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Eco-friendly and cheap lithium ion battery electrode processing using seaweed-derived mesoporous carbon additive

(Starbon® A800) and binder (sodium alginate) were elaborated for LiMn,0, (LMO) and LiNiy3Mn;/3C01/30, (NMC) lithium ion
batteries. Compared to electrodes made using conventional formulations (i.e. Super P/PVDF) the ‘green’ electrodes can

provide significantly ‘upgraded’ reversible capacity, almost reaching their theoretical capacity at low C-rate, likely due to a

good accessibility of lithium ion via mesopores of the carbon additive. In addition, a synergistic effect was observed for a

binary carbon additive system composed of Starbon® A800 with a conventional carbon black (Super P), improving both the

initial capacity and the rate capability of LMO and NMC electrodes.

Introduction

Renewable materials and processes complying with the
principles of green chemistry must be used as much as possible
for the elaboration of energy storage devices to make them
sustainable. Lithium ion batteries have attracted considerable
attention as promising power sources for electronic devices or
electric vehicles, due to their high energy density and long cycle
life compared to lead-acid, nickel-cadmium, nickel metal
hydride batteries.™ Typically, electrodes for lithium ion
batteries are obtained from a slurry prepared by mixing an
electroactive material with a conductive additive (e.g., carbon
black) and a polymeric binder (e.g. polyvinylidene fluoride,
PVDF) in an organic solvent (e.g. N-methyl-2-pyrrolidone, NMP),
which is tape casted onto an aluminium or a copper current
collector. Although the mainstream of the research on lithium
ion batteries has been the development of different kinds of
cathode and anode materials or their modification by nano-
structuration®® or doping,‘r”6 the research on improving
electrochemically inactive materials such as carbon additives
and binders cannot be overlooked because they also participate
to the performance of lithium ion batteries.” " With an increase
of concern on environmental issues, eco-friendly electrode
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processing based on water-soluble binders as alternative to
fluorine-based conventional binders has emerged.ll'13

Many studies have shown that polysaccharide-based binders
such as carboxymethyl cellulose (CMC) or sodium alginate can
improve the cycle life over cycling or the high rate capability of
positive (LiMn,0,,™  LiNiy/sMny/3C01/305,"  LiNigsMny 504",
LiCoPO417) and negative electrode materials (Si,11 Li4Ti501212),
mainly thanks to their good electrochemical stability, strong
adhesion ability and high Young’s modulus, which provide a
buffer effect for volume change of active materials during
cycling.11 However, most previously reported studies on ‘green’
electrode processing still used conventional carbon blacks (e.g.,
Super P, acetylene black), which are generally synthesized by
industrial cracking or partial combustion processes. Although
these carbon blacks exhibit good electronic conductivity, they
are usually non-porous, which might hamper the accessibility of
active materials by the lithium ions. Accordingly, these so-called
‘green’ electrodes do not fully satisfy the main prerequisites of
eco-friendly or sustainable chemistry.

The role of conductive carbon additives in lithium ion batteries
is principally to provide good electronic conductivity within the
electrode over cycling. To improve the characteristic of carbon
additives, various methods including surface modification or
structuration have been investigated. In particular, a porous
structure was found to significantly improve the electrode
performance by improving also the ionic conductivity, allowing
a faster electrolyte diffusion via porous network.'®*?

Recently, Starbon® and its derivatives have been developed as
sustainable biomass-derived carbonaceous materials with a
high mesoporosity.zo'23 The physicochemical properties of
Starbon®, including texture, morphology and electronic
conductivity can be easily tuned by varying the polysaccharide
source (e.g., starch, alginic acid, or pectin), or the parameters of
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the carbonization process. Starbon® materials have been
employed as both catalystsm‘25 and catalyst supports,zs’27 as
sorbents for pollutant removal,”®*° and as porous templates for
the synthesis of a mesoporous electrode material.*® Starbon®
materials have also recently been used as alternative carbon
additives in negative electrodes (LisTisO1,, TiO;) of lithium ion
batteries, significantly improving the battery performance
compared to conventional carbon black additives® as Starbon®
materials could provide both a good electronic conductivity and
an effective lithium ion pathway through its mesoporous
structure.

We report here an eco-friendly and cheap ‘green’ electrode
processing using seaweed-derived mesoporous carbon additive
(Starbon® A800 from alginic acid) and binder (sodium alginate)
for two positive electrode materials: LiMn,0,; (LMO) and
LiNi;;3sMny/3C01/30, (NMC) (Fig. 1), both already commercialized
in the field of electric vehicles (e.g., Nissan LEAF and Chevrolet
Bolt). Compared to electrodes made using conventional
formulation (i.e., carbon black/PVDF), the ‘green’ electrodes
provide significantly improved reversible capacity reaching their
theoretical capacity at low C-rate, mainly thanks to the
enhanced diffusion of Li* through the mesopores of the carbon
additive. In addition, a synergistic effect was observed for
electrodes made using a binary carbon additive system
(A800:Super P, weight ratio of 6:1) and sodium alginate binder,
which significantly improved both initial capacity and rate
capability compared to the conventional electrodes. Moreover,
the ‘green’ LiMn,0,; electrode showed remarkable cycling
stability with > 98 % of capacity retention after 100 cycles at 1
C, while less than 95 % of capacity retention observed for a
conventional LiMn,0, electrode.

¢ Seaweed
(Brown algae)

o Gelification
& & pyrolysis 800°C

LiMn,0,
or LiNiIBMnUgCoL/goz,

Starbon

Positive electrodes

Fig. 1 Schematic representation of 'green’ electrode processing using seaweed-
derived mesoporous carbon additive and binder for positive electrodes in lithium
ion batteries

Experimental
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Alginic acid from brown algae was purchased from Sigma-

Aldrich (France). Sodium alginate was purchased from Acros
(France). Super P (>99 %) was purchased from Alfa Aesar
(France). Lithium manganese oxide (LiMn,0,4, LMO, BET surface
area of 7 m’ g'l, pore volume of 0.02 cm?® g'l‘ Fig. Sla for SEM
image) and lithium nickel manganese cobalt oxide
(LiNi;3sMny/3C01/30,, NMC, BET surface area of less than 1.0 m’
g'l, pore volume of less than 0.02 cm?® g'l, Fig. S1b for SEM
image) were purchased from Targray (Canada). All reagents
were used without further purification.

Synthesis of seaweed (alginic acid)-derived mesoporous carbon
A800.

First, an alginic acid solution (4.8 wt% in water) was gelled by
heating at 90 °C for 2.5 h, and then kept at 4 °C for 24 h.
Afterwards, tert-butyl alcohol (TBA) was added to the gel, to
reach the eutectic composition (30 wt% TBA, 70 wt% water).
The mixture was stirred for 1h at RT and then kept for 24 h
without stirring and finally freeze-dried (-55°C). The so-obtained
dried expanded gel of alginic acid was then pyrolyzed at 800 °C
for 3 h (argon flow: 50 mL min’™, heating rate: 1 °C min™) giving
the mesoporous carbon material A80O0 (A stands for alginic acid,
800 for the carbonization temperature in °C) with a yield of ca.
25 wt%.

Characterization

N, physisorption experiments were carried out at -196 °C on a
Micromeritics 3Flex; all materials were degassed at 120°C for
15 h at 5-102 mbar before the physisorption measurements.
Scanning electron microscopy (SEM) images were acquired with
a Hitachi S-4800 electron microscope. EDX analyses were
acquired with a JEOL CENTURIO detector. The electronic
conductivity of carbon additives was measured by 4-point
probe method on pellets (30 mg carbon + 2 mg
polytetrafluoroethylene PTFE, 13 mm diameter) prepared with
a FT-IR pellet press (5 tons).

Galvanostatic electrochemical
performed at room temperature on a BTS3000 instrument from
Neware Battery. Electrochemical impedance spectroscopy (EIS)
studies were done on a BiolLogic VSP instrument, from 100 kHz
to 20 mHz, with a 10 mV amplitude in potentiostatic mode at
the end of the discharge (3.4 V). Electrodes are composed of the
active material (80 wt%), carbon additive (10 wt%), and sodium
alginate (10 wt%), except if mentioned otherwise. In the case of
Super P/PVDF electrodes, the slurries are composed of the
active material (80 wt%), Super P (10 wt%), and polyvinylidene
fluoride (Solef 5130, 10 wt%) and N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich) was used as solvent, instead of water.
After stirring in water or NMP, the slurry was mixed using an
agate grinding jar (1 h at 500 rpm), then tape casted uniformly
at 150 um onto an aluminum current collector (0.018 mm,
99.0 %, Goodfellow) using a 3540 bird film applicator
(Elcometer). Electrodes (diameter 12.7 mm) were then cut out
with a disk cutter and dried under vacuum at 120 °C for 15 h.
The loading weight per electrode disk was approximatively

characterizations were

This journal is © The Royal Society of Chemistry 20xx
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2.5 mg. CR2032 coin-type cells were assembled in a glove box
under Ar atmosphere (0,<0.5ppm, H,0 < 0.5 ppm), using
lithium metal as both reference and counter electrode. The
electrolyte was LP30 (0.2 mL, 1M LiPFg dissolved in a mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC) (ratio
EC:DMC=1:1). Whatman glass fibre disks were used as
separators. The electrochemical galvanostatic measurements
were taken in the voltage range of 3.4-4.3V vs Li*/Li for LMO,
2.8V-4.4V vs Li*/Li for NMC, respectively.

Results and discussion

Characterization of seaweed (alginic acid)-derived mesoporous
carbon Starbon® A800

The seaweed-derived mesoporous carbon (Starbon® A800)
used in this study as a carbon additive was prepared from a
dried mesoporous expanded gel of alginic acid, which was
prepared by gelatinization, solvent removal and then pyrolysis
at 800 °C as previously reported.31’32 The textural properties of
A800 are summarized in Table 1, along with those of a
commercial carbon additive, Super P (see Fig. S2 for N,
physisorption isotherm). The electronic conductivity of A800
(84 S m'l, three times lower than that of Super P) is moderate,
mainly due to the low degree of graphitization and low C:O
atomic ratio. However, this value is significantly higher than for
other commercial mesoporous carbons, especially starch-
derived Starbon® S800 (24 S m'l) or resorcinol-formaldehyde
gel-based NC® carbon series (32 S m™),* probably due to the
fibrous aggregation of carbonized alginic acid linear chains (Fig.
3 for SEM images), which might provide an effective electron
conduction pathway.
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Fig. 2. a) Powder X-ray diffraction patterns of carbon additives b) Raman spectra of
carbon additives. The ratio Ip/Ig calculated based on the intensity of D-band (1360 cm'l)
and G-band (1590 cm™).

SEM images analysis indicated that A800 is composed of fibrous
aggregates (Fig. 3a), which arise from the rearrangement of
alginic acid chains, and also of foam-like aggregates (indicated
by white arrows in Fig. 3c). The mesopores are clearly seen at
high magnification (Fig. 3b) and their size (ca. 20 nm) is
consistent with the pore size obtained by N, physisorption
experiment (Table. 1). The SEM image of Super P (Fig. 3d) shows
randomly aggregated spherical nanoparticles, about 50 nm in
size, accounting for the specific surface area.

Table 1. Textural properties, electronic conductivity and C:O ratio of carbon additives

Carbon Seer PViotal PVimeso D, oS c:0
additive (m’g  (ecm’gh (em®g™h) (nm) m™) atomic

Y ratio

A800 490 0.91 0.71 16.0 84 16.9
Super P 50 0.13 0.09 - 279 > 100

Sger: BET specific area determined by BET method; PV, : total pore volume at P/Pgy
= 0.99; PVimeso: BJH mesopore volume between 2 and 50 nm; D,: BJH average
mesopore diameter (desorption branch); o: electronic conductivity; C:0 atomic
ratio obtain by SEM-EDX.

The XRD pattern of A800 (Fig. 2a) shows two broad peaks at
22.5° and 44.0°, which could be ascribed to the (002) and (100)
reflections of graphite (JCPDS 75-1621), demonstrating a
turbostratic-like carbon structure.”® The Raman spectrum of
A800 (Fig 2b) presents two distinct broad peaks at 1360 cm™ (D-
band) and 1590 cm™ (G-band). The intensity ratio of 15/l is 0.81,
indicating a pseudo-graphitic structure with a low degree of
ordering. Super P appears slightly more graphitized with more
intense peaks for (002) and (100) reflection in XRD patterns and
a lower Ip/lg ratio.

This journal is © The Royal Society of Chemistry 20xx

Electrochemical performance of LiMn,0,, LiNi;;3Mn;;3C0,/30,
‘green’ electrodes made using A800 and sodium alginate

The electrochemical performance of LiMn,O; and
LiNi;sMn;/3C04/30, ‘green’ electrodes made using A800 as
carbon additive and sodium alginate as binder was evaluated in
CR2032 coin-type half-cells using lithium metal as counter and
reference electrode.

Fig. 4a and 4b show the galvanostatic charge/discharge profiles
of LMO electrodes made using A800/alginate, and Super
P/PVDF at 0.1 C, respectively. The specific discharge capacity of
the LMO/A800/alginate electrode was 147 mAh g'l at 5" cycle,
which is very close to the theoretical capacity of LMO (148 mAh
g'l), while the LMO/Super P/PVDF electrode showed only 96
mAh g"1 as 5" discharge capacity. The first-cycle coulombic
efficiency was 88 % and 69 % for LMO/A800/alginate and
LMO/Super P/PVDF electrodes, respectively. Indeed, it is

J. Name., 2013, 00, 1-3 | 3
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generally known that better coulombic efficiency for the first
cycle can be obtained for electrodes made using water
processable binders such as CMC or alginate.11 In the case of
NMC (Fig. 4c and 4d), the specific discharge capacity of
NMC/A800/alginate electrode is 182 mAh g"l at 5™ cycle,
approximately 50 mAh g'1 higher than that of NMC/Super
P/PVDF electrode. This gain of capacity for both LMO and NMC
‘green’ electrodes can be ascribed to the good accessibility of
the surface of the active material by the lithium ions via the
mesopores of A800. This finding is very interesting because
LMO or NMC electrodes made using bulk type active materials
(i.e. non-porous without nano-structuration) often showed very
low specific capacity,33'36 generally due to the non-porous
structure of the active material, the lack of electrochemical
activity or the poor accessibility the material by lithium ions.
However, these results show that the poor performance of bulk
materials can be simply overcome by generating mesoporosity
within the electrode using a mesoporous carbon additive such
as A800. Besides, the contribution of A800 to the capacity is
negligible, as a blank electrode formulated with only A800 and
carbon black showed a capacity only ca. 20 mAh g'l,
corresponding to ~2 mAh g'1 for LMO or NMC electrodes. (Fig.
S3)

a) LMO/A800/alginate " | b) LMO/Super P/PVDF

»
o

w
=

@
>

Potential / V vs LilLi"

— 1stoycle
— 2nd cycle

1st cycle
~—— 2nd cycle
—— Bth cycle at C/10 (14.8 mA g™y

—— Stheyele at CI10 (148 mAg")

o 50 150 200 0 50 150 200

100
Capacity / mAh g LMO
4.4 d) NMC/Super P/PVDE

100
Capacity / mAh g ' LMO
) NMC/A800/alginate

a4+

-

o

=

=)
\

w
@
g
»

Potential / V vs LilLi"
Potential / V vs LilLi"

w
~
v
[

—— 1steyele

— 1steycle —— 2nd cycle
2nd cycle —— 5th eycle
284 —S5theycle atCMO(27.8mA Q") 28

atC/10(27.8mAg")

[ 50 100 150 200 250 0 50 100 150 200 250
Capacity f mAh g”" NMC Capacity / mAh g NMC

Fig. 4 Galvanostatic charge—discharge curves for a) LMO/A800/alginate, b) LMO/Super
P/PVDF, c) NMC/A800/alginate and d) NMC/Super P/PVDF electrodes cycled at C/10
(14.8 mA g™ for LMO, 27.8 mA g™ for NMC)

When higher applied current densities (Fig. 5a and 5b), both
LMO and NMC electrodes formulated with A800 and alginate
showed a rapid capacity drop, especially in the case of LMO
electrode, which displayed a specific capacity of only 21 mAh g’
! at 1C. The capacity decrease for the NMC/A800/alginate
electrode is less important than that for the LMO/A800/alginate
one, even though its capacity at 6C and 8C is still poorer than
that of NMC/Super P/PVDF electrode. The capacity drop at high
rate is not related to the sodium alginate binder, as LMO and
NMC electrodes formulated using Super P/alginate showed
similar results to those made using Super P/PVDF, except for the
improved first-cycle coulombic efficiency (87 %). Thus, the poor
rate capability can be more likely ascribed to the moderate

4 | J. Name., 2012, 00, 1-3

electronic conductivity of A800. From these resultg, it.ceuld.be
suggested that at low current densitie?@h&0 &léRtrdeneimical
performance is dominated by lithium ion transfer, which in our
case can be facilitated by the mesopores, while the electronic
conductivity becomes more a limiting factor at higher current
densities. Indeed, this has been recently proved by our group,
where a mesoporous LMO with or without carbonaceous
species grafted on the surface was prepared to discriminate the
respective roles of mesoporosity and conductivity.30 In addition
to the porosity and the conductivity of the additives, the
conductivity of the materials during
charge/discharge could explain the difference of the capacity
drop between LMO and NMC at high current densities. Indeed,
LMO and NMC have a low conductivity of 10° and 107 Sem™in
the discharged (lithiated) state, respectively. Then, their
conductivity changes deeply upon charge (delithiation) giving
10* S cm™ for LMO and 102 S cm™ for NMC. In other words,
NMC rapidly becomes very conductive with an increase by five

intrinsic active

orders of magnitude of its conductivity, while that of LMO

. . 37,38
remains of the same order of magnitude.
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Fig. 5. Rate capability of a) LMO and b) NMC electrodes made using different carbon
additives and binders.

To improve the rate capability of LMO/A800/alginate
electrodes, we investigated the performance of electrodes
formulated with sodium alginate and a binary carbon (BC)
additive, composed of a mixture of A800 and Super P with
different A800:Super P weight ratios (from 1:3 to 6:1 for BC13
to BC61). As shown in Fig. 6a, even a small amount of Super P in
the mixture (A800:Super P ratio = 6:1) drastically improved the
performance of the LMO electrode compared to
LMO/A800/alginate electrodes (Fig. 5a), with an increase of the
specific discharge capacity from 95 mAh g"1 to 131 mAh g'1 at
0.1 C. The specific capacity at high 6C or 8C rates was less
sensitive to the composition of the binary carbon additive, but
remained in all cases slightly higher than that of the LMO/Super
P/PVDF electrode. This result demonstrates again that both the
conductivity and the porosity of carbon additives have a strong
impact on the performance of the electrodes and that a
synergistic effect can be obtained by balancing the contribution
of both types of carbon. In addition, the improvement of
electrochemical performance for LMO/BC61/alginate could
also explained by an improved electrode stability during cycling.
SEM images of LMO/Super P/PVDF electrode after cycling (Fig.
S4) show that Super P particles seems to be separated from
LMO particles, which might result in a lack of contact, and that
some macroporosity formed upon cycling. On the contrary,
after cycling LMO/BC61/alginate electrodes still show a

This journal is © The Royal Society of Chemistry 20xx
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compact morphology without any crack and the carbon
particles appear homogeneously dispersed (Fig. 1d).

The influence of the amount of the binary carbon additive
(A800:Super P ratio fixed to 6:1, labelled BC61) on the
electrochemical performance was also investigated (Fig. 6b).
From 4 to 13 wt% of BC61, the specific capacity and rate
capability of the LMO electrode increased rapidly with the
amount of additive, reaching an optimum for 13 wt%. For higher
BC61 additive contents, 16 and 20 wt%, the specific discharge
capacity decreased, however an acceptable retention of
capacity was found even at high rate.

- 200
a) b) v 20wit% W 10wi%
. 16W% A4 Twi%
: 160 4 * 13wt% ¢ 4wth
120 ¥ 041
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Fig. 6. a) Rate capability of LMO electrode formulated with different ratio of binary
carbon additive system; b) Influence of the amount of the binary carbon additive (BC61)
on the rate capability of LMO electrodes.

The BC61 system provided an excellent long term cyclability for
LMO electrode with a discharge capacity of 121 mAh g'1 after
100 cycles at 1C, corresponding to > 98 % of capacity retention
(Fig. S5a), and a coulombic efficiency after 100 cycles of 99.1 %.
By comparison, LMO/Super P/PVDF electrode showed a
capacity retention of only 94 % under the same conditions with
a coulombic efficiency of 98.7 % after 50 cycles, while the cell
became unstable after 100 cycles. (Fig. S5b)

The enhanced electrochemical performance of LMO electrode
made using BC61 additive and sodium alginate can be further
evidenced by electrochemical impedance spectroscopy (EIS). As
shown in Fig. 7, the Nyquist plots for both electrodes exhibited
a depressed single semicircle in the middle to high frequency
range, which could reflect both the charge transfer resistance
(Ret) between electrolyte and LMO surface and cathode
electrolyte interfacial resistance (CEl, Rg) formed at the surface
of the LMO particles. An oblique line at the low-frequency
region can be interpreted as Warburg impedance, which is
characteristic of bulk lithium diffusion.>* Upon cycling, this
semicircle slightly decreased for both electrodes, finally
becoming stable after 5 cycles. By fitting using an equivalent
model (Fig. S6, Table S1) on 10™ cycle, the charge transfer
resistance (Ry) and cathode electrolyte interfacial resistance
(Rg¢) were calculated to be 20 Q and 87 Q for
LMO/BC61/alginate electrode, and 32 Q and 178 Q for
LMO/Super P/PVDF electrode, respectively. Interestingly, the
resistance after 5 cycles for the alginate based electrode is even
smaller than that of 1% cycle or fresh cell, which is not the case
for the PVDF-based electrode. Thus, it can be suggested that the
CEl layer of both electrodes is stable, but that the CEl layer of
LMO/BC61/alginate is less resistive than that of LMO/Super
P/PVDF. However, both electrodes show similar Warburg

This journal is © The Royal Society of Chemistry 20xx
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diffusion coefficient (o) with the same magnitude prderasihe
same LMO material was used. DOI: 10.1039/C8SE00483H
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Fig. 7. Nyquist plots of a) LMO/binary carbon/alginate electrode and b) LMO/Super
P/PVDF electrode during cycling at C/10. Fitting was performed on 10" cycle.

The performance of the ‘green’ LMO electrode prepared using
BC61 and sodium alginate additives is also compared to LMO
electrodes performance reported in the literature (Table 2)
Despite the non-porous texture of the LMO active material in
this study, our ‘green’ LMO electrode provides a high specific
capacity and a good rate capability and compares well with
previously reported works (Table 2). However, it should be
noted that many parameters as the electrode thickness, the
active material loading, the cell fabrication can vary from a
reference to another, making direct comparison difficult.
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Table 2. Comparison of the performance of selected LMO electrodes

Active Electrode Specific Rate Ref
material composition capacity  capability
(wt%)® (mAhg  (mAhg?)
)
Bulk type AM/BC61/alginate 138 85 mAh This work
LMO (77/13/10) mAhg' glat8cC
at0.1C
Bulk type AM/hollow 125 45 mAh 18
LMO carbon/PVDF mAhg' glat4ac
(80/10/10) at0.1C
Porous LMO AM/CB/PVDF 105 92 mAh 42
(70/20/10) mAhg’  glat10
at0.1C C
Mesoporous AM/CB/PVDF 138 70 mAh 33
LMO (80/10/10) mAhg' glat4ac
at0.2C
C, N coated AM/CB/PVDF 130 90 mAh 43
bulk type (80/10/10) mAhg' glat5C
LMO at0.2C
V,0s coated AM/CB/PVDF 122 108 mAh a4°
LMO (70/20/10) mAhg' glat2cC
nanoparticles at0.2C
Bi, La doped AM/CB/PVDF 123 95 mAh 45°
LMO (80/10/10) mAhg® glat7cC
nanoparticles at1cC
LMO/CNT AM/CNT 128 50 mAh 46°
composite (90/10) mAhg' glat5C
at0.2C

% AM refers to active material, CB to carbon black such as Super P or acetylene
black. > electrode loading of 3-6 mg. © electrode thickness of 0.1 mm. 4 electrode
loading of 2 mg cm. The current density corresponding to 1 C for LiMn,0, is 148
mA g'l.

Finally, our approach of designing binary composition of carbon
additives (BC61) was also applied to NMC electrodes, which
showed promising results both at low and high rates (Fig. 8);
capacities of 170 mAh g'1 at 0.1 C and 42 mAh g'l at 8 C were
obtained when only 129 mAh g'1 at 0.1C and 16 mAh g"1 at8 C
were measured for the conventional NMC electrode (i.e.,
SuperP/PVDF). However, the gain in electrochemical
performance is less important compared to LMO electrodes,
mainly due to the higher intrinsic conductivity of NMC during
charge/discharge, as discussed above.

200
= NMC/BC61/alginate
0.1C ¥ NMC/Super P/PVDF
L]
1604 05C
‘-E) —— 1C 1c
z Yoy ;
= i o 2C ey
o 1201 wovwyyyyry
% wveevereey -. ac :wwww
£ m
> 80+ o 6C
5 v
:;él m“_J 8C
8 40 4 e
hadaaaaaa d
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Cycle number

6 | J. Name., 2012, 00, 1-3

Fig. 8. Rate capability of NMC electrode formulated with BC61 (A800:Super

) ) View Article Online
P=6:1)/alginate or with Super P/PVDF. DOI 10.1039/C8SE00483H

Conclusion

In summary, we have shown that an eco-friendly and cheap
lithium ion battery electrode processing using seaweed derived
mesoporous carbon additive (Starbon® A800) and binder
(sodium alginate) allows improving the reversible capacity of
LMO and NMC electrodes at low C-rate, mainly thanks to a
facilitated Li" diffusion via the mesoporous structure of A800. A
binary carbon additive (A800:Super P, weight ratio of 6:1, BC61)
combined with sodium alginate significantly improves both the
initial capacity and the rate capability compared to
conventional Super P/PVDF electrodes. Based on these results,
it can be proposed that at low C-rate, the electrochemical
performance of LMO and NMC electrodes is strongly dependent
on their accessibility by lithium ions, which can be facilitated by
the mesoporous structure of A800, while the electronic
conductivity (provided by Super P) becomes more important at
high C-rate. In a similar way, tuning the contributions of porosity
and electronic conductivity by mixing different types of carbon
additives could be a simple and effective way to optimise the
electrochemical performance of other electrode materials too.
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