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A B S T R A C T

Aluminum (Al) nanoparticles are high-energy additives for propellants and explosives, yet their performance is 
constrained by the native alumina shell and particle coalescence. To overcome this limitation, we introduce a 
synergistic transition metal coating strategy using cobalt (Co), nickel (Ni), and copper (Cu). A one-pot, scalable 
synthesis method was developed to fabricate Al@CoNiCu nanoparticles, where exothermic Al-Ni/Co interme
tallic reactions and low-temperature Al-Cu eutectic melting act in concert. This dual mechanism triggers outward 
flow of molten Al, well below the melting point of pure Al, creating a self-sustaining ignition feedback loop. In 
situ transmission electron microscopy (TEM) directly captures the formation of nanocracks and subsequent Al 
outflow, which exposes the reactive core to oxidizers, accelerating ignition. Gibbs free energy of the alloying 
processes indicates that Al@CoNiCu (ΔG ~ − 24.7 kJ⋅mol− 1) has the highest tendency to form mixed alloy and is 
mainly driven by the high exothermicity of the Al–Co/Ni reactions (− 20.1 kJ⋅mol− 1) and the favorable entropy 
of mixing (TΔSmix ~ 4.6 kJ⋅mol− 1 at 870 K). By tuning the Co/Ni/Cu coating, we achieve precise control over 
ignition temperatures, offering a versatile approach to tailor nanothermite reactivity.

1. Introduction

The integration of nanostructures into energetic materials has spur
red a surge in research aimed at developing high-performance, next- 
generation fuel systems [1–5]. Aluminum (Al) particles, above all 
metals, are pivotal additives in propellants and explosives due to their 
exceptional energy density, abundance, and low cost [1,6]. However, 
the full potential of Al additives remains hindered by intrinsic challenges 
[7–9]. The native alumina shell on Al particles forms a stable, compact 
barrier that protects the underlying Al from interacting with oxidizers 
often prematurely, until either Al diffuses out through the alumina shell 
[10], or when the Al core melts, creating nanocracks through volume 
expansion and exposing fresh Al to the environment [11]. Although 
reducing particle size from micron to nanoscale can lower the ignition 
threshold due to the increased surface area and decreased diffusion 
distance [11], further reduction of the ignition temperature is limited by 
the melting point of Al (~933 K) and the tendency of molten particles to 
coalesce, leading to combustion rates that fall short of the theoretical 
predictions [7,8].

Transition metal coatings on micron-sized Al particles have recently 
demonstrated superior combustion properties compared to conventional 
Al-doped fuels [12–15]. For instance, nickel (Ni) and cobalt (Co) coat
ings can trigger highly exothermic intermetallic reactions with Al, 
generating significant heat that promotes the melt dispersion of the Al 
core and accelerates ignition [12–14]. Previous studies on micron-sized 
Al@Ni and Al@Co particles have shown that Al@Ni-based propellants 
exhibit higher regression rates, while Al@Co systems display improved 
energy release, partly due to the catalytic effect of Co [14]. However, as 
the eutectic melting point of Al-Ni (~910 K) and Al-Co (~930 K) [16,17] 
are close to that of pure Al, these coatings do not effectively lower the 
melting point of the Al core, thus limiting the further reduction of the 
ignition temperature.

In contrast, copper (Cu) coatings offer a unique advantage due to the 
low eutectic melting temperature of the Al-Cu system [18,19]. Zhou 
et al. [20] in developing core-shell structured phase change material for 
thermal storage, demonstrated that depositing Cu onto Al microparticles 
via replacement reactions resulted in a tunable suppression of melting 
points between 820 and 865 K, significantly lower than those of pure Al 
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(933 K) and Cu (1356 K). Furthermore, Cu is among the fastest diffusing 
substances in alumina, with a diffusion coefficient (D) orders of 
magnitude higher than those of Ni and Co (at 1500 K, D ~ 3.0 × 10− 12, 
3.0 × 10− 16, and 9.8 × 10− 17 cm2⋅s− 1 in monocrystalline alumina for Cu, 
Ni, and Co, respectively) [21,22]. Recent in situ TEM studies by Xu et al. 
[23,24] provide additional insight: they prepared Al-Cu wire bonds by 
FIB thinning of as-bonded samples and performed isothermal annealing 
below 500 K. Their observations revealed that Cu diffuses rapidly 
through fragmented and defect-rich regions of the native ~5 nm 
alumina layer after ultrasonication via fracture-induced pathways such 
as grain boundaries and dislocations [25], with a relatively low activa
tion energy of ~61 kJ/mol for Al2Cu nucleation [23–25]. Defect-assisted 
diffusion is significantly faster than bulk lattice diffusion due to the 
reduced energy barriers along imperfections [21,26], allowing the rapid 
migration of Cu through the alumina barrier and the formation of 
intermetallic compounds (Al2Cu, Al4Cu9) at relatively low temperatures. 
Therefore, coating Al nanoparticles with Cu can induce early interme
tallic formation, which lowers the local eutectic melting point and 
generates localized mechanical stress that promotes nanocrack forma
tion in the alumina shell, ultimately accelerating ignition.

Most previous studies on Al@Ni and Al@Co have focused on Al 
micron-sized particles because coating metals onto Al nanoparticles 
presents significant challenges [12,14,15]. Traditional coating methods, 
such as replacement reactions [12,14,15], require the removal of the 
native alumina shell, thereby exposing the highly reactive Al core, 
which is extremely prone to oxidation at the nanoscale. Moreover, 
research on Al@Cu remains limited [20], with a notable lack of studies 
on its combustion properties and the underlying reaction mechanisms. A 
central unresolved question is whether the enhanced ignition and 
combustion performance of the Al particles coated with transition metal 
is primarily driven by diffusion of the coating metal (or Al) through the 
alumina shell, or by mechanical cracking of the shell due to thermal 
stresses.

This work focuses on the application and mechanism study of Al 
nanoparticles coated with various transition metals. We developed a 
one-pot and scalable synthesis method for Al@Co0.146, Al@Ni0.147, 
Al@Cu0.076, and Al@Co0.059Ni0.056Cu0.063 nanoparticles (hereafter 
abbreviated as Al@Co, Al@Ni, Al@Cu and Al@CoNiCu). In particular, 
Al@CoNiCu was rationally designed to combine the advantages of 
highly exothermic Al-Ni and Al-Co intermetallic reactions with the low 
eutectic melting characteristic of the Al-Cu system. Such transition- 
metal coatings have also been shown to help suppress agglomeration 
of molten Al during combustion by promoting early melt dispersion 
[12,27] and physically constraining the particle surface [12,20]. This 
synergistic approach enables nanocracking of the alumina shell and 
complete outward flow of molten Al at temperatures as low as ~837 K, 
thereby significantly reducing the ignition temperature. The underlying 
mechanisms were elucidated using thermogravimetric analysis/differ
ential scanning calorimetry (TGA/DSC) and in situ transmission electron 
microscopy (TEM). By resolving the interplay between diffusion-driven 
intermetallic formation and mechanical cracking of the oxide shell, this 
study provides a unified framework for optimizing the combustion 
performance of transition metal-coated Al nanoparticles.

2. Experimental methods

2.1. Synthesis of transition-metal-coated Al nanoparticles

Al nanoparticles (US Research Nanomaterials, 100 nm) were coated 
with transition metals (Co, Ni, Cu) following a similar procedure. First, 
Al nanoparticles were dispersed by ultrasonic oscillation in a methanolic 
solution of metal salts, including NiCl2⋅6H2O (Alfa Aesar, 99.95 %), 
CoCl2⋅6H2O (Fisher Scientific, 98 %), and CuCl2⋅2H2O (Acros Organics, 
99 %). Then a methanolic solution of excess NH3BH3 (Sigma-Aldrich, 90 
%) was introduced to reduce metal ions onto the Al nanoparticle sur
faces. The mixture was sealed and maintained in a 40 ± 2 ◦C water bath, 

with continuous ultrasonic oscillation for 80 min (Fisher Scientific ul
trasonic heater FS30D, cooling water added every 20 min). Finally, the 
resulting particles were washed and cooled with methanol (to halt the 
nucleation of the transition metals and remove impurity), and then 
separated by centrifugation (104 rpm, 10 min). Details of the formula
tion are provided in Supplemental Table S1. Antistatic wrist traps and 
grounding mat were used during the handling of synthesized particles.

To quantify the elemental composition of these particles, we per
formed microwave-assisted acid digestion followed by inductively 
coupled plasma optical emission spectroscopy (ICP-OES). Each 
powdered sample (5 mg) was weighed into a Teflon digestion vessel and 
digested using a MiniWAVE microwave digestion module (SCP Science, 
6 × 75 mL configuration). Each sample was treated with nitric acid 
(HNO3, 70 %) and hydrochloric acid (HCl, 35 %). Vessels were sealed 
and heated in the microwave with 100 % power for 20 min with regu
lation point at 70 psi. After cooling, the digests were filtered and diluted 
with Millipore water for the following ICP-OES tests (PerkinElmer Op
tima 7300DV). Calibration standards were included to ensure analytical 
accuracy.

2.2. T-jump ignition and TOFMS

T-jump ignition techniques were used to measure the ignition tem
perature of Al@Co, Al@Ni, Al@Cu, and Al@CoNiCu during the thermite 
reactions. Details of techniques and the schematic setup can be found in 
Fig. S12 and our prior works [28–30]. Nascent Al, Al@Co, Al@Ni, 
Al@Cu, and Al@CoNiCu (3 mg) were mixed with CuO nanoparticles (US 
Research Nanomaterials, 70 nm) in hexane (1 mL) by ultrasonic oscil
lation. The equivalence ratio of 0.67 was used to pursue the complete 
oxidation of Al particles and their coatings. Then the mixtures were 
deposited on a Pt wire (~76 μm in diameter, ~1 cm in length). Since 
samples were handled in small quantities and dispersed in solution with 
only a few microliters drop-cast onto a 75 μm Pt wire, the actual mass 
per ignition was therefore well below 1 mg. A 3 ms high-voltage pulse 
was delivered to the wire, resulting in an ultra-fast heating rate of ~105 

K⋅s− 1. The temperature of the Pt wire was calculated from its electrical 
resistance. For ignition temperature measurements, the high-voltage 
pulse would simultaneously trigger a high-speed monochromatic cam
era (Vision Research Phantom V12.1) working at 67,000 fps to video the 
combustion events and record the ignition delay time. In TOFMS, the 
fuel and oxidizer nanoparticles were ignited in a high vacuum (10− 7 

Torr). Released gas-phase species were ionized by 70 eV electron beams, 
accelerated in a linear time-of-flight chamber, and detected by a 
microchannel plate. Time-resolved spectra were recorded using a digital 
Teledyne Lecroy oscilloscope.

2.3. TGA-DSC

TGA-DSC measurements were carried out using a NETZSCH STA 449 
F3 Jupiter thermogravimetric analyzer, with a temperature ramp rate of 
10 K⋅min− 1 up to a final temperature of 1473 K, under an argon flow of 
50 mL⋅min− 1. Roughly 3 mg of sample was used for each run for safety 
reasons.

2.4. In situ STEM-EDS

In situ observations of nanoparticle dynamics and EDS analysis were 
performed using a scanning transmission electron microscope (FEI Titan 
Themis 300) equipped with an X-FEG electron gun operating at 
200–300 kV in a vacuum chamber maintained at 10− 7 Torr. The samples 
were sonicated in hexane for dispersion, then drop-casted onto the SiC 
heating membrane of Fusion AX E-chips (Protochips Inc.). These E-chips 
are subsequently assembled into the corresponding electrical TEM 
holder designed for in situ heating experiments, enabling simultaneous 
high-angle annular dark-field (HAADF) imaging and EDS elemental 
mapping. Temperature was precisely controlled and monitored by the 
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Fusion AX system, providing uniform heating at a rate of ~10 K⋅min− 1 

from room temperature up to 1470 K. Besides fast imaging on the whole 
heating process with TEM, EDS images were also collected after reach
ing each designated temperature (like 870 K) while holding each tem
perature stage for 1 min. This procedure allowed us to capture real-time 
dynamic changes in the nanoparticle structure under well-defined 
thermal conditions. The electron beam was kept blocked except for 
alignment and image acquisition to minimize electron gun effects on the 
particles.

3. Results and discussion

3.1. Characterization of coated Al nanoparticles

Al nanoparticles were coated with transition metals via a one-pot 
synthesis. Briefly, the Al nanoparticles were first suspended in meth
anol solutions containing CoCl2, NiCl2, and CuCl2. Subsequently, 
NH3BH3 was added as a reductant to deposit Co, Ni, and Cu onto the 
native alumina shell of the Al nanoparticles (see Fig. 1(a) for a schematic 

illustration). The overall chemical reactions are in Eqs. (1)–(3). The 
detailed synthesis procedure is described in Section 2.1 and Supporting 
Table S1. As confirmed by TEM images and EDS mapping (Fig. 1(b)), the 
resulting Al@CoNiCu nanoparticles exhibit clear core-shell structures 
with amorphous Co, Ni, and Cu coatings (average thickness ~ 13 nm 
from TEM-EDS line scans). Size distributions of the synthesized particles 
under SEM are shown in supporting Fig. S1, with an average diameter of 
~100 nm. The relative mole fraction of Al: Co: Ni: Cu is ~1: 0.059: 
0.056: 0.063 in the synthesized Al@CoNiCu nanoparticles and 1: 0.146, 
1: 0.147, 1: 0.076 for Al@Co, Al@Ni, Al@Cu, respectively, determined 
from ICP-OES after microwave digestion. Chemical compositions of the 
synthesized particles are detailed in Supporting Table S2. The core-shell 
TEM for Al@Co, Al@Ni, and Al@Cu are in Figs. S5(a)–S7(a). In previous 
works on micron-sized Al@Ni, Zhang et al. [12] used 200-nm Ni coating 
for 13-um Al@Ni; while Wang et al. [13] used 400-nm Ni and 200-nm P 
dual-layer coating for 15-um Al@Ni-P. Although transition metal coat
ings can enhance ignition properties, they may also reduce the active Al 
content due to the added mass of the coating, particularly in nano
particles with high surface area-to-volume ratios. Therefore, the 

Fig. 1. (a) Synthesis method of Al@CoNiCu nanoparticles, and (b) their core-shell structures imaged in TEM-EDS.
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optimized coating quality, Al@Co0.146, Al@Ni0.147, Al@Cu0.076, and 
Al@Co0.059Ni0.056Cu0.063, is crucial to balance improved ignition per
formance with the retention of active Al content. 

2CoCl2 +NH3BH3 = 2Co (s)+NH4BCl4 +H2 (g) (1) 

2NiCl2 +NH3BH3 = 2Ni (s)+NH4BCl4 +H2 (g) (2) 

2CuCl2 +NH3BH3 = 2Cu (s)+NH4BCl4 +H2 (g) (3) 

3.2. T-jump ignition and TOFMS characterization

Table 1 summarizes the T-jump ignition temperature of Al@Co, 
Al@Ni, Al@Cu, and Al@CoNiCu measured either in air (1 atm), or when 
mixed with CuO nanoparticles in an argon environment for nano
thermites applications. Details of the T-jump ignition with the high- 
speed camera and TOFMS techniques can be found in Section 2.2 and 
our prior works [28–30]. In air, the nascent Al powder does not ignite 
during the rapid T-jump from 300 K to 1500 K within 3 ms due to sin
tering, consistent with our previous studies [31–33]. In contrast, igni
tion of the coated particles are substantially lower in air: ~910 K for 
Al@Co, ~900 K for Al@Ni, and ~960 K for Al@Cu. Most notably, the 
Al@CoNiCu nanoparticles exhibit the lowest ignition temperature at 
~840 K in air, roughly 100 K lower than the melting point of pure Al.

For the Al@X + CuO nanothermites (X = Co, Ni, Cu, or CoNiCu), an 
equivalence ratio (φ) of 0.67 was used to ensure excess CuO. The igni
tion temperatures of the Al@Co + CuO nanothermite (~930 K) and 
Al@Ni + CuO (~950 K) show apparent improvements over the nascent 
Al + CuO nanothermites (~1180 K); The Al@Cu + CuO nanothermite 
(~1110 K) also shows a reduction of ~70 K. These differences stem from 
the varying amounts of heat released by different intermetallic re
actions, a topic further explored in Section 3.3. Although optimization of 
the weight percentage and coating thickness for Al@Co and Al@Ni 
suggests inherent difficulty in lowering their ignition temperatures 
below the Al melting point, the Al@CoNiCu particles achieve a dramatic 
decrease to ~860 K, approximately 70 K below pure Al's melting point. 
Moreover, the average ignition time for Al@CoNiCu is the shortest 
(~1.5 ms) compared to Al@Co (~1.7 ms), Al@Ni (~1.8 ms), and Al@Cu 
(~2.3 ms) in the T-jump experiments.

Fig. 2(a–b) shows representative mass spectra from the T-jump 
ignition of the Al@CoNiCu + CuO sample, compared with background 
spectra under vacuum conditions (10− 6 Torr). The background signal 
(m/z = 17, 18, and 28) arises from the electron impact ionization of H2O 
and N2. Upon rapid T-jump heating of the nanothermite to ~1250 K 
within 3 ms, signals from O, Al, and O2 (m/z = 16, 27, and 32) were 
observed. The O2 signals from CuO decomposition (4CuO → 2Cu2O +
O2) [29] can serve as an indicator for the onset temperature of the 
thermite reaction (2Al + 3CuO → Al2O3 + 3Cu), which accelerates the 
O2 release through fast heat generation. As shown in Fig. 2(c–h), the 
onset temperature of O2 release for Al + CuO (1100 K) is close to that of 
pure CuO (1120 K), indicating that O2 release from CuO decomposition 
is a critical step in the thermite reaction, aligning with our previous 

works [29,34]. In comparison, the O2 onset of Al@Co + CuO (990 K) and 
Al@Ni + CuO (960 K) are lower than Al@Cu + CuO (1070 K), consistent 
with their ignition temperatures. In contrast, the O2 release temperature 
of Al@CoNiCu + CuO is further reduced to 860 K, indicating that the 
thermite reaction initiates well below the melting point of bulk Al.

3.3. Differential scanning calorimetry (DSC) and thermochemistry

Fig. 3 presents the DSC analysis of nascent Al, Al@Co, Al@Ni, 
Al@Cu, Al@CoNiCu, and Al2O3 nanoparticles with the hybrid metal 
coating (Al2O3@CoNiCu) for comparison. All TGA-DSC measurements 
were performed in an argon atmosphere with a heating rate of 10 
K⋅min− 1, as detailed in Section 2.3. As sample masses remain nearly 
constant during heating in argon, we focus solely on the thermal events. 
For Al@Co, the DSC curve displays an exothermic peak at ~770 K, 
attributed to the Al-Co intermetallic reaction, followed by an endo
thermic peak at ~930 K, which corresponds to the eutectic melting of Al- 
Co (930 K) [35,36], or the melting temperature of pure Al (933 K). In 
Al@Ni, a series of continuous exothermic peaks were observed from 740 
to 900 K, reflecting progressive Al-Ni alloying reactions, with the sub
sequent eutectic melting of Al-Ni at 910 K. No separate melting peak 
near 930 K was detected for Al@Ni, indicating that Al core completely 
melted due to Al-Ni eutectic reaction. In contrast, Al@Cu exhibits only a 
subtle exothermic peak at 750–800 K when heated at 10 K⋅min− 1 (this 
signal becomes more pronounced at a slower heating rate of 1 K⋅min− 1 

as shown in Supplemental Fig. S2). The endothermic melting peak of 
Al@Cu at ~840 K is much earlier than those of Al@Co and Al@Ni, 
highlighting the low eutectic melting of Al-Cu (see Figs. S8–S10) 
[18,19]. Notably, Al@CoNiCu nanoparticles display two distinct 
exothermic events: one in the 700–750 K range, associated with the Al- 
diffusion-induced intermetallic formation; and another between 800 
and 900 K, corresponding to Al-outflow-induced intermetallic reactions. 
The cumulative heat release is so significant that no separate endo
thermic melting peaks are detected above 910 K, implying complete 
alloying of Al below 900 K, which is further confirmed by subsequent 
TEM observations in Section 3.4. In comparison, the DSC curve of 
Al2O3@CoNiCu displays no exothermic or endothermic peaks, con
firming that the alloying among Co, Ni, and Cu are nearly thermoneu
tral, and the amorphous-to-crystalline transition of the coating has 
negligible contributions; hence, the intermetallic reactions involving Al 
with Ni and Co are the primary contributors of exothermic heat in 

Table 1 
Ignition and O2 release temperatures of nascent Al, Al@Co, Al@Ni, Al@Cu, and 
Al@CoNiCu in the T-jump experiments using different oxidizers (heating rate ~ 
105 K⋅s− 1).

Al@X Al@X in air (1 atm) Al@X + CuO (φ ≈ 0.67) in argon

Ignition 
temperature (K)

Ignition 
temperature (K)

O2 release 
temperature (K)

Nascent Al >1500 1180 ± 30 1100
Al@Co 910 ± 30 930 ± 30 990
Al@Ni 900 ± 30 950 ± 40 960
Al@Cu 960 ± 10 1110 ± 10 1070
Al@CoNiCu 840 ± 10 860 ± 30 860
CuO 1120

Fig. 2. Representative T-jump mass spectra of (a) background (10− 6 Torr) and 
(b) Al@CoNiCu + CuO; Intensity of the O2 release signal in (c) nascent Al, (d) 
Al@Co, (e) Al@Ni, (f) Al@Cu, and (g) Al@CoNiCu with CuO (φ = 0.67) in 
comparison with (h) pure CuO in T-jump mass spectrometry (heating rate ~ 
105 K⋅s− 1).
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Al@CoNiCu.
Table 2 compiles the enthalpies of key thermochemical processes 

during heating of Al@X samples (assuming 1 mol Al), as extracted from 
phase diagrams and literature data. A comparison between Fig. 3 with 
Table 2 provides a comprehensive understanding of the thermochemical 
events in each sample. Assuming that direct alloying on the Al surface 
enables rapid heat transfer throughout the entire particle, the heat 
released in Al@Co (− 160 J⋅g− 1), Al@Ni (− 200 J⋅g− 1), and Al@CoNiCu 
(− 450 J⋅g− 1) is sufficient to raise the particle temperature by >150 K 
(given that Al heat capacity is 0.9 J⋅g− 1⋅K− 1). Notably, only Al@CoNiCu 

releases enough heat to overcome the enthalpy of fusion (+390 J⋅g− 1) 
required for complete Al melting. As detailed in Table S3, in the 
Al@Co0.146 and Al@Ni0.147 samples, only ~30 % of the coated Co and Ni 
react with Al, causing their exothermic alloying reactions to appear as 
separate peaks from the subsequent endothermic melting event 
observed in DSC. In contrast, in Al@Co0.059Ni0.056Cu0.063, nearly all the 
coated metals react with Al, and the extensive heat release causes the 
melting event to overlap with the exothermic peaks. Specifically, the 
highly exothermic reactions of Al + Ni (− 68 kJ⋅mol− 1) and Al + Co 
(− 35 kJ⋅mol− 1) are the major contributors to heat release in Al@Co
NiCu; whereas in Al@Cu, the mildly exothermic reaction of Al + Cu 
overlaps with the endothermic eutectic melting of Al-Cu, resulting in a 
delayed and broadened melting event in DSC. This detailed thermal 
analysis underscores how the interplay between diffusion-controlled 
intermetallic formation and melting behavior governs the ignition 
characteristics of transition metal–coated Al nanoparticles.

3.4. In-situ TEM and EDS

Fig. 4 presents in situ STEM micrographs of nascent Al and Al@Co
NiCu nanoparticles at a heating rate of 10 K⋅min− 1 under vacuum (10− 7 

Torr), with additional comparisons to Al@Co, Al@Ni, and Al@Cu at 
870 K. At room temperature, the surface of Al@CoNiCu exhibits a more 
corrugated and textured surface compared to the smoother nascent Al 
nanoparticles. Upon heating, the nascent Al particles remain unchanged 
until heated above the melting point of Al (>933 K), at which point the 
molten Al expands within the alumina shell; in particles smaller than 50 
nm, this volume expansion causes shell cracking and Al outflow (Fig. 4
(a), yellow arrow). In contrast, Al@CoNiCu nanoparticles, starting from 
those smaller than 100 nm, begin to exhibit partial hollowing as early as 
770 K, and well below the melting point of pure Al, as highlighted by the 
yellow arrows in Fig. 4(b). By 870 K, all the Al@CoNiCu nanoparticles in 
view become hollow, with irregular-shaped Al-containing composites 
growing outside their original shells. More supplementary TEM images 
(Fig. S3) confirm that this hollowing is a consistent phenomenon. 
Compared to Al@Co, Al@Ni, and Al@Cu at 870 K (Fig. 4(c–e)), coa
lescence of the shell metals is observed in all the cases, forming ~10 nm 

Fig. 3. DSC curves of (a) Al, (b) Al@Co, (c) Al@Ni, (d) Al@Cu, (e) Al@CoNiCu, 
and (f) Al2O3@CoNiCu in argon environment (heating rate 10 K⋅min− 1), and 
corresponding heat release per gram sample.

Table 2 
Thermochemical processes involved in the heating processes of Al nanoparticles 
coated with transition metals (enthalpies corresponding to 1 mol Al).

Events and temperature Thermochemical processes ΔH◦

(kJ⋅mol− 1)

Al alloying 
reactions

700–900 K Al (s) + 2/9 Co (s) → 1/9 
Al9Co2 (s)

− 35 [37]

Al (s) + 1/3 Ni (s) → 1/3 Al3Ni 
(s)

− 68 [38]

Al (s) + 1/2 Cu (s) → 1/2 Al2Cu 
(s)

− 19 [18,39]

Eutectic 
melting

~930 K 
[36]

Al (s) + Al9Co2 (s) → Al (l) +
Al9Co2 (s)

+11 [40]

~910 K 
[16]

Al (s) + Al3Ni (s) → Al (l) +
Al3Ni (s)

~840 K 
[20]

Al (s) + Al2Cu (l) → Al (l) +
Al2Cu (l)

Al melt 933 K Al (s) → Al (l)
Other reactions Cu + xCo → CuCox 0–2 [41]

Cu + xNi → CuNix 0–1.2 [41,42]
Ni + xCo → NiCox 0–1.2 [43]

Fig. 4. In situ STEM micrograph of (a) nascent Al and (b) Al@CoNiCu under a 
heating rate of 10 K⋅min− 1, and comparison to (c) Al@Co, (d) Al@Ni, and (e) 
Al@Cu at 870 K.
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Co, Ni, or Cu nanoparticles on the alumina surfaces. Notably, only the 
Al@Cu particles display partially shell-cracking structures at this tem
perature, underscoring that the low eutectic point of Al-Cu is one 
inevitable factor of the early melting and outward flow of Al. Compared 
to the Al@Cu, the Al outward flow in Al@CoNiCu begins at even lower 
temperatures (<770 K) and proceeds more extensively, which indicates 
that the additional exothermic reactions between Al and Ni/Co are 
important heat contributors to the outward flow of Al in Al@CoNiCu. 
More STEM-EDS micrographs of Al@Co, Al@Ni, and Al@Cu are 
compared in supporting Figs. S4–S7.

High-magnification in situ STEM-EDS observations in Fig. 5 provide 
further confirmation of the mechanism. In nascent Al nanoparticles, 
nanocracks in the alumina shells appear only when heated to around 
970 K, driven by volume expansion and surface tension of molten Al. In 
contrast, the Al@CoNiCu nanoparticles form nanocracks at tempera
tures below 770 K (Fig. 5(b), yellow arrows), and Al continuously flows 
outside, mixing with the coated transition metals until the entire 
nanoparticle becomes nearly hollow. This direct exposure of bare Al 
promotes rapid alloying or oxidation reactions. In particular, once Al 
contacts the Ni and Co outside the oxide shell, highly exothermic 
alloying reactions occur, which further elevate local temperatures and 
drive additional melting and Al outflow. The formation of the resulting 
mixed Al/Co/Ni/Cu alloy is shown in Fig. 5(b) in a white dashed-line 
box. Quantitative EDS analysis reveals that the entropy of mixing is 
significantly higher for a multi-element system. As shown in Tables 3
and S4, ΔSmix (=− R(

∑
xilnxi)) is 1.4 J⋅mol− 1⋅K− 1 for an Al0.962X0.038 

alloy (considering 30 % Ni/Co formed alloys in Al@Ni and Al@Co), 
compared to 5.3 J⋅mol− 1⋅K− 1 for an Al0.864Co0.045Ni0.043Cu0.048 alloy in 
Al@CoNiCu, indicating that the mixed alloy formation is thermody
namically favorable. Considering vibrational and other entropy terms 

are often negligible compared to ΔSmix in alloy formations [44], Gibbs 
free energy of the alloying processes in the synthesized samples can be 
estimated and listed in Table 3, which indicates that Al@CoNiCu (ΔG ~ 
− 24.7 kJ⋅mol− 1) has the highest tendency to form mixed alloy. In 
conclusion, the complete outflow of Al in Al@CoNiCu nanoparticles is 
mainly driven by the high exothermicity of the Al–Co/Ni reactions 
(− 20.1 kJ⋅mol− 1) and the favorable entropy of mixing (TΔSmix ~ 4.6 
kJ⋅mol− 1 at 870 K), which together facilitate early nanocrack formation 
in the alumina shell and contribute to the significantly reduced ignition 
temperature observed in these particles.

3.5. Proposed mechanism

In our study, the enhanced ignition behavior of Al@CoNiCu arises 
from two synergistic diffusion-alloying processes that work together to 
lower the ignition temperature. First, when Cu is present as a coating (as 
in both Al@CoNiCu and Al@Cu), the native alumina shell (8-nm 
thickness) normally acts as a diffusion barrier at room temperature. 
However, its nanoscale thickness and inherent defects (such as grain 
boundaries, vacancies, and fragmented regions from sonication as re
ported by Xu et al. [23–25,45]) may enable rapid, “fast-path” Cu 
diffusion at elevated temperatures [21,46]. Such defect-assisted migra
tion, facilitated by a relatively low activation energy (~61 kJ/mol) [24], 
would allow Cu to penetrate the ~8 nm alumina layer and reach the 
underlying Al core below 800 K. Once localized Cu-Al contact is estab
lished, a thin Al2Cu intermetallic layer nucleates; although its formation 
is only mildly exothermic, it lowers the local melting point to ~840 K 
[20,23,24]. In contrast, when Al is coated with Ni or Co (as in Al@Ni and 
Al@Co), the primary process involves outward diffusion of Al (or inward 
migration of Ni/Co) through the alumina shell to forming intermetallics 
(e.g., Al3Ni and Al9Co2). These alloying reactions release a substantial 
amount of heat, but the eutectic melting of Al-Ni and Al-Co remains 
close to the melting point of nascent Al at 933 K [16,36].

As illustrated in Fig. 6, the unique behavior of Al@CoNiCu stems 
from its combination of both mechanisms: the rapid, defect-assisted 
inward diffusion of Cu leads to the fast formation of Al2Cu, which in 
turn lowers the local melting point to ~840 K and triggers localized 
melting. The ensuing volumetric expansion of molten Al exerts stress 
that cracks the alumina shell, allowing the outflow of the molten Al to 
come into direct contact with the surrounding Ni and Co, forming mixed 
alloys and providing additional heat accelerating further diffusion. This 
self-reinforcing process is driven by both the high enthalpy of interme
tallic reactions and the favorable entropy gain from multi-element 
mixing disorders.

In summary, while Al@Cu exhibits only weak signals of early Al2Cu 
formation and Al@Ni/Al@Co systems solely release heat via gradual 
outward Al diffusion, the Al@CoNiCu particles combine these syner
gistic effects into a dual mechanism: rapid Cu diffusion inducing early 
eutectic melting and significant heat release from subsequent Al–Ni/ 
Al–Co reactions, which leads to rapid volume expansion, early cracking 
of the alumina shell, and effective Al outward-flow, ultimately resulting 
in a dramatically reduced ignition temperature.

Fig. 5. In situ STEM-EDS comparing the heating process of (a) nascent Al and 
(b) Al@CoNiCu, where yellow arrows highlight the early nanocracks of the 
Al2O3 shell in Al@CoNiCu.

Table 3 
Entropy, enthalpy, and Gibbs free energy (per mol Al in sample) during heating 
of the transition-metal-coated Al nanoparticles based on EDS mapping and DSC 
results.

Sample ΔSmix 

(J⋅mol− 1⋅K− 1)
TΔSmix at 870 K 
(kJ⋅mol− 1)

ΔH 
(kJ⋅mol− 1)

ΔG 
(kJ⋅mol− 1)

Al@Co 1.4 1.2 − 7.0 − 8.2
Al@Ni 1.4 1.2 − 8.9 − 10.1
Al@Cu 1.7 1.5 − 1.6 − 3.1
Al@CoNiCu 5.3 4.6 − 20.1 − 24.7
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4. Conclusions

Various transition metals were coated on Al nanoparticles using a 
one-pot method. The synthesized nanoparticles have lower ignition 
temperatures compared to nascent Al (ignition temperature from low to 
high: Al@CoNiCu < Al@Co ≈ Al@Ni < Al@Cu < Al). TGA-DSC analysis 
reveals that Al@Co and Al@Ni undergo highly exothermic alloying re
actions between Al with Co/ Ni, while Al@Cu benefits from the low 
eutectic melting point of the Al-Cu system. Notably, the hybrid 
Al@CoNiCu nanoparticles combine the rapid, defect-assisted diffusion 
of Cu, which triggers the early formation of Al2Cu and lowers the local 
eutectic melting point, with the strongly exothermic reactions of Al with 
Ni and Co. This synergistic mechanism induces early nanocrack forma
tion and outward flow of molten Al at temperatures below 870 K, 
resulting in markedly lower ignition temperature. By tuning the coating 
elements, the ignition temperature can be effectively modulated. 
Moreover, since the native alumina shell is preserved during synthesis, 
the coated nanoparticles retain better structural integrity than previous 
methods using displacement reactions, expanding their potential 
applications.
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