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Abstract

The magnesiothermic reduction of SiO, is an important reaction as it is a bulk method
that produces porous Si for a wide range of applications directly from SiO,. While its main
advantage is potential tunability, the reaction behavior and final product properties are heavily
dependent on many parameters including feedstock type. However, a complete understanding
of the reaction pathway has not yet been achieved. Here, using in-situ X-ray diffraction
analysis, for the first time, various pathways through which the magnesiothermic reduction
reaction proceeds were mapped. Further, the key parameters and conditions that determine
which pathways are favored were determined. It was discovered that the reaction onset
temperatures can be as low as 348 + 7°C, which is significantly lower when compared to
previously reported values. The onset temperature is dependent on the size of Mg particles
used in the reaction. Further, Mg,Si was identified as a key intermediate rather than a reaction
byproduct during the reduction process. Its rate of consumption is determined by the reaction
temperature which needs to be >561°C. These findings can enable process and product
optimization of the magnesiothermic reduction process to manufacture and tune porous Si for

a range of applications.
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Introduction

Porous Si (p-Si) is a material with unique properties that are highly beneficial for
various applications including chemical H, storage,’ lithium-ion batteries,> drug delivery,3
optics,* sensors® and photocatalysis.® Since Si is highly abundant, non-toxic, and requires
precursors that are well distributed around the globe, it is a favorable material to work with and
has been investigated for various applications.”® Typically, the synthesis of p-Si starts with the
generation of non-porous, metallurgical grade Si, made via carbothermal reduction method at
temperatures >2000°C and is extremely energy intensive.2%10 After the carbothermal
reduction, Si may be further refined and processed through one of two routes: melt or
chemical. The melt route involves liquification of metallurgical grade Si and its conversion to
large single crystals, most commonly via the Czochralski method which requires temperatures
>1414°C. The large Si crystals are then cut into wafers and made porous using a sacrificial
and toxic HF etching procedure.'"'? The chemical route involves the gasification of
metallurgical Si to generate precursors such as SiHCI; and SiCl,,% '3 which can then be used
to make p-Si via chemical vapor deposition on a porous template or through molten salt
templating.’>-'> These additional steps to obtain p-Si are wasteful and energy intensive,
making the entire process far from green.'® The dire need to decarbonize has increased the
demand for p-Si, as it is a promising energy storage material.>'” Therefore it is important to
develop an efficient, low energy, and scalable p-Si production process to meet this demand in
a sustainable way. The magnesiothermic reduction (MgTR) is a bulk process which can
produce p-Si from a wide variety of waste, unprocessed, porous and non-porous feedstocks.?
In contrast to the carbothermal reduction, the MgTR reaction directly produces p-Si and does
not require additional processing steps to render its porosity. The MgTR is typically carried out
at temperatures between 500-950°C which is significantly lower than the carbothermal

reduction reaction.2.18

Despite the increased adaptation of MgTR to produce p-Si, the mechanism of this

reaction has been debated in the literature. The difficulty in elucidating this mechanism arises
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from two factors: 1) these reactions are difficult to probe in high resolution without expensive
techniques and 2) the precursors and reaction conditions are presumed to influence the
reaction pathway. Generally, the reaction mechanism is assumed to begin with the diffusion
of Mg vapor into SiO, particles (typically performed at 650°C for 6 h), resulting in a well
distributed matrix of MgO and Si in the product (equation 1).2” By treating the reaction products

with an acid, MgO can be removed, resulting in a p-Si structure.
2Mg(g) *+ SiOz(s) > 2MgOys) + Sigg) AHgs0 = -628.32 kJ/mol (1)

Along with this reaction, there are multiple side reactions that are known to occur depending
on the choice of precursors and reaction parameters.'’® The first is the formation of Mg,Si
which is considered both an unwanted by-product as well as a possible intermediate in the
MgTR."®2% There have been three main mechanisms proposed in the literature on how this
reaction proceeds. The first mechanism involves the production of Si directly (reaction 1) and
the formation of Mg,Si is a parasitic side reaction that proceeds via equation 2. In this
mechanism, the unwanted silicide by-product can be avoided by using low Mg:SiO, ratios.20-21
Mg,Si can further react with SiO, to re-form Si and MgO through reaction 3 at high

temperatures.219
2Mgq) + Sigs) > Mg,Si) AHgso = -358.33 kd/mol (2)

MQQSi(s) + SiOz(s) > ZMQO(S) + ZSi(S) AHgso = 60.01 kd/mol (3)

The other hypothesis involves the direct formation of Mg,Si through equation 4 followed by the
formation of Si via reaction 3.22-24

4Mg(g) + SiOz(s) > MQQSi(S) + ZMQO(S) AHgso = -1316.65 kJ/mol (4)

Lastly, it has been proposed that Si forms according to reaction 1 but is rapidly converted to
Mg,Si via reaction 2 and the final Si product is then formed through equation 3. In this proposed
mechanism, Mg,Si is an intermediate in the reaction that always forms.9-25

By investigating the mechanisms through ex-situ studies, Yoo et al. concluded that
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Mg,Si was formed within the first 10 — 20 min from the direct reaction of Mg vapor with SiO,
as there was no evidence of reaction 1 occurring first from the powder XRD patterns.?® While
it is possible for Mg,Si to form directly from SiO, via reaction 4, this is improbable based on
the collision theory.?® Another ex-situ study by Gutman et al. focused on the structural changes
that occurred during the MgTR between 400 — 650°C showing the formation of products in
periodic layers (Si/MgO and Mg,Si) using a glass slide immersed within Mg.?? The growth rate
of the product layers was inversely related to reaction time, and confirms that the MgTR
reaction is a diffusion-controlled process.?? This study proposed that the periodic structure is
formed from long-range diffusion of Mg atoms to the SiO, surface, short range diffusion of Si
atoms from SiO, to the SiO,/MgO interface as well as the MgO/Mg,Si interface (to a lesser
degree) and no diffusion of O atoms. However, it should be noted that this study used a large
excess of Mg which is not reflective of typical MgTR reactions designed to produce porous Si.
In addition to the reaction sequence and diffusion of atoms, researchers have also tried to
understand the effect of Mg particle size on MgTR. For example, a study by Yang et al. used
various Mg particle sizes to control the excess heat produced from the exothermic reaction
1.7 Their main findings were: as the Mg particle size increases, the reaction rate decreases
which leads to smaller quantities of heat being generated in a given time interval, leading to

less sintering in the final Si product.'”

It is clear that the current understanding of the MgTR reaction mechanism is
inconclusive and incomplete, especially during the ramping stage where the reactants are still
heating up. In order to control and optimize the reaction and properties of p-Si formed, it is
important to identify the MgTR reaction pathway. Herein, in-situ powder X-ray diffraction (XRD)
studies were performed to monitor the reaction sequence during the ramp up and hold times
of MgTR reactions. Ex-situ Raman and electron microscopy studies were performed to support
the observations made during the in-situ XRD studies. The influence of Mg particle size on the
reduction mechanism was also investigated. This study sheds light on the reaction onset

temperatures, diffusion of atoms, and the rate of formation and consumption of reaction
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intermediates as a function of Mg particle size.

Results and discussion

Reaction mechanism

The MgTR is most commonly performed at 650°C, which is the melting point of Mg,
and held for 6 h. Before understanding the effect of Mg patrticle size on the reaction pathway,
it is important to first describe how the MgTR progresses under “traditional conditions”,
between room temperature and 650°C. The mechanism was investigated using in-situ powder
XRD studies at beamline 2-1 at the Stanford Synchrotron Radiation Lightsource (SSRL)
located at SLAC National Accelerator Laboratory and the experimental set-up is shown in
Figures S1 and S2. For the traditional reaction, Mg powder with an average particle size of 23
pum (-325 mesh) and 300 nm Stéber SiO, particles were used (Figure S3).2” This Mg sample
was labeled as sMg since it had smaller average particle size compared to the Mg powder
used later in this study (size distribution of the sMg particles can be seen in Figure S4). Figure
1A shows a heatmap generated from in-situ powder XRD analysis of the reaction between
sMg and SiO,, where reflection intensities are shown as color contrasts. All the reflections
(i.e., vertical lines) observed at the beginning of the reaction correspond to crystalline Mg. The
marked region from 20-30° 20 at the beginning of the reaction corresponds to amorphous
SiO,. Significant reaction events are described in chronological order as follows. The most
intense reflection corresponding to MgO at 43° 26 began to form at approximately 348 £+ 7°C
(can be seen in greater detail in Figure S5). To the best of our knowledge, this is the lowest
reaction onset temperature that has been reported to date. As a control, the onset of MgO is

compared to heating sMg by itself in the absence of SiO, is shown in Figure S6.
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Figure 1: Heatmap showing the crystalline phases present in the reaction mixture when heated from
room temperature to 650°C at a rate of 10°C/min for, A) sMg/SiO, system. 20 axis is in terms of Cu ka
wavelength. Intensities are shown as color contrasts; a scale is provided for reference. The darker
region enclosed in the dashed black box indicates amorphous SiO,. The horizontal dashed lines show
the times at which the system reached selected temperatures. The species of interest are labelled
according to the legend provided. For clarity, only one of the crystalline Mg reflections is labelled with a
grey square. B) The change in Mg.Si reflection area over time when reacting sMg and SiO,. Waterfall
plot depicting the C) appearance and D) disappearance of Mg,Si for samples involving sMg and SiO..
20 axis is in terms of Cu ka wavelength.

The appearance of MgO was followed by the formation of Mg,Si (26 ~39°) when the
set temperature reached 457 + 14°C (seen in greater detail in Figure 1B and C). Since MgO
and Mg,Si reflections do not appear simultaneously, it is unlikely that reaction 4 occurs
(formation of Mg,Si and MgO in one step). A reflection at 28° 26, corresponding to crystalline
Si (c-Si) was first observed when the temperature reached ~541°C. Mg,Si persisted in the

reaction mixture for 22 min, then the reflection at 39° 26 disappeared (Figure 1B and D).

A reaction mechanism can now be formulated based on the reaction events described

above. The formation of MgO at 348 + 7°C indicates that reaction between SiO, and 2 molar
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equivalents of Mg had occurred, producing Si (as shown in equation 1). Since there were no
reflections for c-Si in the XRD patterns, this suggests that it is likely amorphous (a-Si) in nature.
The presence of elemental Si before Mg,Si formation was confirmed using Raman
spectroscopy (Figure 2A). By examining a representative Si sample prepared in the lab at this
low temperature, the presence of a-Si (and no a-Mg,Si) was observed with a peak maximum
centered at ~480 cm-'.28 Additionally, peaks for nano-Si were observed at ~501 cm-'and ~505
cm,29.30 which will eventually approach the shift for c-Si ~520 cm™' as the crystallite size
grows.?® The approximate crystallite size for nano-Si with peak shifts at ~501 and ~505 cm-!
was calculated to be 2.0 and 2.3 nm, respectively. These sizes are too small to clearly observe
a reflection in the XRD patterns but prove that Si is present in the reaction mixture before the
formation of Mg,Si is observed. The presence of a-Si in MgTR reaction has also been
previously observed by Lee et al. during the synthesis of Si@SiOx/C composite material for

battery application.3
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| Background
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: aSi[ |
- . nano-Si(~2.0nm)| |
=5 1.0 1 nano-Si (~2.3nm)[__|
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Figure 2. A) Raman spectra of representative reaction between sMg and SiO, at 380°C and mono-
crystalline Si wafer as reference. General crystalline and amorphous Si regions in Raman spectroscopy
are indicated with the dashed lines. B) High-angle annular dark-field micrograph and EELS map
showing the distribution of (Il) Si, (Ill) Mg, and (IV) O in reacted () SiO, particle after the MgTR before
the MgO removal.

As previously mentioned, for reaction 1 to occur, Mg must be in its most mobile phase
(vapor phase) for suitable diffusion.3?2 348 + 7°C is far below the melting point (650°C) and

boiling point (1091°C) of bulk Mg, yet reaction 1 still occurs. Since surface atoms are less

8
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stable compared to bulk atoms due to their lower degree of coordination, surfaces will reach
a point of instability well before the bulk, causing it to melt.3334 This allows for the formation of
liquid and likely critical vapor concentration of Mg at 348 £ 7°C in order to react with SiO,. At
this point, SiO, is converted to a-Si, which then rapidly forms Mg,Si through reaction 2. Once
the set temperature had reached ~541°C, formation of c-Si was observed and the reflection
for Mg,Si at 43° 20 began to decrease in intensity due to its consumption via reaction 3.
Elemental maps of the reduced particle were obtained using electron energy loss
spectroscopy (EELS) in a scanning transmission electron microscope (STEM). The maps
showed Mg, Si, and O to be distributed throughout the nanoparticle indicating that the
reduction predominantly occurs from the long-range diffusion of Mg atoms into the SiO,
structure (Figure 2B). It is possible for Si and O atoms to diffuse over very short distances, but

they do not migrate as much as the Mg atoms.

From these observations, the following can be concluded about the reaction pathway:
(i) The production of Si and MgO (reaction 1) occurs at temperatures much lower than the bulk
melting point of Mg (650°C). (ii) The Si formed is initially amorphous or has very small
crystallites which is why it has not been detected in ex-situ mechanistic studies. This indicates
that the mechanism which involves the direct formation of Mg,Si via reaction 4 is unlikely at
these SiO,:Mg ratios. (iii) The a-Si quickly reacts with Mg via reaction 2 to form Mg,Si, which
in turn reacts with SiO, through reaction 3 to re-form c-Si. M@,Si is a key intermediate in this
mechanism as it fully reacts to form ¢c-Si and is not a parasitic byproduct of a secondary
reaction. Since the mechanism of the MgTR is directly related to Mg melting and evaporating,
it can be hypothesized that there is a dependence of Mg particle size on the onset temperature
and the rate of reactions 1, 2 and subsequently 3 would change. Therefore, further in-situ XRD
experiments were carried out with a different Mg particle size to study its effect on the reaction

mechanism.
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Effect of Mg particle size

Mg is available in various forms such as ribbons, grains, and powder. It has previously
been found through differential scanning calorimetry that when using a smaller Mg particle
size (44 ym) compared to a larger particle size (800 um), the reaction begins around 470°C
and 590 °C, respectively.'”” As the sMg (~23 um) sample revealed evidence of reaction
occurring at 348 + 7°C, it is clear that the reaction onset with small particles is actually lower
than the previously reported temperatures. To understand the effect of Mg particle size, Mg
powder (LMg) with an average particle size of ~75 ym was chosen as the larger particle
analogue (Figure S3 and S4) to compare its reactivity with sMg discussed in the previous

section and the SiO, particle was kept constant at 300 nm.
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Figure 3: Heatmap showing the crystalline phases present in the reaction mixture when heated from
room temperature to 650°C at a rate of 10°C/min for, A) LMg/SiO, system. 28 axis is in terms of Cu ka
wavelength. Intensities are shown as color contrasts; a scale is provided for reference. The darker
region enclosed in the dashed black box indicates amorphous SiO,. The horizontal dashed lines show
the times at which the system reached selected temperatures. The species of interest are labelled
according to the legend provided. For clarity, only one of the crystalline Mg reflections is labelled with a

10
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grey square. B) The change in Mg,Si reflection area over time is shown for LMg reacting with SiO.
Waterfall plot depicting the C) appearance and D) disappearance of Mg,Si for samples involving LMg
and SiO,. Events involving Mg,Si discussed in this study are traced in blue. 26 axis is in terms of Cu ka
wavelength.

As seen in Figure 3A, the significant reaction events remain unchanged between the
two Mg particle sizes. The Mg particle size therefore does not influence the reaction pathway
of the MgTR. Rather, the key difference observed was that the reaction onset was later for
most of the events when using LMg, as seen in Figure 3A and Table 1. MgO began to form at
430 + 14°C (as seen in greater detail within Figure S7) which is higher than the reaction onset
of 348 + 7°C observed with sMg. This difference in reactivity can be attributed to earlier surface
melting of sMg compared to LMg, creating higher partial pressure of Mg vapor and subsequent
reactivity at low temperatures. This is corroborated using a study performed by Ghildiyal et al.,
where Mg particle size was found to influence the temperature of vaporization, with smaller
particles requiring less heat to evaporate.3> Despite the early onset for reaction 1 when using
sMg, the reaction 2 to form Mg,Si was not as different. For the sMg and LMg samples, the
formation of Mg,Si is observed at 447 + 14 and 435 + 20°C, respectively (Figure 1C and 3C).
This is likely due to the large activation energy required for Mg,Si formation.3® While the
formation of Mg,Si was comparable and within error between the two sizes of Mg particles
used, the rate of consumption of Mg,Si was much faster in the sMg sample where it was
present for 22 minutes and was completely consumed at 650°C (Figure 1B, D). In contrast,
with the LMg mixture, the Mg,Si reflection lasted for 46 minutes (Figure 3B, D). The surface
of sMg is likely to be more reactive than LMg, leading to a higher rate of vaporization. This
leads to an increase in the rate of reactions 1 and 2 and after Mg is completely consumed, the
rates of a-Si and Mg,Si formation decreases, while the rate of ¢c-Si production increases. The
surface of LMg is less reactive than sMg and as a result slows down the rate of reactions 1
and 2, leading to Mg,Si persisting for a longer period in LMg than in sMg. Additionally, both
reaction 1 and 3 require SiO,. Since reaction 1 involves Mg vapor, which is more mobile than

Mg,Si, in a competition for SiO,, reaction 3 may be hindered.
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Table 1: The approximate time and temperature of reaction events for sMg and LMg samples
at 650°C and 450°C when using SiO, source, probed via in-situ powder XRD experiments.

sMg | LMg
650°C
Reaction Event Time (min) | Temp (°C) | Time (min) | Temp (°C)
Formation of MgO 33 353 42 440
Formation of Mg,Si 43 457 44 468
Formation of c-Si 52 541 57 591
Disappearance of Mg,Si 65 650 90 650
Lifetime of Mg,Si 22 NA 46 NA
450°C
Reaction Event Time (min) | Temp (°C) | Time (min) | Temp (°C)
Formation of MgO 32 343 39 420
Formation of Mg,Si 41 437 41 439
Formation of c-Si 55 450 Not observed NA
Disappearance of Mg,Si 92 450 NA 450
Lifetime of Mg,Si 51 NA indefinite NA
Average Onset Temperatures (events <450°C)
Reaction Event Temp (°C) Temp (°C)
Formation of MgO 348 +7 430+ 14
Formation of Mg,Si 447 + 14 435 + 20

The Gibbs free energy (AG) of the various reactions in relation to the temperature align
with the chemical events summarized in Table 1. Both reactions 1 and 2 have negative AG
values and occur at the beginning of the experiment as seen in Figure 4. While reaction 1 is
forming Si, reaction 2 consumes Si, hence, ¢c-Si is not observed. Above 561°C, reaction 3
which converts Mg,Si into Si becomes more favorable than reaction 2. However, it is important
to note that while the thermodynamic calculations indicate the favorability of different reactions
at a given temperature, AG is also dependent on other factors including the relative
concentrations of reactants, which change throughout the experiment. Furthermore, due to
the exothermic nature of reactions 1 and 2, the true temperature within the reactant mixture
might be different than the values recorded externally. The sMg sample provides a good
example of this as c-Si formation was observed before the set temperature reached 561°C.
This indicates that there is sufficient heat generated locally due to exothermic processes to

drive reaction 3 at set temperature <561°C.

12
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Figure 4: AG of reactions 1, 2 and 3 at temperatures up to 1000°C, calculated using the Shomate
equation. At 561°C the AG of reactions 2 and 3 are equal, and above this temperature, reaction 3
becomes more favorable than reaction 2.

Transmission electron microscopy (TEM) images were obtained for acid washed
reaction products that were collected at key temperatures for sMg and LMg reacted with SiO,
(Figure S9). The product obtained from sMg reaction showed formation for p-Si at ~500°C and
significant loss of original SiO, spherical morphology due to sintering at 650°C. This further
indicates the fast reaction kinetics and heat accumulation when using sMg as the reactant.
Whereas reaction product obtained with LMg retained the original spherical morphology,
however, complete formation of p-Si was only observed once the temperatures reached

650°C.

To further understand the role of heat released from the exothermic reactions, the
MgTR was performed at a maximum temperature of 450°C instead of 650°C. The in-situ

powder XRD data for sMg and LMg are shown as heatmaps in Figure 5A and B, respectively.
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Figure 5. Heatmap showing the crystalline phases present in the reaction mixture when heated from
room temperature to 450°C at a rate of 10°C/min for A) sMg/SiO, and B) LMg/SiO, systems. 20 axis is
in terms of Cu ka wavelength. Intensities are shown as color contrasts; a scale is provided for reference.
The darker region enclosed in the dashed black box indicates amorphous SiO,. The horizontal dashed
lines show the times at which the system reached selected temperatures. The species of interest are
labelled according to the legend provided. For clarity, only one of the crystalline Mg reflections is
labelled with a grey square.

Similar to the 650°C experiments, formation of MgO was observed at a lower
temperature in sMg sample compared to the LMg as seen in Table 1. Once the Mg,Si started
to form for each sample, it lasted indefinitely for the LMg sample, whereas Mg,Si reacted
further to form c-Si in the sMg sample but after 92 minutes (Figure S10). We hypothesize this
difference to be due to the reaction kinetics and amount of heat accumulated per unit time. At
450°C the production of Mg,Si (reaction 2) is more favorable than the consumption of Mg,Si
(reaction 3). However, due to the faster rates of exothermic reactions 1 and 2 in sMg sample,
it likely results in larger amount of heat accumulated and high enough local temperature to
initiate and propel the reaction between Mg,Si and SiO,. The consumption of Mg,Si in the sMg
reaction can also be inferred from the reduction of the silicide crystallite size during the dwell
period (Figure 6A). Whereas the slower rate of vaporization when using LMg results in lower
reaction rates and less heat being released in a given time frame. The rate of vaporization of

Mg leads to significant differences in Mg vapor availability, thus impacting reactions 1 and 2,

and subsequently 3 as shown is Scheme 1. It is important to note here that reaction 3 is
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endothermic at all temperatures considered in this study (Figure S11A), hence it is propelled

by the addition of heat. This is why an increase in the yield of Si is seen when the reduction

occurs at higher temperatures. While the Mg,Si persisted in the LMg sample at 450°C, it was

noted that the average Mg,Si crystallite size increased over time when dwelling at 450°C,

as

seen in Figure 6A whereas at 650°C it decreases due its consumption (Figure 6B). The lifetime

of all species involved in the reactions at 650 and 450 °C for sMg and LMg can be seen in

Figure 6C and D, respectively.

Local
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Scheme 1. Differences in reactivity with LMg and sMg at 450°C with depiction of local heat buildup
(red halos).
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Figure 6: The change in Mg,Si crystallite size for the LMg and sMg over time once the maximum
temperature of A) 450°C and B) 650°C was reached. Bar plot indicating differences in temperatures for
the formation and consumption of various species when using sMg and LMg for reactions held at E)
650°C and F) 450°C.

Conclusions

The MgTR reaction mechanisms and pathways have been shown in depth for the first
time including the onset of key reactions and the factors controlling them. The reduction begins
with the production of a-Si and MgO through reaction 1 at 348 + 7°C, which is a lower value
than what has been previously reported. The next step was the production of Mg,Si via
reaction 2 which is an intermediate that forms at the beginning of the reaction and is then
converted to c-Si via reaction 3 if sufficient energy is supplied. The Mg particle size was found
to affect the reaction onset temperatures, rates and the final temperature required to form c-
Si. Since sMg (~23 um) has a relatively higher surface area, the enhanced surface melting

leads to sufficient partial pressures of Mg vapor to initiate reaction 1 at low temperatures (348
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+ 7°C). However, due to the large activation barrier for Mg,Si formation, no significant
differences in the onset temperature were observed for reaction 2 when comparing Mg particle
sizes in this study. Thermodynamic calculations were performed over the temperature range
of the MgTR which revealed that the conversion of Mg,Si into Si via reaction 3 was
thermodynamically favorable >561°C. As the small Mg particles vaporize and are consumed
quickly, the exothermic reactions can generate enough energy to propel reaction 3 at set
temperatures <561°C. This study highlights that if Mg,Si is being observed in the final product
when using Mg:SiO, ratios below 3:1, the yield of c-Si can be improved by either increasing
the reaction temperature or the time (for smaller particles). There is potential to synthesize c-
Si at set temperatures lower than 450°C by using Mg particles smaller than ~23 um. If the
exothermic reactions occur at fast enough rates, then the accumulated heat can propel c-Si

formation. This will have a big impact on the energy footprint of p-Si production via MgTR.

Methods

Materials

Tetraethoxysilane (TEOS, 99.9%) and ammonium hydroxide (NH,OH, 28%) were purchased
from Alfa Aesar. Mg powder (-325 mesh powder, 99%) was purchased from Oakwood
Chemicals. Mg powder (<0.1 mm, >97.0%), and ethanol (EtOH, 95% solution) were purchased
from Sigma-Aldrich. Hydrochloric acid (HCI, 36.5-38.0%) was purchased from Anachemia. All

the reagents were used as received without further purification.

Synthesis of Stober SiO, NPs. Tetraethyl orthosilicate (TEOS, 99.9%, 30 mL) was added to
95% ethanol (EtOH, 700 mL) while stirring at 400 rpm followed by 28% ammonium hydroxide
(NH4OH, 60 mL). The reaction vessel was sealed with parafilm and left to stir for 18 h. The
reaction mixture was centrifuged at 3300 rpm for 25 min to collect the white solid which
consists of SiO, NPs and the supernatant consisting of reaction by-products was discarded.
The NPs were then washed twice by re-dispersing them in EtOH and centrifuging for 15 min
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at 3300 rpm. The resulting white solid was dried overnight in an oven at 100 °C. The average

reaction yield was 89% (7.16 g, 0.118 mol).

In-situ XRD sample preparation. A mixture of Mg powder (0.18 g, 7.3 mmol) and SiO, (0.20
g, 3.33 mmol) of various sizes at a 2.2:1 molar ratio was ground with a mortar and pestle. The
powder mixture was lightly packed into the center of a sapphire capillary tube (1.6 mm OD,
1.4 ID, Saint Gobain). The capillary was secured onto the custom heating stage and connected
to a gas line of Ar, to maintain an inert atmosphere. A K-type thermocouple (Omega) was
placed in the capillary tube, beside the lightly packed powder mixture but not in contact with
the reactants (Figure S1). The error associated with the K-type thermocouple was 0.75% of
the temperature it was reading. The capillary and thermocouple were sealed using graphite
ferrules. Ceramic bars wrapped in nichrome wires were placed 2 mm above and below the
capillary to heat the sample. The temperature was controlled using a Cryocon 24°C
temperature controller and the custom heating profiles were controlled through a SPEC
interface. The mixtures of Mg and SiO, were heated from room temperature at a ramp rate of
10°C/min and held at 450 and 650°C for multiple hours. The heating stage setup can be seen

in Figure S1.

In-situ XRD experiment design. In-situ analysis was performed at the SLAC National
Accelerator Laboratory at SSRL Beamline 2-1. The X-ray beam size was 500 ym (horizontal)
by 750 um (vertical). The beam was not attenuated, and the energy was =17.3 keV. Data were
collected with a Pilatus 100K small area detector, with a pixel size of 172um, located
approximately 700mm from the sample position. The detector was scanned in steps of 5° with
a counting time of 2 seconds per point to cover a range of 10-40° 26 (21 - 84° 208, Cu K,). The
data was then integrated to linear XRD patterns and converted to Cu K, for easy comparison.
A schematic of the set-up of the beamline can be seen in Figure S2. The crystallite sizes of
Mg,Si were calculated using the Scherrer equation shown below where D is the crystallite
size, K is the shape factor which depends on the crystallite shape (1.0), A is the X-ray

wavelength, B is the full width at half max (FWHM) of the reflection of interest and 6 is the

18
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Bragg angle. The FWHM of the Mg,Si reflections were measured through peak fitting with the

Proto AXRD Benchtop software.

Material Characterization. The SEM images were collected on a Hitachi S-4700 electron
microscope in secondary electron mode with accelerating voltages of 5 kV and an emission
current of 15 — 20 nA. The samples were prepared by drop-casting ethanolic suspensions of
the material of interest onto a Si wafer which was mounted on an aluminum stub. The average
sizes of the particles imaged via SEM were determined using ImageJ (version 1.52a). Bright-
field TEM images were collected by using a FEI Tecnai-12 at an accelerating voltage of 80 kV
and a magnification of 135kx. The powdered samples were dispersed ultrasonically in EtOH
for 15 min, and the resulting suspension was drop-cast onto Cu grids with a holey carbon
support film by using a micro-pipette. Scanning transmission electron microscopy (STEM)
images and EELS measurements were performed on an FEI Titan 80-300 cubed TEM,
operated at 300kV, equipped with CEOS image and probe correctors to give a resolution of
1.2 angstroms. EELS mapping was performed using a Gatan Quantum ER energy filter and a
CCD detector, 0.01s exposure time per pixel, ~250 pA beam, dispersion 1 eV per channel.
Raman spectroscopy was conducted on the Si reaction mixture using a Bruker Senterra |l
Raman system with a 532 nm laser excitation and CCD detector. The Raman fitting was
performed in CasaXPS with GL(30) line shape. The approximate nano-Si crystallite size was
calculated via equation 5, where, d is the average crystallite size, B is a constant (2.0 cm™’

nm?) and Aw is the difference between the observed shift and the shift for c-Si at 520 cm-1.37:38

5 e

d = ZR(E
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