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ABSTRACT: Despite our knowledge of the existence of the
violent thermite reaction for over 100 years, it is still not yet
understood how the properties of a metal oxide oxidizer relate to
and influence the ignition temperature. To address this short-
coming, we prepared a series of perovskite-based oxidizers which
enable a systematic investigation of how materials properties of the
oxidizer relate to the ignition temperature. In this paper, nine
lanthanum-based perovskites with different Sr2+ doping of the A-
site and different B-site transition metals were synthesized. The
perovskite O2 release and ignition temperatures with aluminum
were measured by fast heating (>105 K/s) temperature-jump/time-
of-flight mass spectrometry coupled with high-speed imaging.
These results were then correlated with the average bond energy
and overall metal−oxygen electronegativity difference. Remarkably, we found a linear relationship between average bond energy
and electronegativity with ignition temperature. To our knowledge this is the first demonstration of the connection between
metal−oxygen bond energy, electronegativity, and ignition temperature.

■ INTRODUCTION
The thermite reaction1 has been exploited for well over 100
years and involves the violent reaction between a metallic fuel
(e.g., Al, Fe, etc.) and a metal oxide oxidizer (e.g., CuO, Bi2O3,
etc.). More recently with the interest in nanoscale materials, the
thermite reaction has generated renewed interest, as the
reduced length scale offers the potential to significantly reduce
the energy release time (<1 ms).2−4 By far the most commonly
employed fuel is Al due to the high enthalpy of reaction and its
ready availability.5,6 Despite our knowledge of this seemingly
simply oxygen exchange reaction, the rapidity of the reaction
has made it difficult to understand it mechanistically.7

Substantial effort has been devoted to studying the
mechanism and parameters that govern the initiation reaction
between nano aluminum and metal oxide. The most direct
measure of the onset of runaway violent reaction is the ignition
temperature. For metallic fuels, for example aluminum, there is
a naturally occurring thin Al2O3 shell (∼2−5 nm), which
prevents direct contact between aluminum and metal oxide.8,9

It is generally believed that the prerequisite for ignition is the
existence of molten aluminum.10,11 However, Stamatis et al.12

reported the ignition temperature of Al/MoO3 is lower than the
melting point of aluminum (633 °C) resulting from amorphous
alumina to a crystalline polymorph (∼500 °C). Dean et al.
examined the Al−NiO system and found a much lower ignition
temperature (∼400 °C) than either the melting point of
aluminum or the decomposition temperature of NiO,13

indicating it is a condensed phase reaction. Sullivan et al.14

proposed Al/WO3 undergoes a reactive sintering mechanism,
whereby initiation of the reaction occurs only when condensed-
phase reactants have an interfacial contact. In fact, the most
recent evidence points to metal−metal oxide reactions initiating
through a condensed phase reaction,15−18 even though the bulk
of the remaining chemistry might propagate through gas−solid
processes. Jian et al. tried to correlate ignition temperature with
gaseous oxygen released from the decomposition of metal
oxide,19 but the results showed that there can be large
differences in ignition temperatures among different nano
thermite formulations involving aluminum and metal oxides. In
part, the challenge is that ignition is affected by experimental
parameters, e.g., heating rate, experimental configuration,
particle size, and packing. Studies show that thermite ignition
depends on heating rate.14,20,21 To better study thermite
ignition, which by its nature is an extremely fast self-heating
process, it is necessary to employ heating rates that more
closely resemble self-heating rates (>105 °C/s).15,16,19 In
particular, ignition is a very different process than steady
reaction. Ignition becomes self-sustaining when the self-heating
rate overcomes the inherent heat loss process and thus cannot
be evaluated at low heating rates.
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However, even for seemingly the same experimental
configuration (heating rate, experimental configuration), we
have found that the ignition temperatures do not correlate with
overall thermite reaction enthalpy as shown in Figure S1 for a
range of common oxidizers. In summary, when we consider the
totality of the research into initiation of metal−metal oxide
redox reaction to the point of ignition, we still cannot say what
fundamental properties of the oxidizer determine the ignition
point.
In part, the problem is due to the large number of variables

comprising an oxidizer that might impact ignition, including
bond energy, oxygen mobility, crystal structure, reaction
interface area, thermal conductivity, heat capacity, and thermal
contact, etc. In order to deal with this complexity, a system is
needed in which most of the dependent variables can be held
constant. One such class of material that offers the opportunity
for such a study is perovskites.
Perovskite oxides, generally formularized as ABO3, have been

employed in solid oxide fuel and electrolysis cells (SOFC/
SOEC),22,23 heterogeneous catalysis of hydrocarbon,24 mem-
branes for oxygen separation,25 and chemical looping
combustion as oxygen carriers26,27 due to their high oxygen
reactivity and superior oxygen transport capacities. One of the
main advantages of the perovskite structure is the possibility of
adopting a large number of different A- and B-site cations or
through partial substitution a wide range of combinations to
adjust the redox properties. Thus, perovskites offer the
opportunity to tweeze out from a microscopic prospective
structure−function relationship relevant to oxidation of a fuel.
In this paper, we explored the role of oxygen transport

properties, which are related to oxygen vacancy concentration,
metal−oxygen bond energy, and electronegativity on ignition
temperature with nano aluminum. More specifically, we
evaluated the ignition behavior of a range of perovskites,
synthesized by aerosol spray pyrolysis, chosen so as to enable
systematic changes to the oxygen vacancy concentrations and
bond energy by (a) substituting Sr2+ and/or (b) changing the
B-site transition metal. The key to this study was to make these
changes while maintaining the same crystal structure, particle
morphology, and size of the perovskites. Our results show a
very clear connection that elevated oxygen vacancy concen-
tration, smaller average bond energy, and smaller electro-
negativity difference lower the ignition temperature.

■ EXPERIMENTAL SECTION

Synthesis of Perovskite. All perovskites were synthesized
by aerosol spray pyrolysis28 from metal nitrate aqueous
solutions formulated with the desired metal ratios. La(NO3)3·
6H2O (≥99.0% pure), Sr(NO3)3 (≥99.0% pure), Co(NO3)2·
6H2O (≥98% pure), Cr(NO3)·9H2O, and Fe(NO3)·9H2O
were obtained from Sigma-Aldrich and pyrolyzed at 1050 °C
with a residence time of about 1 s to obtain LaBO3 (B = Cr, Fe,
Co), La0.8Sr0.2BO3−δ (B = Cr, Fe, Co), and La0.6Sr0.4BO3−δ (B =
Cr, Fe, Co). For instance, in order to synthesize LaCoO3, a 0.2
mol/L precursor solution, containing stoichiometric La(NO3)3,
Co(NO3)3 was atomized by a nebulizer to generate nominally 1
μm droplets with compressed air. The atomized droplets
flowed through a diffusion dryer, where most of the water was
absorbed, leaving solid precursor particles which were then
passed to a tubular furnace to produce the desired perovskite
particles. The final product was collected on a Millipore
membrane with a pore size of 0.4 μm.

Synthesis of Al/Perovskite Thermite Compositions.
Nano aluminum particles (∼50 nm) were purchased from
Novacentrix Corporation. To prepare the thermite composite,
stoichiometric mixtures of nano aluminum and perovskite were
mixed and then sonicated in hexane for 30 min. For control of
stoichiometry, the Al2O3 shell (19% of the mass) content in
nano aluminum was accounted for.

Materials Characterization. The crystal structures of the
synthesized perovskites were characterized by X-ray diffraction
(XRD) performed on a Bruker D8 diffractometer with Cu Kα
radiation. Le Bail refinement of all diffraction patterns was
performed with the TOPAS 4.2 software.29 The morphologies
of the perovskites were measured by scanning electron
microscopy (SEM) conducted on a Hitachi SU-70 instrument.
Size distributions were obtained by measuring 300 individual
nanoparticles statistically from SEM images of each sample,
using Nano Measurer 1.2 image analysis software. The
morphologies and elemental analysis of thermite powders
were measured by SEM equipped with energy dispersive X-ray
spectroscopy (EDS).

Oxygen Release Measurement from Perovskites.
Oxygen release temperatures (in the absence of fuel) from
individual oxidizer, perovskites, were measured with temper-
ature-jump/time-of-flight mass spectrometry (T-Jump/
TOFMS).30,31,19 A hexane suspension of perovskite powders
was droppered onto a 70 μm diameter platinum filament and
allowed to air-dry. The platinum wire can be joule heated at a
rapid rate ∼4 × 105 °C/s to ∼1300 °C within 3 ms. The
filament was directly inserted into the ionization region of a
TOFMS, where the gaseous products could be temporally
analyzed. The temperature of the wire was determined from
electric resistance based on the Callendar−Van Dusen
equation, through a simultaneous measure of temporal applied
voltage and current. The ionization/extraction region of the
TOFMS was pulsed at 10 kHz, resulting in a full mass spectrum
every 100 μs. A 600 MHz digital oscilloscope was used for data
acquisition with a sampling rate of 100 megasamples/s.
Because of the size of nanoparticles compared with the wire

and based on our previous result, the temperature of the wire is
essentially equal to the temperature of the oxidizer system.32

The temperature of the wire corresponding to the initial release
of O2 was regarded as the O2 release temperature of
perovskites.

Ignition Temperature Measurement of Thermites.
The ignition temperature was also measured in the T-Jump/
TOFMS using direct optical emission with a high-speed camera
(Vision Research Phantom v12.0) operating at 67 056 frames/s.
The experiment is equivalent to the oxygen release measure-
ment with the exception of the presence of the fuel. Ignition
was determined as the onset of optical emission.

■ RESULTS AND DISCUSSION
Structure and Morphology. Figure 1 shows XRD patterns

for each synthesized LaBO3 (B = Cr, Fe, Co), La0.8Sr0.2BO3−δ
(B = Cr, Fe, Co), and La0.6Sr0.4BO3−δ (B = Cr, Fe, Co). We
find that all the synthesized perovskites are pseudocubic,
belonging to either cubic (Pm-3m), orthorhombic (Pnma), or
rhombohedral (R3̅c) space groups. Table S1 and Figure S2
present the refined results from Le Bail fitting, performed with
the TOPAS 4.2 software. Although minor amounts of
impurities peaks were found for La0.6Sr0.4CrO3−δ, the perovskite
phase dominates. In the BO6 octahedron the transformation
from cubic (Pm-3m) to orthorhombic (Pnma) leads to a
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symmetry decrease, while the rhombohedral R3̅c involves the
slight rotation of the BO6 octahedron with respect to the cubic
structure. Compared to the perfect cubic, these distortions of
either orthorhombic or rhombohedral structure are slight,33

and the coordinations of oxygen with A-site cation and B-site
cation are maintained. Thus, it is reasonable to say all
perovskites in this study have essentially the same crystal
structure, and any slight difference should not have a
controlling impact on ignition.
Figure 2 shows SEM images of (a) LaFeO3, (b)

La0.8Sr0.2FeO3, and (c) LaCrO3 (as-synthesized) representative
powders, indicating essentially the same particle size distribu-
tion. The diameter of the particles should be log-normally
distributed corresponding to the original spray size distribution.
The size distribution of those representative particles measured
from SEM images and the log-normal fit profile are shown in
Figure S3, and the log-normal fit parameters are listed in Table
S2. All samples have similar narrow log-normal distribution
with σ = 0.408 ± 0.06, and the average diameter is 115−126
nm. This result is consistent with our previous results that
products have the same size distribution when synthesized
under the same conditions (precursor concentration, flow rate,
etc.).34 Thus, in this study, there are no morphology differences
between particles that warrant consideration. Figure S4 shows
the representative SEM and EDS results for Al/LaFeO3 and Al/
La0.6Sr0.2FeO3, indicating that the aluminum and perovskite
particles are well mixed with many points of intimate contact
between fuel and oxidizer.
Oxygen Release Temperature and Ignition Temper-

ature. Before we consider fundamental parameters, we present

two important measurables: the ignition temperature and the
gaseous oxygen release temperature of the neat perovskite. The
observed oxygen release temperature from the neat oxidizer
and the observed ignition temperature of Al/perovskites,
measured by T-Jump/TOFMS35 coupled with a high-speed
camera, are shown in Figure 3. What this result shows is that all

data points lie above the diagonal, indicating that ignition
occurs before oxygen (O2) is released into the gas phase by the
perovskite. Further for the temperature regime that T-jump/
TOFMS could reach (∼1350 °C), no O2 release of LaCrO3−δ
and LaFeO3−δ and no ignition of LaCrO3−δ were observed. The
time-resolved mass spectra of neat LaCoO3 and LaFeO3 under
T-jump heating are shown in Figure S5 as examples.
The results from Figure 3 demonstrate that since ignition

occurs at a temperature below which oxygen is evolved from
the oxidizer, we must conclude the reaction takes place by
condensed state redox reaction rather than gas evolution of
oxygen leading to subsequent reaction with aluminum.

Bond Energy and Oxygen Vacancy Effects on Ignition.
Numerous studies have focused on the defect chemistry and
oxygen ion diffusion in perovskite oxides and their impact on
redox properties36−40 but have not been attempted for the
thermite reaction. Prior works by others and us19,41,42 show a
relatively wide range of ignition temperatures for the same fuel,
implying an oxidizer control mechanism. We thus begin
presumptively with the conjecture that oxygen ion transport
of these systematic perovskites affects the ignition temperature.

Figure 1. X-ray diffraction patterns of aerosol spray synthesized doped
perovskite, with their space groups listed in Table S1.

Figure 2. SEM images of as-synthesized (a) LaFeO3, (b) La0.8Sr0.2FeO3, and (c) LaCrO3 as representative powders.

Figure 3. Oxygen release temperature from the perovskites vs ignition
temperature for Al/perovskites indicates that ignition occurs prior to
oxygen release (i.e., condensed state reaction).
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Oxygen ion transport, typically characterized by the ionic
conductivity, can be related to the charge of the ion, Zq (O2− in
this case), the carrier mechanical mobility, μ, and the oxygen
vacancy concentration, [VO

·· ], through eq 1.

σ μ= ··Zq[V ]O (1)

The use of perovskites is employed to:
a. Change Oxygen Vacancy Concentration by Doping

with Sr2+. Charge balance requires that substitution of Sr2+ for
La3+ in the A-site leads to oxygen vacancies.
b. Change Oxygen Ion Mobility by Doping Sr2+ and

Varying B-Site Metal Ion (Co3+, Fe3+, and Cr3+). Previous
research has found that oxygen ion mobility depends on the
activation energy for oxygen ion migration,43 which can be
associated with an average bond energy (ABE) in the
perovskite lattice.44,45 By doping Sr2+ and varying the B-site
metal, the ABE of the perovskite can be systematically changed.
Since for Pm-3m cubic, Pnma orthorhombic or R3̅c rhombic
perovskite A-site cations are 12-coordinated with oxygen and B-
site cations are 6-coordinated with oxygen, the ABE of the
perovskite can be calculated based on eq 2, where ΔHAmOn

and

ΔHBmOn
are the heats of formation of AmOn and BmOn oxides at

298 K, respectively, ΔHA and ΔHB are the heats of sublimation
of A-metal and B-metal at 298 K, and DO2

is the dissociation
energy of gaseous oxygen.46,47 The electron configuration of B-
site transition metal cations is fundamentally the same as that of
bulk B-site cations proposed by Bockris and Otagawa48 (all
calculated and experimental results are provided in Table S3).
When we consider ignition, we refer to the point far from

equilibrium; thus, the equilibrium vapor pressure of oxygen is
not a relevant concept, and we can consider that the valency of
the transition metal is invariant and oxygen vacancies are at
their theoretical maximum values shown in Table S3.
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The ABE of perovskites vs the ignition temperature is shown in
Figure 4, which clearly indicates that ignition temperature for

Al/perovskite increases with ABE. The most important result
when looking at the graph is that the ignition temperature of a
thermite reaction is directly correlated to the bond energy of
the metal−oxygen bond in the oxidizer. To our knowledge this
is the first ever demonstration of this connection.
Additionally: (a) Holding δ constant while varying the B-site

leads to an ordering of ignition temperature of Cr > Fe > Co
and corresponds to the ordering in the ABE. A higher ABE is
consistent with an increase in the activation energy for ion
migration and thus a decrease in oxygen anion mobility. As
discussed previously, Sr2+ A-site substitution leads to an
elevated oxygen vacancy concentration, δ, resulting from charge
balance considerations. (b) Varying δ, through A-site Sr2+

substitution, increases vacancies, and thus from eq 1 increases
anion conductivity, but also lowers the ABE due to Sr−O being
a weaker bond. Again lower ABE is seen to correspond to lower
ignition temperature. This trend holds for all samples
corresponding to different Sr levels and B-site element. (c)
While ABE dominates ignition temperature according to Figure
4, we also note that while Sr2+ substitution creates oxygen ion
vacancies, it is also changing the ABE. La0.8Sr0.2FeO3 has a
higher ABE than LaCoO3 but lower ignition temperature,
presumably from a higher oxygen vacancy. This is more clearly
defined if we pick a condition where the ABE is held constant
but the vacancy concentration is varied. La0.7Sr0.3FeO3 and
LaCoO3 have the same nominal ABE, but the former has a
slightly lower ignition temperature as seen in Figure 4,
consistent with a higher vacancy concentration.

Electronegativity and Ignition Temperature. Previous
research has explored the effect of the eg occupancy of B-site
cation and thus metal−oxygen bond’s covalency for catalytic
activity in oxygen evolution reactions.49 Thus, electronegativity
is another possible metric that could describe the metal−
oxygen bond’s covalency and energy and relationship to
ignition temperature. A more ionic character in an M−O
bond should yield a more thermally stable perovskite. This
nominally should correspond to a metal with a lower
electronegativity.50 Since both A-site substitution and B-site
ions affect the ignition temperature, when analyzing the
relationship between electronegativity and ignition temper-
ature, it is necessary to consider the electronegativity of both
the A- and B-site cation. In addition, we also have to consider
the oxidation state difference between La(III) and Sr(II). When
substituting Sr(II) for La(III)’s, the oxidation state has to be
normalized from SrO to Sr2O2 as in La2O3. That is, in the
perovskite crystal, Sr(II) is 8-coordinated with oxygen
compared to the original La(III), which is 12-coordinated
with oxygen.
The formal calculation of the electronegativity is through eq

3

χ χ χ χ= − + +− − −a na(1 ) La O Sr O B O (3)

where χ is the overall electronegativity difference between
cation and oxygen and χLa−O, χSr−O, and χB−O are the
electronegativity difference between La, Sr, and B-site atom
and oxygen on the Pauling scale,51 a is the mole fraction of Sr,
and n (=2/3) is a factor used to normalize the oxidation state
difference between Sr and La.
The larger the electronegativity difference, χ, the high the

ionic character in the perovskite and the more stable we should
expect the perovskite. Figure 5 clearly shows there exists a trend
that ignition temperature increases with increasing electro-
negativity difference χ in the perovskite and that higher ionic

Figure 4. Observed relationship between average bond energy (ABE)
of perovskites versus the ignition temperatures of Al/perovskite.
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character will increase ignition temperature. Electronegativity
offers a potentially simple metric to gauge relative changes in
ignition temperature.

■ CONCLUSIONS
In summary, our study reveals for the first time a clear
relationship between molecular properties of the oxidizer and
ignition temperature in a thermite reaction. This was enabled
by employing a perovskite structure whose crystal structure and
particle size could be held constant, but whose vacancy
concentration and bond energy could be systematically varied.
The results clearly demonstrate that smaller bond energy with
smaller electronegativity difference and elevated oxygen
vacancy concentration lead to a lower ignition temperature.
These results provide important insights into manipulating
metal oxides’ oxidation properties for thermochemical and
energetic applications.
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