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Abstract Here, we report on an electrochemical impedance
study of silica of organic origin as an active electrode
material. The electrode material obtained from carbonized
marine biomass containing nanoporous diatoms has been
characterised by means of XRD, IR, SEM and EIS. Dif-
ferent kinds of crystallographic phases of silica as a result
of thermal treatment have been found. The electrode is
electrochemically stable during subsequent cyclic voltam-
metry measurements taken in the potential range from 0.005
up to 3.0 V vs. Li/Li*. The material has been found to
exhibit high charge capacitance of 521 mAh g~! being
cycled at a rate C/20 with capacity retention of about 97%.
Electrochemical impedance spectroscopy performed at an
equilibrated potential E = 0.1 V in the temperature range
288-294 K discloses low charge transfer resistivity and low
diffusional impedance.
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Introduction

Carbon materials of different kinds and morphologies are
used as anodes in lithium-ion batteries, mainly due to their
plausible theoretical capacity (372 mAh g~!) and good
cycling performance [39]. However, the practical capacity is
300-320 mAh g~!. Research towards a more efficient mate-
rial in respect to storage capacity is still ongoing. There is
a need to come up with a cheaper and more stable anode
material [29].

Silicon, due to its high theoretical capacity of about
4200 mAh g~! is considered as a replacement for graphite
anodes in energy storage devices. The problem with practi-
cal usage of a silicon anode is that Si undergoes significant
volume changes during alloying with lithium [33]. This
pulverization process leads to contact loss of anode mate-
rials, resulting in capacity fading. Moreover, huge volume
changes influence the mechanical stress of the electrode
seen as degradation of the solid electrolyte interphase (SEI)
layer and further capacity fading [6]. Recently, the silicon
oxide nanostructures were tested as an alternative anode
material for lithium batteries [5, 9, 32, 40]. Silica is one of
the most commonly occurring matters on Earth. Silica as an
anode material exhibits a high theoretical capacity of about
1965 mAh g~! and is known to undergo faradaic processes
in the presence of lithium ions at a sufficiently high cathodic
potential. Yan et al. expressed the mechanism on the basis
of HRTEM and SAED data as follows [40]:

5810, +4Li"T +4e™ = 2LiSi,05 + Si (1)

Si+ xLit +xe™ = Li,Si )
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The two reactions are all reversible. However, Guo proposed
a different mechanism with irreversible silicate formation
and parallel lithium oxide creation [16]:

SiO; + 4LiT 4+ 4e~ — 2Li,O + Si 3)

2810, +4LiT +4e™ — LisSiO4 + Si “)
Above electrochemical reactions of SiO, can be the source
of a high theoretical capacity, significantly higher than the
capacity of LiCg [40]. Formation of disilicate in reaction
(1), as also silicon lithiation (reaction (2)), are reversible;
however, reactions (3) and (4) are found to be irreversible.
In our previous study on an anode material obtained from
high temperature transformation of sea water diatoms, we
showed that under lithiation reversible, reactions took place.
The tested material was a composite of the carbonaceous
part and silica. Both parts of the active anode (carbonaceous
part and silica) originated from carbonized biomass [23].

In this work, we focus on silica activity only while the
carbonaceous part of the biomass was removed in the car-
bonization process (see Experimental part for details). It
is due to the fact that there is a huge amount of natural
resources, namely diatomic earth, available all around the
world. Here, we use marine red algae covered with diatoms
as a source of silica nanostructure. The marine biomass
was collected in the southern part of the Baltic sea in the
Gulf of Gdarisk. All material from red algae was chemically
removed and only the part coming from diatoms has been
used for anode preparation.

Electrochemical performance of silica anodes, of
diatomic origin, has been studied by means of electro-
chemical impedance spectroscopy (EIS). EIS is one of the
most powerful techniques used to investigate electrochemi-
cal behaviour of materials [12, 18, 26, 30, 35, 36, 38, 41]. It
permits disclosing of different phenomena related to charge
transfer and transport within the electrode material and at
the electrode/electrolyte interface. Here, EIS has been used
to characterise the material after cathodic polarisation at
different temperatures.

Experimental

Marine algae (Polysiphonia fucoides) covered by diatoms
(Diatomophyceae) from the Baltic Sea were cleaned
mechanically (manually, ultrasonic bath) and chemically.
After mechanical cleaning, algae were chemically cleaned
by shaking in 1 M HCI solution for 24 h, followed by shak-
ing in 1 M NaOH solution to remove excess of HCI and
finally washed with distilled water. Next, the biomass was
carbonized in a furnace (Czylok, Poland) at 900 °C for 2 h
under a carbon dioxide flow of 20 ml min—!. We used CO,
as a mild oxidizing agent able to remove the organic part
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from the biomass. After pyrolysis, pure biosilica was milled
for 1 h at 1500 rpm (Retsch, MM200, Germany).

The electrodes were prepared from a slurry (50 wt% of
active material, 30 wt% of carbon black (Super P, Timcal,
Switzerland) and 20 wt% of binder (polyvinylidene fluoride
PVdF, Sole, Germany) in NMP on a 10-um thin copper foil
(Schlenk Metallfolien GmbH & Co KG, Germany). After
tape casting, drying at 100 °C for 8 h, discs were cut from
the tape and pressed (30 s with a load of 200 MPa). Next, the
discs were dried under dynamic vacuum in an oven (Glass
Oven B-585 Biichi, Germany) for 24 h at 80 °C and were
used in two-electrode Swagelok® cells with lithium foil
(99.9% purity, 0.75 mm thickness, AlfaAesar) as counter
and reference electrodes with 1 M LiPFg in EC : DMC ratio
1 : 1 (LP30 Merck, Germany) as the electrolyte, and glass
fibre (Schleicher & Schiill, Germany) as the separator.

The crystal structure of carbonized algae was determined
from X-ray diffraction patterns (XRD) measured in the
range of 260 = 20-80°, using an X-ray diffractometer (Xpert
PRO-MPD, Philips with copper K radiation (1 = 1.5404 A).

The infrared spectrum was obtained on a Genesis II
FTIR spectrometer (A accuracy & 2 cm™') in the range
400-2000 cm~!. Samples were prepared as KBr pressed
pellets.

EIS measurements were performed using a Frequency
Response Analyser (FRA) module equipped Autolab
PGSTAT 10 at a rest potential of 0.10 V. The three-electrode
Swagelok® cells with lithium foil (99.9% purity, 0.75 mm
thickness, AlfaAesar) as counter and lithium wire of 0.5 mm
thickness as reference electrode with 1 M LiPFg in EC :
DMC ratio 1:1 (LP30 Merck, Germany) as the electrolyte
were polarised at E = 0.10 V for 6 h before measurement
and left to equilibrate for 48 h. Measurements were taken at
open circuit potential (OCP) in the temperature range from
285 to 305 K. The impedance spectra were obtained by
applying a sinusoidal signal of 10 mV in amplitude in the
frequency range from 100 kHz to 10 mHz.

Results and discussion

The X-ray diffraction pattern of thermally treated marine
biomass is shown in Fig. 1. The XRD spectrum confirms
the presence of crystobalite, quartz, traces of albite and
magnetite.

The morphology of the carbonized biomass at different
magnification (a) and (b) is illustrated by SEM images in
Fig. 2. Regular square voids of 100 nm side length are seen
for the material without milling. This is an example of a
diatomic skeleton made of silica. The skeletons are of varied
shape and their common feature is the presence of the holes.

These holes were expected to enhance the active sur-
face area of the carbonized material as is required for
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Fig. 1 XRD pattern of carbonized algae

nanomaterials for electrochemical application. Hence, the
laborious preparation of a silica nanostructure is performed
by nature, saving efforts in technological procedures and
also saving energy consumption. After milling, the sample
consists of rectangular shape, cubic-like particles of sizes
up to about 5 um. Crushing is expected to increase the
active surface area required for a sufficient current out-
come. However, Brunauer-Emmett-Teller (BET) nitrogen
absorption/desorption analysis shows that the surface area
of carbonized material is only 1.443 m? g~! with a total pore
volume of 0.0008 cm® g~!. It evidences that carbonized
material is rather compact with clearly visible nanovoids.
In the EDX spectrum, the presence of silicon, oxygen and
other elements: potassium, calcium, magnesium, sodium,
aluminium and iron was identified. The silicon content is 34
at.% while the amount of oxygen is at the level of 59 at.%.
The amount of other elements is up to 7 at.%. They form
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Fig. 3 1R spectrum for carbonized biomass

oxides (Fe) and, very likely, silicates (Al, Ca, K, Na, Mg);
however, due to small amounts, only albite is recognized in
the XRD pattern.

In Fig. 3, the absorption spectrum of thermally treated
marine biomass has been presented.

As can be seen, the transversal optical (TO) resonance at
480 cm™! is attributed to the rocking vibrational mode Si-
0O-Si, the O-Si-O bending mode at 790 cm~! and the Si-O
asymmetric stretching mode at 1080 cm™! [17]. The signal
at 620 cm~! is attributed to stretching modes involving dis-
placements associated primarily with the Si atom [21]. The
presence of these peaks confirms that the material consists
of silica particles.

Cyclic voltammetry (cv) curves for the first (red) and
second (black) scan have been shown in Fig. 4.

The first scan discloses a clearly shaped cathodic maxi-
mum at 0.75 V. This peak is attributed to complex processes

o o )
2\ det mode mag WD 10 pm
30.00 kV ETD SE 5000 x 10.7 mm

Fig. 2 SEM images of carbonized biomass. Before (a) and after (b) milling procedure. In the inset, the EDX analysis is given
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Fig. 4 The first and second cv curve of an electrode covered with car-
bonized biomass. Sweep rate 100 uV s~!. Potential range 0.005-3.0 V
vs. Li/Lit. Inset: 5 cycles (v = 1 mV s~!) of lithium incorpora-
tion/exclusion from the electrode in potential range 0.005-1.8 V

of solid electrolyte formation at the interface (SEI) and elec-
trochemical reduction of silica. Both these processes are
parallel, taking part at the same potential range [8]. In the
second scan, with no SEI formation, a current plateau start-
ing from ~0.8 V has been recorded. The observed current
growth corresponds to lithium silicate formation from SiO;
[16, 40]. This reduction may proceed according to reaction
(1) or (3) (see Introduction) and in all possible cases sili-
con is created as a reduction product. In our previous study
on anode material made from biomass, it was proven by
XPS measurements that lithiation of diatomic silica leads to
formation of lithium silicates (LixSiOy) and lithium silicide
Li,Si [23].

At lower potentials, alloy LixSi formation [40] and
lithium insertion into added carbon black may occur [28].
Silicon, the reduction product, should be dispersed in the
bulk of the electrode material in a way that alloying forma-
tion and its volume changes would be compensated by the
porous material structure. In the inset, multicyclic (fast) cv
curves of the electrode material after charging/discharging
steps (see Fig. 4) have been shown. The curves overlap,
indicating that the material is stable during the cycling pro-
cedure and exhibit coulombic efficiency above 99.1% for
the fifth cycle.

The impedance spectra at potential E = 0.1 V and taken
at different temperatures are presented in Fig. 5.

The EIS spectra consist of two depressed semicircles at
higher and medium frequencies, followed by a straight line
rising at an angle of 80° to the Z’ axis. The first semicircle
is attributed to the SEI response [37]. The second semicir-
cle is well shaped at the middle range of frequencies. The
almost vertical line at lower frequencies is observed which
may indicate a finite-length diffusional impedance to the
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Fig. 5 The complex plane impedance plot of carbonized biomass
taken at different temperatures at potential E = 0.1 V (film thickness
~ 40 um, electrode surface area 1.2 cmz)

blocking electrode [11]. Thus, Warburg element Zw is
replaced by the generalised finite-length Warburg element
(Zgrw) as it is given in Ref. [25, 36].

The EIS data were analysed using an electric equivalent
circuit (EEC) presented in the inset in Fig. 6a.

The EEC is a modified Randles equivalent circuit con-
nected in series with (RC) elements responding to SEI
impedance. The meaning of symbols is as follows: R is
the electrolyte resistance, CPEsg; and Rsgy are attributed
to SEI capacitance and SEI film resistance, CPE.; and R
are double layer capacitance and charge transfer resistance
from SEI to a bulk film, Zgrw is finite-length diffusional
impedance including inhomogeneity of the electrode as is
given in Ref. [36]. The goodness of fit (Xz) was in the
range 1 107 = 1 107 indicating that the proposed EEC is
acceptable.

The impedance plots of charged material (E = 0.1 V) and
pristine electrode material (E = 3.0 V) are shown in Fig. 6a,
b, respectively. The impedance of a freshly prepared elec-
trode in contact with an aprotic electrolyte is low. The shape
of the impedance spectrum taken for a freshly prepared elec-
trode in contact with a non-aqueous electrolyte is similar
to impedance functions obtained for porous electrodes. It
is known that the type of pores may affect the impedance
response as shown in Ref. [19, 24]. In the inset in Fig. 2a,
one may see that diatoms belong to porous material group
[31] with various types of nanopores. Due to these features,
one may use them as an electrode material enabling faradaic
reaction of the nanoporous biosilica-electrode to occur.

Impedance of the material increases after charging and
two separate arcs of different time constants are clearly
distinguishable. A constant phase element (CPE) has been
applied in the electrical equivalent circuit in both parts of
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EEC. From definition, the CPE is characterised by two
parameters: Q and n. When n = 0 then CPE represents resis-
tance, capacitance for n = 1 and a Warburg impedance when
n = 0.5 [43]. The general formula of the CPE is [2]:

Z(w) = é(jw)f" &)

Here, j = +/—1, nis a non-dimensional exponent changing
in the range 0 < n < 1, and Q is a constant of dimension
Fs" L

The generalised finite-length Warburg element (Zgrw) is
characterised by resistance Rgrw, time constant T, and an
exponent 0. The Zgrw element variation of the heuristically
modified CPE and Warburg diffusion expression in one formula
arises from non-uniform diffusion in a finite-length region;
here, that function has been implemented for the studied
non-homogenous material according to Ref. [25, 36]:

Rcrw

G .
Zorw = mtanhmwn)% (©6)
2] % ¥
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Fig.7 Plot of 1n(%) =f (%) for carbonized biomass at potential E =
0.1V

The term non-uniform is due to the complexity of the
biomaterial. It is not only diffusion within carbonaceous
material but also the diffusion in the inorganic part coming
from diatoms biosilica. This inhomogeneity leads to the dif-
fusion process in not uniform material expressed by Eq. 6
representing generalised finite-length Warburg impedance.

In Fig. 7, the temperature dependence of ln(%) =f (%)
has been presented.

The ln% fulfils the Arrhenius type temperature depen-
dence for electrolyte, SEI and charge transfer resistances.
Conductivity increases with temperature. However, the
resistance of the film Rgrw is not temperature-dependent
in studied temperature range. This resistance is attributed to
bulk film. Similar behaviour was observed for metal hex-
acyanoferrate, zeolite type systems penetrated by counter
ions as was shown in Ref. [15, 22].

In Fig. 8, the time constant (t) values have been shown.
The time constant was calculated by the equation given
below [34]:

CPE = % %)
5 600
AR =
] O 0 o i
16 5 *
12 1 O
o 10.8
81 o o
g T ¥06 2
< 44 »
= © © 5 ) Tser | 0.4
O - Tct
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Fig. 8 The time constant against temperature for carbonized biomass
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The time constant is a value which may be consid-
ered as the time taken for the electrode material to
be charged/discharged in terms of capacitor/galvanic cell
behaviour. It is commonly used for electrochemical appli-
cations [1, 3, 7, 41]. In general, it gives information about
charge and discharge processes taking place in the entire
system, i.e. a double electrochemical layer in the metal/bulk
film interface, within particles in the bulk film and the
metal/electrolyte interface. This is the inverse angular fre-
quency at the maximum of the conductivity arc [13].

The average time of 7y is 2.67 1073 s. It suggests that
charge transfer is fast and might be dependent on coupled
lithium ion and electron processes in the studied system. A
similar value of the time constant was calculated by Novak
et al. for commercially available graphite [20].

The results show that the relaxation time in SEI films
diminishes with temperature increase and is lower for T =
294 K and the fastest for T = 286 K and equal to 0.00796
and 0.017 s, respectively. Similar behaviour was observed
for tggy calculated for charge transfer from SEI to the bulk
material. The time constant values of 7., were of two orders
of magnitude lower in comparison with ggy. It shows that
the charge transfer process of SEI interface/silica particles
is faster than charge transfer within the SEI film.

The time constant value calculated from the Zggw ele-
ment is in the range 125-500 s. This order of magnitude
confirms that the diffusion process of lithium ions in the
bulk material is very slow. Thus, one may conclude that
diffusion is the limiting step of the electrode reaction.
To calculate pseudocapacitance (CPEc) from the constant
phase element, we used the equation given by Brug et al.

[4]:
CPEc = Qi - RU-"n ®)

where R is the resistance, Q is a constant proportional to
the active area and n describes capacitance distribution (it
changes in the range 0 < n < 1).
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In Fig. 9 the constant phase element vs. temperature
relation has been presented.

The pseudocapacitance (CPEsgi—c) of the SEI film
is almost constant with temperature, while (CPEsgi—y)
slightly decreases. The CPEsg1—y is an exponential param-
eter which shows the non-ideal behaviour of the system.
The values of those parameters may suggest that the SEI
interface does not grow at the studied potential. SEI film
homogeneity has an impact on the charge transfer reaction
taking place at the SEI interface and silica particles. As can
be seen in Fig. 9b, in the temperature range from 288 to
294 K, CPE._c values decrease while CPE._, increase.
The change of these parameters may reflect the change of
inhomogeneity of the charge transfer reaction induced by
the formed SEI film.

The data on the change of capacity depending on the
applied current and the number of cycles have been shown
in Fig. 10.

The charge capacity of carbonized biomass for the first
lithium insertion is 1490 mAh g’1 , while the first extraction

B CR0X5 O croxs & C/i5xs O Cr0x2
B DR20x5 O DMoxs & D/Sx5 O D20x2

1500 m
% 1250-
£ 1000
£ I
> 750- "
.g Emp,§ oo
% 500 OOOOOOOOOO
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0 T T T T T T T T 1 &
0 2 4 6 10 12 14 16 18

Cycle number

Fig. 10 The capacity vs. cycle number of carbonized biomass at
different C-rates
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capacity is 580 mAh g~!. It gives an irreversible capacity
loss of 61%. Such high capacity loss is very likely attributed
to irreversible reactions resulting with lithium silicate and/or
lithium oxide formation. High irreversible capacity should
be reduced for practical applications. There might be several
ways to decrease capacity loss. One is to change size of the
particles. According to Gao et al., commercial silica of 7 nm
diameter gives a reversible capacity of 400 mAh g~! [14].
The other possibility is to add additives to obtain a stable
solid electrolyte interphase (SEI). A stable SEI layer pre-
vents electrolyte decomposition and lithium loss. It might be
done by the following: (1) additive addition to electrolyte,
i.e. vinylene carbonate (VC), tris(pentafluorophenyl) borane
(TPFPB)) or (2) chemical modification of the silica surface
by a group of alkoxy silane additives (trimethoxymethyl-
silane, dimethoxydimethylsilane, methoxytrimethylsilane)
[42]. Capacity loss may be also decreased by electrode
material prelithiation using ex situ electrochemical and
chemical methods [10, 27]. The capacity retention for C/20,
C/10 and C/5-rates after 5 cycles is 17, 30 and 67%, respec-
tively. However, capacity fading for the next two C/20 —
rates is only 2.7% with the final charge capacity equal to
521 mAh g~!. The electrochemical reduction with forma-
tion of irreversible products is required for further stable
charging/discharging behaviour.

Conclusions

The material obtained by pyrolysis of marine algae contains
porous silica. Silica is present in the form of rectangular
shaped particles of different kinds of crystallographic types.
Crystobalite, quartz and a small amount of albite and mag-
netite have been identified by means of the XRD technique.
Infrared spectroscopy evidences the Si-O vibrations coming
from SiO5.

Impedance spectra at potential E = 0.1 V performed at
different temperatures show the presence of two depressed
semicircles followed by a sloping line. The presence of
depressed semicircles, in the form of constant phase ele-
ments instead of pure capacitors in the electric equivalent
circuit, indicates that the material is porous, inhomogeneous
and that the surface is rough.

Electrochemical processes occurring in the SEI film and
between SEI interface/silica particles have been identified.
The diffusion of Li-ion has been modelled with the gen-
eralised finite-length Warburg element instead of a finite
Warburg element. The time constant of SEI film impedance
is 10* lower in comparison with the time constant origi-
nating from modified Randles circuit values related to the
charge transfer process between the SEI interface and sil-
ica particles. Lithium-ion diffusion in the bulk film is the
slowest process. The pseudocapacitance of the SEI film is

constant and is not temperature-dependent but influences
the charge transfer capacitance.

The presence of the silica nanostructure enhances cycle
stability in that natural material. However, it is still a chal-
lenge with the reproducibility of the material. We are aware
that the presence of crystobalite, quartz, traces of albite and
magnetite might differ if one goes from batch to batch.
More detailed studies are required to give an answer to
that problem. Nevertheless, the results show that naturally
occurring, renewable source of nanoporous silica from sea
water diatoms are found to be suitable as the anode material
for lithium-ion battery applications with a higher specific
charge capacity than graphite and similar time constants for
the lithiation process.
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