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Abstract

The need to develop an aqueous-based binder has dominated research publications for some time now. The application of this
man-made aqueous-based binder in LIBs has the potential to reduce the environmental impact of LIB. In this preliminary
study, local cassava starch is treated and prepared as a polymer binder for LIBs application. The binder is applied in lithium
nickel manganese cobalt oxides electrodes as a cathode in LIBs. The electrodes displayed a discharge capacity of 142 mAh/g
and 73 mAh/g for LINMCO-442/Cassava starch and 139 and 28 mAh/g for LINMCO-442/PVDF at 0.1 C-rate and 10 C-rate
respectively. After 100 cycles, the LINMCO-442 cells retained about 80.2 and 65.5% for the cells with cassava starch binder
and PVDF binder, respectively, at room temperature. The fairly electrochemical performance of the local cassava starch
makes it a potential alternative to the petroleum-based binder, PVDF.

Introduction

Climate change is the major challenge our world faces cur-
rently. The transition towards a climate-neutral globe needs
fundamental changes in the approach to the generation and
the use of energy. Lithium-ion batteries (LIB) could be true
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enablers if they could be manufactured from safer materials
and provide superior performance, sustainability, and afford-
ability. The quest to increase the number of electric vehicles
on our roads as well as the necessity to store extra energy
from renewable energy has brought all types of batteries into
the limelight of many researchers and industrial players. To
increase the energy density of LIB, different electrodes [1,
2], electrolytes [3, 4], separators [5, 6], and binder materials
[7, 8] have been investigated. The LIB consists of electrodes
(cathode and anode), the separator, and the electrolyte. Each
of these components is very important in the battery perfor-
mance. The electrode is made up of electro-active material
coated on a current collector to facilitate the electrochemi-
cal reaction necessary to store charges. The binder is typi-
cally used in binding the electro-active materials and other
additives to the current collector. Although the binder in
the electrode is only a small fraction of the total weight of
the LIB, they determine the slurry viscosity, porous mor-
phology, electrical networking, and volume expansion
of electro-active materials and the cycling performance
of the battery cell [9]. The commonly used binder in the
commercially available LIBs is a synthetic water-insoluble
polymer, polyvinylidene difluoride (PVDF) [10]. It is nor-
mally dissolved in an environmentally toxic solvent such as
N-methyl-2-pyrrolidone (NMP) [11]. The need to develop
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an aqueous-based binder has dominated research publica-
tions for some time now [12, 13]. The application of bio-
based polymer binders in LIBs has the potential to reduce
the environmental and health impact of LIB with a drastic
CO, reduction [14]. More significantly, PVDF is considered
teratogenic and mutagenic, and NMP is also considered a
teratogenic, hazardous, and irritating compound [15]. On
the other hand, laboratory preparation of electrodes with
aqueous-based binders has the advantage of easy evapora-
tion of the dispersing medium (water) and shorter drying
time compared to NMP based on the fact that the vapour
pressure of water is 35 times greater than NMP [16]. Various
efforts have been invested in finding alternative and sustain-
able binder material that works for the LIB cathode elec-
trodes application. These binders include water-based poly-
saccharides-based binders such as polyacrylic acid, sodium
carboxymethyl cellulose (CMC), sodium alginate, and starch
[17, 18]. Although there has been widespread research on
starch from different biomass materials as binders for LIB
anode electrodes, little has been done with cassava starch as
binders for LIB cathode application. In Zinc-air batteries,
Masri et al. fabricated Zn-air batteries employing tapioca
(cassava starch) as a binder for porous zinc anode. They
found excellent adhesion of the zinc powder with the cassava
binder [19]. In addition, Ismail et al. also investigated cas-
sava starch as a conductive biodegradable material by coat-
ing a layer of cassava starch on a zinc anode. The electrodes
showed an increase in conductivity by 30% and, therefore,
improved the discharge capacity of the zinc anode [20]. In
this preliminary study, we demonstrate the potential applica-
tion of starch extracted from cassava as a polymeric binder
in LIB cathode based on its electrochemical properties. Cas-
sava is the staple food for lots of people in different parts
of the globe, and it is widely cultivated in West Africa, the
Caribbean, and Asia. Starch is the second most plentiful
biomaterial in nature. It is eco-friendly because it is renew-
able and biodegradable, very cheap, and readily available
[21]. The success of obtaining a sustainable, cheap, envi-
ronmentally friendly, and commercially workable binder for
LIB electrodes will contribute significantly to reducing the
carbon footprint of LIB production and the promotion of
sustainable development goals (SDG 7 and 13).

Experimental procedure

Characterization of dried cassava starch

The functional groups of atoms on the surface of the dried
cassava starch were recorded on a Bomem MB100 (ABB
Bomem, Canada) Fourier transforms infrared (FTIR) spec-

trometer. Spectra information was recorded within the
4000-600 cm™! spectral range in transmission mode and
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analysed utilizing the GRAMS/AI™ Spectroscopy Software
Suite. The thermal property of the cassava starch was con-
ducted utilizing a Thermtest TGA-n 1000 thermal analyzer
(Thermtest Instruments, USA) outfitted with the Infinity Pro
Thermal Analysis software.

Preparation of cassava starch

The cassava starch was completely dried with a food hydrate
at 60 °C for 6 h. 5 g of the dried starch was dispersed in
95 g of deionised water using a magnetic stirrer at 10 r.p.m
for an hour at room temperature. The starch solution was
mixed further for 3 h at 80 °C with a magnetic stirrer to
obtain a clear gelatinised solution. For the control sample,
5 g of PVDF was dissolved in 95 g of NMP and stirred over-
night with a magnetic stirrer at room temperature to obtain
a homogenous mixture.

Fabrication of LINMCO-442 electrode
and characterization

Lithium nickel cobalt manganese oxide
(LiNiy 4Mn0.4Co, ,0,—LiNMCO-442) cathode was fabri-
cated by casting a slurry consisting of 92% (LINMCO-442,
Ecopro, Korea) as active material, 3 wt% of the super-P
as a conducting agent (Timical super PTM), 5 wt% of the
gelatinised solution was used as an aqueous-based binder.
The slurry was coated on an aluminium foil (15 pm, Korea)
using a doctor blade’s apparatus. The water was completely
evaporated from the coated slurry at 120 °C for 2 h and
then pressed with a roll pressing machine (Samyang 60,
WV-60, Korea). For a control, 5 wt% polyvinylidene fluo-
ride (PVDF, Mw =350,000, Kreha, Japan) in N-methyl-
2-pyrrolidone (NMP, Sigma Aldrich) was also prepared. The
densities, thickness, and loading levels were controlled to
about 1.9 g cm™, 49 um, and 14 mg cm~2 correspondingly,
for all the electrodes. The surface structure of the prepared
electrodes was measured using a field-emission scanning
electron microscope (FE-SEM, HITACHI SU5000, Japan).

Coin cell assembly and electrochemical property
testing

The fabricated electrode sheets were cut into spherical discs
with a diameter of 14 mm. The coin cell (2032) assembled in
a glove box filled with argon was made up of LINMCO-442
with the starch binder as the working electrode and lithium
metal (Aldrich, 16 mm, 99.99%) as the reference and counter
electrode. The electrolyte consists of 1.2 M LiPF6 dissolved
in a mixture of ethylene carbonate and dimethyl carbonate
(EC/DMC =1:3) and the separator materials were polyeth-
ylene separator (celgard, 18 mm, 20 pm).
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The cyclic voltammograms (CVs) of the LINMCO-442
electrode with the cassava starch binder were obtained at a
potential range of 2.5-4.4 V and a scan rate of 0.1 mV/s uti-
lising Autolab (ECO CHEMIE PGSTAT 100). The charge/
discharge performance was measured at ambient temperature
in the potential range of 2.5-4.4 'V, charging in a constant
current/constant voltage mode at 0.1 C rate and discharg-
ing at a constant current mode at 0.1 C, 0.2 C, 0.5 C, 1.0
C,2.0C,5.0C, and 10.0 C rates employing PNE solution
charge/discharge cycler. All the engineered cells were stored
for 12 h before electrochemical testing. The resistance con-
nected to the electrodes, separator, and electrolyte in the
cells was examined using electrochemical impedance spec-
troscopy (EIS) in a frequency range of 0.01 Hz to 1 MHz at
open-circuit potential (OCP).

Results and discussions
Thermal stability and FTIR characterization

The thermal properties of the dried cassava starch and PVDF
samples are shown in Fig. 1a. The TGA curves for the cas-
sava starch show mass losses in three stages: the first is due
to dehydration. The second and third mass losses are attrib-
uted to the decomposition of organic matter (amylose and
amylopectin) and the development of final residues (ash).
The PVDF showed better thermal stability compared to the
cassava starch. This may be a result of the restricted chain
motion of the PVDF [22].

The FTIR spectra of the dried cassava starch and PVDF
samples are shown in Fig. 1b. The absorption peaks at 610,
771, and 1002 cm™" are the characteristic peaks of a-crystal
shape. The absorption peaks at 592 and 852 cm™" are the
characteristic peaks of f-crystal shape in the PVDF [23].
The very strong band appearing at 1184 cm™ is mainly com-
posed of the CF, symmetric stretching mode. The band at
1219 cm™ represents the coupling of the CF, asymmetric
stretching mode and -C—C- symmetric stretching mode. The

band at 856 cm™! is assigned to the symmetric stretching
vibration of the C—C bond with small contributions from
the stretching of CF bond and deformation of the H-C-H
angle. The CF,-bending vibration is assigned to the strong
band at 766 cm™'.

The FTIR spectrum of the cassava starch shows the com-
mon signals of polysaccharides, with glucopyranose rings
such as O—H bands at 3300 cm™!, C-H stretching vibrations
of aliphatic groups at 2926 cm™!, adsorbed water signals
at 1650 cm™!, C-C and C-O stretching at 1160 cm™!, and
—COOH-bending vibration at 1005 cm™' [24]. Furthermore,
the absorbance peak at 1415 cm™! implied the presence of
C-H symmetrical scissoring of CH,OH moiety. The pres-
ence of the -OH and —COOH functional groups in starch
has been proven to interact with other functional groups on
the surfaces of electro-active materials, to form bonds [25]

Surface morphology of LINMCO-442 electrode
with the cassava starch binder

The surface structure of the LINMCO-442 electrodes with
the cassava starch binder at different magnifications is
depicted in Fig. 2. The LINMCO-442 exhibited aggregates
of secondary particles with an average size of about 10 um
and primary particles with an average size of around 50 nm.
The micrograph of the fabricated electrode with the cas-
sava starch and the PVDF binder revealed some bare LiN-
MCO-442 areas and conductive carbon/binder aggregation
between the secondary particles of the LINMCO-442. The
images disclosed an equally dispersed composite of car-
bon additive/binder on the surface of the particles of LiN-
MCO-442, forming a strong linkage that infiltrates from the
particles of the coated mass to the current collector, thereby
providing better electronic conductivity. Furthermore, LiN-
MCO-442 with the cassava starch showed a more equally
distributed and well-connected linkage with particle-to-
particle contact compared to the LINMCO-442 electrode
with PVDF binder. This structure and interconnection facili-
tate good electronic and ionic conductivity, and this may be

Fig. 1 a Thermogravimetric
stability and b FTIR spectra of
dried powder of PVDF and Cas-
sava starch
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Fig.2 FE-SEM micrographs at different magnifications for a (a’)
LiNMCO-442 with PVDF binder, » (b’) LINMCO-442 with cassava
starch binder
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responsible for the excellent rate capability at a higher c-rate
(see Fig. 3e).

Electrochemical performance of LINMCO-442
electrode with the cassava starch binder

The CV curves for the cells with cassava starch and the
PVDF binder are displayed in Fig. 3. Both cells revealed an
anodic peak of around 3.9 V and a cathodic peak of around
3.7V, and this matches other publications [26]. These peaks
can be ascribed to the redox activities of Ni**/Ni**, con-
nected to the de-insertion and insertion of lithium ions into
the crystal structure of LINMCO-442. There is no peak
corresponding to the reduction of Mn at 3.0 V; thus, it has
an oxidation state of +4. Referring to Table 1, the oxida-
tion—reduction peak separation AE (E_;4.tion-Ereduction) 15 1N
the order of LINMCO-442/Cassava Starch < LINMCO-442/
PVDF. This suggests that the electrode with cassava starch
polymer binder poses the least polarization and hence the
excellent rate capability observed in Fig. 3 [27].
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Fig. 3 Electrochemical properties of LINMCO-442 cells with cassava starch and PVDF binders: a, b CV curves; ¢, d charge—discharge curves; e
the current density as a function of discharge capacity; f, g galvanostatic rate and cycling performance; h EIS of LINMCO-442 cells
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Table 1 Redox peak potentials obtained from the CV data for the
LiNMCO-442 electrode with the different binders

Electrode Anodic peak (V) Cathodic Peak
peak (V) separa-
tion
V)
LiNMCO-442 /PVDF 3.906 3.682 0.224
LiNMCO-442 /Cassava 3.896 3.710 0.186

starch

In addition, charge/discharge curves of all the LiN-
MCO-442 cells depicted in Fig. 3c, d presented a similar
charge/discharge plateau with a substantial amount of the
charge storage capacity around 3.8—4.0 V. This behaviour
matches the redox conversion of Ni>*/Ni** in the backbone
of LINMCO-442. With an increasing charge/discharge
rate of the LINMCO-442 electrodes, there is an analo-
gous decrease in the length of the plateau contributing to
the charge storage capacity for both binders. As presented
in Fig. 3¢ and d, the LINMCO-442 cell with the cassava
starch showed slightly higher discharged storage capacity
from 0.1-1.0 C compared to the cells with PVDF, but a
significant difference is observed at a higher C-rate (See
Fig. 3e). This behaviour is due to the polarization of the
LiNMCO-442 electrode at higher current density [27].
Furthermore, the improved charge—discharge profile may
be attributed to the fact that cassava starch provided better
networking and adhesion among the LINMCO-442 parti-
cles and excellent contact between the electrode and the
electrolyte. This is verified by the work of Masri et al. in
Zn-air battery [19].

The cycle performance of the cells with the different
polymeric binders is depicted in Fig. 3g. The LINMCO-442
cells are compared at rate of 1.0C for 100 cycles, in the
voltage range of 2.5-4.4 V. The LINMCO-442 electrodes
with the cassava starch binder revealed a higher initial dis-
charge storage capacity of 116 mAh/g at a rate 1.0C com-
pared to 113 mAh/g for PVDF cells. After 100 cycles, the
LiNMCO-442 cells established discharge storage capacities
of 91 and 74 mAh/g with retained discharge storage capaci-
ties of 80.2 and 65.5% for the cells with the cassava starch
binder and the PVDF binder, respectively. Observing the
performance of the cells comparatively, the cell with the
cassava binder exhibited a steady voltage tendency, offer-
ing a fairly stable LINMCO-442 electrode due to the strong
binding effect of the aqueous starch binder. Cassava starch
binder compared to the PVDF binder which is linear con-
tains amylopectin units which are slightly branched chains,
and this allows stress release when losing water during dry-
ing [28]. Furthermore, the existence of abundant hydroxyl
functional groups in the starch chain assists binding with

other functional groups attached to the LINMCO-442 mate-
rials via hydrogen bonding and has proven to restore the
structure of the electrode and provide strong adhesion and
better mechanical properties [29, 30].

The resistance behaviour of the LINMCO-442 electrode
with the cassava starch was examined by EIS. The Nyquist
plot displayed in Fig. 3h was measured within a frequency
range of 1072 to 10° after the first charge/discharge cycle
formation. The intercept on the real axis in the high-fre-
quency region signifies the total resistance present in the
electrolyte solution, including the electrode material, dif-
fusion of the ions in the electrolyte, and the resistance
between the active material and the current collector [31,
32]. The semi-circle is connected to the charge transfer
resistance and the straight line in the low-frequency region
is the lithium-ion diffusion in the LINMCO-442 electrode
with the cassava starch and PVDF binder. From the plot,
it is found that the LINMCO-442 with the cassava starch
is characterized by a lower charge transfer resistance com-
pared to the LINMCO-442 with the PVDF binder. Lower
charge transfer resistance demonstrates better Li* and
electron conductivity at the electro-active reaction sites.
The improved rate capability and cycling performance of
the LINMCO-442 with the cassava starch may be a result
of the improved electronic and ionic conductivity in the
nickel-based electrode as demonstrated by Ismail et al.
with the Zinc-air batteries electrodes employing cassava
starch as a conductive binder [20].

Conclusions

The prepared electrode with the cassava starch binder
showed fairly improved electrochemical performance
over the commercially available petroleum-based binder,
PVDF. The LiNMCOQO-442 electrodes prepared using the
cassava starch showed better rate capability at a higher
C-rate and superior cycle performance over the elec-
trode with the PVDF binder. After 100 cycles, the LiN-
MCO-442 cells displayed discharge storage capacities of
91 and 74 mAh/g with retained storage capacities of 80.2
and 65.5% for the cells with cassava starch binder and
PVDF binder, respectively, at a rate of 1C and a potential
range of 2.5-4.4 V. From these preliminary results, the
cassava starch stands the chance to be used in LIB, but
further studies and modification would be needed to under-
stand better its chemistry and electrochemical responses
to enhance its performance.
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