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Abstract. The current climate emergency and the related energy transition require the development of tech-
nology producing zero-carbon energy. One viable option entails the utilization of recyclable metal fuels. The
primary energy stored by the reduction in metal oxides can be transported and later released by metal com-
bustion. Mg is among the most promising metal as a regenerable energetic vector, having an energy density of
25 MJ kg−1. The exploitation of the Mg oxidation and reduction loop has recently been demonstrated, and the
loop combustion products are made of metal oxides. The mineralogical characterization of the MgO crystals gen-
erated by the Mg combustion is of utter importance for the optimization of the particle trapping capacity in the
combustion system during the closed oxidation and reduction loop. In this paper we characterize MgO particles
generated in a swirl-stabilized Mg flame by using powder X-ray diffraction, transmission electron microscopy
and selected area electron diffraction, and atomic-resolution microscopy combined with energy-dispersive X-ray
spectroscopy and dual-electron energy-loss spectroscopy. The MgO combustion products were chemically ho-
mogeneous at this level of investigation. Three representative morphologies (cubic, truncated octahedron, and
spherical) and two isostructural phases were identified in the MgO combustion product. These findings may
contribute to the optimization of system development, particularly in terms of the collection efficiency of the
combustion end product.

1 Introduction

The current climate emergency requires the development
of new ways of producing zero-carbon energy. Various ap-
proaches are possible in this context (nuclear, biomass, sus-
tainable alternative fuels, etc.), and the use of primary en-
ergy sources (solar, wind) is one of the preferred options.
However, the intermittency of these energies requires the
development of energy storage (Bergthorson, 2018). In this

context, the adoption of recyclable metal fuels emerges as
a highly promising approach (Bergthorson et al., 2015). In-
deed, primary energy can be stored by the reduction in metal
oxides by electrolysis (Beck, 2013; Lee et al., 2021) or by
solar carbo-reduction (Berro and Balat-Pichelin, 2022). The
primary energy stored can then be transported and released
through metal combustion. This oxidation–reduction loop,
if fully closed, allows the metals to be used for the stor-
age and transportation of primary energy. Metals can thus
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be regarded as regenerable fuels and new energetic vectors.
Al, Fe, and Mg are among the most promising metals for
regenerable energetic vectors. The energy density of Mg is
close to that of conventional fossil fuels: 43 MJ L−1 for Mg
in comparison with 38.6 MJ L−1 for diesel fuel (Bergthor-
son et al., 2015). Furthermore, Mg is abundant in the Earth’s
crust, but it has nonetheless been listed as a critical metal
by the EU since 2011 (European Commission, 2011). In
2020, global magnesite mine production was about 28 mil-
lion metric tons (U.S. Geological Survey, 2021; Karimi and
Brouwers, 2023), and the magnesia production industry has
an expected growth of 5% when comparing the 2021 data
to the 2031 projections (Karimi and Brouwers, 2023; Future
Market Insights, 2021). For instance, Mg can be obtained
from minerals such as magnesite (MgCO3) and dolomite
((Mg,Ca)CO3), which represent 2 wt % of the Earth’s crust,
or by Mg chloride (MgCl2), which represents 0.1 wt % in
seawater. Extraction of Mg from MgCO3–CaCO3 is per-
formed by thermal reduction (the Pidgeon process). The en-
ergy penalty for this process is high, at 133 MJ kg−1

Mg, and it

produces 25 kgCO2 kg−1
Mg. From MgCl2, Mg is extracted by

electrolysis (100 MJ kg−1
Mg and 18 kgCO2 kg−1

Mg). Solar carbo-
reduction in MgO allows for the reduction in the CO2 penalty
(Puig and Balat-Pichelin, 2016). Recent studies have demon-
strated the feasibility of such an oxidation and reduction loop
(Halter et al., 2023) with Al and Mg. The combustion prod-
ucts are metal oxides in solid form. The particles of the pro-
duced metal oxide are composed of spherical or cubic crys-
tals whose size varies from a few nanometers to a few hun-
dred nanometers (Lomba et al., 2016; Laraqui et al, 2020;
Andrieu et al., 2023). All the metal oxides formed have to
be trapped in the combustion system to have a completely
closed oxidation and reduction loop. The particles emitted
from Mg combustion are in the form of aggregates of Mg-
based crystals (Laraqui et al., 2020; Andrieu et al., 2023).
To optimize the particle trapping capacity, it is necessary
to characterize the MgO crystals to understand their forma-
tion mechanism and their growth. The research work pre-
sented in this paper aims to characterize the Mg-based crys-
tals produced by the combustion of Mg in a pilot burner
using optical microscopy (OM), powder X-ray diffraction
(PXRD), transmission electron microscopy (TEM) com-
bined with selected area electron diffraction (SAED), and
atomic-resolution microscopy (ARM) combined with dual-
electron energy-loss spectroscopy (dual-EELS) and energy-
dispersive X-ray spectroscopy (EDXS).

2 Materials and methods

2.1 Pilot system and sample collection

The MgO sample characterized through this investigation
was collected in the pilot device presented in previous stud-

Figure 1. Schematic representation of the pilot device.

ies (Laraqui et al., 2020; Andrieu, 2022) and is depicted in
Fig. 1.

It is a combustion system that allows for the investiga-
tion of heat generation from a swirl-stabilized metal flame
of Mg, with a trapping system for the combustion products
in cyclones. The pilot device is composed of four parts. The
burner is a key part of the system. The air/Mg aerosol is gen-
erated with a BEG 1000 (Palas) and is injected through the
primary line of the burner. The secondary injection is tangen-
tial in order to promote a swirled flow inside the combustion
chamber. The overall volume of the combustion chamber is
5 L. The combustion chamber is water-cooled to reduce heat-
ing of the wall of the chamber and to obtain an energy bal-
ance of the system (Laraqui et al., 2020). At the chamber
outflow, two cyclones placed in series allow us to trap the
magnesia particles which are not trapped in the combustion
chamber.

The metallic fuel used was a commercial Mg powder (ref-
erence CP 20.2 provided by Carl Roth) sieved to a size of
50–70 µm. A total airflow rate of 8.6 Nm3 h−1 was injected
through a primary axial flow (3.6 Nm3 h−1) and a secondary
swirled flow (5 Nm3 h−1). The geometric swirl number was
equal to 7.3. The global equivalence ratio of the Mg/air
mixture was 0.6. The experiments were performed at atmo-
spheric pressure. The overpressure in the combustion cham-
ber was always lower than 20 mbar.

The gas temperature, measured at different locations on
the axis of the cylindrical combustion chamber, ranged from
1200 to 1280 °C in the flame area and decreased to 780 °C at
the chamber outflow (Andrieu et al., 2022). When injected,
the Mg particles are rapidly heated by the high radiation of
the metal flame and then quickly vaporized, as the Mg melt-
ing temperature is low (1093 °C) compared to the flame tem-
perature in the combustion chamber. Indeed, the theoretical
flame temperature is equal to 3157 °C, which is the MgO va-
porization temperature (Glassman and Yetter, 2008). MgO
is therefore produced in the gas phase from the oxidation
of Mg. MgO then recondenses very quickly in a solid state
because its vaporization temperature is higher than the tem-
perature of the combustion products (2027 °C), as previously
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measured in the flame area using a bi-color infrared pyrome-
ter (Andrieu et al., 2023).

The MgO trapping device was composed of two cyclones
placed in series at the exit of the combustion chamber. The
cut-off diameter of the cyclones is approximately 1 µm. Up
to 93 % of the mass of MgO generated by the combustion
of Mg was trapped in the collection system (Andrieu, 2022).
The sample of MgO used for the present investigation was
collected inside the second cyclone. The gas temperature at
the inlet of this cyclone was approximately 400 °C. From a
macroscopic point of view, one can observe that MgO parti-
cles trapped in the cyclone are particles that form aggregates.
The current study is focused on the micro- and nanoscale par-
ticles that form the observed aggregates. More information
about the macroscale level is given by Laraqui et al. (2020).

2.2 Optical microscopy

A series of pictures at various magnifications were col-
lected with an optical microscope (Optika, Bergamo, Italy)
equipped with an Optikam B10 digital camera to get a gen-
eral idea of the sample appearance (see Supplement S1).

2.3 Powder X-ray diffraction

The PXRD data were collected on the sample using a Mini-
Flex 600 diffractometer (Rigaku) equipped with a Cu–Kα1
radiation source (λ= 1.54055 Å, 40 mA, 45 kV), fixed di-
vergence slits, and a multistrip D/teX Ultra detector with
a resolution of < 200 eV. A divergent-slit width of 2 mm
and a scatter-slit width of 4 mm were used for the incoming
beam, whereas a receiving-slit width of 0.5 mm and scatter-
slit width of 0.2 mm were used for the diffracted beam. The
data were collected on the sample in step-scan mode in the
3–70° 2θ range, with a step size of 0.02° 2θ and a counting
time of 2 s per step.

2.4 SEM-EDXS

A SEM Tescan Vega3 was used for a preliminary observa-
tion of the sample and to confirm the sample chemistry. The
investigation was conducted under high-vacuum conditions
and at a voltage of 15 keV. The microscope was equipped
with an energy-dispersion X-ray detector (EDXS) Xplore 15
(Oxford, Abingdon, UK) managed by AZtecONE software.
The MgO powder was transferred onto a carbon tape attached
to an Al stub (Media System Technologies) (see Supplement
Sect. S2).

2.5 TEM and ARM sample preparation and analytical
setup

The received sample was suspended in 2-propanol and thor-
oughly shaken. Meanwhile, a 200-mesh TEM lace carbon
copper grid was positioned within inverted tweezers to al-
low for the collection of all the material suspended within the

2-propanol droplet. A pipette was used to transfer a droplet
of the suspension onto the TEM grid. Once transferred, the
droplet was left to dry before mounting the grid on the TEM
holder. The sample preparation was identical for the TEM
and ARM observations. The TEM grid used for ARM ob-
servations was used together with a Be ring to improve the
sample stability.

The preliminary observation of the sample was conducted
using a CM12 TEM working at 120 kV and equipped with an
EDXS detector. The goal of this preliminary analysis was to
study the particle morphometry and obtain initial information
on its chemistry, crystallography, and degree of crystallinity.
The images (both bright-field micrographs and SAED) were
collected on photographic film exposed to the beam within
the CM12 TEM and then developed and fixed in a dark room,
scanned, and digitalized for further data elaboration and mea-
suring.

The following nanoscale and chemical investigations were
conducted using an aberration-corrected scanning/transmis-
sion electron microscope (acSTEM), the ARM200CF model
equipped with a high-brightness cold-field emission gun
(CFEG) operating at 80 kV, an energy-dispersive X-ray spec-
troscopy (EDXS) system (Centurio 100 mm2, JEOL), and an
energy filter (GIF Quantum, Gatan, USA). The recording
of dual-range EELS spectra was performed with a collec-
tion semi-angle of 60.39 mrad, a convergence semi-angle of
24.00 mrad, and using an aperture of 5 mm. The collection of
EELS spectra in the region of interest (ROI) was performed
in dual mode with a dispersion of 0.25 eV per channel. Both
the low-loss region and the core-loss region (including the O
K edge and Mg K edge) were recorded by summing up three
frames, allowing for an initial screening of the energy-loss
near-edge structures (ELNESs) for the possible presence of
artifacts due to the exposure of the sample to the electron
beam (e.g., the eventual O pre-peak height increase or de-
crease and eventual disappearance) (Vigliaturo et al., 2019).
Each frame of the low-loss region was recorded over a pe-
riod of 0.001 s, whereas each frame of the core-loss regions
(including for both the O K edge and the Mg K edge) was
recorded over a period of 30 s. The HQ dark correction was
applied to reduce the noise originating when working with
summed spectra.

2.6 Particle sizes, shapes, and modeling

The particle sizes recorded at the ARM were measured with
ImageJ software with Fiji distribution (Schindelin et al.,
2012) using a polygon selection and launching the “measure”
command to obtain several dimensional parameters. Among
these parameters, area, perimeter, width, height, and circu-
larity (a circularity equal to 1 corresponds to a perfect circle)
were selected as the most relevant parameters for describing
the dimension and the shape of the particles. Starting from
these measurements, the size swh (Eq. 1), sa (Eq. 2), and the
Dev (Eq. 3) (equivalent volume diameter) were calculated ac-
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cording to the following equations:

swh =
2
√

width · height, (1)
sa =

2√area, (2)

Dev =

(
6
π
V

) 1
3
. (3)

The parameter swh is reliable for perfect rectangular-shaped
particles, but, more generally, the sa parameter can be used as
a relevant size for particles with different shapes, since it is
not dependent on the 2-D particle shape (Kouropis-Agalou et
al., 2014; O’Shea et al., 2021). The parameter sa does not de-
pend on the particle shapes but only on the particle area, and
it is a mono-dimensional descriptor of the projected area of
the particle (Kouropis-Agalou et al., 2014; Vigliaturo et al.,
2019). The calculated Dev was used to determine the dimen-
sional distribution of the particle population and to assign the
particles to a certain particulate matter (PM) category. The
use of Dev was chosen over the use of the geometric diame-
ter, since the latter is strongly dependent on the particle ori-
entation with respect to the airflow (CEN, 1992; ICRP, 1994;
ISO, 1995; Sturm, 2009).

The particle shape simulations were performed using
Vesta software (Momma and Izumi, 2011), starting from the
images recorded with the ARM in both TEM and STEM
modes. The models obtained with the software (Vesta) were
also used to assist in interpreting SAED patterns, inverse fast
Fourier transform (IFFT) images, and high-resolution (HR)
TEM images (ARM200CF).

2.7 BET surface area

Specific surface area (SSA) analysis was performed us-
ing a Micromeritics ASAP 2020 instrument employing the
Brunauer–Emmett–Teller (BET) method with N2 adsorption
at −196 °C. Prior to the measurement, samples underwent
degassing at 150 °C for 240 min.

3 Results

3.1 Powder X-ray diffraction

The PXRD spectrum highlighted the presence of two struc-
tures with different cell parameters but both corresponding
to periclase (Fig. 2). The first detected phase (green arrows
in Fig. 2) corresponds to the 00-900-7059 card of the Crys-
tallography Open Database (COD) (Merli et al., 2002). The
second detected phase (blue arrows in Fig. 2) corresponds to
the 00-901-3250 card of the COD (Jacobsen et al., 2008).

3.2 Preliminary TEM investigation: dimensional features
and morphology

The dimensional parameters of the measured MgO particles
are summarized in Table 1 (see “Data availability” section;

Figure 2. PXRD spectrum of the MgO particles. The green ar-
rows indicate the peaks corresponding to Merli et al. (2002), while
the blue arrows indicate the peaks corresponding to Jacobsen et
al. (2008).

Vigliaturo et al., 2024). Many particles appear to form ag-
gregates with Dev ranging from 424.77 to 4906.38 nm (Ta-
ble 1). The dimensional distribution of single MgO particles
was calculated using Dev. The individual particles were all
classified as PM1, while particle aggregates were assigned
to different PM categories, namely 14 aggregates to PM1,
4 aggregates to PM2.5, and 1 aggregate to PM10 (see “Data
availability” section; Vigliaturo et al., 2024).

Most of the detected particles had a projected shape
that was categorized as squared rectangular, hexagonal, or
rounded (Fig. 3a and b). The squared-rectangular particle
projections correspond to a nearly cubic shape, the hexag-
onal particle projections to a truncated octahedron shape,
and the rounded particle projections to irregular spheres
(Fig. 3b). There is also a large number of irregular parti-
cles that have a poorly defined shape or shapes that can be
identified as in between one of the above-listed categories.
The irregular particle category also includes particles with
substantial evidence of dissolution and re-precipitation or
melting. Additionally, the irregular particles are also those
that are misoriented or superimposed and thus poorly distin-
guishable. The recalculations of the dimensional distribution
and the descriptive statistics of particle dimensions accord-
ing to the three main recognizable shapes (i.e., cubic, trun-
cated octahedron, and irregular spheres) highlight that cubic
and truncated octahedron particles have similar Dev values
(62.02.15 nm – σn−1 = 33.16 and 54.57 nm – σn−1 = 36.37,
respectively), while spherical particles are smaller (38.36 nm
– σn−1 = 16.61) (see “Data availability” section; Vigliaturo
et al., 2024). The observation of more than 400 particles and
literature information on similar compounds (Chae et al.,
2017) allowed us to propose a model of the two most fre-
quent morphologies in which they occur (Fig. 3c and d).

The observed particles were usually oriented with a
squared-rectangular (for cubic particles) or hexagonal (trun-
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Table 1. Summary of the descriptive statistics of Mg-based particles and aggregates observed at the TEM (n= 400 for single particles and
n= 19 for agglomerates).

Single particles

Area (nm2) Perim. (nm) Width (nm) Height (nm) Circ. Aspect ratio s(w,h) s(a) Dev (nm)

Mean 1801.14 140.71 41.68 46.82 0.86 1.13 44.10 36.68 49.79
σ(n−1) 2588.40 82.97 23.76 27.06 0.07 0.16 25.13 21.38 30.27
Median 1039.23 123.60 36.36 41.34 0.87 1.09 39.00 32.24 42.80
Max 21686.63 588.87 148.87 181.44 0.97 2.08 164.35 147.26 187.61
Min 32.65 22.60 7.06 8.47 0.58 1.00 7.73 5.71 8.47

Aggregates

Width (nm) Height (nm) Aspect ratio Dev (nm)

Mean 905.64 1311.97 1.49 1084.28
σ(n−1) 817.61 1304.36 0.40 1025.80
Median 567.02 939.84 1.48 726.22
Max 3810.00 6318.25 2.52 4906.38
Min 319.98 534.83 1.04 424.77

Figure 3. (a) The chart summarizes the more frequent projected shapes observed in the aggregates that were present in the studied samples.
(b) Representative picture (TEM-BF) showing the commonly observed shapes in the studied sample, namely rectangular squared (re-sq),
hexagonal (he), and rounded (ro). Reconstruction of the possible crystallographic orientations of particles with different shapes performed
using Vesta software in (c) the model of a cubic particle that appears as a square in 2-D observations and (d) the section of a truncated
octahedron particle with a hexagonal shape in 2-D observations. In (c) and (d), the crystal shape that projects a square and a hexagonal
image, respectively, is depicted in gray shading. The coordination octahedra of Mg is in orange, and the O atoms are in red.

cated octahedron) projection perpendicular to the electron
beam (thus planar with respect to the field of view), as shown
in Fig. 3b. In this arrangement, the electron beam would
mainly hit the (100) facet (Fig. 3c) for cubic particles pro-

jecting a rectangular-squared shape in 2-D and the (111) and
(100) facets (Fig. 3d) for truncated octahedron particles pro-
jecting a hexagonal shape in 2-D. In rare cases, some aggre-
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Figure 4. (a) Reference TEM-BF image showing the presence of
cubic particles. (b) The same TEM-BF image with dotted lines to
highlight the edges of the observed cubic particles.

gates allowed us to highlight the actual cubic shape of the
crystals in 3-D (Fig. 4).

Several cubic particles had rounded-like edges, possibly
exposing the (111) facet, and analogous facets for every other
edge (Fig. 5a). Some of the cubic particles had visible thick-
ness fringes or diffraction contrasts at the edges (Fig. 5b, c,
and d). An accumulation of shapeless material was some-
times visible on the particle edge (Fig. 5c and details in
Fig. 5d).

In addition to the listed shapes, particles projecting a rect-
angular, well-elongated 2-D shape (e.g., Sect. S3) were ob-
served.

3.3 TEM-SAED and HR-ARM investigations

The SAED patterns recorded on aggregates are compatible
with those of polycrystalline material (Fig. 6a and b). In some
cases, the diffraction rings appear to be broadened (Fig. 6b)
(see Sect. S4).

The cubic and truncated octahedron particles are crys-
talline (e.g., Fig. 7a). When particles are in contact, they usu-
ally share the same crystal lattice orientation (Fig. 7a). The
ARM images show a crystal that is compatible with a cu-
bic lattice (Fig. 7b) and with the model generated with Vesta
software (Fig. 7b and c).

The chemistry of the sample was confirmed by STEM-
EDXS, and it is compatible with the SEM-EDXS findings
(Sect. S5). The amorphous material’s chemistry was analo-
gous to the crystalline material’s chemistry.

3.4 Dual-range EELS and ELNES investigations

The dual-range EELS spectra were collected on about 10 dif-
ferent particles with one of the characteristic particle shapes
observed in the sample, namely cubic, truncated octahedron,
and spheres (Fig. 3). Since the irregular shape was a mix of
the previously listed shapes and hardly classifiable (Fig. 3),
it was not investigated. The ELNES of the low-loss edge
and the Mg edge has small differences when comparing all
the spectra collected on different shapes (Fig. 8). In particu-
lar, these differences are represented by the presence of two

peaks at the edge (namely, f’ and f”) of the spectra collected
on a cubic crystal. On the other hand, the spectra collected on
truncated octahedron and spheres only had one f edge, where
it was not possible to clearly distinguish specific peaks.

An energy shift in the spectra was observed when com-
paring all the peak positions. Since the shift is barely visi-
ble (Fig. 8), the positions of the more evident peaks that are
present in the low-loss spectrum, as well as at the O K edge
and the Mg K edge, were measured (Table 2).

3.5 BET surface area

MgO had a specific surface area equal to 26.8916 m2 g−1 and
σn−1 = 0.0623 (R2

= 0.9999732).

4 Discussion

The sample of MgO appeared as a white powder (OM) with
a homogenous morphology and was grouped into aggregates
when observed in optical microscopy and SEM (Sects. S1
and S2). These particles were trapped as aggregates in cy-
clone 2, since the cut-off diameter of cyclone 2 equals ap-
proximately 1 µm, which allows for the entrapment of up
to 98 % of the magnesia produced in the system by the Mg
flame (Laraqui et al., 2020).

The preliminary SEM-EDXS mapping highlighted the
chemical homogeneity and purity of the Mg-based aggre-
gates at this level of investigation, and occasionally small
amounts of Si and S were detected (Sect. S2).

The dimensional study on distinct MgO particles con-
ducted at the TEM shows a Gaussian right-skewed distribu-
tion when considering the particle Dev (see Table 1, “Data
availability” section, and Sect. S3; Vigliaturo et al., 2024).
Both the average Dev and the median Dev fall within the
PM1 category, and all of the individual particles belong to
the PM1 category (Table 1 and Sect. S3). Analogously, the
largest observed individual particle has a Dev of 187.61 nm
(Table 1 and “Data availability” section; Vigliaturo et al.,
2024), far below the PM1 threshold. Considering the parti-
cles from the perspective of respiratory tract accessibility, all
the individual particles would reach the deepest regions of
the lungs (i.e., alveoli) (Table 1, Sect. S3, and Appendix A;
Vigliaturo et al., 2024). However, one should consider that
most of the particles occur in aggregates. When observed at
the STEM and taking as a reference the aggregates Dev, 1
of the 19 measured aggregates can be assigned to the PM10
category, 4 of the 19 measured aggregates can be assigned to
the PM2.5 category, and 14 of the 19 aggregates belong to the
PM1 category (Table 1, Sect. S3, and Appendix A; Vigliaturo
et al., 2024). Thus, 18 of the 19 measured aggregates are also
identified as respirable (Dev < 4 µm), and all of the aggre-
gates are inhalable (Dev < 100 µm). Of course, one should
consider that aggregates may form after the collection from
the cyclone or during the sample preparation steps.
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Figure 5. (a) BF-TEM picture of cubic particles in which we can possibly locate (111) facets. (b) BF-TEM picture of a particle showing
the presence of thickness fringes and diffraction contrast (light green arrows) and connective material with visible Moireé fringes (dark
blue arrow). (c) Cubic particles showing a diffraction contrast (light green arrows) and a group of smaller round particles (yellow arrow).
(d) Zoomed-in view of (c) showing the accumulation of shapeless material on the edge of the cubic structure (white arrows).

The cube octahedron and truncated octahedron particles
have largerDev with respect to spherical particles (see “Data
availability” section; Vigliaturo et al., 2024). The smaller
spherical particles can be related to fast crystal growth in the
proximity of the flame base (Chae et al., 2017). On the other
hand, moving to the end region of the flame, one should ex-
pect larger cube octahedron particles (Chae et al., 2017). In
our sample, both nearly spherical and terraced spherical par-
ticles are visible (Figs. 3b, 5b and c). These particles are be-
lieved to divide into two types in the later stage of growth, but
they should have a common initial stage of growth, which
is identified in the smaller spherical particles (Chae et al.,
2017). This initial stage of growth, producing nano-sized par-
ticles of MgO, was also observed by Altman et al. (2005,
2022). As mentioned previously, the oxidation of Mg occurs
in the vapor phase producing MgO, and the vaporization tem-
perature of MgO is higher than the flame temperature. MgO
thus condenses into a solid form, such as the crystal we ob-

served. The nano-sized particles of MgO can be categorized
as primary particles (or, eventually, “seeds”) from which the
MgO gas condenses, allowing for the growth of MgO crys-
tals in cubic or truncated octahedron particles.

In an attempt to understand the physicochemical nature
of these particles, a shape and morphological study was
performed. The most commonly projected 2-D shapes are
squares (e.g., Fig. 3a) with well-defined or rounded edges
(N = 189), followed by rounded particles (N = 75) and
hexagonal particles (N = 39). The irregularly shaped par-
ticles (N = 95) are usually a mix of the former shapes or
shapeless, and they often show signs of morphological mod-
ification that might be reconducted to high temperatures or
dissolution and redeposition processes. The particles project-
ing a square shape in 2-D are cubic particles (Figs. 3a, 4a
and b). These particles are likely to have (111) facets at the
edges (Figs. 3c, 5a and b), which are normally stabilized
by hydroxylation processes (Geysermans et al., 2009). The
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Figure 6. (a) Polycrystalline SAED pattern of an aggregate of particles having well-defined rings and (b) SAED pattern of another aggregate
showing wider rings and dispersed spots. (c) Regions from which the polycrystalline diffraction patterns were recorded (the yellow circles
represent the region from which the diffraction patterns were obtained).

presence of these (111)-like facets results in a cubic struc-
ture resembling a cube octahedron, with larger (100) clean
facets and smaller hydroxylated (111) facets (Geysermans
et al., 2009). The particles projecting a hexagonal shape in
2-D (Fig. 3b) are truncated octahedron, exposing both the
(100) and the (111) facets to the electron beam (Fig. 3d). In
this case, the (111) hydroxylated surface (if actually hydrox-
ylated) would be larger with respect to the same facets ob-
served in the cubic/cube octahedron particles. The extensive
specific surface area of MgO suggests significant potential
for designing trapping systems based on particle adsorption,
owing to its abundant active sites.

The connective material (having the same chemistry as the
crystalline particles), which clearly keeps parts of the parti-
cle aggregates together, was shapeless and occurred as both
amorphous and crystalline material (Fig. 5b, c, and Supple-
ment S3).

The SEM-EDXS and ARM-EDXS observations and map-
pings highlight substantial homogeneity in the sample chem-
istry. This observation is compatible with the presence of
isostructural phases (periclase) having different cell param-

eters, as identified at the PXRD (Fig. 2). The presence of
these two isostructural phases is a consequence of the for-
mation of MgO nanoparticles at different temperatures and,
thus, in different regions of the asymmetric combustor. A re-
lationship between the MgO lattice parameters and formation
temperature has already been highlighted in the literature by
Cimino et al. (1966), in accordance with our results.

The SAED investigation on large aggregates (polycrys-
talline ring patterns) allowed us to measure d spacings that
are compatible with the periclase crystal lattice determined
by the PXRD study (Fig. 6a).

In particular, the [111] d spacing of 2.41 Å measured on
the polycrystalline SAED is in good agreement with both
isostructure [111] d-spacings of 2.43 and 2.37 Å measured by
Merli et al. (2002) and by Jacobsen et al. (2008), respectively.
On the other hand, the measurements on the polycrystalline
SAED of the [200] and [220] d spacings (Fig. 6) are in better
agreement with the diffractogram related to the results of Ja-
cobsen et al. (2008) compared to those of Merli et al. (2002)
(Fig. 2). Specifically, the [200] d spacing was 2.05 Å in the
SAED, 2.11 Å in Merli et al. (2002), and 2.05 Å in Jacob-
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Figure 7. (a) BF-TEM image showing a detailed view of a cubic crystal. (b) Extracted IFFT (the masking was performed by selecting the
FFT spots and applying a smooth edge of 5 pixels) showing symmetry that is compatible with a cubic lattice. The cubic MgO structure
(Jacobsen, 2008) was generated by Vesta (c) and superimposed on the IFFT (b). Orange spheres are Mg atoms, while red spheres are O
atoms.

sen et al. (2008), while the [220] d spacing was 1.42 Å in the
SAED, 1.49 Å in Merli et al. (2002), and 1.44 Å in Jacobsen
et al. (2008). These differences might be related to the het-
erogenous presence of the two isostructures within the sam-
ple or the lower accuracy of SAED measurements.

The other smaller d spacing that was measured (Fig. 6a
and Sect. S4) has not been reported in the literature; we were
thus not able to verify the correspondence of our results with
the expected values. The electron diffraction ring broadening
(i.e., Fig. 6b) could be indicative of smaller crystallite size in
some of the investigated aggregates.

The sample crystallinity was confirmed by HR-ARM ob-
servations (Fig. 7a), and the calculated IFFT (Fig. 7b) was
compatible with a cubic crystal and a defect-free atomic ar-
rangement. The superposition of the IFFT image and the
model generated by Vesta software (Fig. 7b and c) allowed
us to identify the crystal as one of the crystals generated at
a higher temperature. This specific crystal might have been
generated in an area in which the local pressure is higher with
respect to the rest of the combustion chamber; in contrast, we
do not expect to have overpressure higher than 30 mbar in the
studied system. We can thus expect that the effect of the pres-
sure is negligible when compared to that of the temperature.
In Fig. 7a, continuity between the lattice fringes of the darker
crystal and the two lighter crystals in contact with it was also
observed. This could be further confirmation of the common
growth pathway of these crystals or the ordered arrangement
of separate facets of different crystallites in close contact.

The particles were also investigated using dual-range
EELS to determine if differences between particles with dif-
ferent morphologies were also significant in terms of compo-
sition or from a physicochemical point of view. This compar-
ison was done since cubic particles should have less extended
(111) facets with respect to truncated octahedron particles
(Fig. 3c and d), allowing for a limited hydroxylation of the
particle surface. On the other hand, spherical and more irreg-
ular particles may offer a larger number of bonds available
for surface hydroxylation. The low-loss and core-loss O K
edge and Mg edge were investigated. The observation of the
low-loss spectra showed an obvious presence of a large edge
related to multiple-scattering events (Colliex et al., 1985) and
located at ∼ 23.50 eV (Fig. 8 and Table 2). The background
noise was high in this spectral region, but the position of the
peaks was compatible with the position of the peaks from
the literature (Jiang et al., 2008). Despite the good fit of the
recorded peak position and the expected peak position (Jiang
et al., 2008), some of the peaks were too weak to be unequiv-
ocally identified (Table 2). This was evident for peaks a, c,
and d in the O K-edge spectral region. Possibly, the largest
difference observable in the low-loss spectra for each mor-
phology was located in the f, f’, and f” regions. The cubic
particles have two distinct peaks, namely f’ and f”, while
the truncated octahedron particles and the spherical particles
only have a wide f peak. The presence of both the f’ and the
f” peaks is related to MgO, while a single f peak is related
to Mg(OH)2. Of course, this aspect should be carefully taken
into consideration since a high noise in this spectral region
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Figure 8. Low-loss spectra and core-loss spectra for the O K edge and the Mg edge. A Savitzky–Golay filter and a background subtraction
were applied to each spectrum. Imaging yellow scale bars are 100 nm.

was detected. The observation of the ELNES and positioning
of the Mg K edge were compared with an XANES spectrum
that was calculated for MgO and Mg(OH)2, considering dif-
ferent embedded cluster shells (Jiang et al., 2008). The po-
sitioning of the IIIMg peak was similar for all the observed
morphologies (Fig. 8) and in a position that was comparable
with the one calculated in the XANES spectrum (Table 2).
The position of the IMg and IIMg peaks observed for all the
different morphologies falls in the middle of the positioning
expected for these two peaks, and they might not be com-
pletely distinguishable, resulting in a single peak in a middle
position between the two peaks (IMg and IIMg). Despite this
aspect, the IIIMg peak is more defined in the spectra collected
on cubic structures, and it looks proportionally higher with
respect to the “merged” IMg and IIMg peaks (Fig. 8). These
aspects could be related to MgO rather than Mg(OH)2, but as
previously discussed with regard to the low-loss spectra, the
high noise could play a role in drawing erroneous conclu-

sions. Future studies using a dispersion lower than 0.25 eV
per channel are needed to clarify this aspect.

When comparing the core-loss O K-edge spectra, it is not
possible to detect major differences in the ELNES and peak
positioning (which is nearly unchanged between different
morphologies). On the other hand, the absence of an O K-
pre-edge peak is highlighted (Fig. 8 and Table 2). In the lit-
erature, the O K-pre-edge peak was initially thought to be
related to the valence state of a material, but it is instead an
indicator of beam damage (Jiang and Spence, 2006). Never-
theless, the appearance and disappearance of this peak dur-
ing the analytical performance can be an indicator of induced
beam damage as well. For this reason, and as anticipated in
the “Material and methods” section, all the spectra were col-
lected by summing up three separate frames so that the oper-
ator would be able to observe an eventual rise and decrease
in the O K pre-edge. Our observation during the spectrum
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Table 2. The table summarizes the positions of the peaks that are detected in the low-loss spectrum and at the O K edge and Mg K edge. The
peaks that were not named specifically in the literature are listed with roman numbers.

Low-loss spectrum

Expected a b c d e f’ f”
peak position

(in Jiang et al., 2008) MgO 53.90 55.80 58.00 60.30 65.50 70.50 75.20
Mg(OH)2 53.40 56.60 58.60 61.30 ∼ 66.00 ∼ 72.60 (f)

Particle shape Multiple a b c d e f’ f”
scattering

Rectangular 23.75 53.50 55.75 59.00 60.25 65.50 70.50 75.25
Hexagonal 23.50 53.00 55.50 59.75 66.00 71.50 (f)

(Might belong to
either c or d)

Rounded 23.50 – 55.75 59.25 61.50 66.50 71.00 (f)

O K edge

Particle shape a b c d

Rectangular – 538.00 547.00 557.75
Hexagonal – 538.50 547.50 558.00
Rounded – 538.50 547.00 558.00

Mg K edge

Expected IMg IIMg IIIMg
peak position

(Jiang et al., 2008) MgO ∼ 1307.50 ∼ 1313.00 ∼ 1315.00
Mg(OH)2 ∼ 1313.00 ∼ 1316.00

Particle shape IMg IIMg IIIMg

Rectangular 1310.50 1315.75
Hexagonal 1311.25 1316.50
Rounded 1311.25 1316.25

collection suggests that the observed structures were not ex-
posed to consistent beam damages.

Considering the sample chemistry; the crystallographic
information obtained through the combination of PXRD,
TEM-SAED, FFT, and IFFT; software modeling; and HR-
ARM imaging, the possible formation mechanism of the ob-
served particles could be proposed as follows.

The smaller MgO spherical particles, which experience
rapid initial growth, are supposed to grow closer to the flame
origin point (Chae et al., 2017). The flame area can be de-
fined as a volume in the combustion chamber where MgO
gas is produced and then condensed into a solid phase. From
the work of Andrieu (2022), the flame length is approxi-
mately 7 cm. This length was defined considering the gradi-
ent of the gas temperature along the chamber axis. In compar-
ison, the total length and diameter of the combustion cham-
ber are 70 and 10 cm, respectively. Once formed, the pri-
mary particles are then transported by convection/diffusion
in the turbulent flow prevailing in the combustion chamber.

The larger cubic and truncated octahedron particles should
grow from the MgO primary particles farther away from the
flame origin point at a slower pace (Chae et al., 2017). In
our case, two different MgO isostructures with different cell
parameters (Fig. 2) were observed. The presence of these
two isostructures may confirm the proposed growth mech-
anism and thus the growth starting from nearly spherical pri-
mary particles of cubic and truncated octahedron particles
at different lengths and temperatures along the flame region.
As previously mentioned, the temperature of the combustion
chamber exhibits large gradients when comparing the center
of the flame (1280 °C for the gas phase and 2027 °C for the
solid phase) to the chamber walls, which are water-cooled.
Such large variations in the gas temperature certainly have a
strong effect on the formation and growth of MgO particles.
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5 Implications

In the MgO combustion product, three representative mor-
phologies and two isostructural phases were identified. The
observed particle physicochemical state, the surface hydrox-
ylation, and the presence of facets that can be further hydrox-
ylated may suggest a hydrothermal pathway to promote fur-
ther crystal growth of the collected material. The promotion
of crystal growth might improve the collection efficiency of
the final products in the cyclones.

Future studies should be dedicated to validating the appli-
cability of this system implementation and verifying whether
the induced change in the final product’s physicochemical
state might affect its capability to store energy. Analogously,
further studies are necessary to better understand the ELNES
of these materials, using more advanced GIF filters and com-
putational approaches.
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