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Nanothermite has gained significant attention for its exceptional energy
release rate and reactivity, making it a promising material for energetic
applications. However, nanoparticle agglomeration significantly hinders its
energy release efficiency. To overcome this challenge, we developed an
innovative bottom-up strategy and a straightforward preparation method to
construct a hierarchical Al/CuO/V,C nanocomposite. This is achieved through
the ordered self-assembly of Al and CuO nanoparticles in an ethanol suspen-
sion, using V,C MXene as a template. Our findings show that the Al/CuO/V,C
nanocomposite exhibits distinct morphologies based on V,C concentration:
nanosheets at lower concentrations and microspheres at higher concentra-
tions. CuO and Al nanoparticles form the first and second layers outside the
V,C, respectively, due to the interplay between electrostatic forces and cova-
lent Cu-O-V bonds. This unique structure, along with high reactivity of V,C,
enables complete Al oxidation, achieving a heat release of 3156.2) g* with a
10 wt% V,C addition—seven times greater than the Al/CuO control group. The
concentration-dependent structure allows for tunable energetic performance,
from a rapid 3-ms deflagration to a prolonged 16-ms combustion. Reduced gas
release enhances safety, paving the way for applications in microinitiators and
advancing nanothermite technology.

Nanothermite is a new class of energetic materials that has emerged as
a result of advancements in nanotechnology. It is widely used in igni-
ters, thrusters, and ammunition'>. Nanothermite combines thermite
with nanotechnology, using nanoparticles instead of conventional
micro- or larger-sized particles for both oxidizers and aluminum. The
primary advantage of this approach is the enhanced energy release
rate of the thermite reaction. This improvement arises from the
increased surface-to-volume ratio, which enhances reactivity*®.

However, the large surface area of nano-sized aluminum and oxidizers
introduces additional surface energy. This leads to spontaneous
nanoparticle agglomeration as a way to reduce energy, which sig-
nificantly impairs the energy release efficiency of nanothermite”*,
Significant efforts have been made to reduce the agglomeration
of nano Al and oxidizer particles, aiming for a more even mixing
between Al and oxidizer. These methods can be classified into two
types based on whether additives are used. For additive-free
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approaches, top-down micromachining methods are typically
employed during fabrication, such as magnetic sputtering”'®, E-beam
evaporation'?, electrospray”, and electrospinning. These techni-
ques achieve homogeneity through multilayer or core-shell structures
and are compatible with integrated circuits (IC) and microelec-
tromechanical systems (MEMS) manufacturing, potentially integrating
into chips. However, these methods often introduce alumina passiva-
tion layers at Al/oxidizer interfaces in air, which can hinder the reaction
process. In addition, they consume significant energy and time". For
methods that include additives, a bottom-up strategy is preferred,
where the additive acts as a binding agent between Al and oxidizer to
build desired nanothermite structures through self-assembly'®, such as
core-shel’ and nanocomposite!” configurations. These additives
effectively reduce nanoparticle agglomeration by preventing adhe-
sion, thereby increasing contact between Al and the oxidizer. Never-
theless, additives often have minimal impact on the thermite reaction
while impeding oxygen diffusion. This structural advantage is coun-
teracted by these limitations.

As summarized above, while numerous efforts have been
made, both top-down and bottom-up approaches continue to
struggle with reducing nanoparticle agglomeration without
compromising the energy release efficiency of thermite reactions.
To address this challenge, we propose a strategy of fabricating
hierarchical nanothermite through the ordered self-assembly of
Al and oxidizer nanoparticles, utilizing single-layer MXene as a
template. MXenes have garnered significant attention due to their
rich surface chemistry, adjustable structures, and abundant sur-
face terminations'®. MXenes find applications in various fields,
including energy storage’, catalysis’®, electromagnetic
shielding®, and sensing®. The negatively charged surface termi-
nations of MXenes offer opportunities for the self-assembly of
positively charged Al and oxidizer nanoparticles through long-
range electrostatic forces”. In addition, the highly reactive sur-
face of MXene enables short-range interfacial covalent bonding
with oxidizer particles®*. During the self-assembly process, when
Al, oxidizer, and MXene are present in the suspension, different
types of bonding lead to a hierarchical structure. In this structure,
oxidizer particles occupy the inner layer, while Al particles take
up the outer layer simultaneously. Leveraging the high oxidation
tendency of MXene*?, such a layered Al/oxidizer/MXene struc-
ture can absorb oxygen from the air into MXene and supply it to
the oxidizer layer in the thermite reaction. This significantly
enhances energy release efficiency.

As a proof-of-concept study, we selected single-layer V,C MXene
as the additive and CuO as the oxidizer. V,C MXene offers several key
advantages: Firstly, V,C exhibits greater reactivity compared to Ti;C,
MXene, providing essential covalent binding sites for CuO to form Cu-
0-V interfacial bonds?”?%, This feature is absent in the commonly used
Ti;C, MXene?. Secondly, Oxidized V,C MXene can react with alumi-
num through an Al/VO, thermite reaction, generating heat comparable
to that of the Al/CuO thermite reaction® In contrast, oxidized TizC,
MXene remains inert and contributes minimally to the total reaction
heat. Thirdly, the in-situ formation of VO,/C structures from high-
temperature oxidation of V,C demonstrates a higher electron transfer
rate and catalytic effect than Ti;C,. This makes V,C more effective in
catalyzing the Al/CuO reaction at elevated temperatures™. Finally, V,C
is currently more accessible than other promising MXenes, such as
Mo,C, in terms of both productivity and cost.

Al/CuO/V,C was fabricated via a straightforward method invol-
ving mixing in an ethanol suspension with sonication. Structural ana-
lysis using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) revealed that the structure evolves with
varying concentrations of V,C, resulting in tunable energetic perfor-
mance. Characterization confirmed successful fabrication through
X-ray photoelectron spectroscopy (XPS) and powder X-ray diffraction

(PXRD). Thermal properties were verified using differential scanning
calorimetry-thermogravimetry (DSC-TG) analysis. Open burn tests
demonstrated the catalytic effect of V,C and its tunable performance
across different concentrations. In addition, closed-bomb testing
highlighted improved safety and potential applications for micro-
initiators. The study also explored the electrostatic and covalent
binding mechanisms of Al/CuO/V,C, alongside discussions on enhan-
cingenergy release efficiency through oxygen diffusion optimization.

Results

Morphological analysis of Al/CuO/V,C

The Al/CuO/V,C samples exhibit distinct morphologies depending
on the concentration of V,C MXene suspension used during pre-
paration. At lower concentrations (< 5 wt%), the samples form planar
structures, while higher concentrations (>5wt%) result in spherical
morphologies. This variation is attributed to the self-assembly pro-
cess of CuO and Al nanoparticles with V,C nanosheets in the sus-
pension. SEM images reveal that at a low concentration (1wt%), the
original shape of the V,C nanosheet is preserved, with Al and CuO
nanoparticles uniformly covering its surface. TEM observations after
ultrasonic treatment show a dense attachment of plate-like CuO
particles onto the V,C surface, forming a precursor film. EDS analysis
on high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images (Fig. 1d-g and Supplementary
Fig. 1) confirms the even distribution of O, V, Al, and Cu across the
composite. The similar distribution patterns of Cu and O confirm the
presence of CuO. Although Al is detected, its low weight fraction
(<1wt%) suggests it may be residual from incomplete etching of the
MAX phase during V,C synthesis. High-resolution TEM images
(Supplementary Fig. 2) demonstrate the adhesion of CuO on the V,C
surface. The interplanar spacing measurements reveal 0.24 nm for (1
-11) plane of CuO and 0.25 nm for (0 -1 1 0) plane of V,AIC residual,
with a contact line marked by a red dashed line®.

The general morphology of the Al/CuQ/V,C composite changes
drastically as the concentration of V,C increases. In Fig. 1h, micro-
spheres comprised of nano-sized particles are observed. The TEM
images (Fig. 1li-m) further unveil the internal structure. It appears
that the V,C nanosheet curls its surface, while the CuO and Al
nanoparticles are present both in and out of the envelope. The CuO/
V,C precursor (Fig. 1c) represents a higher binding tendency of CuO
nanoparticles to the V,C surface as both Al and CuO nanoparticles
are present in the suspension during the fabrication process. From
Fig. 1i, the Al/CuO/V,C hierarchical structure is clearer as CuO
nanoparticles attach to the V,C surface closely to form CuO/V,C,
while Al particles are surrounded. This indicates an ordered
sequence of the assembly of Al/CuO/V,C rather than a random
combination. When both CuO and Al particles are present in the
suspension, CuO exhibits a higher tendency to bind on the V,C sur-
face. The spontaneous self-assembly procedures begin with the for-
mation of CuQ/V,C precursor, and then the resulting Al/CuO/V,C
nanocomposite in both low and high concentration cases. The
mapping results prove the existence of both Al (Fig. 1I) and CuO
(Fig. 1j, m and Supplementary Fig. 3) particles, indicating the suc-
cessful incorporation. Recent progress on MXene-based nano-
composites synthesized by electrostatic**** or covalent™* self-
assembly methods have shown distinct morphological features.
From the TEM and EDS mapping results, the binding characteristics
can be distinguished in terms of the overlapping area and dis-
tributing uniformity. The electrostatic self-assembled materials tend
to show more random alignment and distribution on MXene with less
overlapping area because of no selectivity. Therefore, our experi-
ment results suggest the difference of the binding characteristics
between Al and CuO towards V,C, where CuO (Fig. 1j, m) shows a
more overlapping area with V,C (Fig. 1k) and higher distributing
uniformity than Al (Fig. 11).
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Fig. 1| Synthesis and morphological analysis of Al/Cu0/V,C. a Schematic illus-
tration for the ordered self-assembly process of the Al/CuO/V,C in lower and higher
concentration cases. b The SEM picture of the Al/CuO/V,C sample with 1wt% V,C
content. c-g The TEM picture of CuO/V,C precursor in the Al/CuO/V,C sample with
1wt% V,C content (c) and elemental mapping corresponding to O (d), V (e), Al (f),

CuON,C

Self-assembly

Cu (g) of Al/CuO/V,C respectively. h The SEM picture of the Al/CuO/V,C sample
with 10 wt% V,C content. i-m The TEM picture of Al/CuO/V,C sample with 10 wt%
V,C content (i) and elemental mapping corresponding to O (j), V (k), Al (I), Cu (m)
of Al/CuO/V,C. Scale bar: for (c, i), 200 nm; for d-g, j-m, 100 nm. The experiments
for (b-m) were repeated three times independently with similar results.

Compositional and Elemental Analysis of Al/CuO/V,C

To verify the composition of the obtained samples, PXRD and XPS
analyses were conducted. The PXRD results (Fig. 2a) confirm that the
prepared Al/CuQ/V,C composite contains Al, CuO, and V,C, as evi-
denced by characteristic diffraction peaks for each component. The
V,C pattern includes peaks corresponding to both V,C* and V,AIC¥,
with specific Miller indices provided (JCPDS: 29-0101, Supplementary
Fig. 4). It is noteworthy that the relative intensity of the V,C peaks
shows a strong dependency on the preparation method of the MXene.
The relative intensity of V,C peaks is influenced by the MXene pre-
paration method; freeze-drying preserves the single-layer structure
better, resulting in a higher intensity (O O 2) peak. The presence of
V,LAIC peaks indicates insufficient etching, while their reduction sug-
gests more complete etching®. These XRD results align with pre-
viously reported findings*, underscoring the consistency of the
observed patterns. The V,C diffraction peaks are hardly detectable in
the Al/CuO/V,C sample, which is mainly due to low peak intensity,
small quantity, and possible overlap with Al and CuO peaks. The XPS
survey scan (Fig. 2b) identifies major elements including Al, Cu, O, V, C,
and a trace amount of F. The deconvoluted V 2p/O 1 s region (Fig. 2c)
reveals peaks for C =0, C-0O, and Metal-O bonds*°, with the presence of
V" indicating surface oxidation of V,C after assembly. In the Cu 2p
region (Fig. 2d), Cu® is observed along with two satellite peaks,

confirming that CuO remains in its oxidized state throughout the
preparation process.

To gain a deeper understanding of the nanostructure of Al/CuO/
V,C, we etched the composite material (10 wt% V,C) using argon ions
to a depth of 200 nm. The collected data was compared with that
obtained before etching*. As shown in Fig. 3, only lower oxidation
states, such as V?* and V**, were detected in the V 2p region after
etching. In contrast, prior to etching, only the fully oxidized V** state
was observed. These findings suggest that V,C is not completely oxi-
dized during the assembly process. A portion of the V,C structure
likely remains as an inner layer without oxidation, while its surface
becomes highly oxidized into V**, forming an outer layer. This oxida-
tion is primarily due to direct contact with CuO and other oxidizing
agents. This demonstrates that V,C retains its activity as an inner layer
post-assembly, confirming its role as an active component within the
composite structure.

Thermal Analysis of Al/CuO/V,C

The thermal properties of energetic materials are crucial to their per-
formance and safety characteristics. To investigate these properties,
we conducted a DSC-TG analysis on Al/CuO nanocomposites in an air
atmosphere, which exhibited exothermic behavior between 500 °C
and 850°C with two distinct peaks (Fig. 4a). The addition of V,C
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(upper) etching at a depth of 200 nm. Source data are provided as a Source
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gradually shifted the onset temperature of the first peak from 510 °C
(1wt%) to 560 °C (5 wt%), stabilizing at higher concentrations. Mean-
while, the onset temperature of the second peak remained unaffected
by the addition of V,C. The addition of V,C significantly influences the
thermite reaction dynamics in Al/CuO nanocomposites by delaying the
onset of the first exothermic peak. This delay is attributed to the high
thermal conductivity of V,C, which effectively dissipates heat from
neighboring Al and CuO particles, thereby slowing down the reaction

initiation. As the content of V,C increases, there is a noticeable shift in
the thermite reaction mechanism. The peak temperatures rise from
580 °Cto 620 °C, indicating a transition from a pure Al/CuO reaction to
one involving vanadium compounds, specifically Al/CuO/V,0s. This
change suggests that V,C plays a role in altering the reaction
pathway”. The second exothermic peak exhibits more complex
behavior as V,C concentration increases. It splits into two distinct
peaks at 770 °C and 790 °C, corresponding to separate reactions: one
between Al and CuO, and another between Al and V,0s. This obser-
vation aligns with literature findings that pure Al/CuO nanoparticles
exhibit a peak around 760 °C under similar heating conditions’. Fur-
thermore, the emergence of a new exothermic peak at ~790 °C as V,C
concentration increases is consistent with the reaction between liquid
Al and V,05%°*2, This reaction’s temperature varies between 797 °C and
840 °C, likely due to differences in particle size affecting reaction
kinetics.

Based on the integration of DSC curves (Fig. 4b), the heat release
increases with V,C concentration from 1wt% (1300])g") to 10 wt%
(3156.2) g™, then decreases at 20 wt% (1600 J g™). The addition of V,C
enhances the heat release by a factor of seven in the Al/CuO thermite
reaction. Furthermore, the contribution of the second exothermic
peak to the total heat release increases significantly with higher V,C
concentrations, rising from 45% at 1wt% to 70% at 10 wt%. While the
heat generated by the oxidation of aluminum (10870.4) g™, Supple-
mentary Fig. 5) and V,C (6471.3) g”, Supplementary Fig. 6) contributes
to the total reaction heat, the observed heat release exceeds the sum of
these individual contributions, suggesting a catalytic effect of V,C in
enhancing the reaction efficiency.

Based on the TG curves (Fig. 4c), the thermite reaction involving
Al/CuO/V,C in an air atmosphere can be divided into three distinct
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stages. Between 200 °C and 500 °C (Stage 1), weight loss occurs pri-
marily due to the loss of functional groups in V,C, as previously
reported in literature?*, This weight loss during Stage 1 exhibits a
linear relationship with the concentration of V,C (Supplementary
Fig. 7a). In Stage 2 (500-700 °C), the TG curves align with the onset
temperatures of the exothermic peaks observed in DSC analysis. The
maximum weight gain during this stage, attributed to the oxidation of
Aland V,C, is linearly correlated with the heat release, as demonstrated
in Supplementary Fig. 7b. During the final stage (700 - 850 °C), the
heat of reaction continues to increase alongside the weight gain of the

samples, as illustrated in Supplementary Fig. 7c. This relationship
shows that the rate of weight gain increases with higher concentrations
of V,C among the samples, as indicated by the dashed lines. As shown
in Supplementary Fig. 7d, the slope of the 1 wt% V,C sample is similar to
that observed in Stage 2. However, the reaction heat per unit mass
continues to increase up to a concentration of 20 wt%.

The samples with different equivalent ratios (®) exhibit distinct
behaviors. For the Al/Cu0O/V,C samples containing 5 wt% V,C, the DSC
curves (Fig. 4d) show that the heat release is maximized when alumi-
num is slightly in excess (®=13). In contrast, a deficiency of fuel
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(®=0.8, 1.0) has a greater impact on the heat release of Al/CuO/V,C
compared to a deficiency of oxidant (®=1.5, 1.8). In addition, the
reaction heat in the first exothermic peak (part 1) increases with @,
while the second peak (part 2) reaches its maximum at ® =1.3 (Sup-
plementary Fig. 8). The involvement of external oxygen contributes to
the first exothermic peak by oxidizing the aluminum nanoparticles
between 500 °C and 700 °C. This is further illustrated in Supplemen-
tary Fig. 8, where the total heat release is compensated by part 1 as the
proportion of Al increases. Consequently, the total heat release
decreases more slowly in fuel-rich cases (® =1.5, 1.8) than in oxygen-
rich ones (® = 0.8, 1.0). During this stage, V,C is also oxidized by air,
providing additional heat release. Therefore, V,C is considered to act
as a fuel rather than an oxidant.

To better understand the role of V,C in the reaction process, we
analyzed the reaction products from samples containing 10 wt% V,C
after heating them to different temperatures in an air atmosphere,
using PXRD for characterization (Fig. 4e). The results reveal that at
350 °C, following the release of surface terminations, a small amount
of Cu3Vs0, is detected due to the reaction between CuO and V,C**. At
700 °C, the peak intensity of Al decreases sharply, while that of CuO
remains, and a small amount of Cu,V,0; is detected®. This suggests
the oxidation of Al and V,C, as well as a reaction between CuO and
V,0s. At 850 °C, Al,O3 appears as Al is fully oxidized, and CuAl,O, is
detected due to a reaction between CuO and Al,O; at high
temperatures*®*’. The formation of copper vanadate is particularly
noteworthy. Based on sample morphology, CuO exhibits a high affinity
for the V,C surface, providing opportunities for copper vanadate for-
mation. Once formed at the interface, oxygen can readily diffuse from
V,05 to CuO through Cu-O-V bonds, shifting the mechanism from Al/
CuO to Al/Cu0O/V,0s. XPS analysis of the reaction product (Fig. 4f)
shows that the intensity of V** remains consistent during the reaction,
compared to reactions in an argon atmosphere with varying V,C
concentrations (Supplementary Fig. 9). This indicates the high reac-
tivity of the V,C surface in absorbing oxygen from the air and pre-
venting reduction during the reaction. Overall, exothermic reactions
are significantly influenced by external oxygen. In the air atmosphere,
during the first exothermic reaction from 500 °C to 700 °C (Stage 2),
Supplementary Fig. 7b demonstrates that the heat of reaction is line-
arly correlated with the maximum weight gain in Stage 2, indicating
that this exothermic reaction is primarily the oxidation of aluminum
and V,C by external oxygen:

500~700°C (1)

4A1+30, 2A1,0,

Cu0 +2V,C+70,22"7 ¢ 5cu,v,0, +2C0, ©)

For the second exothermic reaction occurring between 700 and
850 °C (Stage 3), the heat of reaction increases with the weight gain of
the samples, as shown in Supplementary Fig. 7c. This suggests that the
oxidation of liquid-phase Al by air contributes to the reaction. How-
ever, this stage is more complex than the previous ones due to the
involvement of ternary thermite reactions among Al, CuO, V,0s, and
various valence states of vanadium oxide (VO,)*>. Notably, the increase
in heat relative to weight gain becomes more pronounced as the
concentration of V,C in the samples rises (indicated by dashed lines).
Supplementary Fig. 7d shows that the slope for the 1wt% sample is
similar to that of Stage 2, while the reaction heat per unit mass con-
tinues to increase up to 20 wt%. This indicates a reaction distinct from
the simple oxidation of aluminum by air.

Based on the PXRD analysis of the reaction products (Fig. 4e), we
propose the following reaction mechanism:

4A1+Cu,V,0, +30,” 2% CHCuAL0, +V,0, 3)

This reaction accounts for the weight gain being less than that
observed in Stage 2 and aligns with the experimental results. Accord-
ing to the XPS data (Fig. 4f), V,0s is not reduced, as evidenced by the
consistent intensity of the V** peak in the V 2p region at both 700 °C
and 850 °C.

The effect of the atmosphere on the thermite reaction
involving Al/CuQ/V,C was analyzed using DSC and TG curves. In
an argon atmosphere, two types of thermite reactions were
observed between 300 °C and 800 °C, as indicated by a dashed
line (Supplementary Fig. 10). For concentrations below 5 wt%, the
behavior mirrored that in air, while higher concentrations
exhibited subtler reactions with distinct exothermic peaks. The
onset temperature advanced to 400 °C for the 10 wt% sample. TG
curves in argon (Supplementary Fig. 11) revealed the detachment
of V,C surface terminations before 350°C (Stage 1). Without
environmental oxygen, exothermal reactions were primarily due
to the thermite reaction between Al and CuO. Comparing air and
argon atmospheres using Supplementary Fig. 12a and Supple-
mentary Fig. 12b shows the differences in the first exothermic
peaks. In argon, the absence of a step-like weight gain between
500-600 °C indicated a solid-solid reaction, as per literature’.
The second peak beyond the melting point (Stage 3) represented
the Al/CuO liquid-solid thermite reaction from 660-800 °C.
Weight loss in Stage 1 was due to V,C termination detachment.
Slower weight gain in Stage 2 resulted from reduced oxidation by
outside oxygen, though V,C could still oxidize via terminations or
interlayered water in inert atmospheres**S, For 10 wt% samples,
four exothermal peaks were observed between 400-700°C in
argon. PXRD results (Supplementary Fig. 13) attributed the first
peak (400-500 °C) to the Al/CuO solid phase thermite reaction,
reducing CuO to Cu,0. The advanced onset temperature was due
to alumina shell etching by fluoride-containing termination
groups”. The second and third peaks resulted from Al reacting
with Cu,0 to reduce it further to Cu. VO, oxidized from V,C may
also react with Al to generate low-valence V. The fourth peak at
650 °C, marked by a steep rise, was due to the increased reaction
rate of the Al/Cu,O thermite reaction as aluminum melted. Dif-
ferent stages of reactions are detailed in Supplementary Fig. 12d.
Unlike air atmosphere samples showing step-like features due to
environmental oxygen involvement, argon samples exhibited no
obvious weight change during reactions.

In argon atmosphere, the exothermic reactions for 10 wt% sam-
ples can be summarized as follows:

2A1+6Cu0 2220 ¢ AL 0, +3Cu,0 )

2A1+3Cu,0° 2" ¢ ALO, +6Cu )

Outside, oxygen first oxidizes Al, which corresponds to the first
exothermic peak. Subsequently, outside oxygen fully oxidizes V,C into
V,0s, leading to the formation of Cu,V,05, which then reacts with Al,
represented by the second exothermic peak. This explains why higher
concentrations of V,C hinder heat release in argon: excess V,C cannot
be fully oxidized and does not aid in oxidizing Al, thereby reducing the
proportion of Al and CuO available for reaction.

Energetic Performance of Al/CuO/V,C

An open burn experiment was conducted to evaluate the energetic
performance of Al/CuO/V,C composites (Supplementary Movie 1-4).
The Al/CuO sample without V,C addition burned for a total duration of
6 ms, with the flame reaching its maximum intensity at 1 ms (Fig. 5a).
Upon adding 1 wt% V,C, the total burning time was halved to 3 ms, and
the flame reached its peak intensity at 0.4 ms, accompanied by a sig-
nificant increase in the covered area (Fig. 5b). For the sample
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Fig. 5 | Energetic performance of Al/Cu0/V,C. a-d The open burn results of Al/
CuO (a), Al/Cu0O/V,C with 1wt% V,C content (b), Al/CuO/V,C with 5wt% V,C con-
tent (c), Al/CuO/V,C with 10 wt% V,C content (d). Scale bar: 10 mm. e Dynamic
pressure for Al/CuO/V,C samples with different concentrations of V,C, each error
band consists of two tests. f The peak pressure and pressurization rate of Al/CuO/
V,C samples from two tests, the gray region in (f) is to highlight the difference
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between low and high concentrations. The mean values and standard deviations in
(e) (f) are derived from two biological replicates, data are presented as mean
values +/- SD as appropriate. The data used to calculate the center of the error
band and SD in (e) is obtained from the pressures of two tests at the same time. The
experiments for (a-d) were repeated three times independently with similar
results. Source data are provided as a Source Data file.

containing 5wt% V,C, the burning performance was comparable to
that of the 1wt% sample, with only a slight delay in ignition. The
maximum coverage occurred at 0.5 ms (Fig. 5c). As the concentration
of V,C increased further, the flame characteristics changed sig-
nificantly. In the case of the 10 wt% V,C sample, instead of an explosive
reaction as observed in lower concentration samples, the material
burned steadily until the reaction was complete, resulting in a flame
that lasted for 16 ms (Fig. 5d). At low concentrations of V,C, the Al/

CuO/V,C composite forms a planar structure where Al and CuO
nanoparticles are sequentially attached to the V,C surface. This
arrangement reduces nanoparticle agglomeration, increasing the
contact area between Al and CuO particles. Consequently, the average
oxygen diffusion rate is enhanced, leading to shorter burning times
and higher energy release rates. However, at high concentrations of
V,C, the composite adopts a quasi-spherical structure with V,C form-
ing a shell encapsulating Al and CuO nanoparticles both inside and
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outside. This structural change restricts the free explosion of internal
particles, significantly reducing the reaction rate from explosive to
combustion mode. Despite this reduction in reactivity, it results in a
substantial increase in energy release efficiency and duration.

The energetic performance of Al/CuO/V,C can be significantly
adjusted by varying the concentration of V,C during fabrication.
Introducing a low concentration of V,C (from 1 to 5 wt%) enhances the
reaction rate and reduces the overall reaction time by approximately
half. Conversely, increasing the concentration to 10 wt% slows down
the reaction rate and extends the reaction duration to nearly three
times its original length. In addition, the burning behavior can be
modulated from a more intense explosion at lower concentrations to a
calmer combustion process at higher concentrations. This versatility
makes Al/CuO/V,C nanothermite suitable for both primary explosive
and microinitiator applications.

Lowering the pressure is essential for nanothermite in both safety
and microinitiator applications'. Therefore, a closed-bomb test was
conducted to evaluate the combustion properties in a confined space
and assess the gas-generating ability of Al/CuO/V,C samples. The
dynamic pressure of Al/CuQ/V,C samples is lower than that of Al/CuO,
with a peak at 0.1s (Fig. 5e). This reduced pressure is primarily due to
the introduction of gasless V,C and partly because of insufficient
oxygen, which slightly alters the reaction mechanism. The test results
with calculated mean values and standard deviations for each con-
centration are provided (Supplementary Fig. 14). The pressurization
rate follows the same trend as the peak pressure for Al/CuQ/V,C
samples (Fig. 5f). Generally, both the peak pressure and pressurization
rate decrease as the concentration of V,C increases. However, these
parameters also depend on the structure of Al/CuQ/V,C (gray region).
The overall trend is mainly caused by a reduction in gas generation
since the decomposition of V,C contributes little to gaseous products.
Interestingly, the peak pressure and pressurization rate of Al/CuQ/V,C
with 5 and 7.5wt% concentrations are similar to those of the 1wt%
sample, highlighting the role of structural differences. The peak
pressure and pressurization rate of Al/CuO/V,C were reduced by 44.5%
and 44.1%, respectively (comparing the mean values of 0 and 10 wt%
samples). This significant reduction indicates that V,C can greatly
enhance the safety of Al/CuO and is feasible for microinitiator
applications.

Binding mechanism analysis of Al/Cu0O/V,C

The tunable performance of Al/CuO/V,C nanothermites is attributed
to their unique structures arising from ordered self-assembly. To
investigate this mechanism, various samples (Al/V,C and CuO/V,C,
Supplementary Fig. 15) were characterized using PXRD, Raman spec-
troscopy, Fourier transform - infrared spectroscopy (FT-IR), and XPS.
Raman spectroscopy revealed a characteristic peak at 895 cm™, indi-
cative of Cu-O-V bonds at the CuO/V,C interface (Fig. 6a)”’. The
absence in the Al/CuO/V,C spectrum is probably because the CuO/V,C
interface is more densely covered. In addition, FT-IR analysis detected
-CH,-CH,- vibrations*’, suggesting residual carbon nanosheets after
V-C bond cleavage, supporting the presence of covalent interactions
(Fig. 6b). XPS analysis (Fig. 6¢) further confirmed these findings with
shifts in Cu®* 2p5, and Cu* 2py/, orbits to higher binding energies,
consistent with Cu-O-V bond formation®°. In contrast, Al nanoparticles
exhibited weaker binding strength and a more randomized distribu-
tion around CuO/V,C, suggesting an electrostatic assembly mechan-
ism. Zeta potential analysis (Fig. 6d) corroborated this by showing
positive potentials for Al and CuO particles and negative for V,C sus-
pension. At low V,C concentrations (1 — 5wt%), the system’s zeta
potential remained positive, indicating minimal influence on overall
charge but reduced nanoparticle agglomeration. However, at higher
concentrations (10 — 20 wt%), the zeta potential dropped sharply,
suggesting charge neutralization by V,C. These findings align with
experimental results (Fig. 1), highlighting that covalent Cu-O-V

interactions are shorter and stronger than electrostatic attractions
between Al and V,C. This comprehensive characterization underscores
the interplay of covalent and electrostatic mechanisms in the assembly
process of Al/CuO/V,C nanothermites.

The thermite reaction involving Al/CuO/V,C nanothermite is
significantly influenced by their binding properties and layered
structure. This structure enhances oxygen diffusion, a critical factor
in facilitating the reaction. In contrast (Fig. 6e), an Al/CuO nano-
composite exhibits incomplete reactions due to random particle
assembly and agglomeration, which reduce the contact area between
aluminum and copper oxide. In the case of Al/CuO/V,C (Fig. 6f), the
layered architecture allows for efficient oxygen migration from CuO
to aluminum particles. In addition, in an air atmosphere, oxygen is
replenished through Cu-O-V bonds with V,C, ensuring complete
oxidation of Al into Al,Os. This conclusion is supported by PXRD
analysis comparing Al/CuO/V,C with a control group, revealing
residual aluminum peaks at 850 °C in the latter (Supplementary
Fig. 16). To further illustrate the benefits of ordered self-assembly
over traditional methods, a control group using V/GO instead of V,C
was tested. The DSC curves for this group showed distinct exother-
mic peaks for Al/V,0s (622 °C) and Al/CuO (567 °C), indicating poor
component interactions and incomplete reactions, resulting in lower
heat release (Supplementary Fig. 17). In summary, V,C not only
enhances the structure but also improves the reactivity of Al/CuO
nanothermite. Its structural evolution opens new possibilities for
future applications, offering a more efficient and effective thermite
reaction compared to previously used additives.

Discussion

In conclusion, Al/CuO/V,C nanocomposite has been successfully pre-
pared with unique structures resulting from the ordered self-assembly
of Al and CuO nanoparticles. This structure evolves from planar to
quasi-spherical as the concentration of V,C increases from 1% to 10%
(wt%). During the self-assembly process, CuO exhibits a higher affinity
to the V,C surface compared to Al, leading to a layered structure. The
synergistic effect of the two-dimensional (2D) structure and the high
reactivity of V,C results in a delayed onset temperature for the exo-
thermic reaction by 60 °C. Heat release increases sevenfold, reaching
3156.2]) g* for Al/CuO/V,C compared to 454.4) g™ for Al/CuO in an air
atmosphere. The reaction mechanism shifts from Al/CuO to Al/CuO/
V,0s. The burning behavior of Al/CuO/V,C changes significantly with
varying concentrations of V,C, transitioning from an explosive reac-
tion lasting 3 ms to a sustained combustion lasting 16 ms. This results
in a 44.5% reduction in peak pressure compared to Al/CuO. The
ordered self-assembly of Al/CuQ/V,C arises from differing bonding
interactions: electrostatic forces between Al and V,C, and covalent
bonds between CuO and V,C. This structural arrangement enhances
oxygen transport efficiency and ensures complete oxidation of
aluminum.

Methods

Materials

The nano aluminum powder is purchased from Zhonghangzhongmai
Metal Material Inc. with a diameter range from 80 - 200 nm (Supple-
mentary Fig. 18), and an active content of 80%. The nano copper oxide
powder is self-made using the thermal pyrolysis method at 300 °C for
90 min from Cu(OH),, with a diameter range from 80 —100 nm (Sup-
plementary Fig. 19). The V,C MXene single-layer suspension is pur-
chased from Shandong Xiyan Material Inc. with a concentration of
10 mg mL™, dispersed in DMF (Supplementary Fig. 20). The XPS data of
V,C is provided (Supplementary Fig. 21). The absolute alcohol is pur-
chased from Standard Chemical Inc. (ACS grade). Vanadium powder is
purchased from Aladdin Inc., 99.5% metals basis, >325 mesh. Gra-
phene oxide powder is purchased from Aladdin Inc., >99%. All che-
micals are used without further purification.
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arrows represent the direction of the shift of Cu*" 2p peaks. d The mean values of
zeta potential of different samples: Al, CuO, V,C, Al/CuO, Al/CuO/V,C with

concentration of V,C from 1-20%. e lllustration of the oxygen diffusion pathway
during the thermite reaction of the Al/CuO sample. f lllustration of the oxygen
diffusion pathway during the thermite reaction of the Al/CuO/V,C sample. The
mean values and standard deviations in (d) are derived from three biological
replicates, data are presented as mean values +/- SD as appropriate. Source data
are provided as a Source Data file.

Preparation of V,C MXene

The etching method used by the supplier Shandong Xiyan Material Inc.
to produce the purchased V,C from V,AIC is as follows: 1g material is
added with 10 ml of 50% hydrofluoric acid solution and stirred at 35 °C
for 48 h. Deionized water is added to the solution, centrifuging 5-7
times. Then the wet V,C is dissolved in 10 ml of isopropyl amine (IPA)
and stir at room temperature for 24 h. Next, the material is centrifuge
once (note that it is once), adding 100 ml of DMF (or 50) and ultra-
sonicate for 1-2 h. Finally, the solution is centrifuged at 1301 xg for 1h
to obtain a colloidal product. The precipitate can be ultrasonicated
repeatedly or discarded.

V,C samples are further prepared from the purchased V,C sus-
pension by our group. For centrifuged V,C samples, firstly, 5 mL of the
10 mgmL™ V,C suspension is transferred to a centrifuge tube. Then,
20 mL absolute alcohol is added into the centrifuge tube, and the tube
is centrifuged at 956 x g for 3 min. Next, the liquid supernatant is
removed, and another 20 mL absolute alcohol is added. Then, the tube
is centrifuged at the same speed and time. Finally, the supernatant is
removed, and the precipitate is dried in the vacuum oven at 60 °C
overnight. For freeze-dried samples, 3 mL of the 10 mgmL™ V,C sus-
pension is transferred to a sample dish. Then, the sample is freeze-
dried for 24h. For liquid samples, approximately 1mL of the
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10 mg mL™ V,C suspension is directly added on the testing glass slide
to fill the groove. Then the slide is attached to the XRD equipment, and
the test is performed.

Preparation of Al/CuQ/V,C

The composition of all samples is listed in Supplementary Table S1. For
the typical preparation procedures of Al/CuO/V,C with 10 wt% V,C, in
the ® =1.3 case, firstly, 20.4 mg Al powder is added into 5 mL absolute
ethanol as suspension A, 69.6 mg CuO powder is added into 5mL
absolute ethanol as suspension B, 1 mL V,C suspension is added into
10 mL absolute ethanol as suspension C. Then, A, B, and C are soni-
cated for 1 h. Next, both A and B are added into C, and C is sonicated for
another 1h. After that, C is placed in the vacuum oven and dried
overnight at 60 °C. Finally, C is collected as the sample.

Preparation of Al/Cu0O/V/GO

In the ® =1.3, 10 wt% V/GO case, suspension C is comprised of a mix-
ture of 9mgV powder and 1mg GO powder dispersed in 10 mL
absolute ethanol. Other materials and procedures are identical to
those of Al/CuO/V,C.

Preparation of Al/V,C and CuO/V,C

For a better comparison, Al/V,C and CuO/V,C samples are prepared
using the same materials and methods for Al/CuO/V,C without the
addition of CuO or Al. For example, 20.4 mg Al powder and 10 mg V,C
are mixed for Al/V,C, 69.6 mg CuO and 10 mg V,C are mixed for CuQ/
V,C as the control group of Al/CuO/V,C with 10wt% content
and ®=13.

Characterization of Al/CuO/V,C

Scanning electron microscopy (SEM) pictures are taken with a Quanta
FEI 450. Transmission electron microscopy (TEM) and high-resolution
scanning transmission electron microscopy high-angle annular dark-
field (STEM-HAADF) images are gathered by FEI Talos F200x, samples
are dispersed in ethanol and sonicate for 1 min before testing. The
interplanar spaces of high-resolution TEM images are obtained by
DigitalMicrograph. X-ray photoelectron spectroscopy (XPS) is per-
formed with Thermo Scientific K-Alpha. The data are analyzed by
CasaXPS and Origin. Powder X-ray diffraction (PXRD) is performed
with Rigaku SmartLab from 5 - 80° at 30 kV using Cu Ka radiation
(A=0.15418 nm). The data are analyzed by Jade and Origin. The ther-
mogravimetry (TG) and differential scanning calorimetry (DSC) results
are acquired by METTLER TGA/DSC 3 +, which records the weight and
heat flow of one sample simultaneously. For each test, around 2 mg
samples are put into a 50 pL alumina crucible and then heated at a
heating rate of 10°C min™ under high-purity air or argon flow
(20 mL min™). To obtain comparable data, all DSC curves are divided
by the sample weight at 60 °C. The data are analyzed by Origin. Raman
analysis was done with a confocal Raman microscope (CRM)
(Alpha300R, WITec GmbH, Germany) equipped with a TEM single-
frequency laser (A =532 nm, laser power =40 mW, WITec GmbH, Ger-
many). The laser light was focused through a 100x oil immersion
objective (numerical aperture=0.9) (Carl Zeiss, Germany) onto the
sample and the backscattered Raman signal directed through an optic
multifibre (50um diameter) to a spectrometer (UHTS 300 WiIiTec,
Germany) (300 gmm™ grating) and detected by the CCD camera
(Andor DU401 BV, Belfast, North Ireland). On the selected areas (e.g.,
30 um x 20 um) on the sample every 0.5 um a full wavenumber range
(50 — 4000 cm™) Raman spectrum was acquired with an integration
time of 1s. The Control Five (WITec GmbH, Germany) acquisition
software was used for the Raman measurements set up, and Project
Five (WITec GmbH, Germany) to reconstruct Raman images based on
the integral band of the ester group at 1734 cm™ and the hydroxyl
groups at 3400cm™. The data are analyzed by Origin. Fourier-
transform infrared spectroscopy (FT-IR) is conducted with Thermo

Fisher Scientific Nicolet iS5 in the range of 400 - 4000 cm™, in which
all samples are dried at 65 °C for 1h to remove water before testing.
The data are analyzed by OMNIC and Origin. Zeta potentials are
acquired by the Malvern Zetasizer Nano ZS90. Samples are dispersed
in ethanol to form a 1 - 2 mg mL™ suspension and sonicate for 30 min
before testing, and 1 mL suspension is used for each test. The data are
analyzed by Origin.

Open burn test of Al/Cu0/V,C

All samples are grounded and dried at 60 °C before testing. A PTFE
cylinder mold is made with a height of 10 mm and a diameter of
50 mm, and a cylinder hole at the center with a height of 5mm and a
diameter of 6 mm (Supplementary Fig. 22). For each test, an alumina
crucible with a height of 5 mm and diameter of 5 mm is filled with 6 mg
of the sample and then placed in the hole of the PTFE mold. The
charging density is 0.5 g cm™. The environment pressure is 1 bar, in air
atmosphere. Next, a nichrome wire with a diameter of 0.2mm is
connected to the power source set with a current of 2.7 A and is buried
in the crucible to make full contact with the sample. The shutter of the
high-speed camera and the power source are pressed simultaneously
to capture the flame. Once the power source is opened, the sample is
ignited, and the process is captured by the high-speed camera (Phan-
tom, VEO 710) with 10000 FPS and an exposure time of 20 ps. To
measure the burning time, the frame before the flare is chosen as the
beginning of burning, and the frame before the flame detaches from
the crucible is selected as the end of burning. The data are collected
and analyzed by PCC and Origin.

Closed-bomb test of Al/Cu0Q/V,C

All samples are grounded and dried at 60 °C before testing. Typically, a
20 mg sample is gathered in the confined cell made of stainless steel
with a fixed volume of 8 mL and subsequently ignited by a nichrome
wire (0.2 mm in diameter) under a 2.8 A current. The dynamic pressure
during the reaction process is measured by a piezoelectric pressure
sensor (PCB Piezotronics, Model 112B05) attached to the cell, and the
pressure signal is transformed into a voltage signal through a signal
conditioner (PCB Piezotronics, Model 482C54), and then recorded by
the oscilloscope (Tek, DPO3032). The sample is gathered at the center
of the chamber with a square shape and a 1cm length of side. The
height of the sample is approximately 0.2 cm. The charging density of
the sample is 0.1 g cm™. The data are analyzed by Origin.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the Source Data
File. Source data are provided in this paper.
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