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ABSTRACT: Nanostructured SiOx (0 ≤ x ≤ 2) materials are key
for boosting energy density in next-generation Li-ion battery
anodes, with the magnesiothermic reduction reaction (MgTR)
emerging as a scalable pathway for their production from
nanoporous SiO2. In MgTR, SiO2 reacts with Mg at moderate
temperatures to form Si and MgO, enabling the preservation of
nanostructured features. However, the widespread application of
MgTR is hindered by the strong influence of reaction parameters
on process dynamics, which leads to the uncontrolled formation of
multiple byproducts that not only reduce the Si yield but also
require the use of hazardous hydrofluoric acid (HF) for their
removal, hampering the synthesis of SiOx due to HF’s reactivity
with SiO2. Hence, a comprehensive understanding of MgTR dynamics and its interplay with reaction parameters constitutes an
essential prerequisite toward the effective synthesis of advanced Si and SiOx nanostructures. In this work, a systematic approach
combining a set of independent time-resolved in situ synchrotron X-ray diffraction studies was employed to provide for the first time
a comprehensive understanding of MgTR dynamics under varied reaction conditions, including varied SiO2 source (amorphous vs
crystalline), different SiO2-to-Mg ratios, and different heating ramps. This approach allowed to unveil a complete picture of MgTR
and to identify key conditions to prevent byproduct formation. This advancement marks a critical step toward the large-scale zero-
carbon footprint synthesis of Si-based anodes for Li-ion batteries, serving as general guidelines for the controlled synthesis of high-
purity Si and SiOx advanced materials.
KEYWORDS: in situ- synthesis, in situ synchrotron diffraction, reaction mechanism, diatom-SiO2, silicon, magnesium, Rietveld analysis,
reaction parameters

■ INTRODUCTION
The global silicon market is expected to grow from 3.27 million
tons in 2024 to 4.25 million tons by 2029,1 largely driven by the
increasing demand of high energy density Li-ion batteries for
electric vehicles, which utilize silicon (Si) and silicon suboxide
(SiOx) negative electrodes.

2−11 Additionally, the expanding
solar photovoltaics industry is contributing to the rise in silicon
consumption.12,13 Although Si is the second most abundant
element in the Earth’s crust, surpassed only by oxygen, and
therefore holds great potential for providing cost-effective
solutions for technological applications, its conventional
production through carbothermal reduction of SiO2 raises
environmental concerns due to its high energy consumption and
significant carbon dioxide emissions.14,15 This underscores the
need for more sustainable production methods as the demand
for Si and SiOx continues to rise.
Si production through carbothermal reduction involves the

reduction of SiO2 with carbon-based sources, such as coal,

charcoal, woodchips, or coke,16 in an electric arc furnace at
temperatures close to 1900 °C to drive the reaction:

+ +CSiO (s) 2 (s) Si(s) 2CO(g)2

This energy-intensive process requires approximately 157
MWh of energy per ton of Si produced and releases
approximately 4.7 kgCO2/kgSi directly from the reaction, with
additional emissions of 10.5−12 kgCO2/kgSi stemming from
the electricity used to power the arc furnace.15 While
transitioning to renewable energy sources for furnace operation
may mitigate indirect CO2 emissions, addressing the direct

Received: November 5, 2024
Revised: January 28, 2025
Accepted: January 30, 2025
Published: February 6, 2025

Articlewww.acsaem.org

© 2025 The Authors. Published by
American Chemical Society

2249
https://doi.org/10.1021/acsaem.4c02836

ACS Appl. Energy Mater. 2025, 8, 2249−2259

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 Z

A
R

A
G

O
Z

A
 o

n 
M

ar
ch

 1
4,

 2
02

5 
at

 1
0:

55
:2

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedro+Alonso+Sa%CC%81nchez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kesavan+Thangaian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ole+Andreas+%C3%98ie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anders+Gaarud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Rodri%CC%81guez+Gomez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vadim+Diadkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vadim+Diadkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Campo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Hector+Cova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Valeria+Blanco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.4c02836&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02836?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02836?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02836?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02836?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c02836?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/8/4?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/4?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/4?ref=pdf
https://pubs.acs.org/toc/aaemcq/8/4?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.4c02836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


emissions inherent to silicon production remains a key
challenge.
Metallothermic reduction reactions, including aluminother-

mic and magnesiothermic reactions, have attracted attention as
potential zero-carbon footprint and cost-effective routes for
synthesizing Si and SiOxmaterials from naturally abundant SiO2
feedstock.17−22 Recent advances in magnesiothermic reduction
of SiO2 (MgTR) have demonstrated its scalability potential,
which has boosted the research in this area for the synthesis of
Si-based advanced anode materials for Li-ion battery technol-
ogy.23−34 MgTR involves the reduction of SiO2 with Mg at
moderate temperatures, from 500 to 900 °C, yielding Si and
MgO, with the reaction occurring under an inert atmosphere:

+ +SiO (s) 2Mg(g) Si(s) 2MgO(s)2 (1)

A key advantage of theMgTR is its ability to preserve intricate
nanostructures during the reduction process, making it
particularly attractive for applications that require precise
control over material morphology and opening the path for
the production of high-performance nanoporous Si-based
anodes from nanostructured SiO2 templates.

19,24,35 However,
despite these advantages, MgTR faces several challenges, which
are mainly related to the high sensitivity of the reaction
dynamics with the reaction parameters. MgTR process often
yields undesirable byproducts, such as Mg2Si, Mg2SiO4, and
MgSiO3, which reduce the overall yield and purity of the desired
silicon product. Although the origin of these compounds is not
clear, they are believed to be formed from side reactions driven
by localized heating and magnesium vapor diffusion,36−39 and
their removal typically requires aggressive chemical treatments,
including the use of hazardous hydrofluoric acid (HF), posing
significant environmental and safety concerns.20,40 The primary
side reactions are summarized as follows:

+ +SiO (s) 4Mg(g) Mg Si(s) 2MgO(s)2 2 (2)

+Si(s) 2Mg(g) Mg Si(s)2 (3)

+ +SiO (s) Mg Si(s) 2Si(s) 2MgO(s)2 2 (4)

+SiO (s) 2MgO(s) Mg SiO (s)2 2 4 (5)

While the MgTR process is predominantly utilized for Si
production,41−44 it has more recently proven effective for
synthesizing SiOx materials. By adjusting the SiO2 to Mg molar
ratio, partial reduction of the SiO2 template can be achieved,

45,46

allowing for the controlled synthesis of SiOx compounds with
varying oxygen content. Importantly, these differences will
translate to distinctive functionalities of the material.47,48

However, achieving high-purity Si and SiOx materials for
practical applications requires careful control over reaction
conditions to minimize the formation of magnesium silicide and
magnesium silicate byproducts. Although MgO and Mg2Si can
be effectively removed from reacted samples by implementing a
simple acid treatment with HCl, the removal of Mg2SiO4 and
MgSiO3 impurities requires the use of highly corrosive HF,

20,40

which presents severe environmental and health hazards and
constitutes a significant obstacle toward the widespread
adoption of MgTR. Furthermore, the use of HF hampers the
production of high-purity SiOx compounds through MgTR of
SiO2, as it also dissolves unreacted SiO2 domains.

49

Although MgTR is being positioned as a highly promising
route for producing advanced Si-based nanostructures for
battery anodes, its high sensitivity to reaction parameters has

driven research to investigate MgTR under various condi-
tions.24,36−39,50−52 However, the lack of a systematic and
comprehensive approach to track in real time temperature-
dependent reaction dynamics of MgTR when using different
SiO2 precursors, different temperature heating ramps, and
different SiO2 to Mg ratios hinders the development of rational
strategies to fully control MgTR dynamics, which constitutes an
essential prerequisite toward the synthesis of advanced Si-based
nanostructured materials.
This study presents, for the first time, a systematic

investigation of the SiO2 MgTR mechanism under varying
conditions using time-resolved in situ synchrotron X-ray
diffraction coupled with Rietveld analysis. The aim is to provide
a comprehensive understanding of MgTR, facilitating the
controlled synthesis of advanced Si-based materials. A series of
independent in situ MgTR experiments were conducted using
both nanostructured crystalline and amorphous SiO2 precursors,
which were mixed at different SiO2:Mg molar ratios and heated
at varying temperature ramps. This approach allowed for the
exploration of the influence of the SiO2 source, reactant
stoichiometry, and heating protocol on MgTR dynamics. The
resulting analysis offers an unprecedented, thorough examina-
tion of the MgTR process, enabling the establishment of general
guidelines for optimizing MgTR and providing strategies to
enhance the yield and purity of Si and SiOx materials for
sustainable technological applications.

■ RESULTS AND DISCUSSION
This section presents first a systematic and comparative analysis
of the impact of 3 different SiO2 to Mg molar ratios on the
MgTR dynamics of powder mixtures containing crystalline SiO2
from diatomaceous earth (DE) and amorphous SiO2 from the
shells of Nitzschia sp. diatoms (NZ) as reagents. Then, a similar
analysis is provided to assess the effect of the heating ramp on
theMgTR process. Figure 1 presents SEMmicrographs showing

the morphological differences of crystalline DE-SiO2 and
amorphous SiO2 from cultured diatoms. A detailed description
of the properties of both SiO2 precursors has been already
reported by the authors.53

Effect of SiO2:Mg Molar Ratios and SiO2 Source. The
results of the in situ XRD MgTR of samples containing
SiO2:Mg:NaCl molar ratios of 1:2:2.5 (DE-1 and NZ-1),
1:1.5:2.5 (DE-2 and NZ-2), and 1:1:2.5 (DE-3 and NZ-3) are
presented according to the nomenclature introduced in Table 4.

SiO2:Mg:NaCl 1:2:2.5, DE-SiO2 vs NZ-SiO2. The results
corresponding to the DE-1-HT1 and NZ-1-HT1 experiments
are displayed in Figure 2. The temperature profiles over the
reaction time for each experiment are depicted in Figure 2a,c.
On the right side of the figures are displayed contour plots

Figure 1. SEM micrographs of (a) nanostructured SiO2 particles from
diatomaceous earth (DE-SiO2) and (b) nanostructured SiO2 particles
from single-species industrially cultured Nitzschia sp. diatoms (NZ-
SiO2).
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showing the corresponding evolution of the in XRD patterns,
Figure 2b,d, respectively. The main Bragg reflections of the
crystalline phases present at each temperature are identified
within the contour plots. Figure 2d also shows the presence of a
Bragg reflection labeled as ‘spurious’. This reflection belongs to
an external component located outside the furnace that is not in
contact with the sample. Figure 2e,f displays the results of the
evolution of crystalline phase percentages as functions of both
the experiment time and the temperature.
As shown in Figure 2b, the only phases present at room

temperature are SiO2, Mg, and NaCl. As the temperature
increases, all three phases exhibit a shift in their diffraction peaks
toward lower angles, indicative of thermal expansion of the
respective crystalline lattices. No significant changes are
observed below 513 °C, although small fluctuations in relative
amounts of the Mg and SiO2 phases are evidenced, Figure 2e,
which are accompanied by changes in the peak shapes of DE-
SiO2. Given that DE-SiO2 presents an Opal-C structure similar
to cristobalite but lacking of long-range order and containing
varying amounts of structural water,54,55 such oscillations can be
attributed to the release of water trapped within the DE-SiO2
structure. At temperatures above 513 °C, a slight emergence of
peaks belonging to the MgO phase can be observed, and further
heating to 662 °C results in an increased amount of MgO that
reaches 15%. At this temperature, the reflections corresponding
to Mg and SiO2 begin to diminish, as shown in Figure 2e. This
observation indicates that MgTR proceeds via a solid−solid
reaction mechanism according to reaction 1. However, the
formation of crystalline Si (c-Si) is not evidenced, suggesting
that the silicon produced in this initial stage would be
amorphous Si (a-Si).

Once the temperature exceeds 662 °C, a marked shift in
reaction dynamics is clearly observed and attributed to Mg
reaching its melting point. At this stage, an equilibrium is
established between the evaporation of Mg, driven by its high
vapor pressure, and the gas−solid MgTR. This transition from
solid−solid to gas−solid reaction regime significantly accel-
erates the reaction rates, as evidenced by the rapid consumption
of SiO2 reactant. The progression of SiO2 phase evolution can be
used as a key indicator of the degree of advancement of the
reaction, given that the disappearance of Mg reflections may
result from either its melting and evaporation or its conversion
to MgO. Upon reaching the melting point of Mg, a rapid
emergence of Mg2Si reflections is observed. This phase quickly
reaches a concentration of 19% at temperatures approaching
700 °C.Notably, this is followed by the growth of c-Si diffraction
peaks, concurrent with the decline of Mg2Si until its total
disappearance from the system. Therefore, the reaction pathway
during the gas−solid regime can be summarized as follows: After
Mg melts, reaction 2 initially dominates the chemistry of the
system, leading to the formation of Mg2Si, which then serves as
an intermediate for the production of c-Si through reactions 1
and 4. By the end of the experiment, the c-Si content is
quantified at 7.8%, with no evidence of silicate formation even at
elevated temperatures. It is important to note that an intensity
bump, attributed to a-Si, persists at high temperatures until the
experiment is concluded. This suggests that the total amount of
Si present in the system is significantly larger than the c-Si
percentage quantified by the Rietveld analysis.
Figure 2d presents a contour plot corresponding to the NZ-1-

HT1 experiment in which amorphous SiO2 is used as a reactant.
A comparison of Figure 2b,d reveals an intensity halo
corresponding to amorphous SiO2 reflections at the beginning

Figure 2. Temperature evolution during in situ MgTR experiments of (a) DE-1-HT1 and (c) NZ-1-HT1. Contour plot showing the corresponding
evolution of the X-ray diffraction patterns of (b) DE-1-HT1 and (d) NZ-1-HT1. Time- and temperature-dependent evolution of crystalline phase
concentrations for experiments: (e) DE-1-HT1 and (f) NZ-1-HT1.
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of theNZ-1-HT1 experiment. Additionally, significantly broader
peaks are observed for the phases formed at high temperatures,
such as Si, Mg2Si, and MgO, indicating the formation of smaller
crystallites and higher internal stresses in this sample compared
to those in the DE-1-HT1 experiment. Figure 2f shows the
corresponding phase composition changes. No phase transitions
occur below 413 °C. At this temperature, reflections of MgO
start to emerge, indicating that the reduction of SiO2 begins
approximately 100 °C lower than in the DE-1-HT1 experiment,
which used crystalline SiO2. Analysis of the phase concentration
curves reveals two distinct temperature-driven processes leading
to MgO formation, similar to those observed in DE-1-HT1. Up
to 630 °C, the solid−solid MgTR proceeds at a steady but slow
rate, with the MgO concentration reaching about 50% of the
total crystalline phases. During this stage, no new crystalline
phases are detected, consistent with the observations from the
DE-1-HT1 experiment.
As the system approaches temperatures near themelting point

of Mg, peaks belonging to Mg2Si begin to appear and a sharp
increase in the slope of the MgO concentration curve is
observed. The simultaneous increase in Mg2Si concentration
and decrease in SiO2 content clearly indicate that the reaction
rate of reaction 2 significantly accelerates when Mg melts. With
further temperature increases, the amount of Mg2Si in the
sample begins to decline, suggesting that at higher temperatures,
the reaction rate of reaction 4 surpasses that of reaction 2. This
eliminates the necessity of Mg2Si as an intermediate phase for
theMgTR. An additional finding is the difference in the slopes of
MgO and Mg2Si phase evolution curves between Figure 2e,f. In
the first case, during the solid−solid regime, the MgO phase
increment follows a linear slope, whereas in the second case, this
linear increase is followed by a stage where the slope markedly

decreases. This stage, where the formation rate of MgO slows,
marks the onset of Mg2Si formation. Additionally, the Mg2Si
phase coexists with MgO for a shorter period in the NZ-1-HT1
experiment compared to the DE-1-HT1 case, indicating a faster
transition through this intermediate phase.

SiO2:Mg:NaCl 1:1.5:2.5, DE-SiO2 vs NZ-SiO2. Figure 3 shows
in situ results corresponding to experiments DE-2-HT1, Figure
3a,b, and NZ-2-HT1, Figure 3c,d. Again, SiO2, Mg, and NaCl
appear as the only phases present at room temperature. Both
contour plots exhibit intensity halos at high temperatures, which
are indicative of the formation of amorphous phases as
previously evidenced in the MgTR of samples having 1:2:2.5
stoichiometries.
The evolution of phase percentages during the DE-2-

HT1MgTR experiment is displayed in Figure 3e. Similar to
the DE-1-HT1 case, the MgTR proceeds sequentially, with a
solid−solid reaction occurring at temperatures below the Mg
melting point, followed by a gas−solid reaction at higher
temperatures. This transition in reaction regime is again marked
by a significant increase in reaction kinetics, leading to faster
reaction rates. MgO formation initiates at around 500 °C, which
is similar to previous observations in the DE-1-HT1 experiment.
Again, Mg2Si appears as an intermediate phase, initially
coexisting with c-SiO2, Mg, and MgO. The Mg2Si content
reaches a maximum value of 24% at 670 °C, after which it reacts
with c-SiO2 to form c-Si and MgO, in accordance with reaction
4. It is also evidenced that c-SiO2 does not completely disappear
even at 700 °C, and traces of this phase persist up to 800 °C. By
the end of the experiment, c-Si, MgO, NaCl, and a minor
amount of SiO2 are the only phases detected. The residual c-
SiO2 was expected due to the excess of c-SiO2 used in the
reactants mixture; however, the amount of c-SiO2 detected does

Figure 3. Temperature evolution during in situ MgTR experiments (a) DE-2-HT1 and (c) NZ-2-HT1. Contour plot showing the corresponding
evolution of the X-ray diffraction patterns of (b) DE-2-HT1 and (d) NZ-2-HT1. Time- and temperature-dependent evolution of crystalline phase
concentrations for experiments (e) DE-2-HT1 and (f) NZ-2-HT1.
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not match the stoichimetry of the reaction. This discrepancy
suggests that some of the SiO2 may have partially decomposed
without reacting, losing its long-range order. Additionally, the
final c-Si content is measured at 9.5%, which further supports the
presence of a-Si among the reaction products.
TheMgTR dynamics observed in the NZ-2-HT1 experiments

shows an early temperature onset of MgO formation, starting at
480 °C and reaching amaximum concentration of 28%when the
reduction reaction proceeds under solid−solid regime (Figure
3f). Similar to the previous section, only small amounts of Mg2Si
phase are formed (below 2%) compared to DE-2-HT1 MgTR
experiment, and this phase exists for a very short time period. A
key difference, however, is the formation of forsterite, Mg2SiO4,
when the temperature reaches 800 °C, indicating the occurrence
of reaction 5. This phase accounts for around 20% of the total
crystalline phases at the end of the reaction. The formation of
Mg2SiO4 during MgTR is not fully understood in the literature
and has been primarily attributed to three factors: reaction time,
high reaction temperatures, andMg deficiency. A comparison of
the DE-2-HT1 and NZ-2-HT1 experiments reveals that MgTR
proceeds more rapidly when amorphous SiO2 is used as a
reactant. This suggests that the additional temperature and
reaction time after the completion of MgTR promote the
reaction between the remaining SiO2 and MgO to form
Mg2SiO4. Consequently, lowering the reaction temperature
and shortening the reaction time may be effective strategies for
synthesizing pure SiOx materials through MgTR.
SiO2:Mg:NaCl 1:1:2.5, DE-SiO2 vs NZ-SiO2. The results of the

MgTR experiments for samples with the lowest Mg content,
corresponding to the DE-3-HT1 and NZ-3-HT2 runs, are
presented in Figure 4a,b,e and c,d,f, respectively. In the DE-3-
HT1 experiment, an additional heating step up to 875 °C was

introduced to promote the formation of Mg2SiO4 through
reaction 5. From the phase evolution data in Figure 4e, it is
evident that both the temperature and holding time significantly
influence the final amount of Mg2SiO4 in the products. A 45 min
holding step at 875 °C increased the amount of Mg2SiO4 from
20 to 40%. In contrast, the NZ-3-HT2 experiment was
conducted up to 700 °C to determine whether the formation
of the Mg2SiO4 phase could be suppressed by using amorphous
silica and carefully controlling the reaction temperature.
As depicted in Figure 4e, the MgO formation mechanism in

DE-3-HT1 is similar to that observed in previous experiments.
The MgO formation initiates at 560 °C and accelerates upon
reaching theMgmelting point. However, due to the reducedMg
content in this experiment, neither Mg2Si as an intermediate nor
c-Si is detected. Instead, the presence of an intensity halo at high
reaction temperatures, along with the consumption of c-SiO2
and the increase of the MgO phase, suggests the formation of a-
Si. At 875 °C, this intensity halo becomesmore pronounced, and
the formation of Mg2SiO4 is clearly evident. By the end of the
experiment, the relative amounts of MgO, SiO2, and Mg2SiO4
crystalline phases are 22, 38, and 40%, respectively. A
comparison of results from DE-1-HT1, DE-2-HT1, and DE-3-
HT1 samples indicates that the formation of Mg2Si increases
with higher Mg content in the reactant mixture.
For the NZ-3-HT2 experiment, which was conducted using a

slower temperature ramp, MgO formation begins at 400 °C.
Again, the reaction rate increases significantly upon reaching 650
°C. However, the formation of c-Si remains minimal, not
exceeding 3%, as shown in Figure 4f, indicating that most of the
Si is formed as a-Si. An important finding from this experiment is
that maintaining the reaction temperature at 700 °C effectively
preventsMg2SiO4 formation. Additionally, the absence of Mg2Si

Figure 4. Temperature evolution during in situ MgTR experiments of (a) DE-3-HT1 and (c) NZ-3-HT2. Contour plot showing the corresponding
evolution of the X-ray diffraction patterns of (b) DE-3-HT1 and (d) NZ-3-HT2. Time- and temperature-dependent evolution of crystalline phase
concentrations for experiments (e) DE-3-HT1 and (f) NZ-3-HT2.
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formation in this experiment reinforces the trend observed with
crystalline SiO2 as the reactant: Mg2Si formation does not occur

when the Mg content is low and increases with a higher Mg
content in the reactant mixture.

Table 1. Summary of Temperature Reactions

a-SiO2 c-SiO2 Mg a-Si c-Si MgO Mg2Si (°C) Mg2SiO4

DE-1-HT1 RT-800 °C RT-700 °C 513 °C-end 700 °C-end 513 °C-end 662−800
NZ-1-HT1 RT-700 °C RT-700 °C 430 °C-end 670 °C-end 430 °C-end 641−700
DE-2-HT1 RT-end RT-662 °C 503 °C-end 662 °C-end 503 °C-end 642−700
NZ-2-HT1 RT-end RT-700 °C 478 °C-end 700 °C-end 478 °C-end 646−700 800 °C-end
DE-3-HT1 RT-end RT-700 °C 580 °C-end 580 °C-end 875 °C-end
NZ-3-HT2 RT-end RT-650 °C 410°-end 650 °C-end 410 °C-end 615−650

Figure 5. Temperature ranges of observed crystalline phases during experiments: (a) DE-1-HT1, (b) NZ-1-HT1, (c) DE-2-HT1, (d) NZ-2-HT1, (e)
DE-3-HT1, and (f) NZ-3-HT2.

Figure 6. Proposed phase evolution paths for SiO2 MgTR of samples heated at different heating ramps.
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The dynamics of the MgTR reaction mechanism using
crystalline and amorphous silica as reagents can be summarized
as follows. The reaction primarily proceeds via reaction 1, with a
notable kinetic advantage when amorphous SiO2 is used as
reactant. This is evidenced by a lower onset temperature for
MgO formation and a higher rate of Mg consumption under the
solid−solid SiO2 regime. Across all experiments, a significant
acceleration in the reaction rates occurs upon reaching the Mg
melting temperature; at this point, the reaction transitions to a
gas−solid regime. The Mg2Si emerges as an intermediate phase
for SiO2 to Mg ratio above 1:1.5, with its quantity increasing as
the ratio rises to 1:2. This phase is more prominent in samples
containing crystalline SiO2. The formation of Mg2SiO4 was
observed at temperatures above 800 °C for NZ samples and
above 875 °C for DE samples. Lowering the reaction
temperature proved to be an effective approach to preventing
Mg2SiO4 formation. A summary of the phases detected at
different temperatures for each experiment is provided in Table
1, with the corresponding ranges for phase detection depicted in
Figure 5. Also, a summary of the sample composition at the end
of each experiment is provided in Table 2.
A general trend observed across all experiments is that the

reaction kinetics are faster in samples with amorphous SiO2
compared to those with crystalline SiO2, which can be attributed
to the larger surface area per unit volume of amorphous SiO2,
which provides more nucleation sites and larger diffusion
channels, allowing Mg to penetrate the SiO2 structure more
efficiently, thus making the reaction more favorable.
Effect of Heating Ramp Rate. The influence of the

temperature ramp during the MgTR was investigated. To this
end, several experiments were performed on powder mixtures
with a SiO2:Mg:NaCl molar ratio of 1:2:2.5, a stoichiometry that
allows for complete reduction of silica. The DE-1 sample was
subjected to 3 different heating protocols, which involved
heating ramps of 10, 50, and 100 °C/min, which correspond to
experiments IDs DE-1-HT3, DE-1-HT4, and DE-1-HT5 from
Table 4, respectively. In each case, the samples were heated
continuously from room temperature to 875 °C without any
temperature holding steps.
The results corresponding to heating ramps of 10, 50, and 100

°C/min are displayed in Figure 7a,c,g, respectively and include
graphs of temperature evolution, XRD contour plots, and phase
quantification results from Rietveld analysis. Across all heating
rates, the MgTR mechanism exhibits similar phase evolution
dynamics to those previously described. Again, MgO formation
occurs when the reaction is under both solid−solid and gas−
solid regime. Additionally, the formation of FeSi2 is detected at
high temperatures (875 °C). One of the impurities in
diatomaceous earth is iron, which explains the formation of
this silicide. The main Bragg reflections of FeSi2 are indicated
within the contour plots. However, the amount of this phase

remains below 1% and has therefore been excluded from the
sequential Rietveld analysis.
The most important difference observed between the three

temperature heating ramps is the distinct evolution of the Mg2Si
phase. For experiments DE-1-HT3 and DE-1-HT4, correspond-
ing to heating ramps of 10 and 50 °C/min, respectively, Mg2Si
persists as a final product at the end of the reaction. In these
experiments, Mg2Si forms rapidly right after the melting point of
Mg is reached, achieving concentration values of 24, 21, and 15%
(HT3, HT4, and HT5, respectively). Following this, Si appears
according to eq 4. Despite this, the final amount of Mg2Si is 5
and 15% for HT3 and HT4, respectively, indicating incomplete
conversion to Si for the lower temperature ramps.
The findings underscore the complex interplay between the

maximum temperature and the temperature ramp. Specifically,
at a heating ramp of 10 °C/min, the presence of an intermediate
holding step at a lower temperature leads to the complete
consumption of Mg2Si (Figure 2e). In contrast, without such a
holding step, as depicted in Figure 7e, Mg2Si is not fully
consumed. To achieve complete conversion of Mg2Si, a higher
heating rate of 100 °C/min is required.
A possible explanation for the observed discrepancies at

different heating rates is illustrated in Figure 6. Initially, the
solid−solid reaction would occur solely at the interface where
SiO2 and Mg are in contact. However, once the melting point of
Mg is reached and its vapor pressure increases, Mg can fully
surround the SiO2 particles, creating multiple interfaces along
their surfaces. It is at these regions that Mg2Si is formed. As
demonstrated in previous sections, Mg2Si forms within a limited
temperature range before decomposing according to reaction 4.
Consequently, the heating rate plays a crucial role in
determining the amount of Mg2Si produced. At lower heating
rates, the system has sufficient time to fully convert Mg into
Mg2Si according to reaction 3 before reaching the decom-
position temperature. This results in a core of SiO2 surrounded
by a shell of Mg2Si, as shown in the upper pathway of Figure 6.
Once the decomposition temperature is attained, the SiO2 core
begins to react with the Mg2Si shell to form MgO and Si
according to reaction 4. However, as the core−shell reaction
progresses, the contact surface between Mg2Si and SiO2
decreases and the reaction is stopped.
For faster temperature ramps, the system follows the lower

pathway, as depicted in Figure 6. As illustrated, a smaller amount
of Mg2Si is formed, resulting in a thinner shell, and not all of the
Mg is consumed. Consequently, once the Mg2Si decomposition
temperature is reached, the reaction between the Mg2Si and the
core proceeds similar to the reaction observed at lower heating
rates. However, a thinner MgO and Si allows Mg vapors to
diffuse more readily through it. This enhance diffusion enables
the system to continue evolving according to reaction 1.
To assess the impact of high temperature heating ramps when

using amorphous silica reagent, the HT5 heating cycle was

Table 2. Final Products for Each Experiment

weight fraction (%) molar fraction (%)

Mg c-SiO2 MgO Mg2Si c-Si Mg2SiO4 Mg (mol) SiO2 (mol) MgO Mg2Si c-Si Mg2SiO4

DE-1-HT1 0 0 91 0 9 0 0.00 0.00 87.57 0.00 12.43 0.00
DE-2-HT1 0 0 91 0 9 0 0.00 0.00 87.57 0.00 12.43 0.00
DE-3-HT1 0 40 21 0 0 39 0.00 45.47 35.59 0.00 0.00 18.94
NZ-1-HT1 0 0 87 0 12 0 0.00 0.00 83.48 0.00 16.52 0.00
NZ-2-HT1 0 0 67 0 12 21 0.00 0.00 74.25 0.00 19.08 6.67
NZ-3-HT2 0 0 97 0 3 0 0.00 0.00 95.75 0.00 4.25 0.00
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repeated using the NZ-1 sample. This time, the formation of

Mg2SiO4 was observed once the maximum temperature was

reached. In contrast, no evidence of silicates was observed in the

DE-1-HT5 experiment, similar to the results shown in Figure 3.

These findings suggest that the formation of forsterite is more

favorable when using amorphous silica compared with

crystalline silica.

■ CONCLUSIONS

This study offers novel insights into the SiO2 MgTR mechanism
for synthesizing Si and SiOx by systematically investigating the
effects of SiO2 source (amorphous vs crystalline), SiO2 to Mg
molar ratio (1:1, 1:1.5, and 1:2), and heating ramp rates (10−
100 °C/min) using time-resolved in situ synchrotron X-ray
diffraction.
The MgTR mechanism can be summarized as follows. Below

the Mg melting point, the MgTR proceeds via a solid−solid

Figure 7. Temperature evolution during in situ MgTR experiments of (a) DE-1-HT3, (c) DE-1-HT4, (g) DE-1-HT5, and (i) NZ-1-HT5. Contour
plot showing the corresponding evolution of the XRD patterns of (b) DE-1-HT3, (d) DE-1-HT4, (h) DE-1-HT5, and (j) NZ-1-HT5. Time- and
temperature-dependent evolution of crystalline phase concentrations for experiments (e) DE-1-HT3, (f) DE-1-HT4, (k) DE-1-HT5, and (l) NZ-1-
HT5.
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regime, forming MgO and amorphous Si. The onset temper-
ature is 513 °C when using crystalline SiO2 and drops by 100 °C
when using amorphous SiO2. At the Mg melting point, a gas−
solid regime becomes dominant, and rapid formation of Mg2Si
intermediate phase is evidenced before the formation of
crystalline Si. The formation of Mg2Si is more favorable when
a crystalline SiO2 precursor is used, and the Mg2Si percentage
increases with higher Mg content in the reactant mixture.
MgTR is favored when using an amorphous SiO2 precursor.

Precursor crystallinity has also been found to affect the
formation of Mg2SiO4, which is formed at 800 °C when using
the amorphous SiO2 reagent and at 870 °C when using
crystalline SiO2. Increasing the temperature and reaction time
after the MgTR completion promotes the reaction between the
remaining SiO2 andMgO to formMg2SiO4. Hence, lowering the
reaction temperature and shortening the reaction time can be
effective strategies for synthesizing high-purity SiOx materials
through MgTR. Also, the Mg2SiO4 reaction product is
evidenced when the Mg amount is decreased in the reagent
mixtures.
Regarding the effect of heating ramps, slow ramps result in a

higher proportion of the intermediate Mg2Si phase, limiting the
formation of Si and MgO and leading to higher amounts of
Mg2Si within reaction products. This limitation can be
overcome by applying faster heating ramp rates. The findings
of this work shed light on the influence of critical reaction
parameters on the dynamic pathways of MgTR and will serve as
guidelines for the controlled synthesis of high-purity Si and SiOx
materials for technological applications.

■ EXPERIMENTAL SECTION
Crystalline nanostructured SiO2 from commercially available Diatoma-
ceous Earth (DE, Sigma-Aldrich) and amorphous nanostructured SiO2
frustules from industrially cultured Nitzchia sp. diatoms (NZ, Swedish
Algae Factory, Sweden) were used as SiO2 sources. Both materials were
characterized in a previous work by the authors.53,56,57 Scanning
electron microscopy micrographs of the SiO2 reagents were acquired
using an FEI SEM Apreo. DE-SiO2 and NZ-SiO2 were first mixed with
Mg powder (≥99%, Sigma-Aldrich) and NaCl (≥99%, Sigma-Aldrich)
in molar ratios of 1:1:2.5, 1:1.5:2.5, and 1:2:2.5, respectively, and then
subjected to manual grinding for 15 min using an agate mortar and
pestle. Each final batch of the powder mixture was 4 g.
Samples were transferred to an Ar-filled glovebox and then loaded

into 0.6 mm inner diameter sapphire capillaries. Standard quartz
capillaries were avoided to prevent any reaction with Mg from the
mixture. Capillaries were sealed inside the glovebox with a ceramic
paste to ensure the preservation of inert conditions throughout the
experiments. The sealed capillaries were then placed horizontally into a
goniometer head, which was connected to a spinning stage that allowed
continuous rotation of the sample between 0 and 180°. The samples
were subjected to different heat treatments in a horizontal furnace
available on the beamline,58 which was previously calibrated within the
temperature range from 25 to 900 °C by heating a Pt standard and
performing automatic calculations of the crystal lattice parameters. The
experimental setup is shown in Figure S1 of the Supporting Information
(SI).
In situ synchrotron X-ray diffraction experiments were performed to

investigate the effects of the SiO2 source, heating ramp rate, and
temperature on the reactionmechanism of theMgTR. Standard heating
protocols involved a sequence of heating steps followed by constant
temperature steps at selected temperatures to provide enough time to
achieve reaction completion. The influence of the heating ramp rate on
MgTRwas evaluated by continuously heating the reactant mixture from
room temperature to 875 °C, at ramp rates of 10, 50, and 100 °C/min.
Details of heating protocols and experimental details are summarized in
Tables 3 and 4, respectively.

Synchrotron powder X-ray diffraction data were collected at the
BM01 station of the Swiss-Norwegian beamline (SNBL) of the
European Synchrotron Radiation Facility (ESRF). The raw data can be
found at ESRF data portal.59 A beam with a size of 300× 3000 μm2 and
a wavelength of 0.720 Å was used. The diffraction rings were acquired
with a Dectris Pilatus 2M direct photon counting area detector. Frames
were collected every 10 s, and the exposure timewas 5 s. Calibration was
performed using LaB6 powder calibrant available at the beamline. The
XRD data were integrated using the Dioptas software,60 and sequential
Rietveld refinement was performed using the Fullprof-based software
FullProfApp.61 SinceNaCl did not react during theMgTR, acting solely
as a temperature buffer agent, its phase concentration was excluded
from weight percent calculations. Rietveld refinements of selected
diffraction patterns can be found in Figures S2−S4 of the SI.
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