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ABSTRACT: Although aluminum (Al) nanoparticles have been
widely explored as fuels in energetic applications, researchers are
still exploring approaches for tuning their energy release profile via
microstructural alteration. In this study, we show that a
nanocomposite (∼70 nm) of a metal ammine complex, such as
tetraamine copper nitrate (Cu(NH3)4(NO3)2/TACN), coated Al
nanoparticles containing only 10 wt. % TACN, demonstrates a
∼200 K lower reaction initiation temperature coupled with an
order of magnitude enhancement in the reaction rate. Through
time/temperature-resolved mass spectrometry and ignition onset
measurements at high heating rates, we show that the ignition
occurs due to a condensed phase reaction between Al and copper
oxide (CuO) crystallized on TACN decomposition. TEM and
XRD analyses on the nanoparticles at an intermediate stage show that the rapid heat release from TACN decomposition in-situ
enhances the strain on the Al core with induction of nonuniformities in the thickness of its AlOx shell. The thinner region of the
nonuniform shell enables rapid mass transfer of Al ions to the crystallized CuO, enabling their condensed phase ignition. Hence, the
thermochemical shock from TACN coating induces stresses at the Al/AlOx interface, which effectively switches the usual gas phase
O2 diffusion-limited ignition process of Al nanoparticles to become condensed phase Al ion transfer controlled, thereby enhancing
their reactivity.
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1. INTRODUCTION

Among the nanometallic fuels used in energetic materials for
propulsion and pyrotechnics,1−3 Aluminum (Al) is the most
commonly employed fuel due to its high gravimetric (∼32 kJ/
g) and volumetric combustion enthalpy (∼86 kJ/cm3).4−12

Extensive efforts have been employed in modulating the energy
release profile of Al nanoparticles in fuel/oxidizer composites
by altering the ionic conductivity of oxidizers,13−15 oxidizer
morphology,16−18 and utilization of additives19−21 to improve
reactivity.
Several studies have focused on improving the reactivity of

Al nanoparticles by their microstructural alteration through
induction of thermomechanical stresses.22−32 The core of the
Al nanoparticles nominally exists under tensile stress at room
temperature, which attains a zero-strain state when heated to
∼673 K.33 It has been observed that preannealing of Al
nanoparticles at around ∼673 K for several minutes followed
by fast quenching induces dilatational lattice strain on the core,
which appears to enhance Al transport through the shell.22−32

Additionally, an investigation on aging behavior of nano-
thermite composites of Al with oxidizers such as CuO, Fe2O3,
and Co3O4, by annealing of the mixtures at ∼473 K for 15
days, showed that the alumina shell became nonuniform in

thickness.34 The nonuniformity in the thickness of the shell led
to a higher mass transport rate of Al through the thinner
regions, resulting in an unexpectedly high reactivity of the
annealed nanothermite composites.
In this regard, Werner-type metal ammine complexes35−39

such as tetraamine copper nitrate (Cu(NH3)4(NO3)2/TACN)
can be used with Al nanoparticles for two potential benefits.
First, it can act as a reactive gas generator by exothermically
(ΔH ∼ −644 kJ/mol)37 decomposing to NHx and NOx gases,
leaving residual CuO to participate in a redox reaction with Al.
This has important implications with respect to Al combustion
as the phase transformation of Al during high-temperature
oxidation processes together with the high mobility of Al ions
through its oxide shell results in rapid sintering and
agglomeration of Al nanoparticles, thereby impeding the
progress of the energetic reaction.9,33,40−43 In-situ gas
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generation through polymeric additives has been effective in
mitigating this problem, as gas generation during high-
temperature decomposition of these polymers reduces
sintering and agglomeration by pushing particles away from
each other.44 Therefore, TACN can be potentially used for in-
situ gas generation for mitigating similar challenges. Seconda-
rily, as prestressing has been shown to improve the reactivity of
Al, the rapid energy released during TACN decomposition can
be potentially employed to shock-heat and induce strain in the
Al nanoparticles. Hence, this approach may be able to mitigate
the preprocessing steps associated with the annealing.22−32

Previous explorations have shown that the use of super-
micrometer TACN particles as gas generating additives can
significantly improve the reactivity of Al/CuO compo-
sites.45−47 However, the application of nanoscale TACN for
in-situ stress induction in Al nanoparticles has not been
explored.
In this study, we have synthesized ∼70 nm particles of

TACN-coated Al (TACN@Al) by a heterogeneous crystal-
lization method. The synthesis of bare TACN crystals in the
absence of Al nanoparticles as seed led to the formation of ∼4
μm TACN particles. Using in-situ T-jump ignition, T-jump
time-of-flight mass spectrometry (T-jump TOFMS), and
TGA/DSC analysis, we show that the heat released on
decomposition of TACN in TACN@Al into NHx and NOx
species is absorbed by Al nanoparticles, resulting in their early
oxidation and condensed phase ignition. Through XRD and
TEM, we have shown that the released heat collectively
deforms the Al particles, enhances strain on the Al core, and
induces nonuniformity in the thickness of the alumina shell.
The thinner regions of the nonuniform shell having shorter
diffusion length enable the Al ions to diffuse across the shell
and initiate a condensed phase reaction with the oxidizer,
thereby lowering the oxidation and ignition onsets. Such an
effect was not observed in the case of physically mixed Al with
micrometer TACN, as the processes of TACN decomposition
and Al oxidation occurred independently.

2. EXPERIMENTAL SECTION
2.1. Materials. Aluminum nanoparticles (ALEX) with a mean size

of ∼50 nm and having an Al content of ∼67 mass % was procured
from Argonide Corp. The copper nitrate trihydrate (Cu(NO3)2·
3H2O) salt was obtained from Sigma-Aldrich. The 30% NH4OH and
ethanol were procured from Fisher Scientific. The CuO nanoparticles
(∼50 nm) were obtained from US Research Nanomaterials.
2.2. Synthesis of TACN-Coated Al Composites. Previous

studies have synthesized TACN crystals by a precipitation reaction
between dissolved Cu(NO3)2 and NH4OH.

45 To make TACN-coated
Al composites (TACN@Al), we prepared various strengths (0.2, 0.4,
0.8, and 1.6 mM) of copper nitrate trihydrate (Cu(NO3)2·3H2O)
solutions in ethanol. Equal amounts of Al nanoparticles (∼50 nm)
were ultrasonically dispersed in all of the Cu(NO3)2 solutions, such
that the mass concentration of Al in each solution is 0.5 mg/mL. The
concentration of Cu(NO3)2 was varied with the goal to make different
TACN@Al composites with TACN content varying between 5 and
20 mass %. The Cu(NO3)2 solutions with dispersed Al nanoparticles
were magnetically stirred for ∼10 min. Then 30% NH4OH was added
dropwise to each of the Cu(NO3)2 solutions with dispersed Al
nanoparticles under vigorous magnetic stirring. As 4 mol of NH3
needs to be inserted into 1 mol of Cu(NO3)2 to make TACN, the
total amount of NH4OH added to each solution was varied to ensure
that the final NH4OH concentration is 4 times the concentration of
dissolved Cu(NO3)2. After NH4OH addition, each solution was kept
under magnetic stirring for ∼1 h. Then each solution was centrifuged
and washed (10000 rpm, 10 min) with blank solvents two times. The

washed powders were dried overnight in a vacuum oven at room
temperature. For the synthesis of the bare TACN crystals, we started
with a 0.8 mM Cu(NO3)2·3H2O solution and followed the exact same
procedure, except for the addition of Al nanoparticles.

2.3. Ex-Situ Characterizations on Composition and Material
Properties. Particle sizes and morphologies of TACN and TACN@
Al were characterized by an FEI NNS450 scanning electron
microscope (SEM) and an FEI Tecnail 12 transmission electron
microscope (TEM). X-ray diffraction (XRD), performed by using
PANalytical EMPYREAN (Cu Kα source, λ = 1.54 Å), was used to
characterize the composition, lattice strain, and crystallite size of the
TACN@Al crystals. Thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) performed by using an SDT-Q600
(TA Instruments) were used to characterize the decomposition steps
of TACN and the oxidation onset of Al, at a heating rate of 10 K/min.
The TACN content of each sample was also identified through TGA.

2.4. In-Situ Time- and Temperature-Resolved Character-
ization on Ignition and Combustion. Temperature jump time-of-
flight mass spectrometry (T-jump TOFMS) was used for in-situ time-
and temperature-resolved identification of the gas phase species
released during the preignition and combustion reactions. Details
about the mass spectrometer can be found in several of our previous
publications.3,48,49 For this measurement, a thin Pt wire (∼75 μm) is
used as the sample holder, on which thin layers of solid nanopowder
samples are coated by drop-casting through micropipets. During the
measurement, the Pt wire is resistively heated to ∼1500 K by applying
a voltage pulse of width ∼3 ms, which leads to an average heating rate
of ∼105 K/s. The thin coating of the sample ensures that the sample is
at the same instantaneous temperature as that of the wire and that it is
uniformly heated at the same heating rate. Through a probe, the
current across the wire is monitored at every 0.1 ms, and the
Callendar−Van Dusen equation is used to estimate the instantaneous
wire temperature at every 0.1 ms over the 3 ms pulse. The gas phase
species released on thermal activation of the reactions are sampled
and identified over 10 ms at an interval of 0.1 ms by the time-of-flight
mass spectrometric process. This measurement is performed under a
high vacuum of ∼10−10 atm.

The ignition temperature of each sample was measured by using a
similar temperature jump process (T-jump ignition). The sample
holder and the sample delivery, heating, and temperature estimation
methods of this measurement are exactly the same as those of T-jump
TOFMS. However, instead of a vacuum, this measurement is
performed by inserting the sample holder into a specialized chamber
equipped with several ports for flowing gases and applying a vacuum
along with a pressure gauge and a quartz glass wall for high-speed
imaging of the ignition event, which is filled with Ar at ∼1 atm. A
high-speed camera (Vision Research Phantom V12.1) is used to track
the delay time of the ignition event with approximately microsecond
resolution. The temperature of the wire at this time is estimated to be
the ignition temperature. More details about this measurement can be
found in our previous papers.3,50 The T-jump ignition and TOFMS
characterizations cannot be performed on the supermicron bare
TACN crystals and PM-TACN/Al as those particle sizes are
comparable to the thickness of the Pt wire sample holder, which
leads to nonuniform coatings resulting in inconsistencies in the
temperature measurement.

Constant-volume combustion cell measurements were performed
to characterize the pressurization rate and burn time of the self-
propagating combustion reaction. A charge of 25 mg is used for every
measurement in the ∼20 cm3 cell. The powdered sample is ignited at
the center by the tip of a resistively heated nichrome wire which
touches only the surface sample. During the progress of the reaction,
the time-dependent pressure and optical signal is monitored by a
high-frequency pressure transducer (PCB electronics) and a photo-
multiplier tube (Hamamatsu), respectively. More details about the
measurement can be found elsewhere.3,19
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3. RESULTS AND DISCUSSION

3.1. Synthesis of TACN-Coated Al Nanocomposites.
TACN-coated Al nanoparticles are synthesized by a heteroge-
neous crystallization (Figure 1a) process as described in
section 2.1. Representative TEM images (Figure 1b) of 10
mass % TACN@Al clearly show the growth of needlelike
TACN crystals on the surface of Al particles. The mass
percentages of TACN in the TACN@Al composites have been
estimated through TGA as presented in the next section

(section 3.2). By varying the Cu(NO3)2·3H2O precursor
concentration relative to Al nanoparticle concentration (5−
50%), we have synthesized TACN@Al composites containing
various mass fractions of TACN. In the final composite,
different initial precursor concentrations of 0.2, 0.4, 0.8, and
1.6 mM resulted in a TACN content of 4, 12, 21, and 48 mass
%, respectively, as listed in Table S1 (Supporting Information).
For the sake of simplicity, we have designated the TACN@Al
composites with TACN contents of 4, 12, 21, and 48% as 5%

Figure 1. (a) Schematic showing the preparation of TACN@Al nanocomposite by heterogeneous crystallization method. (b) Representative TEM
images of synthesized TACN@Al composites showing the growth of needlelike TACN crystals on Al particles (scale bar: 100 nm). (c) SEM images
of supermicron TACN crystals synthesized by homogeneous crystallization method in the absence of Al seeds. (d) XRD spectra confirm the
presence of TACN and Al in the nanocomposites, also clearly showing an increase in the intensity of TACN peaks relative to that of Al with
increase in TACN content.

Figure 2. (a) TGA shows the decomposition of TACN in bare TACN, TACN@Al, and PM-TACN/Al occurs in two mass loss steps; however, the
Al in TACN@Al shows an early oxidation onset initiating exactly after TACN decomposition. (b) DSC shows the decomposition of TACN in bare
TACN, and PM-TACN/Al has two endothermic peaks (R1 and R2) and one exothermic peak (R3), whereas the exothermic peak disappears in the
case of TACN@Al.
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TACN@Al, 10% TACN@Al, 20% TACN@Al, and 50%
TACN@Al, respectively, in the rest of the article.
Dropwise addition of NH4OH to Al nanoparticles dispersed

in Cu(NO3)2·3H2O results in the heterogeneous nucleation
and growth of TACN crystals, leading to the formation of
core−shell TACN@Al (Figure 1a). Dropwise addition
maintains a low concentration of NH4OH in the solution,
thereby limiting homogeneous nucleation of TACN and
restricting the size of TACN@Al to ∼70 nm (Figure 1b and
Figure S1a). For the purpose of preparing physically mixed Al/
TACN control samples, bare TACN has been synthesized by
precipitation in the absence of Al nanoparticles, keeping the
rest of the procedure same (section 2.1). SEM micrographs
(Figure 1c) of bare TACN show the formation of ∼4 μm
crystals (Figure S2b). Larger crystal sizes maybe attributed to
slower homogeneous nucleation process. Figure 1d represent-
ing the XRD spectra of bare TACN, 10% TACN@Al, and 50%
TACN@Al shows a clear variation between the relative peak
intensities of Al and TACN, confirming the presence of
different concentrations of TACN in different formulations of
the composite.
3.2. Influence of the Thermochemical Decomposition

of TACN on Al Oxidation under Slow Heating Rates.
Previous studies35,45 have shown that the thermochemical
decomposition of TACN/Cu(NH3)4(NO3)2 occurs in the
following three major steps:

(i) endothermic release of 2 mol of NH3 attached as a ligand to
form Cu(NH3)2(NO3)2:

Cu(NH ) (NO ) Cu(NH ) (NO ) (s) 2NH (g)

( 87% residue)
3 4 3 2 3 2 3 2 3→ +

∼ (R1)

(ii) solid to liquid phase transformation of Cu(NH3)2(NO3)2:

Cu(NH ) (NO ) (s) Cu(NH ) (NO ) (l)3 2 3 2 3 2 3 2→ (R2)

(iii) simultaneous exothermic formation of CuO and NHx +
NOx species:

Cu(NH ) (NO )

CuO(s) (NH NO ) (g) ( 31% residue)x x

3 2 3 2

products→ + + ∼
(R3)

We also observed all of the three aforementioned steps during
the TGA/DSC characterization of bare TACN in air. The
TGA curve of bare TACN (Figure 2a) shows two mass loss
steps terminating at ∼423 K (∼87% residue) and ∼533 K
(∼32% residue) corresponding to the chemical reactions
presented in eqs R1 and R3, respectively. The simultaneous
DSC profile of bare TACN obtained during the same
measurement shows two endotherms at ∼423 and ∼493 K
corresponding to eqs R1 and R2, respectively, followed by an
exotherm associated with the second mass loss step
corresponding to eq R3.
It is well-known that the oxidation onset of Al nanoparticles

in air (∼833 K) at low heating rates is governed by the
formation of voids due to the crystallization of the nativeAl2O3

shell.4 TGA/DSC on bare Al nanoparticles and physically
mixed bare-Al/bare-TACN particles (PM-Al/TACN) shows
that Al nanoparticles in PM-Al/TACN have the same
oxidation onset (∼833 K) as that of bare Al nanoparticles
(Figure 2a,b). The TGA profile (Figure 2a) of PM-Al/TACN
clearly shows the two-stage mass loss (eqs R1 and R3) during
thermolysis of TACN and the mass gain on oxidation of Al
occur independently, with the former phenomenon terminat-
ing at ∼533 K and the latter reaction initiating at ∼833 K. The
DSC profile (Figure 2b) of PM-Al/TACN shows all the three
peaks corresponding to eqs R1−R3 similar to that of bare
TACN with the Al oxidation exothermic peak arising at ∼833
K, also confirming that the TACN decomposition and Al
oxidation occur separately.

Figure 3. (a) T-jump TOFMS release profiles of NH3 and NO species from 10% TACN@Al show that TACN decomposes at ∼470 K at high
heating rates (∼105 K/s). The inset containing time-averaged mass spectrum of 10% TACN@Al shows the release of different NHx and NOx
species. (b) Ignition temperatures of Al(air), Al/CuO, and TACN@Al composites with different TACN contents in Air and Ar show that all
TACN@Al composites ignite at an ∼200 K lower temperature. The ignition of 10% TACN@Al (d) with a small oxidizer content is unexpectedly
more violent than that of Al in air (c).
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However, in the case of the TACN-coated Al composites,
both 10% TACN@Al and 50% TACN@Al, a gradual mass
gain is observed right after the termination of the TACN
decomposition at ∼533 K (Figure 2a). Additionally, only the
two endothermic peaks corresponding to chemical equations
(R1) and (R2) are observed in the DSC of both of these
samples (Figure 2b), whereas the exothermic peak that is
observed in the case of bare TACN due to the reaction in eq
R3 is absent. Instead, a gradually rising exotherm is observed
post ∼533 K concomitant with the gradual mass gain in TGA
at the same temperature. The gradual mass gain and heat
release initiating at ∼533 K are most likely due to the oxidation
of Al, indicating that the Al in the preassembled TACN@Al
samples have incurred an early oxidation onset. The absence of
the exothermic peak corresponding to eq R3 implies that the
heat release associated with this step has been absorbed by
some parallel occurring endothermic process that is possibly
contributing to the early oxidation of Al. Therefore, it is
evident that the decomposition and energy release profile of
the nanoscale TACN@Al composite differs significantly from
that of both supermicrometer PM-TACN/Al formulation and
bare Al, the underlying mechanism of which is investigated in
the subsequent sections.
3.3. Ignition and Combustion Reaction of TACN@Al

at High Heating Rates. In-situ temperature-resolved time-of-
flight mass spectrometry (T-jump TOFMS) is used to probe
the reaction mechanism during the ignition and combustion of
TACN@Al, on activating at a high heating rate of ∼105 K/s.
The inset of Figure 3a presenting the T-jump TOFMS time-
averaged spectra of 10% TACN@Al shows the release of
gaseous NH3 and NOx species such as N2O, NO, and NO2.
Upon comparison of the temporal intensity and temperature

profiles of these species (Figure 3a), their release temperature
has been estimated to be ∼470 K. T-jump TOFMS spectra of
all other TACN@Al composites also show the release of these
species regardless of the TACN content (Figure S3). The NOx
species are generated either from the decomposition of the
NO3 group or from the reaction between NH3 and NOx
groups, with CuO being the residual solid-state product as
described in section 3.2. This indicates that the decomposition
of TACN at high heating rates also occurs through the
reactions presented in eqs R1−R3. Figure 3b shows that the
release of all the gaseous species occurs around ∼470 K, for all
TACN@Al composites, regardless of TACN content. The
single step release of these gaseous species, in contrast to the
two-stage TGA mass loss, can be attributed to the faster
reaction kinetics at high heating rates in T-jump TOFMS,
which makes it difficult to resolve multiple reaction steps
involved.
T-jump ignition measurements performed in Air and Ar

environments (∼1 atm) reveal that all the TACN@Al
composites ignite at ∼770 K (Figure 3b). This ignition
temperature is much lower compared to the ignition
temperature of Al in air (by ∼270 K) and Al/CuO (by
∼200 K) as shown in Figure 3b. The snapshots from the high-
speed imaging of the ignition events of bare Al and 10%
TACN@Al in air are shown in Figures 3c and 3d, respectively.
These images clearly show that the ignition event of bare Al is
very mild with no particle ejections from the wire, indicating
that the ignition event is not associated with intense gaseous
expansion due to low energy release during the oxidation
process. In contrast, the ignition event of 10% TACN@Al is
associated with intense gas generation and expansion causing
particle ejections, leading to a brighter and larger flame.

Figure 4. (a) TEM images of heated 10% TACN@Al show that Al particles deform and their shells become corrugated, post TACN
decomposition (∼523 K) (scale bar: 100 nm). (b) XRD of the same particles show confirm that the TACN peaks have disappeared on heating and
the heated particle only contains Al and CuO. (c) Williamson−Hall analysis of the XRD peaks show that he heated Al core in the heated particles
possesses higher strain and crystallite size. (d) Estimated maximum and minimum mass percentages of Al that can be potentially melted by
considering maximum (theoretical) and minimum (DSC) heat release from TACN, respectively.
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Representative snapshots of the flames of different TACN@Al
obtained during the T-jump ignition measurements can be
found in Figure S4. Combustion cell measurements obtained
with TACN@Al samples with different compositions of
TACN, physically mixed with nano-CuO in stoichiometric
amounts, show that 10% TACN@Al has the highest peak
pressure (∼2×), pressurization rate (∼10×), and the shortest
burn time (∼50 ms less) among all TACN@Al samples
(Figure S5). The reactivity of these composites initially
increases with the increase in TACN content up to ∼10%
due to hot gas generation, and then it decreases with further
increase in TACN content, as TACN with high molar mass
reduces the gravimetric energy density of the TACN@Al
composites. Although the trend of the measured pressurization
rates is qualitatively similar to that of the observations made by
Wu et al.,45 an order of magnitude enhancement in
pressurization rates has not been observed for physically
mixed micrometer-TACN, Al, and CuO. An ∼200 K lowering
of ignition temperature, along with an order of magnitude
enhancement in reactivity, on application of only 10 mass % of
coating is unexpected.
As most of the NOx species are released at a lower

temperature (∼470 K), much earlier than the ignition event
(∼770 K), the possibility of Al/NOx being the source of
ignition can be eliminated. Moreover, the higher ignition
temperature of Al in air (∼1050 K) and the similarity of the
ignition temperature of TACN@Al composites in air and
argon environments imply that the Al is not reacting with
atmospheric oxygen prior to ∼770 K. This implies that the
ignition is possibly initiated by the reaction between Al and the
condensed CuO formed after decomposition of TACN.
Usually, physically mixed Al/CuO nanothermites ignite at
993 K, post O2 release from CuO (∼930 K) (Figures S6 and
S7),51 due to the heterogeneous reaction between gas phase
O2 with condensed Al. It is still uncertain why the TACN@Al
composite initiates primarily in the condensed phase and
ignites at an ∼200 K lower temperature than Al/CuO, prior to
the release of O2 from CuO. The heat released during the
TACN decomposition (R3) may have some contribution to
the transition from gas phase initiation to condensed phase
initiation, as it has been already observed in section 3.2 that the
exothermic peak associated with this reaction during bare
TACN decomposition disappears during the reaction of
TACN@Al, indicating the released heat might be absorbed
in activating some parallel occurring interactions. This
uncertainty has been addressed with the depiction of the
underlying reaction mechanisms in the subsequent sections.
3.4. Intermediate Product Analysis Revealing In-Situ

Stress Induction in Al Core. To characterize the
morphology and composition of the intermediate state of the
Al particles post TACN decomposition by using ex-situ TEM/
XRD, we heated the 10% TACN@Al particles, to the
decomposition termination temperature of TACN (∼533 K)

using the same TGA/DSC apparatus and cooled them under
ambient conditions. XRD spectra (Figure 4b) of the heated
10% TACN@Al clearly show that the diffraction peaks
belonging to TACN have disappeared, and the heated
intermediate state only contains peaks of Al and CuO. TEM
images of the heated 10% TACN@Al particles show
nonspherical and deformed Al particles with corrugations
near the surface (Figure 4a). Similar Al particles with rough
surfaces have been also observed by Wu et al.34 when they
thermally annealed/aged a nanothermite mixture of Al/CuO at
∼473 K for 15 days. They observed that the thickness of the
alumina shell became nonuniform on annealing because of
thermally induced stresses causing it to become jagged and
claimed that the faster outward diffusion of Al through the
thinner regions of the shell enhanced the reactivity of the
annealed Al/CuO mixture. Independently, several other
studies22−32 have shown that annealing (473−573 K) of Al
nano-/microparticles with native oxide shells enhances the
lattice strain on the Al core, thereby reducing the hardness of
the particles leading to their higher reactivity. However, the
jagging of the shell in the current scenario might be due to a
combination of several different factors, as systematically
explained later.
Through a combination of in-situ XRD and TEM character-

izations, Firmansyah et al.33 have shown that the cores of Al
nanoparticles are already under tensile stress at room
temperature. We performed the Williamson−Hall analysis52
(section S.3) on the XRD peaks (Figure 4b) of the as-
synthesized and heated 10% TACN@Al to estimate the lattice
strain on the core before and after heating. The Williamson−
Hall plot presented in Figure 4c shows that the heated sample
possesses a higher lattice strain (ε = 1 × 10−3) and crystallite
size (L = 64 nm) compared to the unheated (ε = 6 × 10−4; L =
27 nm). The disappearance of the exothermic DSC peak
(Figure 2b) associated with reaction in eq R3 in for TACN@
Al implies that the heat released is possibly absorbed by
simultaneous melting of Al. Although the area of the DSC
exotherm underestimates the heat release associated with a gas
generating reaction, in this case it is an indicator of the
minimum heat delivered (∼128 kJ/mol) to Al from TACN
decomposition, whereas the maximum heat is limited by the
calculated enthalpy of decomposition of TACN (ΔH = −644
kJ/mol). Based on these two estimates, Figure 4d shows the
comparison between the maximum and minimum mass
percentages of Al (section S.4), the enthalpy of which can be
raised to its melting point (∼923 K) by the heat released from
TACN. According to this estimate, a 10% TACN coating can
potentially melt ∼16−80 mass % of Al. As TACN forms a
liquid film followed by successive gas and heat generation
through reactions in eqs R2 and R3, formation of gas bubbles
might lead to inhomogeneous temperature distribution across
the liquid film which will result in inhomogeneous heat transfer
flux across the Al/AlOx interface, causing localized overheating

Table 1. Comparison of Microstructural Evolution of Al Nanoparticles under Thermomechanical Stresses

reference material treatment finding

Wu et al.34 Al/CuO-
nanothermite

annealing (473 K, 15 days) jagging of shell; enhanced mass transfer; enhanced reactivity

Jacob et al.28 Al nanoparticle annealing (573 K, 15 min) enhanced strain on Al core softens shell; no morphology change; enhanced reactivity
Firmansyah et
al.33

Al nanoparticle in-situ heating (10 K/min;
∼105 K/s)

existing tensile strain on Al core at ∼298 K; no morphology changes until ∼873 K; swelling of
shell on interstitial diffusion of Al ions

current study TACN@Al in-situ heating (10 K/min;
∼105 K/s)

jagging of shell leading to lower oxidation and ignition onset
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and hot-spot formation.53,54 Such localized hot spots might
lead to partial melting of Al, and the expansion associated with
the melting process causes molten Al to flow out of the
imperfections in the shell inducing nonuniformity in the shell
thickness, creating the jagged shape.28,33,34 The inhomoge-
neous melting might explain the increase in the strain and the
crystallite size of the core.30,55 The nonuniformity in the
thickness of the shell may also be enhanced by the localized
swelling caused by high-temperature diffusion of Al cations
into the interstices of the AlOx shell.33 Table 1 presents a
comparison of the microstructural evolution mechanisms of Al
nanoparticles under thermally induced stresses observed by
this study to previous studies in the literature.
Overall, the heat generated during the exothermic

decomposition of TACN induces strain on the Al core
simultaneously, causing the surrounding AlOx shell to become
rough. Because of nonuniformity in the thickness of the
surrounding shell, certain regions of the Al particle surface will
have a thinner shell, thereby placing the Al core closer to the
CuO crystallized from TACN decomposition. A thinner
diffusion barrier enables the interstitial mass transfer of Al
cations across the shell, initiating a condensed phase reaction
between Al and CuO, which leads to the lower ignition onset
(∼770 K). Additionally, previous studies22−32 have also
reported that prestressing reduces the hardness of the Al
particles, causing the faster expulsion of molten Al and thereby
enhancing its reactivity. In the current case, the thermome-
chanical shock induced stress applied by TACN decom-
position should also soften the Al nanoparticles, thereby
enhancing their reactivity (Figure 4b−d and Figure S5). In
physically mixed PM-Al/TACN powder, the contact area for
heat transfer between the Al and TACN is much lower
compared to the core−shell architecture. Hence, the oxidation
of Al is not lowered in the case of PM-Al/TACN as observed
in section 3.2.
3.5. Discussion on Overall Mechanism. Figure 5

summarizes the overall reaction mechanism of TACN@Al
based on the aforementioned observations and inferences. On
heating of TACN@Al, 2 mol of NH3 is released from the
decomposition of TACN through eq R1, followed by a phase
transformation of the intermediate product Cu(NH3)2(NO3)2.
The molten Cu(NH3)2(NO3)2 wets the surface of the Al
nanoparticles forming a liquid film. Exothermic decomposition
(R3) of Cu(NH3)2(NO3)2 to solid CuO and NHx + NOx gases
shock-heats the Al particles over the short reaction time scale.
This shock-heating leads to partial liquefaction (expansion),
causing some Al to leak into the inhomogeneous shell,
followed by resolidification (contraction) of the Al core,
thereby causing deformation of the particles and simulta-

neously resulting in corrugations at the Al core/AlOx shell
interface. Because of the corrugations, the shell has nonuni-
form thickness with localized thinner regions, which increases
the intimacy between the Al core and the CuO crystallized
from (R3). The reduced interstitial diffusion length enables the
Al ions to diffuse to the surface CuO, thereby initiating the
condensed phase reaction and ignition process. Thus, heat
generated from TACN decomposition causes in-situ stressing
of Al nanoparticles which leads to their condensed phase
ignition.
However, in the case of the physically mixed sample (PM-

Al/TACN), the molten Cu(NH3)2(NO3)2 is unable to
completely wet the surface of the Al nanoparticles, thereby
reducing the heat transfer area. Therefore, the oxidation onset
of Al in PM-Al/TACN is not lowered, and the decomposition
of TACN and oxidation of Al occur separately (section 3.2).
Although the TACN@Al composites are fuel-lean, the in-situ
stress induction and the condensed phase ignition process will
shorten the time scale of the extraction of oxidative energy
from the Al core in the presence of adequate amount of oxygen
sources. The higher reactivity of the TACN@Al in air and with
CuO observed in ignition and combustion cell measurements
also confirms the same. For the purpose of qualitative visual
depiction of the decomposition and ignition process, optical
snapshots of flash-heated TACN powder decomposition and
10% TACN@Al ignition captured by using a high-speed
camera have been presented in Figures S8 and S9. Figure S8
clearly shows the melting of bare TACN powder (R2) forming
a liquid droplet, which bubbles and releases gaseous fumes
(NHx + NOx), indicating the occurrence of reactions in eqs R2
and R3. Figure S9 confirms that the fumes are released ahead
of the ignition process. These images also qualitatively support
the above-mentioned mechanisms.

4. CONCLUSIONS
In this study we show that despite having the same fuel and
oxidizer combination, tetraamine copper nitrate complex
(TACN)-coated Al nanocomposites (TACN@Al) synthesized
by a heterogeneous crystallization method demonstrate
unexpectedly lower ignition onset (by ∼200 K) and higher
reactivity (∼10×) compared to benchmark nanothermite
mixture of Al/CuO. T-jump TOFMS reveals that TACN@Al
releases NOx gases on decomposition of TACN at an ∼300 K
lower temperature than their ignition temperature. Hence, the
released NOx cannot initiate the ignition process acting as an
oxidizer for Al. However, through TEM and XRD analysis, we
show that the heat released on TACN decomposition shock-
heats the Al particles, thereby enhancing the strain on the Al
core, successively deforming the particles, and inducing

Figure 5. Schematic showing the overall reaction mechanism of TACN@Al nanocomposites.
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nonuniformity in the thickness of their inherent oxide shell.
The thinner regions of the jagged oxide shell with nonuniform
thickness reduce the mass transfer barrier of Al ions, enabling
them to diffuse across the shell and initiate a condensed phase
reaction with the CuO crystallized as a product of TACN
decomposition, thereby lowering the ignition onset. These
effects were not observed during the reaction of physically
mixed nano-Al/micrometer TACN powder, as in that case the
decomposition of TACN and oxidation of Al occurred
independently because of the smaller contact area for heat
transfer between TACN and Al. Hence, the thermomechanical
shock provided to the Al nanoparticles on TACN decom-
position plays major role in enhancing the reactivity of
TACN@Al nanocomposites.
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