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New electrode material obtained by pyrolysis of aquatic biomass macro (red algae) soaked with
glucose solution has been characterized by SEM, EDX and Raman spectroscopy. Graphitized carbon
was identified by Raman spectroscopy. Galvanostatic cyclic polarization of the materials in contact
with 1M LiPFg electrolyte in EC:DMC (1:1 v/v) and Li as a counter electrode was performed. Specific
capacity of the novel material was enhanced in comparison with graphitic charge capacity. The best
specific capacity was achieved for the sample with a carbon cluster size L, of 39 A and was equal to
578 mAh/g with capacity fading about 9 % for C/20 —rate.
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1. INTRODUCTION

Since 1991 when Sony introduced lithium ion batteries (LIB) for mobile electronic devices as
an energy supply, the demand for novel materials has not been fully appeased. The need for varied
type LIB still is increasing as expectations for further application in other fields becomes a reality [1-
3].

Anode materials for LIB exploit mainly regular graphite or other carbonaceous species
obtained during high thermal procedures. Pyrolytic carbon materials due to disordered structure,
hydrogen content may insert lithium in amount even higher than theoretical charge capacity of graphite
[1]. Matter for pyrolysis may origin from chemical industry (petroleum coke, synthetic resins etc.) or
from natural resources. Pyrolysis of naturally occurring precursor is often performed with prior
treatment with a pore former [4]. Other way of carbonization is based on hydrothermal treatment of
precursors at lower temperatures, at subcritical solvent condition [5,6]
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The renewable resources come from every year crops in a form of biomass. Biomass precursors
for lithium insertion anodes, dependently on the regional agriculture, are rice husk, oak, walnut or
almond shells etc. [7].

Huge amount of macro algae produced each year by photosynthesis is not exploited as a source
of carbonaceous matter. Although, aquatic biomass until now was offered as a binder for anode of
LIBs eliminating other toxic chemicals [8]. The material, called alginate was extracted from brown
algae, and testing has shown that in both graphite and silicon based electrodes, it increases both output
and energy storage in the secondary electrochemical cell [8].

In this work we propose to use macro algae species namely red algae (Polysyphonia fucoides )
as a matrix and substrate for pyrolytic carbon. In purpose to enhance carbon content in a final product,
glucose as an additional carbon precursor has been used. Red algae due to their pipe like structure are
able to absorb any outer aqueous solution [9]. This feature is desired as may facilitate formation of
small carbon clusters during pyrolysis of the biomass soaked with glucose solution. Red algae are
occasionally covered by diatoms. Presence of porous silica from diatoms’ structures should help to
avoid exfoliation of obtained carbonaceous material during exploitation in the cell. Improvement of
electrochemical performance during electrochemical polarization was reported for SiO, nanoparticle
[10].

In this work we focus on synthesis and properties of electrode material produces from
pyrolysed aquatic bio material. The biomass was collected in the southern part of Baltic Sea.

2. EXPERIMENTAL

2.1. Material synthesis

Material was prepared using red algae (Polysiphonia fucoides) from Baltic Sea as a precursor.
Algae were mechanical cleaned firstly (manually, ultrasound bath). After mechanical cleaning, algae
were chemically cleaned by shaking in 1M HCI solution for 24 hours followed by shaking in 1M
NaOH solution to remove excess of HCI. Precursor was saturated with 0, 3, 5, 7 or 10 % wt. of glucose
solution and named Al, A2, A3, A4 and A5, respectively. After saturation, the algae were dried for 24
hours and pyrolysed using tube furnace under argon atmosphere. Composites’ synthesis has been
carried out at 900°C for 2h.

2.2. Electrode preparation

Pyrolysed material was mechanically milled using ball mill (MM200, Retsch GmbH). Grinding
has been carried out for 30 minutes, rpm = 25. The composites’ fine powders were mixed with binder
solution containing polyvinylidene fluoride (pVDF, Solvay S.A) in acetone (POCh Gliwice) in weight
ratio 9:1. The slurry was solvent casted on the rough side of 10 pum thin copper foil (Schlenk
Metallfolien GmbH & Co KG, Germany) and spread out with a metal hand blade. After tape casting
procedure, the electrode tape was dried under vacuum in an oven (Glass Oven B-585 Biichi, Germany)
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for 24 h at 80°C. After drying the discs of 12 mm diameter (up to 2 mg of material) were cut of the
tape and pressed for 30 sec with a load of 950 MPa. This electrode served as the working electrode in
two-electrode Swagelok type testing cell. The lithium foil (99.9 % purity, 0.75 mm thickness,
AlfaAesar) was used as the counter and reference electrode for two-electrode half-cell configuration.
The glass fibre filter (Schleicher & Schiill, Germany) and 1M of LiPFg dissolved in mixed solvent
which was composed of the equal volumetric amount from of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (LP30 Merck, Germany) were used as a separator and an electrolyte.

In all cases the theoretical capacity of the composite material was assumed to be 372 mAh/g for
active carbon in the material. Galvanostatic cyclic polarization were performed with a sequence of
stages consisting of different charging/discharging (C/D) rates: at first supplying 4 cycles at 18.6 mA/g
(C/20), then five polarising cycles at 37.2 mA/g (C/10), next 5 cycles at 64.4 mA/g (C/5) and 2
polarising cycles at 18.6 mA/g (C/20) holding potential limits from 0.05 V to 3 V. Second group of
polarizing experiment was focused on fast charging/discharging rates where 4 cycles at 18.6 mA/g
(C/20) were performed, next one hundred cycles at 372 mA/g (1C) followed two cycles at 18.6 mA/g
(C/20).

2.3. Micro-Raman

Micro-Raman spectra were recorded on a Raman spectrometer inVia Renishaw (Renishaw,
England) with an Ar ion laser at a wavelength of 514 nm.

2.4. Scanning electron microscopy

Scanning electron microscopy (SEM) micrographs were obtained using a Carl Zeiss EVO-40
Series instrument (Carl Zeiss AG, Germany) equipped with an EDX detector (EDS BRUKER AXS
Quantax

3. DISCUSSION AND RESULTS

3.1 SEM and EDX studies

SEM micrograph of red algae before pyrolysis procedure is shown in Fig. 1.

Dried Polysiphonia fucoides (red algae) consists of long thin staples close to each other. It is
complex tube-like structure. The branches are occasionally covered with diatoms (Diatomophyceae) of
cylindrical and rectangular shape. The diatoms are a major group of algae. They are unicellular species
which can exist as colonies. A unique feature of diatom cells is that they are enclosed within a cell wall
made of hydrated silicon dioxide called a frustule [11].

Fig. 2a-f. is a micrograph of pyrloysed algae (a-c) before and (d-f) after milling procedure. The
material keeps its longitudinal shape after pyrolysis process. The framework of the diatoms is
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unchanged and the carbonaceous multilayered pipe-like structures are also very well preserved, see
Fig. 2a and Fig. 2c.

Figure 1. SEM photography of red algae covered with diatoms at different magnification (a) 1000x (b)
2000x and (c) 4500x.

Figure 2. SEM photography of pyrolysed red algae at different magnification (a-c) before and (d-f)
after milling procedure.
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The milling procedure gives the material with the crushed cubic-like particles with the size of a
few micrometers (see Fig. 2f.). Crushing is necessary and very important procedure which brings about
increase active surface area required for sufficient current outcome.
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Figure 3. The EDX spectrum of pyrolysed algae of different composition

The EDX analysis exhibits that the materials consist mainly on carbon, silica and oxygen, see
Fig. 3. Chemical composition of these bio-originating samples varied slightly. The amount of carbon
changes from 62.00 to 72.22 atomic weight. The silicon content varies from 3.57 to 6.04 atomic
weight. The oxygen and nitrogen content is in the range 15.29 — 25.77 %. However, the algae are
known to be able to accumulate many heavy metals [12]. The other elements present in the studied
samples are: sodium, magnesium, calcium, aluminium, iron, copper, sulphur, bromine and potassium
in total amount varies from 0.1 to 0.65 at. %.

3.2. Raman Spectroscopy

Micro-Raman-spectroscopy was applied to determine the structure of carbon phase in the
pyrolysed samples. The spectra of the composite materials, A1-A5, are shown in Fig. 4. The shape of
the presented curves is typical for disordered carbonaceous material where two quite sharp maxima,
the G peak around 1580-1600 cm™ and the D peak around 1350 cm™ are detected [13]. According to
Ferrari [14] the D peak is attributed to the breathing motion of sp?rings, while the G mode results
from an in-plane bond stretching of sp? carbon atoms, both proving a formation of graphitized carbon
of sp® hybridization, condition required for aromatic rings formation [14].
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Figure 4. The Raman spectra of pyrolysed algae of different composition

Table 1. The in-plane correlation length of the materials.

Sample number  Material (carbon and silicon content - % at. weight)

Al algae (62.60 % C, 3.86% Si) 43
A2 algae (62.00 % C, 6.04 % Si) 40
A3 algae (71.10 % C, 3.57 % Si) 42
A4 algae (72.22 % C, 4.60 % Si) 45
A5 algae (65.53 % C, 4.05 % Si) 39

The relative intensities of the lines (D and G) depend on the type of graphitic material. It is also
known, that ratio of the intensities 1(D) to I(G) varies inversely with L, parameter for pure carbon
materials, where L, is in-plane correlation length:

(D) _c() n

I(G) L

where C depends on the Raman laser excitation energy (for L = 514.5 nm, C = 44 A).

The L, values, calculated using eq. 1, are gathered in Table 1. As can bee seen, the smallest
parameter L, was achieved for material A5 and is equal to 39 A. The L, parameter calculated for
commercial graphite is about 4 times higher [15, 16].

The peak at ~ 2900 cmcorresponds to sp> C-Hy stretching modes, with a main contribution of
sp® C-H, and sp* C-H groups [14] and is recorded for all materials, see Fig. 4. The C-H type bonds

a
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belong to the terminate groups in the studied materials. The presence of terminal hydrogen is found to
have impact on lithium ion intercalation capacity [17].

3.3. Electrochemistry
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Figure 5. Cycling performance for the material a) Al, b) A2, ¢) A3, d) A4 and e) A5.

The materials A1-A5 were tested as an anode for lithium batteries in contact with 1M LiPFg in
EC.DMC (1:1) electrolyte. The data on change of the capacity depending on current applied and
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number of cycles are shown in Fig. 5 a-e. The all materials exhibit capacity drop for the first scan as
expected for solid electrolyte interphase (SEI) formation [18].

The data for the first charge capacity (Qc), discharge capacity (Qrev), irreversible capacity
(Qirrev) and irreversible capacity loss (ICP) are collected in Table 2. The average charge / discharge
capacity for slow rate C/20 after 4 cycles is the lowest for Al (~ 383 mAh/g) and the highest for A5 (~
662 mAh/g). The capacity retention of A1l and A5 electrode materials are 93 and 90 %, respectively.

Table 2. Comparison of the first cycle charging/discharging capacity, irreversible capacity and
irreversible capacity loss of the samples A1-Ab5.

The average charge/discharge capacity for rate of C/10 after 5 cycles is 295 mAh/g and 448
mAh/g for Al and A5, respectively. The capacity fading is equal to 7 % for the former and 4 % for the
latter.

Similar behaviour was observed for the material charged and discharged at C/5 rate. The
discharge capacity for the last cycle (5™) was 228 mAh/g for Al and 367 mAh/g for A5 with capacity
retention of 99 % and 93%, respectively.

Table 3. The comparison of the capacity values of A1-A5 samples at different C — rates.

Electrode material Capacity [mAh/g]
C/20 C/10 C/5 final C/20
Al 358 285 227 308
A2 436 330 320 420
A3 518 380 273 459
A4 508 344 272 425
A5 633 439 356 580

The last two cycles was performed again for the rate of C/20. The final discharge capacity was
308 mAh/g for Al and 580 mAh/g for A5. These values are of ~ 50 mAh/g lower if we compare them
with the discharge capacity of the 4™ cycle for C/20 rate.

Table 3 includes discharge capacities values of studied materials for varied C — rates.

The best results for all tested samples are observed when charging / discharging process is slow
(C/20). The highest capacity value is observed for A5 and equals 633 mAh/g. The capacity of 356
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mAh/g for A5 is 80 mAh/g higher in comparison to data obtained for A3 and A4. Even higher
difference in the capacity (~ 130 mAh/g) is observed for the final insertion/extraction procedure.
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Figure 6. The 1C — rate cycling performance for a) Al, b) A5 electrode material.

Data obtained for rates C/20 and 1C for Al and A5 samples are shown in Fig. 6. The charge
capacity measured for C/20 — rate is about 367 mAh/g and 605 mAh/g for Al and A5, respectively.
Fast charging and discharging (1C — rate) responds to capacity retention of 98 % after 100 cycles with
charge capacity of ~ 178 mAh/g for the 100" cycle for Al electrode material.

The A5 sample with capacity of 294 mAh/g (first 1C) exhibits not acceptable capacity fading
of 157 mAh/g after 100 cycles. The remaining 137 mAh/g is still attractive considering application in
lithium ion hybrid capacitors [19].

4. SUMMARY

The composite materials were obtained by means of pyrolysis of macro algae soaked with
glucose solution.

The Raman spectra indicate the presence of disordered and graphitized carbons in all samples.
The cluster diameter (L) value varies from 39 to 45 A.

Electrochemical charging/discharging tests show very high first charge capacity, over 880
mANh/g, for rate of C/20. The irreversible capacity was in the range 358 — 523 mAh/g for all studied
materials.

The best electrode performance was achieved for material A5. The reversible capacity for C/20
rate was 578 mAh/g. It gives capacity retention of 91 %. Capacity enhancement is very likely to come
from structural properties of the matter with similar content of carbon and silicon as in other samples.
In general observed higher charge capacity may originate not only from carbon activity. One may
expect additional processes involving also silica electrochemical activity. However, further studies are
required and are ongoing.
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