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Low-Temperature Silicon Anodes from Biosilica via
AICl3-Assisted Magnesiothermic Reduction

Pedro Alonso-Sanchez?*, Emilie Hvidsten Swensen?, Kesavan Thangaianb, Per Erik Vullum¢,
Vadim Diadkin?, Fride Vullum-Bruere, Javier Campo?, Ann Mari Svensson’, Federico Cova’™,
Maria Valeria Blanco$*

Silicon is a high-capacity anode material, yet its scalable production from sustainable precursors re-
quires low-temperature and controllable synthesis routes. Diatom-derived SiO, provides an abundant
biogenic feedstock, but its conversion to silicon by magnesiothermic reduction (MgTR), typically con-
ducted at 600-900 °C, is limited by the highly exothermic nature of the reaction, which induces local
overheating, promotes side-phase formation, and often results in incomplete SiO, reduction. Here,
we elucidate the reaction pathway of AlCls-assisted MgTR as a strategy to decrease synthesis tem-
perature and improve reduction efficiency. By correlating heating ramp rate, isothermal hold time,
and salt-to-silica ratio with phase evolution and crystalline silicon fraction, we identify the parameters
governing oxygen abstraction and Si formation. Time-resolved in situ synchrotron X-ray diffraction
provides direct insight into the reaction mechanism, revealing the early formation of metallic Al, the
transient formation of MgAl,Clg as intermediate, and the subsequent crystallization of Si concurrent
with the consumption of metallic Al, thereby suggesting that Al acts as the effective reducing agent.
Silicon formation proceeds within a chloride-rich molten phase and is achieved at temperatures as
low as 250-300 °C. The crystalline silicon fraction is primarily dictated by heating conditions and
AICl3 content, with optimized parameters maximizing Si fraction while suppressing inactive byprod-
ucts. Electrochemical evaluation of graphite-SiO, electrode blends demonstrates enhanced reversible
capacity relative to graphite together with moderate cycling stability, confirming the electrochem-
ical activity of the synthesized material. Overall, this work unveils the mechanistic framework of
AlCls-assisted MgTR and provides synthesis guidelines for the low-temperature conversion of diatom
biosilica into silicon-based anode materials.

below the theoretical capacity of Si (3579 mAhg=1)4. Pushing Si
content beyond current industrial limits is a technological neces-

The global market for silicon (Si) anodes is forecast to expand
rapidly, from USD 327-357 million in 2024 to USD 10-21 billion
by 2034, corresponding to compound annual growth rates above
40% across multiple analyses™3. This growth is driven largely
by the demand for electric vehicles and the pursuit of higher en-
ergy density in lithium-ion batteries (LIBs). Current industrial im-

plementations are based on blending Si into graphite electrodes,

providing specific capacities in the range of 1500-2500 mAhg~!,

a clear improvement over pure graphite (372 mAhg™!) but still
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sity®*8 demanding scalable, low-temperature, and cost-efficient
synthesis pathways to produce battery-grade Si from sustainable
feedstock?.

Natural SiO, sources such as diatom frustules, clays, zeolites,
sand, and agricultural residues offer low-cost and sustainable
feedstock for silicon anodes, with inherent advantages includ-
ing hierarchical porosity and high surface areal®13, These fea-
tures facilitate Li-ion transport and help buffer the large volume
changes of Si during cycling, making biogenic templates highly
attractive for advanced anode design. However, conven-
tional carbothermal reduction, the established industrial route
for silicon production, requires high processing temperatures of
about 1900°C, which destroys the intrinsic nanostructure and
morphology of biogenic templates, thereby limiting its suitabil-
ity for nanostructured anode design. Magnesiothermic reduc-
tion (MgTR, Equation 1) has been proposed as a moderate-
temperature alternative (600-900 °C), successfully applied to di-
verse SiO5 sources including diatom frustules, clays, zeolites,
sand, and agricultural residues®®27. Nevertheless, MgTR re-
mains challenging to control: its strongly exothermic nature
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induces local hot spots that promote sintering and collapse of
fragile nanostructures, while incomplete reduction or local Mg
excess/deficiency leads to electrochemically inactive byproducts
such as Mg,Si and Mg,Si0,28°31, These drawbacks lower the Si
yield, complicate purification, and ultimately compromise elec-
trochemical performance.

2Mg(s) + SiO5 (s) — Si(s) +2MgO(s) @h)

The use of low-melting AlCl; (T,, ~ 192°C) has recently at-
tracted attention as a means to reduce the effective reaction tem-
perature in metallothermic reductions. Owing to its low melt-
ing point, AlCl; introduces a transient molten-salt environment
at temperatures far below conventional MgTR conditions, which
can homogenize reactant distribution, facilitate mass transport,
and suppress localized overheating. In aluminothermic and zin-
cothermic reductions, this approach has enabled silicon forma-
tion at substantially reduced temperatures (200-250 °C)32+36. 1
the context of magnesiothermic reduction, however, the function
of AlCl; remains unclear. Rather than acting as an inert matrix,
several studies indicate that the salt actively reshapes the reac-
tion pathway. Reported intermediates such as MgCl,, AIOCl, and
MgAl,Clg suggest that chlorine-mediated redox chemistry occurs
during MgTRBZ38| In particular, the in situ formation of metallic
Al (Equation [2) has been proposed, implying that reduction may
proceed via a secondary aluminothermic step instead of direct
Mg-SiO, interaction. Concurrently, the formation of MgAl,Clg
has been attributed to a cross-reaction between residual AlCl;
and MgCl, (Equation [3). Despite these hypotheses, direct exper-
imental evidence clarifying the sequence of intermediate forma-
tion and their thermodynamic hierarchy is still lacking.

3Mg+2AICl; — 3MgCl, +2Al (2)

MgCl, + 2 AICI; — MgAl,Clg 3

More recently, Je et al.2% proposed a reaction mechanism based
on ex situ X-ray diffraction and density functional theory (DFT)
calculations, in which metallic Mg dissolves in AlCl; to form
metal-AlCl; complexes that act as reactive intermediates for chlo-
rine transfer. These complexes would destabilize the Si-O bonds
in SiO, and enable oxygen abstraction via internal Cl~ trans-
fer, leading to the formation of elemental Si along with solu-
ble byproducts such as MgCl, and AlOCI, rather than solid MgO.
These chloride-based byproducts can be removed using mild acid
treatments, offering significant advantages in product purification
and scalability.

The AlCl;-Mg system also enables SiO, reduction to proceed
at significantly lower temperatures (~250-300 °C), conditions
generally associated with reduced particle sintering, enhanced
preservation of the original silica nanostructure, and suppression
of undesired Mg,Si and Mg,SiO,4 formation. In practice, however,
protocols based on this reaction commonly rely on HF etching as a
standard post-treatment step to remove residual SiO,, indicating
that the reduction frequently remains incomplete. This depen-
dence represents a major limitation: HF processing introduces
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substantial environmental and safety concerns and can partially
dissolve or structurally alter the newly formed silicon, thereby
compromising the structural advantages targeted through low-
temperature synthesis.

A rigorous elucidation of the reaction pathway governing AlCl;-
assisted MgTR is essential to enable rational control over the pro-
cess. However, uncovering this pathway is intrinsically challeng-
ing because the reduction proceeds within a molten-salt environ-
ment, where reactive intermediates nucleate and evolve dynami-
cally and are difficult to capture. Consequently, the AlCl5-assisted
MgTR route remains mechanistically ambiguous4%#2 hindering
the establishment of predictive design rules necessary to fully ex-
ploit this low-temperature strategy for silicon synthesis. Notably,
existing interpretations rely almost exclusively on ex situ char-
acterization, which does not provide access to the temporal se-
quence of intermediate formation and phase evolution during the
reduction.

In this work, we investigate the AlClz-assisted MgTR of diatom-
derived SiO, obtained from industrially cultured diatoms1® by
combining systematic ex situ characterization with time-resolved
in situ synchrotron X-ray diffraction. This integrated approach
enables the establishment of a robust mechanistic and paramet-
ric framework for the reduction process, elucidating how key
synthesis parameters—including heating ramp, salt content, and
isothermal holding time—govern the crystalline Si fraction and
phase composition. Finally, we show the electrochemical perfor-
mance of the resulting SiO,/graphite electrode blends, thereby
providing design principles for the scalable synthesis of sustain-
able, high-performance Si anodes from nanostructured silica.

2 Experimental

2.1 Materials Characterization

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-
ray Spectroscopy (EDS) were performed on a Zeiss Sigma 300
instrument to examine particle morphology and elemental com-
position of both precursor and reduced samples. To minimize
charging effects, all specimens were sputter-coated with a thin
Au layer prior to imaging.

Ex situ X-ray Diffraction (XRD) was carried out on a PANalyti-
cal X’Pert PRO diffractometer equipped with Cu Ko radiation (4
= 1.5406 A). Rietveld refinement was employed to determine
the phase composition and to calculate weight fractions of the
post-reduction products. For quantification of crystalline silicon
fraction in the acid-washed SiOy, the powders were mixed with
a known amount of corundum (Al,O3) as an internal standard,
which allowed quantification of the amorphous content.

Nitrogen physisorption was conducted using a Micromeritics
ASAP 2020 system. Samples were degassed at 150 °C for 12 h
prior to analysis. The specific surface area (SSA) was determined
by the Brunauer—-Emmett-Teller (BET) method, and the pore size
distribution was obtained from the adsorption branch using the
Barrett-Joyner-Halenda (BJH) model.
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2.2 Molten Salt-Assisted Magnesiothermic Reduction

Amorphous biosilica was obtained from industrially cultured di-
atom microalgae (Nitzschia sp.13) Swedish Algae Factory), culti-
vated under controlled conditions to ensure high purity, morpho-
logical uniformity, and reproducibility. Magnesium powder (99%,
<75 um, Sigma-Aldrich) was used as the reducing agent, and an-
hydrous aluminum chloride (AICl3;, 99%, Sigma-Aldrich) served
as the molten-salt.

Reduction reactions were carried out by thoroughly mixing
diatom-SiO, with Mg and AlCl; in defined molar ratios. The
Si05:Mg molar ratio was fixed at 1:2, while the SiO,:AlCl;5 ra-
tio was varied between 1:5 and 1:10 to investigate the influence
of salt content. For each ex situ experiment, the total reactant
mass was 200 mg. The powders were manually ground in an
agate mortar and pestle inside an Ar filled glovebox until a homo-
geneous mixture was obtained. The mixtures were transferred to
stainless-steel crucibles with lids and placed in a tubular furnace
under continuous Ar flow. Temperature programs were system-
atically varied to study the effect of heating parameters. Heating
rates of 2, 5, and 10 °C/min were employed, followed by isother-
mal holds at 250 °C for 12-24 h. Representative images of the
precursor mixture inside the reactor and the resulting reaction
products are provided in Section S2.1 of the Supplementary Infor-
mation (SI). After thermal treatment, the products were washed
with 1 M HCI, filtered, rinsed with DI water and ethanol, and
dried at 80 °C under vacuum overnight.

Samples are denoted using the format R-T-S, where R corre-
sponds to the heating ramp rate (2, 5 or 10 °C/min), T indicates
the isothermal holding time (12 or 24 h), and S denotes the salt
content (L-low or H-high). Details of the reaction parameters are
summarized in Table [I}

2.3 In Situ Synchrotron XRD of diatom-SiO, AlCl;-MgTR

In situ synchrotron powder XRD measurements were performed
at BMO1 station of the Swiss-Norwegian Beamline (SNBL) of
the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). A monochromatic X-ray beam with a wavelength of
0.706 A and a beam size of 100x80 um was employed. Diffrac-
tion patterns were recorded using a Dectris Pilatus 2M direct pho-
ton counting area detector. Data acquisition time was of 10 s.
The powder mixtures, consisting of diatom-SiO,, magnesium and
AlCl;, were sealed in sapphire capillaries (0.7 mm outer diame-
ter) under inert atmosphere and heated in situ using a furnace
available at the beamline*3] which was previously calibrated by
heating a Si standard and calculating the thermal expansion of
the crystal lattice. A LaBg powder standard was used for the de-
tector calibration and the instrumental resolution function cal-
culation. Two-dimensional diffraction images were integrated to
one-dimensional patterns using the Dioptas software¥. Sequen-
tial Rietveld refinements of the integrated diffraction data were
carried out using FullProfApp*2 to analyze the evolution of crys-
talline phases during the reduction process. The temperature pro-
file was as follows: ramp of 5 °C/min to 250 °C + 30 min holding
time at this temperature, followed by heating ramp to 350 °C +
30 min holding time and finally further heating up to 400 °C
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+ 30 min holding time. The sample was then cooled down at
10 °C/min to room temperature. Raw datasets corresponding to
this experiment are available at ESRF data portal4®.

2.4 Electrochemical characterization

Electrode slurries were prepared using a Thinky planetary mixer.
For the graphite-SiOy, electrodes, the slurry composition con-
sisted of 94 wt% active material (90 wt% graphite, C-NERGY
KS6L, and 10 wt% synthesized SiOy), 2 wt% carboxymethyl cel-
lulose (CMC) binder, 2 wt% conductive carbon (C65), and 2 wt%
styrene-butadiene rubber (SBR) in DI water. To enable direct
comparison, two baseline electrodes were also prepared with
identical additive contents and the same mixing protocol: (i) a
pure graphite electrode containing 94 wt% graphite as the sole
active material, and (ii) a graphite-SiO, electrode with 90 wt%
graphite and 10 wt% pristine diatom-SiO».

The slurries were cast onto copper foil using a doctor blade
with a gap height of 50 um, followed by drying at 60 °C un-
der vacuum overnight. Circular electrodes with a diameter of
16 mm were punched out and further dried at 120 °C under dy-
namic vacuum in the antechamber of an Ar-filled glovebox and
then assembled into coin-type half cells. Electrode mass loadings
were of 1.05 mg-cm~2. Each cell consisted of a working electrode
(graphite, graphite-SiO,, or graphite-SiO,), a lithium metal foil
counter/reference electrode, and a Whatman GF/A glass fiber
separator. The electrolyte was 1 M LiPF¢ dissolved in a 1:1 (v/v)
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC).

3 Results and Discussion

3.1 Pristine diatom-SiO, material

A comprehensive characterization of the pristine diatom-derived
Si0, frustules has been previously reported by the authors3 and
is summarized in Figure S1 of the Supplementary Information
(SI). The XRD pattern of the diatom SiO, exhibits a broad diffrac-
tion feature centered at 26 ~ 22.5°, characteristic of amorphous
silica. Nitrogen adsorption—desorption measurements display a
type IV isotherm with a pronounced hysteresis loop, indicative
of a mesoporous structure. The Brunauer—-Emmett-Teller (BET)
specific surface area is 69.72 m? g~!, with micropore and exter-
nal surface areas of 23.51 and 46.21 m? g~!, respectively, as de-
termined by t-plot analysis. At relative pressures below p/py =
0.2, the isotherm exhibits a concave uptake followed by a gradual
slope and a sharp increase approaching p/py = 1, while the des-
orption branch lies slightly above the adsorption curve due to cap-
illary condensation effects. Scanning electron microscopy reveals
elongated frustules (approximately 4 um wide and 11 um long)
with a highly ordered porous architecture, where circular pores of
approximately 70 nm in diameter are uniformly distributed along
the frustule walls.

3.2 Effect of hold time, salt ratio and heating rate

The influence of isothermal holding time, salt content, and heat-
ing ramp rate on reaction products, silicon yield, specific surface
area, and morphological characteristics was systematically inves-
tigated. XRD patterns of samples prepared with low (SL) and
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Table 1 Sample IDs and synthesis parameters for AICI3-MgTR of diatom-SiO,. Reactant ratios (SiO2:Mg:AICl3) are given in moles.

Sample ID Si0,:Mg:AICl;  Ramp rate (°C/min) Hold time (h)  Salt content
R5-T12-SL 1:2:5 5 12 Low
R5-T24-SL 1:2:5 5 24 Low
R5-T12-SH 1:2:10 5 12 High
R5-T24-SH 1:2:10 5 24 High
R2-T24-SH 1:2:10 2 24 High
R10-T24-SH  1:2:10 10 24 High

high (SH) salt content at a fixed heating rate of 5 °C/min, as well
as SH samples subjected to different heating ramp rates (2, 5, and
10 °C/min), are shown in Figure [Th and Figure [1k, respectively.
The corresponding XRD patterns after acid washing are presented
in Figure[Ip and Figure[Id. For clarity, samples analyzed prior to
acid washing are hereafter referred to as “pre-AW”.

Phase analysis of the unwashed samples indicates the forma-
tion of typical AlCls-assisted MgTR reaction products under both
SL and SH conditions, including crystalline Si, Al, MgCl, -6 H,0,
and AICl3-6 H,0. In particular, elemental Mg was not detected.
After AW, the diffractograms reveal the presence of crystalline Si
and a broad peak centered at 20 ~ 22.5 °, corresponding to resid-
ual amorphous SiO,. The peak attributed to Al, MgCl, -6 H50,
and AlCl;- 6 H,O is no longer observed, confirming their effective
removal. A consistent low-intensity peak at 20 =~ 45 °, marked
with an asterisk, appears in all AW samples—R5-T12-SL, R5-T24-
SL, R5-T12-SH, and R5-T24-SH. This peak does not correspond to
any of the known reaction products present before acid washing,
suggesting the formation of a minor unidentified phase.

Samples reduced under different heating rates (10, 5, and
2 °C/min) also show characteristic peaks of AlCl;-6 H,0,MgCl, -
6 H,0, Al, and Si. After acid washing, the patterns are dominated
by prominent Si peaks and the same broad feature corresponding
to residual amorphous SiO,. The sample R2-T24-SH, reduced at
2 °C/min, exhibits two additional peaks at 26 ~ 26.6 ° and 45.5 °
that are not associated with any previously identified phases in
the pre-AW diffractograms. The samples R5-T24-SH and R10-
T24-SH also display the 45° impurity peak, though the 26.6 °
peak is absent. These low-intensity peaks, annotated with aster-
isks, are not clearly discernible in the pre-AW data due to back-
ground noise. To further investigate the origin of the unidentified
reflections, several control experiments were performed (see sec-
tion S2.2 of the SI). The results suggest that the reflections likely
originate from residual Al- and/or Cl-containing species, although
their low diffraction intensity precludes an unambiguous phase
assignment.

Rietveld refinement was performed on samples pre and post-
AW for the quantification of the crystalline Si fraction and other
post-reduction products. The phase composition of all samples
pre-AW is summarized in section S2.3 of the SI. After AW, weight
phase percentages show a clear trend with varying parameters
as indicated in Table First, fixing the heating ramp to 5 °C
indicates that prolonged isothermal holding time and increased
salt-to-SiO, ratio enhance the crystalline Si fraction, with sample
synthesized under SH conditions and 24h holding time showing
a 25.52 wt% Si. Among the samples subjected to varying heat-
ing ramps under SH conditions and 24h holding time, R2-T24-SH

4 Journal Name, [year], [vol.], 1

displayed the lowest Si content (19.89%) followed by R5-T24-
SH (25.52%) and R10-T24-SH (28.71%), which indicates that a
faster heating protocol could favor the SiO, reduction. Moreover,
analysis of post-AW samples confirmed the effective removal of
the main chloride salts and metallic aluminum phases, although
minor residual species cannot be completely excluded.

Table 2 Phase compositions of AlCI3-MgTR products post-AW, deter-
mined by Rietveld refinement.

Sample ID Phase wt.% post-AW
crystalline 51  amorphous content
R5-T12-SL 16.70 83.30
R5-T24-SL 20.14 79.96
R5-T12-SH 19.31 80.69
R5-T24-SH 25.52 74.48
R10-T24-SH 28.71 71.29
R2-T24-SH 19.89 80.11

The nitrogen adsorption—desorption isotherms for the pristine
SiO, frustules, R5-T12-SL, R5-T24-SL, R5-T12-SH, and R5-T24-
SH are presented in Figure 2h. Up to a relative pressure of
p/po = 0.95, both low-salt samples exhibit lower adsorption
than the precursor. However, beyond this point, the isotherm of
R5-T12-SL surpasses that of the precursor, achieving the high-
est adsorbed gas quantity among the three. All samples show
type IV isotherms with hysteresis loops. The isotherms of R5-
T12-SH and R5-T24-SH closely resemble those of their low-salt
counterparts, confirming the presence of mesoporosity in all
samples. Figure presents the SSA distribution derived from
the t-plot method. All MgTR-processed samples exhibit lower
SSAs compared to the pristine frustules, which display a total
SSA of 69.72 m?g~!—comprised of 46.21 m?g~! external and
23.51 m?g~! micropore area. For R5-T12-SL, the total SSA is
reduced to 44.66 m?g~! (28.38 mg?g~! external, 16.28 m?g~!
microporous), while prolonging the isothermal hold time to 24 h
(R5-T24-SL) further decreases both components to 26.12 m?g~!
and 12.56 m?g~!, respectively. These results indicate a progres-
sive loss of surface area with extended heat treatment under low
salt conditions.

The high-salt samples, R5-T12-SH and R5-T24-SH, exhibit
similar micropore areas of 15.06 and 15.44 m?g~!, respec-
tively—lower than the precursor’s value. However, in contrast
to the low-salt series, the external surface area increases with ex-
tended holding time: R5-T24-SH exhibits 37.73 m?g~! compared
to 26.05 m?g~! for R5-T12-SH. This inverse trend suggests that
salt content critically influences the evolution of surface area dur-
ing MgTR.

In terms of BET surface area, both R5-T12-SL and R5-T24-
SL show reduced values (44.66 and 38.68 m?g~!, respectively)

Page 4 of 15


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02278b

Page 5 of 15

Open Access Article. Published on 05 June 2026. Downloaded on 6/6/2026 1:26:10 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Pre-AW
AICl;-6(H,0) | MgCl,-6(H,0)w Si®@ Al

a bl HEMH R mrer o i wrsd il

Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D6TA02278B

Post- AW

oL

. n

R5-T24-SH R5-T24-SH
*
R5-T12-SH
R5-T12-SH -_,‘_N*L
2 N W
—
S R5 T24-SL R5-T24-SL
S A fb e a
— R5-T12.SL R5-T24-SL
> 20 30 40 50 60 20 30 40 50 60
n
C
CDC I MIEIRIAZANNIEEEE NI L RINRER B d
e
C
oo —AL R10-T24-SH
* * k A
MU\M\J&U o o
oL Y e
R2-T24-SH R2-T24-SH
20 30 40 50 60 20 30 40 50 60

26 [°]

Fig. 1 XRD patterns of AICI3-MgTR products: a,b) R5-T12-SL, R5-T24-SL, R5-T12-SH and R5-T24-SH pre-AW (a) and post-AW (b); ¢,d) High
salt samples R2-724-SH, R5-T24-SH, and R10-T24-SH before (c) and after (d) AW.

compared to the pristine frustules. A corresponding decline
is observed in cumulative mesopore surface area, which de-
creases from 39.21 m?g~! in the precursor to 15.38 m?g~!
and 16.98 m?g~! for the 12 h and 24 h samples, respectively.
The average mesopore diameter increases significantly upon pro-
cessing—49.02 nm and 29.49 nm for R5-T12-SL and R5-T24-
SL, respectively—suggesting coalescence or collapse of smaller
pores during reduction, particularly under prolonged heating.
Under high salt conditions, R5-T12-SH exhibits a total SSA of
41.10 m?’g~!' and a mesopore surface area of 13.47 m?g~!.
Extending the hold time to 24 h increases both values to
53.17 m?g~! and 28.65 m2g~!, respectively—an opposite trend
to that observed in the low-salt series.

Figure [2€ presents the nitrogen isotherms of samples synthe-
sized under different heating ramp rates. All exhibit type IV
isotherms with hysteresis at % > 0.9. Figure|2d displays the cor-
responding SSA distribution, revealing that micropore area re-
mains relatively constant (16 m2g~!) across all ramp rates, while
external surface area increases with faster heating: 24.82, 37.73,
and 43.25 m?g~! for R2-T24-SH, R5-T24-SH, and R10-T24-SH,
respectively. This trend indicates that a faster heating ramp pro-

motes external surface development during reduction. BET and
BJH data (Table [3) further support this observation: total SSA
increases with ramp rate, reaching 59.35 m?g~! for R10-T24-
SH, compared to 53.17 m?>g~! and 40.76 m?g~! for R5-T24-SH
and R2-T24-SH, respectively. Similarly, cumulative mesopore sur-
face area increases from 15.23 m?g~! (2 °C/min) to 28.65 m?g !
(5 m2g—1) and 33.54 m2g~! (10 °C/min). In contrast, the aver-
age mesopore diameter decreases with increasing ramp rate, from
39.94 nm at 2 °C/min to 23.44 nm at 5 °C/min and 24.17 nm at
10 °C/min. This suggests that faster heating leads to finer meso-
pores and greater external surface area.

Figures [2e-h present TEM analysis of selected post-AW sam-
ples, illustrating the influence of salt content and thermal param-
eters on microstructure and phase composition. Figure [2e shows
HAADEF-STEM images of the R5-T24-SL sample, synthesized with
low salt content. This sample consists of three main components:
amorphous SiO, frustules, amorphous SiO,, and crystalline Si.
Compared to the other samples, it contains a higher fraction of
residual SiO, and a lower relative content of SiOy (x < 1) and crys-
talline Si. STEM-EELS/EDS mapping confirms the coexistence
of these phases, and EDS quantification of SiO, particles in the
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Fig. 2 N, physisorption and microstructural characterization of post-AW AICI3—MgTR products: (a—d) Adsorption—desorption isotherms and cor-
responding external and micropore surface area contributions for R5-T12-SL, R5-T24-SL, R5-T12-SH, R5-T24-SH and R2-T24-SH, R5-T24-SH,
R10-T24-SH. (e-h) TEM images of selected samples: (e) R5-T24-SL, (f) R2-T24-SH, (g) R5-T24-SH, and (h) R10-T24-SH.
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Table 3 N, physisorption results for samples synthesized under varying
hold times, salt contents and heating ramp rates.

Sample ID SSA Cumulative meso- Avg. meso-
[mg?g~'] pore surface area pore diame-
[mg’g~ '] ter [nm]
SiO, frustules  69.72 39.21 15.61
R5-T12-SL 44.66 15.38 49.02
R5-T24-SL 38.68 16.98 29.49
R5-T12-SH 41.10 13.47 38.90
R5-T24-SH 53.17 28.65 23.44
R10-T24-SH 59.35 33.54 24.17
R2-T24-SH 40.76 15.23 39.94

mapped region yields an average composition of 74 at.% Si, 23
at.% O, 2.3 at.% Cl, and 0.8 at.% Al. By contrast, Figure [2f dis-
plays bright-field TEM images of the R2-T24-SH sample, prepared
with high salt content and the slowest ramp rate. This sample
contains only amorphous SiO, particles and crystalline Si parti-
cles, with no evidence of composite domains (i.e., Si nanocrystals
embedded in an amorphous matrix). Elemental mapping (EELS
and EDS) of the red-framed region confirms Si and O as the main
constituents, along with surface-localized carbon, while Mg, Al,
and Cl are absent.

Figure shows the results for the R5-T24-SH sample, pre-
pared with a high salt content and a moderate heating ramp.
The sample contains amorphous SiO, frustules, amorphous SiO,
(x < 1), and crystalline Si. The magnified region reveals the pres-
ence of small Si nanocrystals embedded within an amorphous
Si0y (x < 1) matrix, indicative of partial composite formation.
Figure presents bright-field TEM images of the R10-T24-SH
sample, synthesized under the highest ramp rate. Similar to the
slow-ramp counterpart (R2-T24-SH), this sample contains only
amorphous SiO, and crystalline Si particles, with no evidence of
composite domains. Elemental maps from the red-framed STEM
region confirm Si and O as the dominant elements, with only trace
amounts of Al and no detectable Mg or Cl. Taken together, these
observations highlight that composite formation is highly sensi-
tive to the heating ramp and salt content, with intermediate con-
ditions favoring the partial embedding of crystalline Si within an
amorphous SiO, matrix. At this point, it is worth noting that the
apparent preservation of the precursor morphology, is associated
with the fraction of material that remains unreacted or only par-
tially reduced. In contrast, regions where crystalline Si particles
are formed do not retain the original morphology. This behavior
agrees with previous studies on AlClj-assisted reductions, where
silica undergoes structural disintegration prior to the Si crystal-
lization'324748]

3.3 Reaction mechanism by in-situ synchrotron XRD
Due to the low Si yield obtained after the AlCl3-MgTR, time re-
solved in-situ synchrotron XRD measurements were performed to
elucidate the reaction mechanism. The same reactant stoichiome-
tries as those used in the previous sections (SiO5:Mg:AlCl; molar
ratios of 1:2:5 and 1:2:10) were employed to investigate the ef-
fect of the SL and SH concentrations.

An initial in situ experiment was conducted to define appropri-
ate measurement conditions and temperature protocols, as shown
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in Figure S4 of the SI. The sample was first heated to 220°C and
held isothermally, followed by a second isothermal step at 250°C
and a final heating stage to 300°C, where the temperature was
maintained for 2 h. Analysis of the diffraction data revealed that
an isothermal step of 30 min was sufficient for phase evolution
to stabilize at each temperature. Moreover, a markedly higher
reaction progress was observed between 250 and 300°C, iden-
tifying this interval as critical for the reduction process. Since
the in situ measurements are specifically designed to investigate
the reaction dynamics and phase evolution, the thermal protocol
initially explored the same synthesis temperature used in the ex
situ experiments (250°C), and was subsequently extended step-
wise to 400°C, with isothermal holding times of 30 min, in or-
der to expand the explored temperature range and gain further
insights into the reaction pathway. Nevertheless, the key mecha-
nistic events of the reduction occur within the temperature range
investigated under ex situ conditions.

3.3.1 Low salt conditions

Figure[3]presents the results of the study under SL conditions. The
evolution of the diffractograms collected during the experiment,
together with the corresponding heating protocol, is displayed in
Figure [3h and b, respectively. Rietveld refinement was employed
to quantify the phase weight fractions throughout the experiment.
However, the pronounced asymmetry observed in the AlCl; (020)
reflection (see Figure S5 of the SI), prevented a reliable refine-
ment at the early stage of the reaction. Consequently, Rietveld
refinement was only performed once the AICl; had completely
melted, as shown in Figure [3¢ and d. A more detailed discussion
about this issue is provided in Section 3.2 of the SI. Based on the
evolution of the main Bragg reflections, the reaction mechanism
can be divided into four distinct stages, separated by dashed lines
and marked with different colors in the images.

Initial heating stage. During the first stage, Bragg peaks as-
sociated with crystalline AlCl; and Mg are clearly visible in the
diffractograms, while the amorphous SiO, lacks long-range or-
der, therefore appearing as a broad intensity feature at 26 ~ 10°.
No evidence of reaction is observed in this stage.

Molten salt activation. The second stage is characterized by
the onset of Al reflections and the decrease in intensity of Mg
peaks, indicating the reaction between AlCl; and Mg, which leads
to the formation of the mixed salt MgAl,Clg as an intermediate
phase and MgCl, as the final product. From 100°C onward, trace
amounts of MgAl,Clg are detected. However, the formation of
this phase rapidly accelerates as the temperature approaches the
AlCl3 melting point. When intensity of AlCl; reflections starts to
decrease, a transient signal of diffuse scattering emerges, indi-
cating that the salt is entering its molten state. Subsequently, this
signal progressively decreases while MgAl,Clg rapidly crystallizes.
At ~175°C the absence of AlCl; reflections indicates that the salt
has either completely reacted with Mg to form Al and MgAI,Clg
or has entered the molten state. Between this temperature and
~220°C, the formation of metallic Al continues, while the mixed
salt reaches its maximum weight fraction (84.7%). Upon fur-
ther heating up to 235°C, MgAl,Clg is rapidly consumed, leading
to the formation of MgCl,, while Mg content continues to de-
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Fig. 3 In situ study of AICI3-MgTR under SL conditions: (a) time-resolved diffraction data, (b) corresponding heating protocol, (c) refined scale
factors of the detected crystalline phases (d) corresponding phase weight fractions. Dashed lines and shaded regions delineate the distinct reaction
stages. The red dashed box highlights the region where the diffractograms exhibit strong diffuse scattering.

crease and metallic Al rises once again. Simultaneously, a pro-
nounced increase in the diffuse background intensity is observed
(as marked with a dashed box in Figure [3p), which is consistent
with the formation of a molten phase. At the end of this stage, the
weight concentration of crystalline phases is 57% MgCl,, 30% Al
and 13% Mg. An example of Rietveld refinement of one diffrac-
togram collected during this stage is shown in Figure S6 of the
SL

SiO, reduction. In this stage, the partial reduction of the amor-
phous SiO, precursor and the crystallization of Si take place,
while the temperature profile includes three 30 min holding steps
at 250, 350 and 400°C, followed by a cooling ramp down to room
temperature. During the first holding step (250°C), Si and the
final byproduct AlOCI slowly crystallize, as indicated by the evo-
lution of their refined intensities in Figure [3k, while metallic Al
is consumed to a minor extent and MgCl, content remains essen-
tially unchanged. It is worth noting that phase weight concentra-
tion graph may not fully reflect the actual phase evolution since

8 | Journal Name, [year], [vol.], 1

some phases that were not previously detected (such as molten or
amorphous phases) become detectable at this stage. Therefore,
for a correct interpretation, the refined scale factors and phase
weight graphs (Figure [3c and d) should be analyzed simultane-
ously. Upon further heating up to 350°C, the reduction reaction
accelerates, leading to a more pronounced formation of Si, AIOCl
and MgCl,, together with the total consumption of the metallic Al.
In addition, once 350°C is reached, the strong diffuse scattering
signal disappears, which indicates the consumption of the molten
phase formed at the end of the previous stage. From this tempera-
ture onward, no significant reaction signal is observed. Moreover,
during the cooling ramp, no crystallization of AlCl; is detected,
confirming the complete consumption of the salt during the re-
action. An example of Rietveld refinement of one diffractogram
collected during this stage is shown in Figure S7 of the SI. A sim-
ple mass balance shows that the crystalline products detected by
in situ XRD (Si, AlOCI and MgCl,) cannot account for all Al and
Cl introduced as AlCl;. This indicates that a fraction of the Al/Cl
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inventory remains in a noncrystalline reservoir (molten or amor-
phous chloride species) and/or redistributes along the sealed cap-
illary through the gas—condensed equilibrium of AlCl5, potentially
condensing in cooler regions outside the XRD sampling volume.

3.3.2 High salt conditions

Figure |[4| summarizes the in situ study conducted under SH con-
ditions. The contour plot shown in Figure [4p, together with the
corresponding heating protocol in Figure [4p allows the evolution
of the reaction components to be followed throughout the entire
experiment. The results of the Rietveld refinement are summa-
rized in Figure [dc and d, where the refined scale factors and the
phase weight concentration of each phase are displayed, respec-
tively. As in the low salt study, Rietveld refinement was performed
once AlCl; had completely melted. Unlike the SL study, the reac-
tion under SH conditions can be divided into four distinct stages.
While the overall reaction pathway is similar to that observed in
the SL experiment, with the transient formation of MgAl,Clg and
the temporal correlation between metallic Al consumption and Si
crystallization, significant differences are found in the products
formed during the reaction.

No signal of reaction is observed during the initial heating
stage. When the temperature is further increased up to ~125°C,
within the molten salt activation stage, the first indications of
MgAl,Clg formation appear. At ~170°C, the formation of the
mixed salt accelerates, leading to the crystallization of metallic Al
and the partial consumption of Mg, indicating no significant dif-
ference in the activation onset temperature compared to the SL
case. From this temperature to 235°C, the mixed salt disappears
from the diffractograms, while metallic Al continues to form, Mg
is further consumed and a strong diffuse scattering signal emerges
in the background, as indicated by the red box of Figure (.
Therefore, the molten salt activation stage follows essentially the
same reaction pathway as in the low salt experiment, with one
notable difference: no crystallization of MgCl, is observed by
the end of this stage. The SiO, reduction stage also follows a
similar pathway. During the first holding step, at 250°C, Si and
AlOCl reflections slowly emerge while metallic Al is progressively
consumed. This process further accelerates upon heating up to
350°C, beyond which no significant reaction signal is detected.
Moreover, the scattering signal associated with the molten phase
persists throughout the entire reduction stage. Upon cooling, re-
flections corresponding to a new crystalline structure abruptly
emerge at 230°C, while the diffuse scattering signal disappears,
indicating the crystallization of a previously molten phase. Im-
portantly, this phase is not residual AlCl3, but is instead consistent
with the MgAl,Clg structure, confirming the complete consump-
tion of the salt during the reaction. However, its quantification is
not possible since it crystallized as a polycrystalline phase rather
than as a powder phase, as shown in Figure S8 of the SI. It should
be mentioned that under these SH conditions, the Al and Cl sup-
plied by AICl; exceed the amount that can be accommodated in
the crystalline phases detected by XRD. The excess is therefore
attributed to a chloride-rich molten or amorphous reservoir that
gives rise to the diffuse scattering observed at high temperature
and only partially crystallizes upon cooling.
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3.3.3 Reaction pathways and mechanistic framework

The in situ studies presented above provide the first time-resolved
evidence of the reaction pathway of the AlCl;-MgTR, enabling di-
rect tracking of the SiO, reduction process and revealing mecha-
nistic features that could not be resolved by previous ex situ ap-
proaches. In particular, the early formation of metallic Al prior to
Si crystallization, together with the persistence of a chloride-rich
molten phase throughout the Si formation step, highlights the
highly dynamic reaction environment. While a chlorine transfer
mechanism has been proposed in a previous study=2, the present
results suggest that, if operative, this pathway would involve the
consumption of the metallic Al generated during the molten salt
activation stage, rather than the Mg acting as the active reduc-
ing species. Notably, under both SL and SH conditions, Si crys-
tallization ceases once metallic Al is fully consumed, despite Al
not being expected to act as an effective reducing agent at such
low temperatures. This behavior underscores the critical role of
the chlorine-rich molten phase in lowering the effective reaction
temperature and sustaining Si formation. A further mechanis-
tic finding concerns the origin of the mixed salt MgAl,Clg. Con-
trary to previous assumptions=®, MgAl,Clg does not form via a
cross reaction between AlCl; and MgCl,. Instead, the in situ data
demonstrate that it is the first crystalline phase to emerge during
the molten salt activation stage, under both SL and SH conditions,
forming directly through the interaction between AICl; and Mg.
This temporal sequence provides strong indications that MgAl,Clg
acts as intermediate in the generation of metallic Al.

To further probe the role of metallic Al in the reaction path-
way, and to detect when the reduction of SiO, starts, an addi-
tional in situ experiment was performed under SH conditions, us-
ing crystalline SiO, as precursor (see Section S3.5 of SI). Unlike
the amorphous SiO,, using the crystalline precursor enables di-
rect monitoring of SiO, consumption through its diffraction re-
flections. Results from this experiment show the concurrent con-
sumption of metallic Al and crystalline SiO,, providing additional
evidence that supports the participation of metallic Al during the
reduction.

Finally, comparison between SL and SH conditions highlights
the influence of AlCl; content on the evolution of intermediate
species and final products. As previously mentioned, MgAl,Clg
disappears at temperatures of approximately 235°C, indicating a
transition to a molten chloride-rich phase. This behavior is consis-
tent with the reported AlCl3-MgCl, phase diagram, which shows
a pronounced depression of the melting temperature near 67
mol% AlCl5;, corresponding to the stoichiometric composition of
MgAl,Clg*2. The evolution of the molten phase strongly depends
on the AlCl; content. Under SL conditions, the system shifts away
from this AlCl3-rich composition during heating, promoting the
formation of MgCl, and metallic Al. In contrast, under SH condi-
tions the higher AICl; content keeps the system within the AICl5-
rich regime, enabling the recrystallization of MgAl,Clg upon cool-
ing.
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Fig. 4 In situ study of AICl3-MgTR under SH conditions: (a) time-resolved diffraction data, (b) corresponding heating protocol, (c) refined scale
factors of the detected crystalline phases (d) corresponding phase weight fractions. Dashed lines and shaded regions delineate the distinct reaction
stages. The red dashed box highlights the region where the diffractograms exhibit strong diffuse scattering.

3.4 Electrochemical performance

The electrochemical performance of the synthesized SiO, materi-
als, corresponding to the samples characterized ex situ, was eval-
uated in graphite-blended electrodes and benchmarked against
pure graphite and a graphite-SiO, (Figure [5p,b). A wt.% ratio
of 10/90 (SiO,/Gr) was selected to test the synthesized material
under an industrially relevant configuration. Graphite delivered
an initial coulombic efficiency (ICE) of 84.5 % and a formation-
cycle lithiation capacity of 384 mAhg~!. Incorporation of SiO,
slightly increased the capacity to 395 mAhg~! but reduced the
ICE to 79.1 %, likely reflecting irreversible Li consumption asso-
ciated with conversion and alloying reactions 420,

Gr-SiOy, electrodes exhibited markedly higher initial lithiation
capacities (460-518 mAhg~!; Figure [St-g, Table [4). This ca-
pacity enhancement was accompanied by a reduction in ICE
(77.6-81.7 %), with samples containing higher crystalline Si frac-
tions (R10-T24-SH and R5-T24-SH) showing the lowest ICE val-
ues, indicative of increased irreversible reactions during SEI for-

10| Journal Name, [year], [vol.], 1

mation and the first alloying cycle. In contrast, R5-T12-SH and
R2-T24-SH, with the lowest Si content, exhibited the highest ICE
(81.7 %).

After 50 cycles, the reversible capacities of the Gr-SiOy elec-
trodes stabilized between 314 and 342 mAhg~!. R5-T12-SH and
R5-T24-SH retained 68.4 % and 67.2 % of their initial lithiation
capacities, respectively, and maintained capacities above that of
graphite (331 mAhg™'). In contrast, R10-T24-SH and R2-T24-SH
exhibited faster capacity decay and dropped below the graphite
baseline within 20-30 cycles, highlighting the trade-off between
Si content and cycling stability. All electrodes reached coulombic
efficiencies above 99.8 % after 30 cycles, while graphite achieved
the highest CE after 50 cycles (99.98 %), closely followed by R5-
T12-SH (99.93 %).

Differential capacity (dQ/dV) analysis (Figure S10 of the SI)
supports these conclusions. While Gr and Gr-SiO, showed only
graphite-related features, Gr-SiOy electrodes exhibited additional
peaks at 0.04 V and 0.45 V associated with the lithiation and
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Table 4 Summary of electrochemical performance, for baseline electrodes
and Gr-SiO, electrodes. The Si yield of each SiO, material added for
reference.

Sample ID Si[wt.%] ICE[%] «cyclel cycle1l0 cycle 50
Gr - 84.52 384 330 331
Gr-SiO, - 79.12 395 309 310
R5-T12-SH 19.31 80.28 494 350 336
R5-T24-SH 25.52 77.94 509 350 342
R10-T24-SH 28.71 77.56 518 337 324
R2-T24-SH 19.89 81.65 460 325 314

delithiation of crystalline Li;5Si4. These features progressively
weakened and disappeared by 30 cycles, indicating early forma-
tion but rapid electrochemical deactivation of crystalline Si. The
more persistent Li;5Si4 signal observed for R2-T24-SH is consis-
tent with its faster capacity decay. Overall, R5-T12-SH and R5-
T24-SH deliver the most balanced performance.

The observed electrochemical trends appear to be influenced
by the structural properties and phase composition of the syn-
thesized SiO, material. In particular, the higher initial capacity
correlates with the higher crystalline Si fraction, and it is also as-
sociated with a lower ICE. However, this enhancement cannot be
exclusively attributed to the crystalline Si fraction, since contri-
butions from the amorphous content, different surface area, and
irreversible reactions occurring during lithiation of SiO, particles
may also play an important role. The present data do not allow
to disentangle all these contributions. These results nevertheless
confirm the activity of the synthesized SiO, material when incor-
porated into SiGr blended electrodes.

4 Conclusions

This work provides a mechanistic and parametric framework
for AlCl5-assisted magnesiothermic reduction (MgTR) of diatom-
derived biosilica and its application in silicon-based anodes for
lithium-ion batteries. By systematically varying heating ramp
rate, isothermal holding time, and salt-to-silica ratio, we demon-
strate that silicon yield and structural preservation are governed
by the combined effects of thermal history and molten-salt chem-
istry.

Time-resolved in situ synchrotron X-ray diffraction provides im-
portant insights into the AlCl3-MgTR reaction mechanism. The
results show the early formation of metallic Al and later consump-
tion, and the persistence of a chlorine-rich molten phase through-
out Si crystallization, enabling SiO, reduction at temperatures as
low as 300 °C. The mixed salt MgAl,Clg is identified as the first
crystalline intermediate, forming directly from the interaction of
AlCl; with Mg and acting as a precursor to metallic Al generation.
These findings support that the Si formation proceed through the
previously reported chlorine transfer mechanism, but with metal-
lic Al acting as the effective redox-active species rather than Mg.

Ex situ structural analysis shows that extended holding times
and higher AICl; contents increase crystalline Si yield, while
faster heating ramps promote higher external surface area and
finer mesoporosity. Importantly, only intermediate synthesis con-
ditions favor the formation of Si nanocrystals embedded in an
amorphous SiO, matrix, which provides an optimal balance be-
tween electrochemical activity and structural stability.
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Electrochemical evaluation of Gr-SiO, composite anodes con-
firms the electrochemical activity of the synthesized powders. Ma-
terials containing moderate crystalline Si fractions (20-25 wt%)
and preserve mesoporosity exhibit the most favorable electro-
chemical response, delivering CE above 99.8% after moderate cy-
cling time. In contrast, samples with higher crystalline Si fraction
show faster capacity fading, suggesting that electrochemical per-
formance is influenced by multiple structural factors.

Overall, this study demonstrates that the performance of
biosilica-derived SiOy is not dictated by silicon content alone, but
by the interplay of crystallinity, surface area, and impurity phases
controlled through synthesis parameters. By combining in situ
mechanistic insights with systematic structural and electrochemi-
cal analysis, this work establishes clear design principles for AlCl5-
assisted MgTR, advancing a low-temperature and scalable route
for sustainable silicon anode materials.
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