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HIGHLIGHTS GRAPHICAL ABSTRACT

Nanostructured-SiO, from cultured di-
atoms are effective templates for nanoporous
Sio,.

Heat scavenger agents are essential for
preserving the nanostructure of diatom-SiO,.
Tunable oxygen content in SiO, leads to
distinctive electrochemical performance.
SiO, anodes with a 1:1:2.5 SiO,:Mg:NaCl
ratio deliver superior cycling stability.

ARTICLE INFO ABSTRACT

MSC: Nanostructured silicon oxides (SiO,) are close-to-market anode materials for increasing the energy density of
0000 next-generation lithium-ion batteries (LIBs), offering a balance between high capacity and enhanced cycling
111 stability. However, achieving precise control over SiO, composition while maintaining structural integrity
Keywords: remains a challenge. In this study, we pioneer the use of nanostructured diatom-SiO, frustules from industrially
Diatom cultured Nitzschia sp. microalgae as a sustainable and tunable precursor for high-performance SiO, anodes via
Si0x scalable magnesiothermic reduction reaction (MgTR). By optimizing the Mg-to-diatom-SiO, molar ratio, we
Sustainability demonstrate controlled partial reduction of SiO,, yielding Si nanocrystals embedded within an SiO, matrix.

Anode

Livion battery Notably, we reveal that the preservation of diatom-SiO, nanoporosity is highly sensitive to reaction exothermic

conditions and is effectively stabilized by introducing NaCl as a heat scavenger. Tailoring the reactant
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composition (SiO,:Mg:NaCl = 1:1:2.5) resulted in anodes with superior electrochemical performance, delivering
high capacity retention over 200 cycles. Through a comprehensive suite of characterization techniques, we
establish the structure-property-performance relationships governing SiO, anode behavior. These findings mark
a major advancement in sustainable SiO, anode design, providing a scalable strategy for integrating biologically
templated nanostructures into high-performance LIBs.

1. Introduction

Graphite has long been the standard anode material for lithium-ion
batteries (LIBs) due to its affordability and high cycling stability [1-3].
However, the growing demand for higher energy density LIBs has
prompted the exploration of alternative anode materials. Silicon (Si)
exhibits a theoretical capacity of 4200 mAhg™', which vastly sur-
passes graphite’s capacity of 372 mAhg™' [4-71, making it a compelling
candidate. Nevertheless, its practical application in LIBs faces signif-
icant challenges due to the substantial volume changes that occur
during lithiation and delithiation, which induce mechanical stress,
electrode degradation and rapid capacity fading [8]. To mitigate these
issues, strategies such as nanostructuring Si and embedding it within
composite matrices have been explored [9-14].

Alternatively, silicon suboxides, SiO,, consisting of Si and SiO, do-
mains, have emerged as promising anode candidates, offering enhanced
cycling performance [15-17] along with a specific capacity above 1900
mAhg™". Upon initial lithiation SiO, forms Li,SiO,, Li,O and Si, and the
silicate phases and lithium oxide are believed to serve as mechanical
buffers, stabilizing Si during cycling [18-22]. Despite the improved
cycling properties of SiO, over Si anodes [16], nanostructuring of the
material is still essential for achieving long cycling stability. Over-
all, achieving the full potential of SiO, anodes relies on the use of
sustainable feedstock materials and scalable, cost-effective synthesis
techniques that provide control over composition and nanostructure.

Among SiO, synthesis methods, the magnesiothermic reduction
reaction (MgTR) is particularly attractive, as it enables tunable SiO,
compositions at moderate temperatures [23-34], 500 °C and 900 °C,
via:

Si0, + 2Mg — Si + 2MgO

MgO is subsequently removed via acid treatment, leaving a high sur-
face area Si or SiO, replica. Due to the moderate reaction temperatures,
MgTR has shown effectiveness in preserving the nano and microporous
framework inherent in the initial SiO, template [35]. However, the
high exothermic nature of the reaction leads to high localized tem-
peratures [36], causing Si fusion and pore collapse. Heat scavengers,
sucg as NaCl (melting point T,,=801 °C) mitigate this effects by ab-
sorbing excess heat [37,38], enhancing Si yield and improving reaction
control [39-42].

Recent studies have leveraged MgTR to produce Si and SiO,, anodes
for LIBs from nanostructured diatomaceous earth (DE) SiO, [33,43-
46], a fossilized form of diatom frustules that has been previously
proposed as anode material [47,48]. DE-SiO, have shown to achieve
reversible capacities of 980 mAhg™' at 100 mAg~" after 100 cycles [43],
and 970 mAhg™! after 500 cycles with capacity retention as high as
90% [46]. However, DE-SiO, suffers from compositional impurities
(85% SiO,, with a wide range of impurities that vary depending on its
origin) and inconsistent morphologies, as DE-SiO, is derived from mix-
tures of different diatom species. This lack of control over composition
and morphology limits reproducibility and scalability.

In contrast, industrially cultured single-species diatom microalgae
provide a high-purity (97%-98% SiO,) and morphologically uniform
alternative, enabling precise control over structural and chemical prop-
erties [49,50]. Also, large-scale, cost-effective cultivation of diatoms
presents a cost-effective and sustainable approach for producing SiO,
anode materials. Industrial cultivation techniques, including open-pond
systems and photobioreactors, enable high algal productivity, with esti-
mated yields of approximately 70 x 10° t ha—lyear~! in open ponds and

about 150 x 10° t ha‘lyear‘1 in photobioreactors [51]. Despite these
advantages, no study has yet explored MgTR synthesis from cultured
diatoms. The nanometer thick, nanoporous SiO, network of cultured
diatoms poses a significant challenge, as the high exothermic character
of MgTR can lead to pore collapse and particle sintering. Therefore, pre-
cise control over reactant composition and heat dissipation is essential
for producing diatom-SiO, with preserved nanostructures. Experimen-
tal validation is required to assess the feasibility of this approach for
next-generation LIBs.

This study pioneers the use of nanostructured diatom-SiO, frustules
from industrially cultured Nitzschia sp. microalgae as a sustainable and
precisely controlled precursor for SiO, anodes in LIBs. Nitzschia sp.
was specifically selected based on its well-defined morphology, which
has been shown to enhance electrochemical performance [49]. By
systematically tuning the Mg-to-diatom-SiO, molar ratio during MgTR,
we tailored the stoichiometry and surface properties of SiO, to optimize
its electrochemical behavior. Additionally, we explored the role of
NaCl as a heat scavenger to mitigate excessive reaction exothermicity,
thereby preserving the intricate nanostructure of the diatom frustules—
a critical aspect for long-term cycling stability. Through comprehensive
characterization using XRD, TEM/EELS, SEM, XPS, and BET analysis,
we establish structure-property-performance relationships that provide
valuable insights into the development of high-performance SiO, an-
odes. The findings not only validate the feasibility of diatom-derived
SiO, for scalable production but also mark a significant step toward
the sustainable fabrication of next-generation LIBs.

2. Experimental
2.1. Synthesis of diatom-SiO,,

Nanostructured diatom-SiO, was extracted from the shells of indus-
trially cultured Nitzchia sp. diatom microalgae (Swedish Algae Factory,
Sweden). Diatom-SiO,, Mg powder (> 99%, Sigma Aldrich), and NaCl
(> 99%, Sigma Aldrich) were used as reagents. The powders were
mixed in varying molar ratios, according to Table 1, using an agate
mortar and transferred to an alumina crucible. The samples were placed
in an Ar-filled glovebox and sealed inside a stainless steel (SS) reactor
with a graphite gasket. The SS reactor was then heated in a tube furnace
at 650 °C for 2 h under an Ar flow, with a ramp rate of 2 °C/min.
After annealing, the resulting powders were treated with diluted HCl
and stirred overnight to remove impurities such as MgO and Mg, Si. The
materials were subsequently washed thoroughly with deionized water
(DI) and ethanol before drying at 60 °C overnight. The complete step-
by-step MgTR synthesis process used to produce different diatom-SiO,
materials is illustrated in Fig. 1.

2.2. Materials characterization

Structural analysis of the powder samples was performed by X-ray
Diffraction (XRD) using a Bruker D8 A25 DaVinci X-ray Diffractometer
with CuKe radiation. N, adsorption-desorption isotherms were mea-
sured at 77 K using a Tristar 3000 Surface Area and Porosity Analyzer.
Prior to the measurements, samples were out-gassed under vacuum at
250 °C overnight.

Diatom-SiO, and synthesized diatom-SiO, powders were analyzed
by SEM and TEM. The powders were dispersed in isopropanol, ultrason-
icated for ca. 10 min, before a droplet was transferred to an amorphous,
lacey carbon coated Cu TEM grid. A Helios 5 PFIB from Thermo Fisher
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Fig. 1. Step by step schematic illustration for the production of diatom-SiO, by diatom-SiO, MgTR.

Table 1
Summary of sample IDs and reactants molar ratios
used for diatom-SiO,.

Sample ID Si0, : Mg : NaCl
SM 1:1

SMN 1:1:5

SMN-1 1:1:2.5

SMN-1.5 1:1.5:2.5

SMN-2 1:2:2.5

was used to acquire high angle annular dark field scanning transmission
electron microscopy (HAADF STEM) images at 30 kV. Transmission
electron microscopy (TEM) was performed with a double spherical
aberration corrected cold field emission gun JEOL ARM 200F, operated
at 200 kV. Dual electron energy loss spectroscopy (EELS), using a GIF
Quantum ER, and energy dispersive X-ray spectroscopy (EDS), using
a 100 mm? Centurio detector covering a solid angle of 0.98 sr, were
performed simultaneously in STEM mode. Thickness maps of the SiO,
frustules were done by EELS where the log-ratio method was employed
to determine the thickness as a function of inelastic mean free paths in
every pixel of the map. This relative thickness was converted to abso-
lute thickness in nm by using an inelastic mean free path of 155 nm, as
given by Iakoubovskii and Mitsuishi [52]. In EELS, the Si 2p-edge was
used to create the Si maps. The energy onset of this edge is sensitive
to the oxidation state of silicon, changing from 99 eV for zero-valent
Si to 105 eV for fully stoichimetric SiO,. In the diatom-SiO, powders,
Si exists either as pure, zero-valent Si or it remains as amorphous SiO,.
The background-subtracted Si 2p-edge in the energy range 99-103 eV
was used to map the Si grains, i.e. the part of the Si that was reduced
from SiO, to pure Si.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed with a Kratos AXIS Supra+ X-ray photoelectron spectrometer
using a monochromatic Al Ka X-ray source and an Ag La X-ray source.
Measurement area was 700x300 pm. The samples were mounted float-
ing and charge neutralization was used. The spectra were fitted with
symmetric pseudo-Voigt functions with fixed Lorentzian full-width half-
maximum (FWHM) of 0.2 eV and varied Gaussian FWHM. A doublet
was used for the Si-Si peak (separation of 0.63 eV, 0.5 difference
in height, same FWHM) and a single peak for the Si-O contribution.
The fitted Si-O peak was placed at 103.5 eV (expected for SiO,) and
Shirley background was used (see also SI Note 1). The X-ray absorption
spectroscopy of the Si K-edge was measured with a photodiode detector
(AXUV100) at the HIPPIE beamline at MAX IV, Lund, Sweden [53].

2.3. Electrode preparation and characterization

Electrodes were prepared by mixing diatom-SiO, powder, carbon
black (Timcal C-NERGY™ C65) and sodium alginate binder (Sigma
Aldrich) in a 50:35:15 mass ratio. The components were homogenized
using an horizontal radially oscillating mixer (RETSCH MM400) oper-
ating at 25 Hz for 45 min. The resulting slurries were tape casted onto
18 pm thick Cu foil. The electrodes mass loading was of 0.6 mgecm=2.
Electrodes were dried under vacuum overnight at 120 °C and then
transferred to an Ar-filled glove box for further assembly into coin cells,
using lithium foil as the counter electrode and 1 M LiPF in 50:50 vol%
EC:DEC electrolyte (Sigma Aldrich).

Half-cells were galvanostatically cycled between 2 mV and 2 V
versus Li*/Li, at a current density of 100 mAg~'. Rate capability
tests were performed at variable currents of 50 mAg~', 100 mAg~!,
200 mAg~!, 500 mAg~!, 1000 mAg~' and 2000 mAg~! using a Bio-
logic potentiostat/galvanostat. All measurements were carried out at
a constant temperature of 25 °C.

3. Results and discussion
3.1. Effect of NaCl content on the diatom-SiO, compounds

Fig. 2a-g present micrographs of diatom-SiO, shells, used as tem-
plate material for the synthesis of SiO, compounds. HAADF images
reveal that the diatom-SiO, structure is about 30 pm in length and
about 5 pm in width, characterized by well defined circular pores, Fig.
2a. Notably, HAADF-STEM images at various magnifications, Fig. 2b,
Fig. 2¢, and Fig. 2d, exhibit uniform SiO, density, with darker contrast
indicating areas of surface or bulk porosity; this contrast is associated
with the projected thickness of the frustule. Figs. 2e-g present STEM-
EELS-EDS elemental maps, displaying the distribution of Si and O.
Additionally, elemental traces of Na, S and Cl were detected in the
frustules, as indicated in the EDS spectrum, Fig. S1 of the Supplemen-
tary Information (SI). Fig. 2h shows an EELS color map depicting the
projected thickness of the frustule. The line profile corresponding to the
region beneath the 2 pm white arrow in Fig. 2h is presented in Fig. 2i,
revealing that the frustule thickness does not exceed 50 nm.

Fig. 3a shows the XRD patterns of samples SM, SMN and SMN-1
synthesized via MgTR from mixtures with a constant diatom-SiO, to
Mg molar ratio of 1:1, and varying NaCl content (0, 2.5 and 5, re-
spectively), according to Table 1. All samples display a broad intensity
bump around 20=22°, which is characteristic of amorphous SiO,, along
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Fig. 2. Diatom-SiO, frustule: (a-c) HAADF STEM images taken at 30 kV with a Helios 5, (d,e) 200 kV, HAADF STEM images, (f,g) Si and O element maps from STEM-EELS
mapping, (h) projected thickness of the mapped region, (i) frustule thickness along the white line in (h).
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Fig. 3. (a) XRD patterns, (b) BET micropore and external surface area, (c) N, adsorption-desorption isotherms, (d) pore size distribution plots, (e) Si 2p XPS spectra corresponding
to samples without NaCl (SM) and with increasing amounts of NaCl (SMN and SMN-1).

with characteristic crystalline Si reflections (JCPDS Ref. No.: 00-005-
0565). No other phases are detected. The calculated lattice parameters
of crystalline Si (c-Si) exhibit a clear decreasing trend with increasing
NaCl content (Table S1 in SI). In contrast, complementary estimations
of the intensity ratio between the amorphous SiO, hump and c-Si do
not show a similarly distinct trend. A significant change is observed
upon the addition of NaCl; however, the ratio remains nearly constant
between samples containing 2.5 and 5 molar amounts of NaCl (Table S2
in SI). Gas adsorption analysis reveals a surface area of 479 m?g~!
for the SM sample, which decreases significantly to 217 m?g~! and
203 m’g~! in samples SMN and SMN-1, respectively. Additionally,
only the SM sample shows detectable micropore area. This is further
supported by the N, adsorption—desorption isotherms, where the SM
sample exhibits type IV isotherms, indicative of mesoporous structures,
while samples containing NaCl display type II isotherm, characteristic
of non-porous or macroporous materials, Fig. 3c. Pore size distribution
plots in Fig. 3d also indicate that SM exhibit a higher proportion of
micropores.

XPS analysis was used to gain further compositional insights. Survey
scan analysis revealed that all samples exhibit high purity levels within
the information depth of the XPS (nm), although C and small amounts
of Na were detected, Fig. S2. Given that a portion of the existing O
was found to be bond to carbon, Si to SiO, ratios could not be easily
estimated from quantitative analysis of Si and O spectra. However,
using the Si 2p signal it was possible to estimate the ratio of Si bound to
Si and Si bound to O. The area ratio of Si-Si to Si-O provides a robust

indication of variations in the Si/SiO, ratio across different samples
(Note S2 in SI). It must however, be considered that XPS results are
surface sensitive and that pure Si is expected to react with the oxygen
in the air, creating a native oxide of finite thickness, which would result
in a non-homogeneous compositional depth profile. Nevertheless, the
expected trend in elemental Si to SiO, is observed for the different
samples.

Fig. 3e displays the Si spectra together with the fitted curves. Results
of the fitted Si 2p spectra show a Si to SiO, proportion of 4:96, 12:88
and 12:88 for samples SM, SMN and SMN-1, respectively, which is
in line with XRD results showing a higher SiO, proportion for the
SM sample and higher amounts of Si for samples SMN and SMN-1.
Additional fluorescence yield X-ray absorption spectroscopy (FY XAS)
measurements, which has a significantly larger information depth than
XPS, was performed for sample SMN and results showed a substantially
higher Si/SiO, ratio confirming the non-homogeneous depth profile
(Fig. S3 and Note S3 in SI).

Fig. 4 presents bright field micrographs and STEM-EELS-EDS maps
of the powder samples. Bright field images of partially reduced SiO,
particles from sample SM, Fig. 4a, show a loss of the nanostructured
morphology characteristic of the original SiO, template. Nano-sized Si
crystals embedded within an amorphous SiO, matrix are visible, along
with larger crystals exhibiting 111 twinning. By comparing the reduced
Si map and the oxygen map (all oxygen in the form of SiO,), it can be
observed that nanoscopic, crystalline Si domains are homogeneously
dispersed in the SiO, matrix. In contrast, sample SMN, Fig. 4b, re-
tains the nanostructured features of the SiO, template, suggesting that
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Fig. 4. STEM-EELS-EDS element maps corresponding to: (a) SM and (b) SMN. The difference between the two Si maps, is that the upper map (green Si label) shows the entire Si
signal while the lower map (red Si label) shows only the reduced part of the Si. The color maps combines the oxygen and reduced Si maps. O has green color while the reduced
Si has red color. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the presence of NaCl is critical for maintaining particle morphology.
Both bright field TEM and EELS maps show multiple crystalline Si
nanodomains surrounded by amorphous SiO, matrix.

Sample SM exhibits a lower Si to SiO, ratio, as indicated by XRD
and XPS measurements, along with a loss of the SiO, template mor-
phology and a higher surface area compared to SMN and SMN-1. This
suggests that reductions conducted without NaCl result in elevated
temperatures, leading to the collapse of the nanostructure and less
conversion of SiO, to Si. Similar observations of particle sintering and
morphology loss during MgTR in absence of NaCl have been reported
in the synthesis of Si [39,41]. The observation that varying the NaCl
content does not significantly affect SiO, properties indicates that 2.5
molar NaCl are sufficient to buffer temperature fluctuations during
diatom-SiO, MgTR, with higher NaCl content providing no additional
benefit to particle morphology.

The galvanostatic cycling performance of the anodes prepared from
the different diatom-SiO, samples is presented in Fig. 5. Initial lithia-
tion capacities of 1996 mAhg™!, 1525 mAhg~! and 1526 mAhg™! are
observed for SM, SMN and SMN-1 anodes, respectively. The first cycle
irreversible capacity losses are 51%, 44% and 47%, respectively, Fig.
5a. After 10 cycles, delithiation capacities decrease to 998 mAhg™!,
608 mAhg™' and 651 mAhg™' for SM, SMN and SMN-1, respectively.
Although SM exhibits the highest initial capacity, it also shows the
most significant capacity fade. In contrast the SMN-1 anode shows
the best capacity retention. Additional structural and galvanostatic
results for samples with higher NaCl content are presented Fig. S4a
and Fig. S4b of the Supplementary Information, and confirm that SMN-
1 offers best cycling stability. A slight trend of increasing FWHM of
the peaks belonging to crystalline Si domains can be observed in the
diffraction data of Fig. S4a, indicating that NaCl addition serves to
regulate crystallite size, which might ultimately affect the mechanical
stability of the anode after repeated lithiation/delithiation cycles.

3.2. Effect of SiO, to Mg ratio on the diatom-SiO,. compounds

Fig. 6a presents the XRD patterns for samples synthesized with
increasing Mg content, SMN-1, SMN-1.5 and SMN-2. In the case of
sample SMN-1, a significant intensity bump corresponding to amor-
phous SiO, coexisting with Si Bragg reflections can be observed. An
increase in Mg content leads to a noticeable reduction in the amorphous
SiO, signal and a narrowing of the Si peaks. This trend suggests that
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Fig. 5. (a) Voltage profiles of diatom-SiO, anodes from samples SM, SMN and SMN-
1, (b) Corresponding differential capacity plots and (c) Delithiation specific capacity
against cycle number during galvanostatic cycling.

higher Mg content enhances the proportion of Si in the synthesized
samples and indicates that the heat released during the MgTR of Mg-
rich powder mixtures influence the crystallite size of the resulting
Si domains. Gas adsorption analysis reveals external surface areas of
216.8 m?g~!, 366.2 m?>g~! and 213 m?g~! for SMN-1, SMN-1.5 and
SMN-2 samples, respectively, Fig. 6b. Samples SMN-1 and SMN-1.5
exhibit type II N, adsorption—desorption isotherms, while sample SMN-
2 shows type IV curves and H3 hysteresis loop, Fig. 6¢, indicating the
presence of mesopores. Pore size distribution curves also show similar
behavior for samples SMN-1 and SMN-1.5, while sample SMN-2 features
more defined pores with a diameter around 12 nm, Fig. 6d. XPS analysis
of the Si 2p spectra, Fig. 6e, estimates Si to SiO, ratios of 12:88, 41:59
and 58:42 for samples SMN-1, SMN-1.5 and SMN-2, respectively, which
aligns with the trends observed in the XRD results.

Partially reduced diatom-SiO, samples from SMN-1 and SMN-1.5
mixtures retain the original nanoporous structure of the SiO, frustules,
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which is indicative of an homogeneous reduction of SiO, to Si. This
is evidenced in the TEM results by the presence of small Si domains,
nanometric in size, evenly distributed throughout the samples, Fig. 7.
Inspection of the SEM micrographs reveals the presence of nanoscopic
domains at the surface of the particles, which become larger in size
when Mg amount is increased in the reactants mixture. By combining
SEM, TEM and XRD results it can be suggested that these domains are
composed of crystalline Si. The higher number of Si domains in sample
SMN-1.5 can explain the marked increase in the external surface area
of this sample compared to sample SMN-1. In contrast, sample SMN-
2 exhibits a significant growth of the crystalline Si domains, which
is accompanied by the loss of the nanoporous network. This morpho-
logical change could explain the drastic decrease in external surface
area observed from sample SMN-1.5 to sample SMN-2. Hence, although
samples SMN-1 and SMN-2 exhibit similar surface areas, the measured
areas arise from significantly different morphological characteristics.

These results suggest that the amount of NaCl, used to buffer the
temperature increase during the MgTR, of sample SMN-2 was insuffi-
cient to prevent nanopore collapse, probably due to the uncontrolled
growth and sintering of multiple small Si nanocrystals into larger
crystals. Previous results available in the literature for micron-sized
SiO, particles, show that lower amounts of NaCl are used for a 1:2
SiO, to Mg molar ratio [54]. This indicates that the nanometer thick
and nanoporous frustules of diatom-SiO, might lead to faster reactions,
which may significantly affect heat evolution during the MgTR, leading
to collapse of the nanostructure. This indicates that particle morphol-
ogy has a major effect on MgTR dynamics and that reaction conditions
need to be adapted for each system.

Fig. 8 shows electrochemical performance results of the SiO, an-
odes. The electrodes exhibit initial lithiation specific capacities of
1525 mAhg™!, 1520 mAhg™' and 2280 mAhg™' for SMN-1, SMN-1.5,
and SMN-2, respectively, with irreversible capacity losses of 73.9%,
60.01% and 44.26%, Fig. 8a. Differential capacity plots of the initial
and second cycles, Fig. 8c and Fig. 8d, respectively, reveal the presence
of cathodic and anodic peaks typical of Si alloying-dealloying reactions
across all samples, with more pronounced peaks for the samples pre-
pared with increasing Mg content, as expected. Galvanostatic cycling
results, Fig. 8e, indicate a significantly higher specific capacity for
sample SMN-2 over the first 100 cycles, although this is accompanied
by a dramatic capacity loss upon further cycling. Sample SMN-1.5
displays lower initial capacity and follows a similar capacity loss trend
as the previous sample. On the other hand, sample SMN-1, which dis-
plays significantly lower specific capacity, exhibits more stable cycling

Table 2
Summary of sample IDs and specific delithiation capacities, in mAhg™', at different
cycle numbers.

Sample ID/Cycle number 1 10 50 100 200
SMN-1 1525 615 595 568 462
SMN-1.5 1520 927 675 441 238
SMN-2 2280 1643 979 707 497

performance, thus having the same specific capacity as sample SMN-2
after 200 cycles, Fig. 8e. A summary of delithiation capacity values for
different cycle numbers is displayed in Table 2. The results indicate
that the Si in SMN-2 behaves more like a pure Si-based anode rather
than a SiO,-based anode, with the Si particles and surfaces directly
exposed to the electrolyte. Due to the significant volume expansions
and contractions during electrochemical cycling, the SEI would repeat-
edly break, exposing fresh Si surfaces to the electrolyte. Additionally,
the Si particles likely undergo morphological transformations; initially
smooth Si crystals evolve into filigree structures where a network
of Si-based nanowires stick out. These morphological changes would
increase the overall Si surface area with cycling, leading to a steady
increase of new SEI with each cycle. In contrast, in SMN-1, a large
percentage of the Si crystals would be protected by the SiO, matrix,
preventing direct contact with the electrolyte. Consequently, a more a
stable SEI would be formed on the surface of the SiO, matrix, while
the smaller Si domains within the SiO, matrix can (de)lithiate without
additional SEI formation. Rate capability tests conducted on the three
samples, Fig. 8f, show a similar trend, in which sample SMN-1 displays
the lowest specific capacity for almost all currents, but stable values
when decreasing and increasing the current. Sample SMN-2 displays
higher specific capacity at all rates, although it is not able to maintain
capacity values when the current is decreased again.

4. Conclusions

In this study, diatom-SiO,, materials characterized by its nanoporous
and nanometric structure sourced from industrially cultured single
species diatom-SiO, were synthesized for the first time through a
magnesiothermic reduction reaction, and the effect of using different
NaCl content and different Mg content on the reagents mixtures were
analyzed independently.

A thorough structural, compositional and morphological analysis on
diatom-SiO, powders synthesized with a fixed 1:1 diatom-SiO, to Mg
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Fig. 7. Top section: bright field TEM images/HAADF STEM images. Middle section: EELS individual chemical maps based on the Si 2p- and O K-edges in the EEL spectra. The
maps labeled “reduced Si” show the background subtracted Si 2p signal in the energy range 99 - 103 eV. Therefore, these maps show the reduced, crystalline Si particles. Bottom

section: SEM micrographs. (a) SMN-1, (b) SMN-1.5, and (c) SMN-2 samples.
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Fig. 8. Voltage profile curves corresponding to (a) first (de)lithiation cycle, (b) second (de)lithiation cycle, (c) first (de)lithiation cycle differential capacity plots, (d) second
(de)lithiation cycle differential capacity plots, (e) evolution of specific capacity against cycle number, (f) specific capacity at variable current rates of SMN-1, SMN-1.5 and SMN-2

anodes.

molar ratio and with 0, 2.5 and 5 molar amounts of NaCl revealed a
high sensitivity of the nanoporous and nanometer thick diatom-SiO,
frustules to MgTR, as the absence of NaCl caused the collapse of the
original nanostructure and less conversion of SiO, to Si. Adding 2.5
molar amount of NaCl was found to be effective for preserving particle
morphology when diatom-SiO, to Mg molar ratio was 1:1. An increase
of NaCl from 2.5 to 5 had a slight impact on the FWHM of Si reflections,

indicating that samples were exposed to slightly different tempera-
tures during the reduction process. Electrochemical performance of
the resulting anodes indicated that samples synthesized in the absence
of NaCl exhibited lower capacity retention, whereas higher capacity
retention was found for the sample synthesized in the presence of 2.5
molar NaCl. This was attributed to the preservation of the nanoporous
structure of the frustule and to an adequate size of Si crystallites,
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which would favor allow lithiation/delithiation reactions to proceed
reversibly without destabilizing the electrode structure.

Analysis on the variation of diatom-SiO, to Mg molar ratios while
keeping the NaCl content constant, was also performed. Samples con-
taining diatom-SiO, to Mg to NaCl ratios of 1:1:2.5, 1:1.5:2.5 and
1:2:2.5 were synthesized and all samples showed the growth of
nanoscopic Si domains evenly distributed in the amorphous SiO, matrix
of diatom frustules, and such domains became notably larger with
increasing amounts of Mg, until SiO, to Mg ratio of 1:2, where all
the SiO, converted into Si. This was accompanied by a narrowing
of Si reflections in XRD patterns as the Mg content was increased.
BET results showed a significant increase of external surface area
when diatom-SiO, to Mg ratio was increased from 1:1 to 1:1.5 and
attributed to the formation of larger Si domains. The sudden drop of
surface area when Mg content was further increased to a 1:2 molar
ratio was attributed to nanostructure collapse, which was confirmed
by TEM and SEM inspections. Diatom-SiO, electrodes showed lower
irreversible capacity loss on the first cycle for SiO, samples containing
increasing amounts of Si, with values of 44.3%, 60% and 72.3% for
electrodes made from 1:1, 1:5 and 1:2 SiO,:Mg mixtures, respectively.
The similar areal properties observed for the 1:1 and 1:2 samples
indicate that differences in electrochemical capacity can be attributed
to compositional changes and having Si domains embedded in a SiO,
matrix results in significantly higher capacity retention, whereas large
Si crystals in contact with each other and in direct contact with
the electrolyte would result in drastic capacity fade. These findings
underscores the potential of utilizing sustainable diatom-SiO, feedstock
to produce high-performance anode materials for Li-ion batteries, with
implications for future advancements in battery technology.
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