeper thermal gradients and higher peak temperatures
in ACF-FF/FS versus isotropic spherical systems. Quantitative
thermal conductivity measurements (Figure 6¢) revealed a 186%
enhancement in ACF-FF relative to ACF-SS.

This significant enhancement is attributed to the establish-
ment of low-thermal-resistance pathways through the mutual
stacking of flake components within the planel®! (Figure 6d).
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Critically, the dominant role of aluminum’s intrinsically high
thermal conductivity (237 W m~! K~!) versus copper oxide (18-
40 W m~! K1) renders the 2D arrangement of F-Al the primary
determinant of system-wide thermal transport. Rapid lateral heat
conduction accelerates preheating of the unreacted region ahead
of the flame front, thereby increasing the flame propagation rate
(Figure 6d).

High-speed imaging provided direct evidence of this mecha-
nism. The F-Al composite exhibits a nearly vertical flame front
(0 ~ 85° Figures 5b and 6e), indicating that the combustion
front is closer to the in-plane direction (4,>A4y). This phe-
nomenon stems from the nacre-like structure, which imparts a
much higher thermal conductivity enhancement in the in-plane
direction than in the thickness direction (V,>Vy;).’®) The com-
bustion wave is more easily propagated in the in-plane direc-
tion of the film. In contrast, randomly packed spherical particle
systems (ACF-SF/SS) lack preferential heat-transfer pathways,
promoting relatively uniform heat diffusion in 3D space. Con-
sequently, these systems display smaller flame inclination an-
gles (6 =~ 45°) with distinct curvature observable at the combus-
tion front (Figure 6e), hindering efficient planar self-sustaining
propagation.

© 2025 Wiley-VCH GmbH
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Figure 5. Analysis of flame propagation characteristics. a) Schematic diagram of flame propagation experimental measurement. b) High-speed photog-
raphy images of flame propagation of each sample. c) Flame propagation front-time curve. d) Flame propagation rate of each system.

Notably, within the 2D F-Al framework, the morphology
of CuO significantly influences combustion performance. The
propagation rate of ACF-FF (128 mm s™') exceeds that of ACF-
FS (79 mm s7') by 63%. This difference stems from the unique
“2D/2D” contact configuration formed between F-CuO and F-Al,
which maximizes interfacial contact area, significantly reduces
the solid-solid reaction diffusion barrier. Conversely, in S-Al sys-
tems (ACF-SF versus ACF-SS), the difference in propagation
rates is merely 5.3% (15.9 vs. 15.1 mm s™') regardless of oxidizer
morphology. This indicates that when the Al is isotropically and
randomly distributed, the regulatory effect of oxidizer morphol-
ogy on reaction kinetics is substantially weakened, and system
performance becomes primarily constrained by the discrete.

2.4. Combustion Flame and Condensed Phase Residue
To quantitatively characterize combustion behavior, an analysis

was performed by assessing the flame area and the number of
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incandescent particles. Figure 7a illustrates the image process-
ing workflow. High-speed RGB frames were binarized, with the
largest connected region designating the flame area and dis-
crete regions representing hot particles.”) Temporal evolution of
these parameters was extracted from sequential image analysis.

Flame area (Figure 7b) and particle count profiles (Figure 7c)
reveal distinct combustion signatures. Statistical analysis
(Figure 7d) demonstrates that F-Al-dominated systems (ACF-FF:
1007 mm?; ACF-FS: 398 mm?) exhibit 3.7 to 5.2 times larger
average flame areas during stable combustion than S-Al coun-
terparts (ACF-SF: 213 mm?; ACF-SS: 192 mm?). Conversely,
incandescent particle density inversely correlates with flame
area, showing higher counts in S-Al systems.

Residue morphology and elemental distribution (Figure 7e—j)
further corroborate these behavioral differences. S-Al systems
(ACF-SF/SS) yield coarser residues (Figure 7g,h) featuring hol-
low/fragmented Al,O, shells (Figure 7j), consistent with classi-
cal melt-diffusion mechanisms where molten Al penetrates the
oxide layer, leaving unreactive hollow spheres.
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In contrast, F-Al systems (ACF-FF/FS) produce finer
residues containing dense Al/Cu/F-rich spherical agglom-
erates (Figure 7i), This confirms that despite initial 2D
morphology, F-Al undergoes melting and phase transition
during combustion, ultimately forming spherical condensed-
phase products.’®! This agglomeration behavior fundamen-
tally impacts reaction efficiency. Molten S- Al coalesces
rapidly into large droplets through low-barrier collisions,!>¢]
sharply reducing specific surface area and hindering
oxidation.

F-Al resists immediate spheroidization due to geometric
constraints. Instead, it undergoes multistage morphological
evolution. Combined with the research of Wang et al,l®
it is speculated that, the high-aspect-ratio molten aluminum
cores preferentially undergo microjet ejection rather than
direct spheroidization. These ejected droplets subsequently
coalesce into smaller spheres than those formed in S-Al
systems. This complex kinetic process prolongs the high-
specific-surface-area state of aluminum, extending its reac-
tion window. The resultant spatial and temporal conditions
promote efficient oxidation, ultimately manifesting as ex-
panded flame areas and reduced agglomerate sizes in F-Al
systems.

Adv. Funct. Mater. 2026, 36, €25995
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2.5. Thermal Reaction Pathway

The thermal reaction pathway of the Al/CuO/fluororubber
ternary system has been preliminarily elucidated in prior
studies.l®!] Tt is characterized by the fluororubber preferen-
tially undergoing a PIR and Al-F exothermic reaction with alu-
minum, subsequently triggering the main redox reaction be-
tween Al and CuO. The coordinated analysis of DSC (Differen-
tial scanning calorimetry) and X-ray photoelectron spectroscopy
(XPS) not only confirmed the above-mentioned multi-stage re-
action characteristics, but also revealed the significant regula-
tory effect of aluminum two-dimensionalization on the reaction
path.

All samples exhibit three characteristic exothermic peaks in
their DSC curves (Figure 8a), located at 330-460, 500, and 600 °C,
respectively. To elucidate the chemical processes corresponding
to each peak, intermediate products at different temperatures
were analyzed by XPS. The Al 2p spectrum at 460 °C (Figure 8b)
shows characteristic peaks at binding energies of ~71.9 eV (Al-
Al metallic bond) and ~78.2 eV (Al-F bond).®” This indicates
that Peak 1 primarily originates from the PIR between the Al, O,
shell and fluororubber.®*¢*] At 500 °C, the Al-Al peak disap-
pears in the Al 2p spectrum (Figure 8c), while the Al-F peak

© 2025 Wiley-VCH GmbH
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intensity significantly increases (Figure 8d), confirming that in-  dox reaction stage between Al and CuO, releasing the primary
tense Al-F reactions between the aluminum core and fluororub-  energy.

ber occur at this stage, leading to the initial consumption of Although the reaction stages are similar, the morphology of
metallic aluminum. At 600 °C, the Al-O peak becomes dom-  the aluminum significantly alters the extent and kinetics of each
inant (Figure 8d), indicating the system enters the main re- stage. By quantifying the XPS peak area ratio of Al-F to Al-O
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Figure 8. Thermal reaction pathway analysis. a) DSC curve. b—d) XPS high-resolution spectra of Al 2p in the reaction intermediate state at different
temperatures. e) Al-F/Al-O peak area ratio in XPS high-resolution spectra at different temperatures.

bonds (AI-F/Al-O), it was found that during the PIR stage
(460 °C), the F-Al systems (ACF-FF: 0.281; ACF-FS: 0.265) ex-
hibit significantly higher Al-F/Al-O ratios than the spherical sys-
tems (ACF-SF: 0.123; ACF-SS: 0.101). This is attributed to the
non-uniform Al O; shell on F-Al, which is more susceptible to
erosion by fluororubber, accelerating the PIR process. The mor-
phological roughness and thickness variations of F-Al signifi-
cantly enhance interfacial chemical kinetics. The defective, un-
even oxide shell created by milling is more susceptible to ero-
sion by the fluoropolymer binder compared to the smooth S-
Al surface. This structural feature reduces the diffusion bar-
rier for fluorine species, promoting a more vigorous Al-F re-
action. In the main stage of the Al-O reaction (600 °C), the
Al-F/Al-O ratio of the flake system is slightly lower than that
of the spherical system, indicating that the reaction between
Al and CuO is more complete. The Al-O reaction in the sys-
tem is more complete because the F-Al reacts more fully with

Adv. Funct. Mater. 2026, 36, €25995

€25995 (11 of 15)

PIR and Al-F at the beginning of the reaction, and the corro-
sion of the surface passivation layer is more obvious. At the
same time, the 2D stacking structure improves the contact effi-
ciency of the Al/CuO interface and promotes the complete redox
reaction.

2.6. Synergistic Mechanism of 2D-MICs

The nacre-mimetic structure with 2D architecture proposed in
this study achieves synergistic and intelligent regulation of the
energy release mode, stimulus-response behavior, reaction path-
way, and mechanical properties of MICs by reconstructing the
spatial arrangement and interfacial characteristics of the fuel and
oxidizer (Figure 9). Its core lies in the unique physicochemical
mechanisms derived from the ordered stacking of 2D lamellar
units.
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b. Energy release characteristics

-Edge-induced stress concentration heightens thermal sensitivity in 2D F-Al.
-The efficient conductive network enabled by 2D architecture reduces spark
sensitivity of the system.

c. Thermal reaction pathway
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Figure 9. Synergistic mechanism of 2D-MICs: stimulus-specific response, energy release, interface activation and toughening.

In terms of stimulus-response properties, the 2D architecture
provides the energetic system with sensitivity selectivity. Regard-
ing the thermal stimulus response, the geometric inhomogeneity
of F-Al and the inhomogeneous distribution of the Al,O, shell on
its surface lead to obvious local stress concentration in the edge
region of the sheet under thermal excitation. This stress con-
centration significantly weakens the mechanical stability of the
Al, Oy, shell, promoting its preferential rupture at lower thermal
excitation energy, thereby exposing the highly reactive Al core.
Consequently, the thermal excitation threshold of the system is
substantially reduced (Figure 9a).

Regarding the electrostatic spark stimulus response, the con-
tinuous 3D conductive network formed by F-Al within the layers
provides an efficient migration channel for electrostatic charges.
This network significantly enhances the overall electrical con-
ductivity of the material, making it difficult for electrostatic
charges to accumulate locally and form high potential differ-
ences. Thereby, the electrostatic sensitivity (ESD) of the system
is significantly enhanced (ESDs, > 247 m]), improving safety
during operation and in specialized application environments
(Figure 9a).

In terms of energy output, the 2D layered structure exhibits
ultra-high thermal conductivity in the direction parallel to the
layer (in-plane), far exceeding the traditional randomly arranged
spherical particle system. During combustion, this property
drives the rapid lateral diffusion of heat along the lamellae toward
the combustion front, forming an “in-plane dominated” flame

Adv. Funct. Mater. 2026, 36, €25995
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propagation mode (Figure 9b) (lame inclination angle increased
from ~45° to ~85°). The high in-plane thermal conductivity es-
tablishes an efficient thermal feedback loop between the combus-
tion zone and the unreacted zone. The heat released by combus-
tion is rapidly transferred to adjacent unreacted layers, thereby
greatly enhancing the energy release rate (burning rate increased
from 15.1 m s7! to at least 128 m s71).

In terms of chemical reaction patterns, due to the large spe-
cific surface area of 2D flake aluminum powder, its surface
Al,O; shell exhibits higher chemical heterogeneity. This non-
uniformity makes it more susceptible to etching by active fluo-
rine species in the fluoropolymer binder (Figure 9c). This etch-
ing thereby weakens the Al, O, shell, facilitating the subsequent
Al/CuO redox reaction. The face-to-face contact mode between F-
Al and F-CuO (distinct from point contact in sphere-sphere sys-
tems) creates a larger effective reaction interface area and shorter
diffusion distances. The ordered interlayer arrangement further
ensures intimate contact between reactants at the nano/micro
scale, providing an ideal platform for efficient and controllable
redox reactions.

In terms of mechanical properties, the bionic nacre structure
exhibits synergistic toughening and strengthening effects. The
2D lamellae (Al and CuO) undergo relative sliding under stress,
generating significant interlayer friction forces. This friction is a
key mechanism for dissipating external mechanical energy and
hindering crack propagation (Figure 9d). Pulling out flake Al or
CuO from the matrix requires overcoming interfacial adhesion
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and friction forces, consuming substantial energy. The synergis-
tic action of these mechanisms enables the 2D-MICs to achieve
simultaneous enhancement in strength and toughness (tensile
strength increased by 308%, toughness increased by 302%) while
maintaining high stiffness, significantly improving the material’s
structural integrity and service reliability under complex loading
environments.

In summary, the 2D construction successfully overcomes
the mutually exclusive bottleneck between mechanical proper-
ties and sensitivity/energy characteristics in traditional MICs
by precisely regulating the material’'s physical structure (con-
ductive/thermal networks, stress distribution), chemical inter-
faces (Al,O, activation, reaction contact area), and mechani-
cal load transfer paths (interlayer friction, toughening mech-
anisms). The fundamental rationale for selecting the nacre-
structure over other biomimetic models lies in its optimization
of interfacial transport and response selectivity. In thermite re-
actions, reaction rates are governed by heat and mass trans-
fer; the nacre-like “face-to-face” alignment creates continuous
2D interfaces that minimize thermal resistance and shorten dif-
fusion paths significantly more effectively than isotropic or fi-
brous networks. Furthermore, this specific 2D topology enables
a synergistic “stimulus-selective” mechanism: the in-plane con-
ductive network efficiently dissipates electrostatic discharge (en-
hancing safety), while the edge-induced stress concentrations
of the flake components lower the thermal ignition threshold.
Thus, the nacre architecture provides a tailored solution to the
“safety-energy-mechanics” trade-off that is specific to energetic
composites.

3. Conclusion

This study resolves the fundamental conflict between mechan-
ical resilience, safety, and energy release in metastable inter-
molecular composites (MICs) through a bio-inspired geometric-
interfacial nanoarchitectonics strategy. By engineering hierarchi-
cally ordered films via the oriented assembly of F-Al and F-CuO
into a nacre-mimetic “brick-and-mortar” architecture, we achieve
a synergistic optimization of traditionally antagonistic properties.
Most significantly, this architecture delivers a stimulus-selective
response, representing a pivotal scientific innovation. By exploit-
ing geometric stress concentration at F-Al edges, thermal igni-
tion thresholds are reduced by ~50%; conversely, percolating
conductive networks elevate electrostatic safety by 73% (E50 =
247 my]). This successfully decouples thermal sensitization from
electrostatic desensitization, challenging the traditional “high
energy-high sensitivity” paradigm. Underpinning this innova-
tion is the indispensable practical foundation of mechanical ro-
bustness. Through synergistic crack deflection and frictional dis-
sipation, the optimized system achieves over 300% increases in
both tensile strength and toughness compared to spherical coun-
terparts, thereby reconciling structural integrity with energetic
content. Simultaneously, the core intrinsic requirement for en-
ergy performance is maximized. Anisotropic in-plane thermal
conduction accelerates flame propagation 8-fold (129 mm s™),
while fluorine-mediated interface activation ensures complete
redox combustion. This study establishes geometric-interfacial
nanoarchitectonics as a transformative paradigm for synchroniz-
ing traditionally antagonistic properties in energetic materials,
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providing foundational principles for next-generation smart en-
ergetics.

4. Experimental Section

Materials: ~ Spherical aluminum powder (S-Al, Dgy = 4.8 um) was pur-
chased from Shanghai Naio New Materials Co., Ltd. Fluoropolymer Viton
(fluorine content 66%) was purchased from Chenguang Chemours Fluo-
romaterials Co., Ltd. Spherical copper oxide (S-CuO, D5y = 0.5 um), cop-
per nitrate trihydrate (Cu(NOs),-3H,0, AR), sodium hydroxide (NaOH,
AR) and N,N-dimethylformamide (DMF, AR) were all purchased from
Sinopharm Chemical Reagent Co., Ltd.

Synthesis of 2D Materials: F-Al was synthesized by the classical me-
chanical ball milling method.316%] S-Al particles were wet-milled in anhy-
drous ethanol at a rotation speed of 100 rpm and a ball-to-powder mass
ratio of 15:1 for 5 h. F-CuO was synthesized via a modified hydrothermal
method.[%¢] Briefly, 1208 mg of Cu(NOs),-3H,0 was dissolved in 40 mL
of ultrapure water under vigorous magnetic stirring in an ice-water bath
(<4 °C). A 10 mL aqueous solution of 1.2 M NaOH was gradually added
via a constant-pressure dropping funnel over 30 min, followed by contin-
uous high-speed stirring (1200 rpm) for 15 min to form a homogeneous
precursor suspension. The mixture was transferred into a 100 mL Teflon-
lined autoclave and hydrothermally treated at 130 °C for 2 h. After cooling
to room temperature, the black precipitate was collected by vacuum filtra-
tion, washed three times with ultrapure water and absolute ethanol, and
dried at 60 °C under vacuum for 12 h. The detailed characterization of
F-CuO are shown in the Figure S1 (Supporting Information).

Fabrication of Energetic Films: Layered energetic composite mem-
branes were prepared by vacuum-assisted filtration. First, 50 mg of Viton
B was dissolved in 10 mL of dimethylformamide (DMF) under ultrasonic
and mechanical stirring to form a uniform binder solution A. 300 mg of
Viton B was dissolved in 10 mL of DMF to form a uniform binder solu-
tion B. Subsequently, 500 mg of F-Al and 500 mg of F-CuO (or a mixture
of S-Al and S-CuO) were added to solution A and ultrasonically stirred for
6 h to form a suspension. After that, the suspension was poured into a
vacuum-assisted filtration system. When the solvent passed through the
filter paper, F-Al and F-CuO remained on the top of the filter paper and
were aligned in a parallel direction. Then, solution B was infiltrated into
the aligned F-Al and F-CuO to fill the gaps and form a dense composite
material. The infiltrated sample was then baked in an oven at 80 °C for 12 h
to remove DMF, and the composite membrane was peeled off the filter pa-
per and subsequently hot-pressed. The film compositions (Al/CuO/Viton,
ACF) are shown in Table S1 (Supporting Information). According to the
morphologies of Al and CuO, the films were named: ACF-FF (F-Al/F-CuO),
ACF-FS (F-Al/S-CuO), ACF-SF (S-Al/F-Cu0), and ACF-SS (S-Al/S-CuO).

Finite Element Simulation: ~ Finite element simulations were performed
using ANSYS 2023 R1 software. Quarter-symmetry geometric models of
F-Al and S-Al powders were constructed in ANSYS DesignModeler. For S-
Al, the oxide shell diameter measured 2.18 um with an aluminum core
radius of 1.98 um (Figure S2, Supporting Information). The F-Al model
featured an oxide shell of 3.23 x 0.157 pm and an aluminum core of 3.03
X 0.137 um (Figure S3, Supporting Information). Material properties for
Al and Al,O; were sourced from the ANSYS standard library (Table S2,
Supporting Information), with temperature-dependent elastic moduli ex-
hibiting linear variation as shown in Figure S4 (Supporting Information).
Thermal loading was implemented through a sequential coupling method-
ology: a steady—state thermal analysis initialized the system at 25 °C, fol-
lowed by a transient thermal analysis applying a 500 °C ambient tempera-
ture. In the structural module, fixed constraints were applied to symmetry
planes and core surfaces, while bonded contact defined the core-shell in-
terface, with large deformation effects activated. In the structural module,
the core—shell interface was defined using a bonded contact, with large
deformation effects activated. Meshing underwent nonlinear mechanical
optimization to ensure stress solution convergence.

Characterization: XRD patterns of the obtained materials were
recorded using a Bruker D8 Advance diffractometer equipped with
monochromatic Cu Ka radiation (4 = 0.15 406 nm). SEM images were
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acquired using a Quanta FEG 250, and elemental composition was ana-
lyzed with an energy-dispersive spectrometer (EDS, Oxford Instruments)
attached to the SEM. HRTEM (FEI Tecnai) and SAED were utilized for
detailed structural analysis. X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted with a Thermo Scientific ESCALAB 250i us-
ing a monochromatic Al Ka X-ray source (1486.6 eV). The chamber pres-
sure was maintained at 107" mbar, and all binding energies were refer-
enced to the C 1s peak at 284.8 eV. Differential scanning calorimetry (DSC,
TGA/DSC 34, METTLER TOLEDO) was used for thermal analysis, with a
heating rate of 20 °C min~" and an Ar flow rate of 30.0 mL min~". The parti-
cle size distribution of the samples was analyzed using a laser particle size
analyzer (Mastersizer 2000/3000, Malvern). The electrical conductivity of
the composite films was obtained using a four-probe electrical conductiv-
ity tester (Runhu, RH-2661). An infrared thermal imager (ImagelR@8355,
InfraTec, Germany) was used to measure the temperature distribution of
the film under heating conditions. The actual surface temperature of the
sample was measured using a contact thermocouple while simultaneously
adjusting the emissivity setting of the thermal camera until the radiomet-
ric reading matched the thermocouple value. This process was repeated
at steady states between 50-100 °C. The thermal conductivity of the films
was measured using a thermal conductivity meter (Hot Disk TPS 2500S)
using the transient planar heat source method.

Experimental Setup: Ignition of the energetic materials in the experi-
ments was achieved using a Ni-Cr heated wire and a constant voltage DC
power supply. The Ni-Cr wire had a diameter of 0.12 mm and a resistance
of ~#3 Q. The ignition and flame propagation processes were recorded with
a high-speed camera (Phantom UHS). In the experiments testing open ig-
nition characteristics, the sample was placed in a quartz crucible at the
center of the sample stage and ignited from the bottom by a Ni-Cr wire
powered by a direct current source (20 V).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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