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ABSTRACT: This study evaluates the oxidation kinetics of
aluminum nanoparticles from 25 to 1000 °C by in situ reactive cell
transmission electron microscopy. Combined with TGA-DSC
measurement, the oxidation can be divided into three stages from
25 to 1000 °C. The first heating stage is absent any discernible
chemistry from 25 to ~600 °C. A low temperature oxidation stage
from ~600 to ~800 °C, with an irregular volume increase, where the
reaction rate is limited by oxygen diffusing through the alumina shell.
A third high-temperature oxidation stage from ~800 to 1000 °C,
corresponding to Al diffusing outward through the alumina shell,
ultimately leads to hollow particles. Using quantitative temporal
imaging of the evolution of the particle morphology under oxidation
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conditions, a reaction flux and diffusivity are determined. Comparison
with other methods in the literature, we find a clear trend that the measured diffusivity scales with heating rate, which likely explains

the wide disparity of diffusivities reported in the literature.

1. INTRODUCTION

Aluminum (Al) nanoparticles have high reactivity and energy
density,' > and are widely used in thermites, propellants, and
explosives to improve combustion performance.*™® As such, an
understanding of the mechanisms and kinetics of oxidation is
of great relevance. While there are numerous studies on
aluminum combustion in various formulations, studies of the
microscopic properties of oxidation are more limited.
Firmansyah et al. studied Al nanoparticle oxidation by in situ
X-ray diffraction and discovered that the alumina shell
fractured at or near the melting point of Al, with the local
phase transformation of amorphous alumina to y phase
allowing Al to expand.” Trunov et al. investigated alumina
shell phase transformations, which they were able to relate to
the mass increase stages observed in thermal analysis.” They
were able to show how the initial amorphous native alumina
shell transitioned to y phase and then to a-alumina during
oxidation. Zhang et al. examined different models and
concluded that the best fit to thermogravimetric experiments
implied the reaction takes place at the outer surface of the
shell.” Henz et al. used molecular dynamics simulation to
investigate the diffusion mechanism with various particle
diameters and alumina shell crystallinity.'® They found that
strong electric fields induced with the oxide shell contributed
to a rapid Al-ion flux. These studies suggest that direct
visualization of oxidation would be very helpful in both the
mechanistic and quantitative evaluation of controlling
processes.
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With the rapid development of in situ transmission electron
microscopy (TEM) technology, we now have an opportunity
to observe in real-time the morphological changes under
environmental conditions (e.g, gas environment, electro-
chemical stimulation, or ultrafast heating).u_13 However,
only a few studies have been reported regarding the oxidation
of Al nanoparticles. The oxidation of Al nanoparticles has been
studied by Gao et al.'* They focused on alumina shell growth
during oxidation. They observed partial amorphous-to-
crystalline transformation and nanocrack formation on the
shell at low temperature and formation of y-Al,O; at high
temperature. Zhou et al. studied Al nanoparticles oxidation and
concluded that the oxidation and shell breakage were related to
particle size."> The formation of protrusions was caused by the
buildup of internal stress and crystal alumina formation. In-situ
TEM provided a direct characterization of the phase
transformation of the alumina shell and the morphology
change of the nanoparticle. However, there has been no report
of extracting reaction kinetics, which we will be exploring in
this work.

Received: September 18, 2025
Revised:  December 21, 2025
Accepted: December 22, 2025

https://doi.org/10.1021/acs.jpcc.5¢06533
J. Phys. Chem. C XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keren+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+R.+Zachariah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.5c06533&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06533?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06533?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06533?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06533?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06533?fig=agr1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c06533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(C) 150

High temperature

140

130

Mass (%)
B

/
/

oxidation stage:
100 » goo°c-1000°C
-
e 920 °0™
-
- 80

- 60

k40

DSC (mW/mg)

20

\ -0

/
'4
Heating stage: 25 °C - 600 °C

100 296 300 400 500 600 700 800, 900 1000
Temperature (°C)

Low temperature oxidation stage:
600°C-800°C

v

Figure 1. (a) TEM image of Al nanoparticles at 25 °C before oxidation. (b) TEM image of Al nanoparticles after oxidation in ~760 Torr oxygen to
1000 °C at 0.8 K/s heating rate. (c) TGA-DSC of Al nanoparticles under oxidation in oxygen at 0.8 K/s heating rate and morphology change of the
same Al nanoparticle at different oxidation stages from in situ TEM. The complete image sequences are shown in Figure S2. (scale bar: 50 nm).

In this study, we applied in situ reactive TEM to directly
visualize the morphology evolution of ~100 nm Al nano-
particles in a ~760 Torr oxygen environment during heating
from 25 to 1000 °C. The oxidation process was identified in
conjunction with TGA-DSC measurements. Quantitative
analysis of the temporal TEM images enabled the extraction
of reaction fluxes and effective Al diffusivities, demonstrating
an approach for deriving kinetic parameters directly from in
situ TEM measurements. This integrated method establishes a
framework for probing oxidation kinetics at the particle level
and the mechanism study of reactive metal nanoparticles.

2. EXPERIMENTAL METHODS

2.1. Material and Sample Preparation

Aluminum nanoparticles (Al, 100 nm) were purchased from
US Research Materials. The active content was 75 wt %
measured by thermogravimetric analysis. To prepare the
nanoparticles for transmission electron microscopy (TEM)
experiments, ~1 mg of Al nanoparticles was mixed with 2 mL
of hexane (Honeywell). The solution was sonicated for 15 min
and drop-cast on the in situ TEM chips (Protochips) with
silicon nitride windows.

2.2. In Situ TEM Characterization

TEM images and videos were taken with a Titan Themis 300
(ThermoFisher Scientific) operated at 300 kV in bright-field
TEM mode by using an FEI Ceta camera with an acquisition
time of 125 ms per frame. The images were collected under
slight defocus (—3 to —S um), and focus was continuously
optimized during in situ heating. A 100 ym objective aperture
was used to enhance the image contrast. The gas environment
and temperature of the in situ TEM holder were controlled by
Protochips ATMOSPHERE AX. Prior to the experiment, the
in situ holder was pumped down to ~1 Torr and refilled with
~760 Torr Oxygen for S cycles to remove the residual gas from
the system. For the in situ heating experiment, the holder
environment was set at ~760 Torr Oxygen with a flow rate of
1 sccm. The temperature was set to heat from 25 to 1000 °C
with a heating rate of 0.8 °C/s. To minimize electron beam
irradiation on the Al nanoparticles, images were taken from 25
to 600 °C at 50 °C intervals. The morphology changes of
particles from 600 to 1000 °C were recorded by videos at ~7
fps. The in situ experiment was repeated twice under the same
environmental and heating conditions. The beam currents for
the two runs were 8.78 and 7.76 nA, corresponding to electron
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Figure 2. (a) Volume calculation from the projected area (area inside the white line) of the Al sphere. The shape-induced uncertainty is discussed
in Supporting Information Discussion 3. (b) Height of the hollow spherical cavity and shell thickness measurement used to calculate the volume of
the hollow region. The shell thickness (L) is averaged from § different measurements. (Scale bar: S0 nm).

dose rates of 2.15 X 10% and 2.77 X 10° e”/nm?/s, respectively.
Nine individual Al nanoparticles, whose diameters were ~100
nm, were further analyzed to obtain reaction flux and
diffusivity.

2.3. Thermogravimetric Analysis (TGA)

The mass change and heat release from oxidation of Al
nanoparticles were characterized by thermogravimetric Anal-
ysis (TGA) with differential scanning calorimetry (DSC, STA
449 F3 Jupiter, NETZSCH). The Al nanoparticles were heated
from room temperature to 1000 °C at 0.8 °C/s (same as in situ
TEM experiments) and 0.167 °C/s with an oxygen flow of SO
mL/min.

3. RESULTS AND DISCUSSION

3.1. Correlating Thermal Analysis with In Situ TEM

The Al particles employed for this study were obtained from
US Research Nanomaterials and are shown in Figure la. The
particles show a wide size distribution ranging from ~20 to
~200 nm, with an average primary size of ~100 nm. Figure 1b
shows Al nanoparticles postoxidation in ~760 Torr oxygen at
1000 °C, at a heating rate of 0.8 K/s, and clearly shows that
after oxidation, the primary particles are hollow with a thick
oxide shell. The fact that particles with different diameters
show the same resulting morphology implies the oxidation
mechanism is not related to size. Previous studies have
suggested that the TEM electron beam can induce changes in
metal nanoparticles.'"”'® To minimize the beam effect on the
samples, Al nanoparticles were first evaluated in a TGA to
identify the reaction temperature region from 25 to 1000 °C at
0.8 K/s in an oxygen flow (Figure 1c). Since Al nanoparticles
are reactive, ~0.5 mg samples were used to avoid unintended
ignition inside the instrument. The resulting mass changes
were noisy, but the mass gain trend matched the experiment
performed with a 0.167 K/s heating rate, and it was used to
identify the oxidation stages. The mass increase initiates at
~600 °C, before the melting point of Al, and is consistent with
prior observations by others.'”'® Based on the TGA results,
TEM images were taken from 25 to 600 °C at every 50 °C
increment, and videos were recorded from 600 to 1000 °C to
study the oxidation process. The Al nanoparticles that were not
irradiated by the electron beam (Figure S1) were compared
with the nanoparticles that were under continuous imaging,
and showed the same hollow structures with thick shells after
oxidation. Thus, we may assume that the electron beam had a
minimal influence on the oxidation process.

The reactive TEM images of the same Al nanoparticle in
Figure 1c show the morphological changes in different
oxidation stages. Based on the mass increase measured by
TGA and morphology changes imaged by in situ TEM, the
oxidation process of Al nanoparticles can be divided into three
stages from 25 to 1000 °C. The first stage from 25 to ~600 °C,
shows no significant mass increase (TGA), and no thermal
events (DSC). The projected areas from the TEM images
show an increase in size. These volume increases were
calculated using the area-equivalent radius (r,) from the
projected area in TEM images at 25 and S50 °C (r, was
measured by the method shown in Figure 2a). The measured
average volume increase was 1.4 = 0.5% (SD), which is less
than the expected theoretical volume increase of 4.2%
calculated from the molar volume of Al at 25 and 550 °C'"’
(Figure S3). These results imply that the alumina shell is
rigidly confining the Al core, and thus, there must also be a
pressure increase inside the alumina shell from Al lattice
thermal expansion. The calculated pressure increase in the Al
core is ~0.7 GPa, assuming the Al thermal expansion is
isotropic.” This estimated pressure is ~3X higher than values
(~0.2 GPa) obtained from X-ray diffraction measurements of
lattice spacing.7’20’21 Since our approach relies on an area-
equivalent radius rather than direct lattice spacing imaging, this
discrepancy indicates that this method is not accurate for
determining lattice scale pressures. The second stage observed
is the low-temperature oxidation from ~600 to ~800 °C. The
TGA-DSC results show a mass increase corresponding with an
exotherm which occurs prior to the melting of Al. The melting
point is ~655 °C, determined by the peak of the endotherm. In
this regime, the external surface of the particles becomes
irregular and the projected area increases. There are no
significant contrast changes to the Al core region in the TEM
images. Although in this experiment the reaction mechanism at
low temperature oxidation stages cannot be directly observed,
prior work of others, suggests that oxidation takes place by
oxygen diffuse through the alumina shell in the low
temperature oxidation stage.”’22 However, other models
propose that oxidation may occur at the outer surface of the
alumina shell, governed by outward Al diffusion.”'” The third
stage is the high temperature oxidation from ~800 to 1000 °C,
corresponding to a continuous mass increase and another
exothermic peak in the DSC. The in situ TEM images show a
brighter region with a well-defined internal interface form in
the Al core, which keeps increasing with temperature,
indicating the Al core begins to hollow out (outlined with a
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Figure 3. (a) Averaged Al reaction flux measured from in situ TEM during oxidation from nine individual nanoparticles (error bar represents the
standard deviation of the measurements). (b) Effective Al outward diffusivity in the high-temperature oxidation stage.

dashed line in Figure 1c). The shell thickness continually
increases during this process, associated with the external
formation of alumina. A video of the complete oxidation
process is shown in video SI.

3.2. Extracting Kinetic Parameters

We next turned our attention to extracting kinetic parameters
from the temporal images. In the low temperature oxidation
stage, the average volume increase is 17.8 + 2.2% (SD)
measured from TEM images (Figure S4). The theoretical
volume increase of y and a-alumina is only ~3% from linear
thermal expansion.”””** So we assume that the volume
increase was from alumina formation and the reaction flux
(Jlow—temp) can be calculated by eq 1:

d moly

t

]Iow—temp = : ( 1)
where Ay suface 1S the area of the outer surface of the
nanoparticle, moly is the moles of reacted Al calculated from
the particle volume increase, and ¢ is the heating time of the
experiment (detailed equation shown in Supporting Informa-
tion Discussion 1).

For the reaction flux at the high-temperature oxidation stage,
the contrast within the core denotes regions where the particle
has emptied out (lighter regions) inside Al nanoparticles. This
region is assumed to be empty and forms a hollow spherical
cavity inside the alumina shell. From the imaging, the volume
of the empty region (V,,) is calculated by eq 2:

h’

Vip = —
P03

outer surface

ap

(3r.

core

—h
) ()
where h is the height of the cavity. The radius of the Al core
inside the alumina shell (r,.) is calculated by r.,,.=r,—L (L is
the average shell thickness shown in Figure 2b). The flux at the
high-temperature stage (]high_temp) can be expressed by eq 3:

d molllquld Al

dt
]high—temp - (3)
where moljq 1 is the moles of liquid Al inside the oxidation
shell (Supporting Information, Discussion 2).

The calculated Al reaction flux is plotted in Figure 3a and
shows bimodality as a function of temperature. It first shows a
peak from ~600 to ~650 °C corresponding to the first mass

outer surface

increase region seen in the TGA (Figure 1c), and the second
peak from ~800 to ~900 °C corresponds to the second mass
increase region shown in the TGA. The oxygen flux (Jo,) to a

particle can be expressed by eq 4:

1 _ 1P_
Jo= -1 =———U

: 4 4 RT 4)

where P is the oxygen pressure inside the in situ TEM holder,
T is the temperature of the in situ TEM holder, 7 is the mean
molecular speed of oxygen, and R is the gas constant.
Evaluation of eqs 2—4 shows that oxygen flux is ~10° times
larger than the reaction flux (Figure SS), and suggests that in
the low temperature oxidation stage, the reaction rate is limited
by the oxygen diffusion through the alumina shell. While in the
high-temperature oxidation stage, TEM images showed hollow
core formation, indicating outward Al diffusion. However,
whether oxidation is limited by only Al diffusion to the shell
exterior or by coupled Al and oxygen diffusion within the shell
cannot be resolved in this experiment.

From the reaction flux, we can extract an effective Al
diftusivity with some approximations. Due to the magnification
used in the in situ TEM experiment, the alumina shell
thicknesses during the low temperature oxidation stage cannot
be determined based on poor image contrast. So the effective
diffusivity was only calculated at the high temperature
oxidation stage under the assumption that oxidation is the Al
transport limit by Fick’s law (eq $),

] high —temp
D high —temp ==

df]iquid Al

dL (3)

where g4 o1 I8 the concentration of liquid Al inside the oxide
shell of the nanoparticle (Supporting Information Discussion
4). The results are plotted in Figure 3b and show no clear
temperature dependence, likely due to the relatively large
standard deviation between measurements. The average
diffusivity is determined to be ~1.2 X 107'® m?/s in the
high temperature oxidation stage.

It is well-known that for small oxide layer thicknesses, field-
assisted ion mobility can be the major driving force for
transport through the oxide layer, and has been described by
the Carrera-Mott (CM) theory.”> The basic premise is that
differences in the chemical potential of the electron at the
interface result in charge injection from the more-electro-
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positive region. In this case from the Al to Al,Oj, resulting in a
steady-state electric field, which can be quite large (>10° V/m)
for oxide thicknesses of a few nm’s."” When the aluminum core
melts, Al ions are driven through the oxide shell governed by
the Nernst—Planck equation, assuming an intact oxide layer
(i.e, no metallic percolation/shorting). As Al ions begin to
migrate through the layer, the field will begin to collapse unless
counteranions arrive to sustain the field. The characteristic
charge-relaxation or Maxwell time (7) is given by eq 6:*

T (6)

where € = g,¢ is the permittivity of the oxide, & is the vacuum
permittivity, and &, is the relative permittivity. ¢ is the ion
conductivity. If 7 is much less than the oxidation time scale, the
field collapses.

Let us now estimate if, given our conditions, field-assisted
transport is important. Using our measured values of Dy, h—temp
(12 X 107" m?*/s), Jnigh—temp (2.8 X 107 mol/(mZXs)i, and
the average shell thickness (L = 21 nm) at 1000 °C, we can
estimate the steady-state Al ion concentration (1) in the oxide
layer by eq 7:

Jieh—temp X Na X L
N —2 P ~2 X108 m™3

(7)

The Nernst—Einstein ion-conductivity (o) is then approxi-
mated as eq 8:”

D high—temp

zzean
high—t _
orn — T 5% 1077 S/m

kg T (8)

where z is the charge number of the Al ion, e is the elementary
charge, and kj is the Boltzmann constant. From eq 6, using €, =
9 for alumina,*® we obtain a charge-relaxation time of ~0.16
ms. This implies that if the oxidation time is larger than the
relaxation time, which in our case, it certainly is, the built-in
electric field will collapse, and in the absence of any substantial
defects, the effective diffusion coefficient measured in our
experiment is Fickian in nature and justifies its derivation from
the measured flux.

As an alternative approach, we evaluated the effective
diffusivity from the extent of reaction from the TGA
measurement. The TGA measurements were performed at a
0.167 °C/s heating rate to obtain more accurate results (Figure
4a), but still close to the 0.8 K/s used in the TEM experiments.
The TG and DSC curves shift to a lower temperature due to
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the lower heating rate. However, the overall oxidation behavior
and stages remain consistent between the two heating rates. In
order to make this evaluation, we assume dense a-Al,O; and
that the Al-oxide interfacial geometry remains unchanged
during oxidation. For a particle with a 100 nm Al core before
oxidation, the alumina shell thickness is calculated to be 3.5
nm based on the measured active content (Figure 4b), and this
result agrees well with the average shell thickness of 3.2 nm
from TEM images (Figure S6).

The mass increase is 36% at 800 °C. By assuming the Al
diftuses out of the alumina shell and reacts with oxygen, the
shell thickness should increase to 7.5 nm, and the
concentration of the Al inside would be 7.5 X 10* mol/m?
(Figure 4c). At 1000 °C, the alumina shell thickness should
increase to 9.4 nm, and the concentration of Al in the core
decreases to 6.2 X 10* mol/m? (Figure 4d). Using the above
values, the calculated diffusivity by eq S, yields ~9 X 1072° m*/
s from 800 to 1000 °C. In contrast, the measured shell
thickness measured from TEM images were ~17 and ~22 nm
at 800 and 1000 °C, which is ~2X larger compared to the
calculation. This suggests that newly formed alumina has a low
density, presumably due to the defect formation during the
oxidation, which is consistent with observations from other
studies.”' ¥

Unfortunately, the literature for Al effective diffusivity in
alumina is relatively sparse across temperature and reported
values exhibit extremely large variability, ranging from many
orders of magnitude from 107>* to 10~* m?/ §973 (Figure Sa).
In our own group, we have determined effective diffusivities
from various experimental and simulation approaches.'”***° In
Figure Sb, we present results as a function of heating rate and
clearly show a trend that higher heating rates lead to higher
apparent diffusivities. This may be one reason for the very large
disparity of diffusivities reported. It may be that diffusivities are
dependent on the thermal driving force applied, and that a
choice of diffusion coefficient should be, when possible, in a
regime of heating rates close to the application. The
fundamental reasons for this behavior are beyond the scope
of this study, but they do point to the need for further study.

4. CONCLUSIONS

This study investigated the oxidation process of Al nano-
particles by in situ reactive TEM. Combined with TGA-DSC
measurement, the oxidation can be divided into three stages
from 25 to 1000 °C. The first heating stage is absent any
discernible chemistry from 25 to ~600 °C. A low temperature
oxidation stage from ~600 to ~800 °C, with an irregular
volume increase, where the reaction rate is limited by oxygen
diffusing through the alumina shell. A third high-temperature
oxidation stage from ~800 to 1000 °C corresponds to Al
diffusing outward through the alumina shell to ultimately lead
to hollow particles. Using temporal imaging of the evolution of
the particle morphology in the reactive TEM spectroscopy, a
reaction flux and diffusivity are determined. Comparison with
other methods in the literature, we find a clear trend that the
measured diffusivity scales with heating rate, which likely
explains the wide disparity of diffusivities reported in the
literature.
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