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A B S T R A C T   

Nano-architectured silica is extracted from algae harvested in the ocean. Its electrochemical properties are 
investigated as an anode material for lithium ion batteries. The beneficial effect of a carbon coating formed by 
pyrolysis of glucose at 850 ◦C in Ar(g) onto the surface of the SiO2 particles is demonstrated. The SiO2 and SiO2/C 
composites are characterized by means of SEM, EDX, XRD, FT-IR and Raman spectroscopy, TGA, gas sorption 
analysis and laser diffraction, in order to verify the structure, morphology and composition of the materials. 

A procedure for the electrochemical activation of SiO2- and SiO2/C-based electrodes in Li half cells is devised 
to fully maximize their utility as a host material for Li-ions. The activated SiO2/C composite reversibly delivers 
delithiation capacities of ≈800 mAhg− 1 at 50 mAg− 1 and ≈450 mAhg− 1 at 2000 mAg− 1 in a LiPF6‑carbonate 
electrolyte. The properties of an electrochemically activated, algae-derived silica-based electrode (SiO2/C) is 
investigated in a full cell configuration using a commercially available LiNi0.4Mn0.4Co0.2O2 (NMC442) cathode 
material. Such a cell operates at an average discharge voltage of 3 V while delivering capacities up to ≈150 
mAhg− 1 (NMC), which translate into a specific energy density of ≈390 mWhg− 1, based on the active materials.   

1. Introduction 

To date, graphite is the primary choice for the negative electrode in 
state-of-the-art Li-ion batteries [1–3]. This is mainly due to its number of 
highly favorable characteristics, which all contribute to exceptional 
electrochemical properties exhibited by this material. These include a 
reaction potential close to the Li+/Li redox couple, which is desirable in 
terms of maximizing the energy density of a battery when coupled to a 
suitable cathode material. Reversible insertion of Li-ions is made 
possible through an intercalation mechanism which results in a moderate 
volume expansion of 9%. The well-ordered layered arrangement of 
graphene sheets in its crystal structure provide high electronic conduc
tivity which enhances electron transfer and enables fast reaction kinetics 
with Li-ions. The theoretical specific gravimetric capacity is 372 
mAhg− 1 for a fully lithiated LixC6 compound, where 0 < x ≤ 1. Hence, 
graphite cannot accommodate more than one e− plus one Li+ per for
mula unit so its electrochemical energy storage capacity is inherently 
limited [4–6]. Furthermore, concerns have been raised recently over 
graphite by European Union directives by virtue of its role as a critical 

raw material in the transition to a low-carbon economy [7–9]. 
Accordingly, alternative elements and compounds are currently 

being explored to develop materials which involve multielectron 
transfer that can potentially boost the energy storage capacity of such 
anodes. Two major categories of reactions have been identified as al
ternatives to intercalation of Li into graphite, namely electrochemical 
alloying between Li and metals [10] (e.g., Al, Zn, Ag etc.) or semimetals 
(e.g., Si, Ge, etc.) as well as conversion reactions [11–13] of various metal 
compounds (i.e., MX where X = O, P, N, S, etc.). Both classes of reactions 
demonstrate the ability to deliver high Li-storage capacities by virtue of 
the high number of electrons involved in their respective processes. 
However, an array of other crucial issues (i.e., limited electronic con
ductivity, severe volume changes, destruction of the host structures etc.) 
are unavoidable by the intrinsic properties of these reactions. 

This study investigates silica frustules (i.e., silica shells) derived from 
harvested algae naturally occurring in the ocean, and their electro
chemical properties as an anode material for Li-ion batteries. Early 
studies dismissed SiO2 as a candidate electrode material for Li-ion bat
teries since it was believed to be practically inert toward Li [14]. This 

* Corresponding author. 
E-mail address: viktor.renman@ntnu.no (V. Renman).  

Contents lists available at ScienceDirect 

Solid State Ionics 

journal homepage: www.elsevier.com/locate/ssi 

https://doi.org/10.1016/j.ssi.2021.115766 
Received 17 September 2020; Received in revised form 17 September 2021; Accepted 17 September 2021   

mailto:viktor.renman@ntnu.no
www.sciencedirect.com/science/journal/01672738
https://www.elsevier.com/locate/ssi
https://doi.org/10.1016/j.ssi.2021.115766
https://doi.org/10.1016/j.ssi.2021.115766
https://doi.org/10.1016/j.ssi.2021.115766
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssi.2021.115766&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Solid State Ionics 371 (2021) 115766

2

initial judgment was justified as bulk SiO2 particles exhibit low electrical 
conductivity and sluggish diffusivity of Li-ions. Hence, under conven
tional experimental lithiation procedures in Li half cells the bulk silica 
particles will not allow an electrochemical reaction with Li-ions to 
penetrate beyond a depth of only a few nanometers [15], thereby 
yielding a limited electrochemical storage capacity (typically 
~150–200 mAh g− 1 depending on electrode engineering parameters). 
Later studies found that SiO2 nanoparticles [16] exhibited significantly 
higher activity toward Li which, in turn, has sparked renewed interest in 
SiOx and SiO2-based composite materials as a cheap, abundant and 
environmentally friendly negative electrode material for Li-ion batte
ries. [17] Besides nano-sizing, further measures to enhance the elec
trochemical activity of SiO2-based materials (and conversion materials 
in general) include the application of carbon-coatings that increase the 
electronic conductivity [18–24]. A conductive carbon matrix may also 
have the additional beneficial effect of alleviating the stress and strain 
associated with its expansion and contraction upon repeated electro
chemical insertion and removal of Li-ions [25–29]. Further alleviation of 
such stresses are speculated to be provided by an intrinsic property of 
SiO2 itself, namely its tendency to undergo an in-situ formation of a 
complex nanocomposite comprised of both active and inactive compo
nents during lithiation. 

The electrochemical reaction mechanism of SiO2 with Li-ions is 
complex. Theoretical calculations suggest that formation of Li2Si2O5 is 
energetically most favorable during uptake of Li-ions and a reaction 
should take place at ≈1.3 V vs. Li+/Li [30]. Moreover it was suggested 
that other silicates (e.g., Li4SiO4 and Li2SiO3) forms in a voltage range of 
≈1.15–1.25 V vs. Li+/Li while formation of Li2O only becomes possible 
below ≈0.7 V vs. Li+/Li. In practice, huge overpotentials (>1 V) are 
commonly observed due to strong kinetic limitations. Experimentally, it 
is generally accepted that Li2Si2O5, Li4SiO4, Li2O and LixSi are formed at 
some point during lithiation, but there are large variations in electro
chemical behavior between different studies, depending on particle and 
electrode engineering. Although there is still some debate over which 
reaction pathways are active, a consolidated reaction mechanism in 
which SiO2 is electrochemically reduced at low potentials vs. Li+/Li has 
gradually emerged [16,31–33]. It involves disproportionation of the 
parent compound into Li2Si2O5 and Li4SiO4 along with the displacement 
of elemental Si. For the application of SiO2 in batteries, the highest 
theoretical capacities are obtained upon complete reduction into 
elemental Si along with the formation of Li2O, which is energetically 
expensive. In practice, it is possible that all of the mentioned compounds 
are formed to some extent [31]. The Si nanoclusters that are formed as a 
result of the previously mentioned reaction pathways can then proceed 
to react further with Li-ions according to the well-known electro
chemical alloying process [10,34]. The latter reaction is the biggest 
contributor to the reversible capacity of SiO2-based electrodes, with 
estimated values ranging from ≈750–1600 mAhg− 1 [31]. In other 
words, SiO2 combines both conversion and alloying processes. The reader 
is referred to the supporting information for a more complete account of 
the proposed reaction formulas and their associated Li-storage 
capacities. 

SiO2 derived from diatom frustules has previously been investigated 
as an anode material in Li half cells. An initial study demonstrated a 
reversible capacity of 500 mAhg− 1 after 80 cycles for a composite ma
terial obtained by pyrolysis of red algae covered by diatoms [35]. A later 
study used the native organic matter to coat the diatoms via pyrolysis at 
900 ◦C, which yielded a crystalline SiO2/C composite that delivered a 
specific capacity of 521 mAhg− 1 between 5 mV and 3.0 V vs. Li+/Li [36]. 
A third study looked at electrodes with amorphous diatoms and carbon 
black in a 1:1 ratio which resulted in specific capacities of 400 ± 9 
mAhg− 1 over 90 cycles [37]. More recently, carbon-coated Coscinodiscus 
diatoms were obtained via pyrolysis of sucrose at 650 ◦C. The amount of 
highly porous carbon in such a SiO2/C composite was 46.5% by weight. 
Composite electrodes with 35% carbon black added had an effective 
SiO2 content of ≈27 wt-% and delivered a reversible capacity of 723 

mAhg− 1 after the inclusion of a potentiostatic lithiation step at a low 
voltage which enhanced the capacity [38]. 

Here, silica is obtained from naturally occurring raw material. The 
extracted product is characterized via an array of characterization 
techniques. The nanostructured silica is processed further in order to 
achieve control of particle size and morphology. Glucose is utilized as a 
precursor to achieve a carbon-coating onto the silica particles by means 
of pyrolysis at high temperature in an inert atmosphere. The electro
chemical properties of the resulting amorphous SiO2/C composite are 
tested in Li half cells and a comparison to non-coated silica is made to 
further investigate the effect of the conductive additive. The electrodes 
and active material in previous studies on diatoms in the context of Li- 
ion batteries typically have a very high carbon content. In the present 
work, an effort has been made to significantly increase the relative 
amount of silica within the composite electrodes in order to achieve 
slightly more realistic proportions. 

To elucidate the true potential of this particular silica as an electrode 
material, anodes have been tested in a full cell, in combination with a 
cathode fabricated from commercially available NMC-442. The 
composition of the anodes were 75 wt% silica derived from diatom 
frustules, 10 wt% carbon black and 10 wt% binder, thus the silica was 
the main active material. Pre-lithiation is required in order to avoid 
excessive lithium consumption from the conversion reactions, and an 
electrochemical pre-lithiation procedure was optimized to ensure a high 
degree of conversion prior to the full-cell tests. The electrochemical pre- 
lithiation procedure was compared to an internal short-circuiting pro
cedure, involving direct exposure of the silica electrode to metallic 
lithium. The effect of carbon coating on the pre-conditioning procedure 
is also studied. The results from the full cell experiments verifies the 
advantages of the material, namely the high stability and high capacity 
of the anodes, although dominated by lithiation and delithiation of sil
icon, and illustrates the challenges that still needs to be overcome, in 
particular with respect to energy efficiency, for future use in large scale. 

2. Experimental 

2.1. Recovery and processing of biomineralized silica from algae 

Coscinodiscus diatoms (Planktonic AS) harvested from the ocean 
were washed using deionized water to remove sea salt and other possible 
water-soluble contaminants. After drying the washed diatoms at 150 ◦C, 
the algae were placed in a crucible and later calcined at 650 ◦C for 6 h in 
air to combust the organic part of the diatoms, thereby leaving purified 
biomineralized silica frustules as the final product. 

The recovered frustules were crushed to reduce their average particle 
size, thereby facilitating electrode preparation (see Section 2.3). A few 
grams of frustules were placed in a tungsten carbide (WC) jar together 
with hundreds of WC balls (φ3 mm diameter). The ball-to-powder mass 
ratio was ca. 20:1. Ethanol was added to the jar as a milling medium. A 
planetary mill (Retsch PM100) operating at 400 rpm for a couple of 
hours yielded a powder with a significantly reduced average particle 
size. Such harsh milling conditions were necessary since the 3D micro
structure of Coscinodiscus has been shown to be mechanically resilient 
[39]. 

Some of the milled frustules were carbon coated to enhance the 
electrochemical utilization of the material by increasing the electronic 
conductivity of the resulting composite. The particles were ultrasoni
cally dispersed in an aqueous solution of glucose (40 wt-% with respect 
to the silica). The mixture was kept agitated until evaporation of excess 
water was complete. The silica-glucose mixture was then heat treated at 
850 ◦C under a flow of Ar(g) in order to pyrolyze the carbon. 

2.2. Materials characterization 

The morphological features of the extracted and milled frustules 
were examined by scanning electron microscopy (SEM, Zeiss Ultra 55). 
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Additional estimations of the particle size distributions were obtained 
via laser diffraction. A Horiba Partica LA-960 particle size analyzer 
employing a 650 nm laser diode (5 mW power) and a 405 nm LED (3 
mW) provided volumetrically based particle size distributions on the 
basis of the refractive index of quartz in water. Prior to the measure
ments, powder samples were dispersed in water via rigorous 
ultrasonication. 

Surface areas and pore structures of the prepared samples were 
further estimated via N2 gas adsorption analysis at 77 K (i.e., N2(l)) by 
employing a Micrometrics Tristar 3000 area and porosity analyzer. All 
powder samples were thoroughly degassed at an elevated temperature 
of 250 ◦C prior to gas sorption analysis. 

Fourier Transform Infrared (FTIR) spectroscopy was conducted using 
a Bruker Vertex 80v spectrometer in attenuated total reflectance (ATR) 
mode. The spectra were collected in the region between 350 and 4000 
cm− 1 by the cumulative acquisition of 50 scans (4 cm− 1 resolution). To 
further investigate the presence of water and hydroxyl groups, addi
tional measurements were recorded in the spectral range of 3000–4000 
cm− 1 using Diffuse Reflectance Infrared Fourier Transform (DRIFT) 
mode, which enhances the signal-to-noise ratio of the spectral features 
of the species in this energy range. 

Raman spectroscopy was conducted with a WITec alpha300 R 
confocal spectrometer using an excitation wavelength of 532 nm 
generated by a solid-state laser diode. The spectrometer was calibrated 
using a Si wafer prior to analysis. The laser beam was focused on the 
sample surface by a 100× magnification objective and the measure
ments were conducted by applying a constant laser power of 6 mW. 

The elemental composition of pristine frustules was determined 
using inductively coupled plasma mass spectrometry (ICP-MS, ALS 
Scandinavia, Luleå, Sweden) on frustules dissolved in HNO3/HCl/HF 
solution. 

Powder x-ray diffraction (PXRD) was utilized in order to investigate 
the crystallinity of the extracted frustules and to ensure the successful 
removal of crystalline sea salt. The measurements were performed in 
Bragg-Brentano geometry using a Bruker D8 Focus diffractometer 
equipped with a LynxEye SuperSpeed detector and employing CuKα 
radiation (i.e. λ = 1.54 Å). 

2.3. Electrode preparation & electrochemical testing 

Composite electrodes were prepared by tape-casting electrode slur
ries onto Cu foil (18 μm thickness, Schlenk). The slurry composition was 
75% active material (SiO2 or SiO2/C frustules), 10% carbon black 
(Timcal, C-NERGY C65) conductive additive and 15% Na-Alginate 
(Sigma Aldrich) as a water-soluble binder. The binder solution was 
prepared separately by dissolving Na-Alginate in deionized water. Silica 
and carbon black were subsequently added to a steel jar together with 
the appropriate amount of binder solution. The mixture was homoge
nized utilizing a radially oscillating mixer (RETSCH MM400) operating 
at 25 Hz for 45 min. The viscous slurry was spread on to the Cu foil 
current collector by means of a coating machine (KR – K Control Coater) 
equipped with a wire-wound rod, yielding a wet-film thickness of ca. 60 
μm. After allowing excess water to evaporate at room temperature, the 
cast was dried in a convection oven at 60 ◦C. Circular electrodes were 
punched using a purpose-built perforator (Hohsen). Such electrodes had 
a typical active mass loading of ≈0.4–0.5 mg cm− 2 and a thickness of 
≈10 μm as determined using a digital caliper. Due to the electronically 
insulating nature of silica, such thin electrodes allow for a more focused 
investigation of its electrochemical properties while simultaneously 
minimizing the influence of kinetic effects which could arise from an 
increased electrode thickness. The electrodes were dried in vacuum at 
120 ◦C and were finally kept in an Ar-filled glovebox (O2 < 0.1 ppm, 
H2O < 0.1 ppm) prior to cell assembly. NMC-442 (LiNi0.4Mn0.4Co0.2O2, 
BC-723 K, 3 M) cathodes for full cell testing were prepared in an anal
ogous way. Electrode slurries comprising 80% NMC, 10% carbon black 
and 10% PVDF binder (polyvinylidene, Arkema) dissolved in NMP were 

cast onto a 15 μm thick Al foil (Hydro). 
Stainless steel coin cells (CR2016, Hohsen) were assembled in said 

glovebox. The cells comprised the silica-based working electrode, a thin 
porous membrane (Celgard 2400) as a separator, as well as metallic 
lithium (Sigma Aldrich) as a combined counter- and reference electrode. 
The electrolyte (Sigma Aldrich) was a solution of 1 M LiPF6 in dissolved 
in a (1:1 v/v) mixture of ethylene carbonate (EC) and diethyl carbonate 
(DEC). 

Electrochemical tests on the silica-based electrodes were carried out 
using a BCS 805 multi-channel potentiostat (Bio-Logic) by applying 
constant current densities in the range of 50 to 2000 mAg− 1, where the 
magnitude of the current is specified with respect to the amount of 
active material in the composite electrodes. The upper voltage cut-off 
was set to 2.0 V vs. Li+/Li while the lower cut-off was set to 2 mV vs. 
Li+/Li in order to provide a strong driving force (i.e., reducing envi
ronment) for lithiation. Additional experimental conditions include 
potentiostatic holding steps at the end of each reduction (lithiation) or 
oxidation (delithiation) cycle to carefully monitor the current response 
of the cell during these particular electrochemical processes. An alter
native attempt to activate the SiO2/C composite was made by internal 
short circuiting, in which a silica-based electrode was put in direct 
contact with Li metal (with added electrolyte) for several days in order 
for a reaction to take place. 

NMC cathodes were galvanostatically cycled in Li half cells in a 
voltage range of 4.3–3.0 V vs. Li+/Li using current densities of 15 and 
150 mAg− 1. Full cells were assembled by taking a pre-conditioned silica- 
based anode and pairing it with an NMC cathode. The capacities of the 
anode and cathode were approximately equal, having a negative to 
positive ratio of N/P ≈ 1. 

3. Results and discussion 

3.1. Physicochemical properties of extracted frustules 

A series of SEM images depicting the as-extracted frustules are pre
sented in Fig. 1. Some of the frustules remain intact, i.e. the large hier
archical structures (>100 μm) are still observable after processing 
(Fig. 1a), although in some cases it appears that parts of the larger 
structures have been broken up into smaller fragments or flakes 
(Fig. 1b). The morphology of the particles indicate that Coscinodiscus 
was the predominantly featured diatom species present in the sample 
used for extraction of silica. For the sake of clarity, it should be stressed 
that the procedure for extracting purified silica frustules was not 
designed with the intention of being non-destructive with respect to the 
large capsule-like architecture. From the perspective of electrode 
manufacturing, such large particles are not compatible with the stated 
requirement of producing thin electrodes. Alternative chemical routes to 
extract intact frustules are reported elsewhere [40,41]. The question of 
what happens to the nanometric features of the frustules during baking/ 
calcination, however, remains as a question of high importance. A pre
vious study on the thermal behavior of diatom frustules demonstrated 
that the morphology of such particles may deform significantly when 
subjected to high temperature calcination [42]. Upon closer inspection 
of the more intricate features of the frustules here, it is apparent that 
frustules obtained from this sample are able to withstand a baking 
temperature of 650 ◦C without deformation taking place, see Fig. 1c, d. 
Preservation of the nano-scale building blocks is desired for electro
chemical purposes in terms of providing short migration paths for Li- 
ions within the solid material. 

Additional physicochemical analysis results are summarized in 
Fig. S1 (Supplementary information). The X-ray diffractogram displayed 
in Fig. S1a highlights the absence of sharp peaks which is evidence of a 
lack of long-range periodic atomic ordering in the material as well as the 
successful removal of sea salt from the sample. Frustules obtained from 
alternative sources, such as diatomaceous earth or other diatom species 
may be crystalline. The amorphous nature of the current sample may 
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have favorable implications in terms of its lithiation properties [43]. 
FTIR and Raman analyses confirm that the material is silica, see 
Fig. S1b–d. 

Elemental composition analysis by ICP-MS yielded a Si content of 
97.86 at-%, whereas other elements such as Na, Mg, Al, P, K, Ca and Fe 
made up the remainder. Each of the latter made individual contributions 
of less than 1 at-% (oxygen not included). 

3.2. Further processing of the frustules 

To facilitate the production of thin electrodes, the frustules were 
crushed by means of ball milling. The effect of milling on the size dis
tribution and gas sorption properties of the silica particles is summarized 
in Fig. 2. The as-extracted (“pristine”) frustules have a median particle 

size of D50 ≈ 36 μm with additional distribution parameters of D90 ≈ 70 
μm and D10 ≈ 10 μm, respectively, see black/grey traces in Fig. 2a. The 
milled or crushed silica particles have an estimated median particle size 
of D50 ≈ 280 nm (blue traces, Fig. 2a) with additional values of D90 ≈

140 nm and D10 ≈ 650 nm. These numbers along with a visual inspec
tion of the curves in Fig. 2a, indicate that the particle size distribution is 
shifted by roughly two orders of magnitude in the milling process. It 
should be stressed that the particle size distribution is still rather wide in 
both cases. However, it makes sense to observe a wide distribution since 
a naturally harvested material is likely to display natural variations. 
Additionally, the original frustules are comprised of a hierarchical ar
chitecture which contains structural features that span from both short 
(a few nanometers) to long length scales (tens of micrometers). As such, 
it could be conceived that crushing the frustules to some extent “release” 

Fig. 1. SEM images of the as-extracted diatom frustules. (a, b) Low-magnification images displaying both intact frustules and frustules broken up into several thin 
flakes. (c, d) Closer views of typical frustule walls displaying the regular pattern and intricate structural features which result from biomineralization. 

Fig. 2. Summary of particle size and gas sorption analysis. (a) Particle size distributions of milled and pristine frustules. (b) Nitrogen gas adsorption isotherms of 
pristine (black), milled (blue) and milled/C-coated frustules (red). (c) Surface areas of the particles divided into contributions from both external and micropore 
surface areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the finer constituents via fragmentation of the larger flakes. 
The results of gas sorption analysis are summarized in Fig. 2b, c. The 

pristine frustules give rise to a typical Type II isotherm representative of 
a macroporous or non-porous material. These findings are in concor
dance with the morphological study (c.f., Fig. 1) in which macropores 
and relatively smooth surfaces are immediately visible. Although the 
frustules partly consist of small, nanometric features such as thin walls, 
it appears they are not particularly porous. The total surface area of the 
pristine frustules was estimated to ≈8.6 m2g− 1 using BET analysis 
applied to the adsorption isotherm. Further insights into the pore 
structure of the powder was provided by additional analysis according 
to the t-plot method, which indicate that the contribution from micro
pores is ≈1.4 m2g− 1 whereas the external surface area accounts for the 
remaining ≈7.2 m2g− 1. The milled frustules also exhibit a typical Type II 
gas sorption isotherm, with a BET surface area of ≈33.3 m2g− 1. Milling 
thus increases the surface by more than a factor of four. Further t-plot 
analysis show that the overall increase is primarily attributed to an in
crease in external surface area (≈29.8 m2g− 1). While the microporosity 
increases as well (≈3.5 m2g− 1), it clearly does so to a relatively lesser 
extent. The milled and carbon coated sample, on the other hand, exhibit 
a different gas sorption behavior. The isotherm is described as Type IV. 
During adsorption, the initial S-shaped behavior is similar to both of the 
previous cases with the exception that there is an additional inflection at 
higher pressures which indicates capillary condensation takes place in 
the pores. A hysteresis effect is observed during gas desorption, which in 
turn points to the presence of a mesoporous structure. According to BET 
analysis of the isotherms of the carbon-coated powder, the total surface 
area is ≈85.1 m2g− 1. Here, the contributions are ≈27.4 m2g− 1 from 
micropores and ≈57.7 m2g− 1 from external surface area, respectively. 
The reader is referred to the supporting information for a further elab
oration on the pore size distributions of the various samples. In the 
context of electrochemical performance as an electrode material that 
can react reversibly with Li-ions, such differences observed between the 
non-coated and C-coated samples are bound to have a significant effect 
in terms of accessible electrochemically active surface area but also in 
terms of the extent to which side reactions occur. 

Additional SEM analyses were performed to investigate the effect of 
carbon coating on the particle morphology. A comparison is shown in 
Fig. 3a, b, where the non-coated and the coated samples appear to be 

visually similar at a first glance. Obviously, the average size of the silica 
particles in both samples remains the same, but it is worth noting that 
the presence of carbon does not appear to alter the morphology on a μm- 
scale, for instance via excessive particle aggregation. Ultrasonication 
and continuous agitation of the glucose-silica slurry ensures a homo
geneous distribution of glucose on the surface of the particles, which 
yields a thin, porous carbon coating during pyrolysis that hinders 
excessive particle aggregation/sintering. Some of these aspects and 
considerations have been elaborated upon further in a recent study [44]. 
Additional energy-dispersive x-ray spectroscopy measurements in the 
SEM confirmed the even distribution of the carbon coating. Elemental 
maps of the composite material are displayed in Fig. 3c. The signal of Si 
(Kα ≈ 1.74 eV) is shown in red, and the signal of O (Kα ≈ 0.53 eV) is 
shown in green. A side-by-side comparison of the two maps shows the 
expected result that the signals from both elements are neatly over
lapping. The distribution of carbon (Kα ≈ 0.28 eV) is shown as a yellow 
signal. Note that the carbon signal is weak since it is the lightest element 
in the sample, and it is present in a relatively small amount. Its presence 
and its distribution as a thin coating on the silica particles is further 
highlighted in Fig. S3. The effective carbon content after pyrolysis was 
15.4 wt-%, as determined by the change in mass using thermogravi
metric analysis (not shown) conducted by means of combustion in air. 

3.3. Electrochemical activation in half cells 

The electrochemical activation procedure described here is a 
sequence of constant current (CC) and constant voltage (CV) steps, 
which altogether provide a slow but steady activation that can be 
monitored in situ. The process is summarized in Fig. 4 where the carbon- 
coated frustules are used as an example. Slow galvanostatic cycling in a 
Li half-cell at 50 mAg− 1 during the first lithiation step ensures a gradual 
formation of an SEI layer which is homogeneous in terms of its thickness 
as well as its distribution within the composite electrode. By holding the 
voltage constant at 2 mV vs. Li+/Li a strong driving force (i.e., reducing 
environment) for lithiation of silica is provided. Furthermore, the long 
duration (i.e., 48 h) of the constant voltage step gives the Li-ions suffi
cient time to penetrate the silica beyond the shallowest outer layers of 
the particles. This effect is clearly visible in the current response during 
the CV step, where a delayed reaction is observed after ca. 15 h at 2 mV 

Fig. 3. SEM images of frustules which have been processed further by means of ball-milling and carbon coating. (a) Milled frustules (b) Milled and carbon-coated 
frustules. (c) Elemental EDX maps of the carbon-coated sample. Red indicates the presence of silicon, while green shows the distribution of oxygen. The signal arising 
from carbon is displayed in a yellow colour. The composite image shows a superimposition of all elements. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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vs. Li+/Li as evidenced by a gradual increase in magnitude of the 
measured current. The current fluctuates somewhat during the first CV 
steps(s) which could possibly be attributed to cracking of the SEI layer 
along with additional electrolyte decomposition as the particles expand 
when they become lithiated. In total, it was possible to lithiate the 
electrode to a capacity of ≈1000 mAhg− 1 in the combined CC/CV pro
cedure, which in turn corresponds to an uptake of ≈2.2 Li per formula 
unit of SiO2. Subsequently, CC delithiation was performed at 50 mAg− 1 

up to a voltage cut-off of 2 V vs. Li+/Li followed by an immediate CV 
holding step for 24 h during which the current practically drops to zero 
relatively quickly, indicating that the procedure ensures complete deli
thiation. This cycling protocol of alternating slow CC and CV steps al
lows the active parts of the electrode material to undergo reconstruction 
in terms of Li migration within the nanoparticles, thereby enhancing the 
degree of electrochemical utilization. On the other hand, it must be 
noted that the irreversible capacity loss during the first cycle is a stag
gering 48%, reflecting the fact that a significant amount of Li is trapped 
in the form of Li2O, Li4SiO4 and as a significant constituent of the SEI as 
well. Such irreversible losses are clearly a consequence of the intrinsic 
reaction mechanism which produces both active and inactive com
pounds. Furthermore, a rather porous carbon coating within the com
posite electrodes consumes plenty of the Li inventory due to its high 
surface area. Further optimization of the electrode composition with 
respect to the amount of carbon black and binder as well as using 
electrolyte additives may lead to significant improvements in terms of 
mitigating irreversible capacity losses (ICL) here. Nevertheless, signifi
cant ICL remain as one of the main challenges of silica-based anodes and 
conversion-based electrode materials in general [17]. 

In the second lithiation/delithiation cycle, the voltage profile adopts 
a slightly more well-defined quasi-plateau below 0.3 V vs. Li+/Li during 
the CC lithiation step. The amount of Li inserted in CC mode corresponds 
to a gravimetric capacity of only ~450 mAhg− 1. However, after the 
transition from CC to CV at 2 mV in the second cycle, the measured 
current response indicates that the electrode material is more readily 
lithiated (albeit still slowly) as compared to the first cycle since partial 
activation has already been achieved. Once again, fluctuations in the 
magnitude of the measured current are observed for reasons discussed 
previously. The total amount of Li inserted in the combined CC and CV 
steps in the second cycle corresponds to a capacity of ≈930 mAhg− 1. 
During the second delithiation in CC mode, the voltage profile now 
exhibits a significantly more pronounced plateau-like feature centered 
at around 0.3–0.5 V vs. Li+/Li and the charge capacity has also increased 
to 720 mAhg− 1 which in turn means the irreversible capacity loss has 
decreased to 23%. 

In the third activation cycle, the voltage profile exhibits even more 
well-defined features, clearly showing a higher degree of utilization of 
the Li–Si electrochemical alloying process. During the CC part of the 
lithiation process, the obtained capacity now reaches ~650 mAhg− 1. In 
the following CV step the magnitude of the current response is some
what decreased as compared to the first two cycles, which is to be ex
pected since a significant part of the Li–Si electrochemical alloying 
reaction has now taken place above the cut-off voltage of 2 mV vs. Li+/ 
Li. It is also worth noting that the fluctuations in the measured current 
are less pronounced, possibly indicating stabilization of the SEI layer. At 
the end of the third CV step at 2 mV vs. Li+/Li the capacity reaches 
≈1040 mAhg− 1. The subsequent delithiation process again yields a well- 
pronounced plateau in the voltage profile and it was possible to extract 
Li-ions corresponding to a capacity of ≈890 mAhg− 1 thereby lowering 
the irreversible loss to 15%. 

The final two activation cycles (cycles 4–5) are a continuation of the 
trend exhibited by the three previous cycles in the sense that the pla
teaus in the voltage profiles become more well-defined and most of the 
capacity become accessible during the CC steps in the procedure. The 
current responses in the CV steps show significantly decreased magni
tudes and almost approach zero at a relatively quick rate, which means 
the silica electrode can be considered to have become more or less fully 
activated under these conditions. During the holding steps of the 4th and 
5th cycle the currents do not display any significant fluctuations, but 
decay rather smoothly, which could be an indication that a stable SEI 
has been formed on the electrode surface. 

To further highlight the fact that electrochemical reduction of silica 
into elemental silicon actually takes place, the differential capacity plots 
displayed in Fig. 4b provide support for this claim via the gradual 
appearance of distinct features corresponding to the well-known red-ox 
potentials associated with the step-wise electrochemical alloying be
tween lithium and silicon, namely at ≈0.2 and ≈0.06 V during lithiation 
and at ≈0.3 and ≈0.5 V during delithiation [45]. The differential ca
pacity plot also highlights more clearly the reduction peaks in the 
voltage range of 0.7–1 V during the first cycle, which correspond to 
electrolyte decomposition and concurrent formation of an SEI layer on 
the electrode surface. 

Fig. 5 displays the capacities obtained during the activation pro
cedure, split into the galvanostatic and potentiostatic contributions. A 
comparison is made between carbon-coated and uncoated silica. It is 
evident that the available capacity in the C-coated sample during the 
galvanostatic step increases and converges toward a higher value than 
the non-coated sample. During the potentiostatic steps, the lithiation 
capacity of the SiO2/C sample decreases with each activation cycle, 

Fig. 4. An example displaying the electrochemical activation procedure in a summarized format. Here, C-coated frustules are used. (a) The voltage profile (blue) 
along with the current (red) during the first three cycles of the activation process. (b) Differential capacity plots for a selection of cycles highlighting the gradual 
appearance of features at voltages associated with the reaction of Li-ions with silicon. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

V. Renman et al.                                                                                                                                                                                                                                



Solid State Ionics 371 (2021) 115766

7

indicating that the carbon facilitates the activation procedure. The 
beneficial effect of a carbon coating will be further elaborated upon in 
Section 3.3. 

3.4. Further half-cell characterization of electrochemically activated 
diatom-derived anodes and the effect of a C-coating 

The electrochemical properties of pre-conditioned silica-based an
odes, both non-coated and carbon coated frustules, are summarized in 
Fig. 6. The voltage profiles of the activation cycles are displayed side-by- 
side in Fig. 6a, b for a direct comparison. The most obvious difference 
between the non-coated and carbon coated frustules is that the latter 
delivers higher reversible capacities, and the activation appears to 
proceed quicker compared to its non-coated counterpart. The quasi- 
plateaus at <1 V vs. Li+/Li that are associated with the electro
chemical (de)alloying reaction between Li and Si also become signifi
cantly more pronounced. Moreover, a closer inspection of the voltage 
profiles reveals slightly more sloping curves in the C-coated samples. 
Insertion of Li-ions into amorphous carbon blacks or hard carbons occurs 
over a wide voltage range due to their porous and disordered structures. 
The reversible Li-storage capacities of carbon blacks using LiPF6 in EC: 
DEC as electrolyte typically range between 100 and 275 mAhg− 1 

[38,46]. Since the electrodes consist of only 10 wt-% carbon black, the 
capacity contribution from this additive is small. In the not C-coated 
electrodes, the effect of carbon black is therefore minimal in terms of its 
contribution and visible features in the voltage profiles, and the overall 
lack of conductive carbon ultimately results in relatively low Li-storage 
capacities. On the other hand, the effect of pyrolyzed carbon (15.4 wt-%) 
on the coated silica particles is visible under these experimental condi
tions, as evidenced by slightly more sloping voltage profiles in the 1–2 V 
range vs. Li+/Li. Given the higher surface area of the SiO2/C composite, 
the total capacity contribution of the pyrolyzed carbon may add up to 
70–110 mAhg− 1 [38], which is measurable here. Although the signature 
is still dominated by the LixSi ➔ Si + xLi+ + xe− electrochemical alloying 
reaction, it has been proposed that the electrochemical activity of 
Li2Si2O5 also contributes here [31], albeit to a lesser extent, which 
would manifest itself as a somewhat smeared out voltage profile. 
Furthermore, such sloping voltage profiles observed here are also typi
cally featured in SiOx/C composites [28,47], thus providing more evi
dence for electrochemical reduction of the silica in the C-coated 
samples. 

Rate capability tests on the pre-conditioned electrodes were also 
performed. Fig. 6c, d shows a comparison of the voltage profiles of 

pristine frustules and C-coated frustules at various applied current 
densities. The tests were performed after both electrodes had underwent 
the previously described activation procedure. At first, the cells were 
cycled at a slow rate by applying currents of magnitude 50 mAg− 1. The 
current was then gradually increased in sequence after intervals of 10 
cycles up to a value of 2000 mAg− 1. With each increment in applied 
current density, the accessible capacity is progressively lowered and the 
voltage polarization between the lithiation and delithiation processes 
increases as well. At the 10th cycle in each current density regime, the 
non-coated frustules have gravimetric delithiation capacities of 473, 
469, 446, 371, 303 and 223 mAhg− 1 (at 50, 100, 200, 500, 1000 and 
2000 mAg− 1), respectively. At the slowest cycling rate (i.e., 50 mAg− 1), 
the voltage hysteresis between the lithiation and delithation processes at 
ca. 50% SOC is ≈0.3 V. As the applied current density is increased to its 
highest (i.e., 2000 mAg− 1), the hysteresis increases accordingly to a 
value of ≈0.5 V. By comparison, the C-coated frustules exhibit higher 
overall Li-storage capacities for all current densities. Beginning with a 
slow cycling rate and gradually increasing the current density in the 
same manner as previously described, the obtained delithiation capac
ities are 792, 753, 697, 616, 545 and 451 mAhg− 1. The presence of a 
carbon coating is thus clearly beneficial both in terms of facilitating the 
activation of the material and its ability to deliver higher capacity at 
higher rates. However, the voltage hysteresis is barely affected by the 
application of a carbon coating, suggesting that the lithiation/delithia
tion of the bulk silica-based matrix is a limiting factor. 

The evolution of the gravimetric (de)lithiation capacities of both 
non-coated and C-coated frustules as a function of cycle number are 
shown in Fig. 6e, f. Over the course of 100 cycles at a current density of 
100 mAg− 1, it appears that the C-coated frustules exhibit a relatively 
stable cycling performance, as witnessed by only a slow and gradual loss 
in capacity. Here, it is relevant to make a comparison to pure Si elec
trodes, which have a tendency to fail rather quickly without specific 
engineering of particle size/morphology and the use of stabilizing or 
film-forming additives such as fluoroethylene carbonate (FEC) or 
vinylene carbonate (VC) when electrochemically cycled to a deeply 
lithiated state vs. Li+/Li [48–50]. The failure-mode of Si electrodes is 
complex, but the large volume expansion (>300%) during uptake of Li- 
ions which lead to particle cracking along with excessive electrolyte 
decomposition and a loss of electronic contact within the composite 
electrode are all common explanations for such a behavior. This high
lights one of the proposed advantages of conversion-based electrode 
materials, since some of the inactive reaction products are believed to be 
able to buffer some of the strain and stress associated with the significant 

Fig. 5. Gravimetric capacities during the electrochemical activation procedure split into (a) charge passed during the galvanostatic steps, and (b) charge passed 
during the potentiostatic steps of the SiO2 and SiO2/C electrodes. 
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volume expansion-contraction upon repeated (de)lithiation cycles. A 
porous carbon-coating may also have a similarly protective effect by 
inhibiting HF-etching of the silica when LiPF6 is used as electrolyte salt 
[51]. 

Initially the reversible capacity of the non-coated frustules is 
significantly lower than that of the carbon-coated ones (≈430 vs. ≈810 
mAhg− 1). However, the capacity increases incrementally with each 
electrochemical lithiation/delithiation cycle until it reaches ≈614 

Fig. 6. Summary of the galvanostatic lithiation-delithiation cycles comparing crushed non-coated and carbon-coated frustules in half cells. (a) Voltage profiles of the 
first five activation cycles, which include potentiostatic holding steps, of non-coated frustules. (b) An analogous visualization of the voltage profiles of the activation 
cycles of carbon-coated frustules. (c) Voltage profiles of non-coated frustules at various current densities. (d) Voltage profiles of the C-coated frustules at various 
applied currents. (e) Evolution of gravimetric capacities as a function of cycle number at a current density of 100 mAg− 1. (f) Rate test comparison between non- 
coated and carbon coated frustules. 
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mAhg− 1 at the completion of the test. This is attributed to an effect in 
which the electrochemically active surface area is gradually increased as 
the depth of lithiation steadily grows in each lithiation cycle. The re
action reduces more and more of the SiO2 in each cycle forced by 
repeated (de)conversion thereby leading to an increased storage ca
pacity of Li-ions [52–54]. 

3.5. Half-cell properties of SiO2/C activated by internal short circuiting 

The electrochemical properties of a SiO2/C electrode that was acti
vated by internal short circuiting via direct contact with a piece of 
metallic Li foil is displayed in Fig. 7a–c. Overall, the properties are 
similar to the electrochemically activated electrodes discussed in earlier 
sections - both in terms of its voltage profiles, gravimetric capacities and 
rate susceptibility. The re-assembled half cell had an OCV of ≈0.1 V vs. 
Li+/Li. An attempt was made to lithiate the electrode further (“Cycle 0” 
in Fig. 7a), but no additional lithiation capacity could be obtained, 
which indicates that the reaction was already complete. The reader is 
referred to the supplementary information file for more comparisons 
between the activation procedures. 

3.6. Implementation of a silica-based anode in a lithium ion battery 

Since the electrochemical properties of the carbon-coated frustules 
were more favorable than those of the non-coated ones, the SiO2/C 
composite anode was chosen for further study in a full cell configuration 
with NMC as a cathode material. Since the SiO2/C electrode activated 
via internal short circuiting showed slightly lower capacities and would 
furthermore have to be delithiated prior to full cell assembly, an elec
trochemically activated electrode was instead chosen out of conve
nience. The electrochemical properties of the NMC cathode were 
investigated separately in a Li half-cell configuration in order to ensure a 
reliable performance in terms of cycling stability, representative voltage 
profiles, acceptable coulombic efficiencies and so on, see Fig. S5. 

3.6.1. Full cell behavior 
The assembled cell comprising a pre-conditioned (electrochemically 

activated), delithiated anode and a fully lithiated (i.e., pristine) NMC 
cathode had an open-circuit voltage (OCV) of ≈1.3 V and the voltage 
profiles of the first five cycles of the NMC||SiO2/C cell are displayed in 
Fig. 8a. During the first charge, the cell voltage increases rapidly and 
adopts a sloping appearance (average potential ≈3.6 V) which is 
maintained to the upper cut-off at 4.2 V. The initial charge capacity of 
≈171 mAhg− 1, here referred to with respect to the mass of active NMC, 
is in line with findings from the previous half-cell study. Note also that 
the voltage profile of the first charge does not exhibit any distinct fea
tures (i.e., kinks or quasi-plateaus) in the cell voltage range of 2.7–3.1 V 
since electrolyte decomposition and SEI formation on the anode surface 

has already taken place during the pre-conditioning procedure. While 
the possibility of additional SEI formation on the anode cannot be ruled 
out, such effects are not directly measurable as visible features in the 
full-cell voltage profile post-activation. In the first discharge, the cell 
delivers a specific capacity of ≈147 mAhg− 1 at an average discharge 
voltage of ≈3.06 V. This corresponds to an energy density of 387 
mWhg− 1 (here referred to the total mass of active materials in both 
electrodes) and to a first cycle coulombic efficiency of ≈86% as well as 
an energy efficiency of ≈73%. Upon continued cycling of the full cell, 
the discharge capacity stabilizes somewhat at around ≈147 mAhg− 1 

during the first 10 cycles. While an increase of the coulombic efficiency 
is initially observed as well, it remains fluctuating around 99%. This 
unavoidably leads to a slow and gradual decrease in the reversible ca
pacity (Fig. 8b.) of the cell since a non-negligible amount of the Li- 
inventory is irreversibly consumed due to some parasitic side- 
reactions in every cycle. After 50 cycles the discharge capacity drops 
to 118 mAhg− 1, which in turn corresponds to an energy density of 297 
mWhg− 1. The evolution of the energy density delivered by the cell as a 
function of cycle number is displayed in Fig. 8c. The energy efficiency 
initially rises to ≈83% in the first few cycles, but then gradually drops 
and stabilizes at ≈81% upon prolonged cycling. A further elaboration on 
the evolution of the gravimetric storage capacity and energy density is 
made by monitoring the change of the average charge and discharge 
potentials as well as the gap between them. Here, the calculated values 
based on experimentally obtained energy densities and coulometric 
capacities are displayed in Fig. 8d. It can be seen that the average charge 
potential stabilizes relatively quickly at ≈3.56 V while the average 
discharge potential, on the other hand, drops from ≈3.06 to ≈2.93 V 
during the first 20 cycles. The effect is further highlighted by the cor
responding change in voltage hysteresis which gradually increases to 
≈0.63 V, hence a lower energy efficiency (≈81%) is finally observed. 

It was necessary to set the lower voltage cut-off to 1.3 V (i.e., a 
voltage comparable to OCV just after cell assembly) in order to relithiate 
the cathode and delithiate the anode. This necessity likely arises mainly 
due to the delithiation properties of the anode rather than lithiation of 
the cathode counterpart. More specifically, it is attributed to the rela
tively large overpotential required to achieve delithiation of the anode 
which is completed at >1.5 V vs. Li+/Li. This effect is further manifested 
in energy efficiencies of ≈81% upon further cycling. Upon closer in
spection of the discharge voltage profile one can qualitatively divide it 
into two regions, one above >3 V and another one below <3 V. There is 
a minor inflection at roughly ≈60% depth of discharge. This region of 
the discharge process corresponds more or less to the process in which 
the dominating delithiation reaction in the negative electrode gradually 
approaches its completion. Since N/P ≈ 1, it is possible to check the 
individual half-cell profiles in order to gain some insight into what is 
going on. The relithiation profile of NMC is comparatively flat at this 
SOD (Fig. S5a), while the profile of the silica-based anode adopts a more 

Fig. 7. Li half-cell performance of a SiO2/C electrode activated by internal short circuiting via direct contact with Li metal. (a) Galvanostatic voltage profiles at 100 
mAg− 1. (b) Gravimetric capacity evolution as a function of cycle number at 100 mAg− 1. (c) Rate capability test. 
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sloping profile with a slight increase in the rate of change of the voltage 
with respect to the amount of charges passed through the cell. There are 
several reasons for the sloping profile of the anode. Even if the con
version reactions ensure the formation of a composite where stable 
lithiaton and delithiation of Si is the main charge storage mechanism, 
the conductivity through the electrode is might still be insufficient. 
Furthermore, the delithiation of the carbon coating contributes to gives 
rise to such a behavior. It has also been proposed that the electro
chemical activity of Li2Si2O5 will contribute at higher anode potentials. 
Altogether, the presence of multiple electrochemically active species in 
the complex nanocomposite at the negative electrode ultimately has the 
effect of smearing out the voltage profile. Another way of putting it is 
that a range of active compounds (i.e., LixSi, Li2Si2O5, amorphous carbon 
etc.), perhaps also with a distribution in particle size, within the com
posite electrode that react simultaneously or in close sequence will give 
rise to a less well-defined cycling profile as the reactions take place over 
a wider voltage range, thereby requiring a rather low discharge cut-off 
voltage for the full cell. 

For the sake of discussion, it should be noted that the first region 
(4.2–3 V) in the full cell voltage profile could in principle be extended by 
simply decreasing the N/P ratio (i.e., utilizing a significantly oversized 
anode). However, this would come at the expense of effectively 
increasing the amount of dead weight within the anode composite 
electrode as well. While the energy efficiency could be improved in such 
an approach, the total energy density would be reduced when consid
ering the electrodes masses as a whole, and is therefore less relevant for 
further studies, particularly since electrochemical activation is clearly a 
more limiting factor here. It is suggested that perhaps a more fruitful 
approach for SiO2 and SiOX-based anodes could be to investigate 
whether it is possible to more carefully control the electrode 

composition via some clever pre-lithiation procedure or other pre- 
treatment that maximizes the amount of active components (e.g., 
LixSi) while simultaneously minimizes the amount of inactive compo
nents (e.g., Li2O, Li4SiO4). 

4. Conclusions 

Silica derived from a natural resource, namely algae, can be pro
cessed and used as an electrode material which reacts reversibly with Li- 
ions at low potentials vs. Li+/Li. Electrodes with a high silica content (75 
wt%) were subjected to a particular electrochemical activation pro
cedure which ensures a high degree of conversion of the silica at a low 
potential vs. Li+/Li. It is demonstrated that time spent at a low potential 
is a crucial factor in the activation of the material, and that a carbon- 
coating appears to significantly facilitate the process. It is further 
demonstrated that prelithiation by internal short circuiting in a cell with 
direct contact between the silica electrode and metallic lithium gives an 
almost identical degree of conversion. A full cell comprising an elec
trochemically precondintioned SiO2/C-based anode and a NMC 442 
cathode was assembled and tested. On the basis of the amount active 
materials only, such a full cell has an initial (discharge) energy density of 
387 mWhg− 1 and an energy efficiency of ≈83% that both gradually 
drops with continued cycling. Despite exhibiting large gravimetric ca
pacities (in relation to conventional graphite anodes), and the excellent 
cycling stability in half cell, these silica-based anodes have intrinsic 
shortcomings that is the energy penalty associated with its relatively 
high delithiation potential, as well as the coulombic efficiency. 

Fig. 8. Performance summary of the full cell containing and NMC cathode and a pre-conditioned SiO2/C-based anode. (a) Voltage profiles during the first five 
charge-discharge cycles at C/10. Dashed lines indicate the average potentials of the charge and discharge processes. (b) Corresponding specific capacities and 
coulombic efficiencies of the full cell as a function of cycle number. (c) Energy density and energy efficiency plotted versus cycle number. (d) Evolution of the average 
charge and discharge voltages as well as the difference between them. 
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