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Abstract

Locust Bean Gum (LBG, carob bean gum) was investigated as an environmentally friendly, natural, and water-soluble binder
for cathode (LFP) and anode (LTO) in lithium-ion batteries (Li-ion). For the first time, we show LBG as an electrode binder
and compare to those of the most popular aqueous (CMC) and conventional (PVDF) binders. The electrodes were character-
ized using TGA/DSC, the galvanostatic charge—discharge cycle test, cyclic voltammetry (CV), and electrochemical imped-
ance spectroscopy (EIS). Thermal decomposition of LBG is seen to begin above 250 °C with a weight loss of about 60 wt%
observed at 300 °C, which is sufficient to ensure stable performance of the electrode in a Li-ion battery. For CMC, weight
loss at the same temperature is about 45%. Scanning electron microscopy (SEM) shows that the LFP-LBG system has a
similar distribution of conductive carbon black particles to PVDF electrodes. The LTO-LBG electrode has a homogeneous
dispersion of the electrode elements and maintains the electrical integrity of the network even after cycling, which leads to
fast electron migration between LTO and carbon black particles, as well as ion conductivity between LTO active material
and electrolyte, better than in systems with CMC and PVDF. The exchange current density, obtained from impedance spec-
troscopy fell within a broad range between 10~ and 1072 mA cm™2 for the LTOILi and LFPILi systems, respectively. The
results presented in this paper indicate that LBG is a new promising material to serve as a binder.
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1 Introduction

Lithium-ion batteries (LIBs) are continuously being devel-
oped and improved. Many papers presented attempt to
increase their energy density, power, cyclability, or reduce
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their cost. It is also expected that these batteries will be envi-
ronmentally friendly [1-4]. There have been many efforts
to optimize the components of LiBs to broaden the range
of their potential applications. Li-ion batteries are com-
posed of anode and cathode electrodes separated by a sepa-
rator soaked in an electrolyte. Both electrodes include an
active material, a conductive agent, a current collector, and
a polymeric binder. Although the content of the binder in
electrodes is small (0.5-12 wt%), it is a key component of
electrodes [5-8]. Binder materials have an influence on the
physical structure and the whole electrical network integ-
rity of electrodes [9]. They should be electrochemically
stable in the requested potential window, guarantee good
dispersion of the active material and the conducting agent
and bind them with the current collector [10-12]. Binders
may be divided into two groups. One is the organic-soluble
group, including, e.g., poly(vinylidene difluoride) (PVDF)
[13], polyaniline (PANI) [14], poly(methyl methacrylate)
(PMMA) [15], and poly(vinylidene difluoride)-co-hexafluo-
ropropylene (PVDF-HFP) [16]. The other group comprises
binders which are either dissolved in water or their slurry
with the active material and the conductive agent is prepared
with the use of water. Examples are lithium or sodium salts
of carboxymethyl cellulose (CMCLi, CMCNa) and its com-
posite binder [17], polyvinyl acetate (PVAc) and chitosan,
and its derivatives [4] xanthan gum [18] and sodium alginate
[19, 20].

The most commonly used binder for LIBs is polyvi-
nylidene difluoride (PVDF), which exhibits strong adhe-
sion strength, chemical, and electrochemical stability. PVDF
absorbs a large amount of liquid electrolyte, a property that
has its advantages and disadvantages. An easy penetration
of the electrolyte inside the electrode material causes a high
interfacial area of the electrolyte/active material and effort-
less Li* ions transport, while it also extends unwanted reac-
tions. Besides, the soaked electrode material in the electro-
lyte swells and consequently loses contact between particles,
causing increased resistance of the electrode [21]. Prepara-
tion of a cathode or an anode with PVDF as a binder requires
organic solvents such as N-methylpyrrolidone (NMP), which
is toxic and expensive. Additionally, at high temperatures,
exothermic reactions take place between PVDF and lithium
or lithiated graphite, which results in a rise of temperature
and a threat to the safety of cell use [22]. To overcome these
drawbacks it is necessary to find cheap, safe, and nontoxic
binders as alternative candidates for PVDF. The most popu-
lar among them is the sodium salt of carboxymethyl cellu-
lose (CMC). A number of papers present CMC as a promis-
ing binder in cathodes and in anodes [3, 17, 23]. Locust Bean
Gum (LBG, carob bean gum) is a polysaccharide consisting
of galactose and mannose units, thus it belongs to the group
of galactomannans. LBG is extracted from the seeds of the
carob tree (Ceratonia siliqua). The Mediterranean region is
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abundant in these trees. They can be found in North Africa,
South America, and Asia. The interest in this polysaccharide
has recently increased in many fields. One of the main indus-
tries interested in LBG is the food industry. Locust bean gum
is used as a food additive, in the European Union labeled
as E-410. In addition, LBG is becoming more and more
widely considered in biopharmaceutics as matrix forming
material in tablets of oral administration of drugs [24]. LBG
is a versatile material used for many applications, such as
excellent stiffeners and stabilizers of emulsions. The absence
of toxicity facilitates their use in the textile, pharmaceutical,
biomedical, cosmetics, and food industries [25].

This manuscript investigates LBG as a new water-soluble
binder for the cathode (LFP) and anode (LTO) in lithium-
ion batteries (Li-ion). Electrodes were prepared with LBG,
CMC, and PVDF. These electrodes were tested in the system
with a lithium anode. Their thermal stability was character-
ized based on TGA/DSC measurement. The electrochemical
battery performance for such prepared batteries were further
investigated applying the galvanostatic charge—discharge
cycle test. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were used
to determine their polarization behavior, electrode reac-
tion resistance, and kinetics characteristics. The obtained
results for electrodes with LBG as a binder were compared
to those of the most popular aqueous (CMC) and conven-
tional (PVDF) binders.

2 Experimental
2.1 Materials

Lithium-iron phosphate (LiFePO,, carbon coated, battery
grade, BET surface area 15.4 m? g_l, Sigma-Aldrich),
lithium titanate, spinel (Li,Ti;O,,, nanopowder <200 nm
particle size, Sigma-Aldrich), carbon black (CB, Fluka),
poly(vinylidene fluoride) (PVDF, M, = 180 000 Fluka),
carboxymethylcellulose (CMC, Sigma-Aldrich), locust bean
gum (LBG, Sigma-Aldrich) lithium foil (Sigma-Aldrich,
0.75 mm thick), N-methyl-2-pyrrolidinone (NMP, Fluka),
solution of 1 M lithium hexafluorophosphate (LiPF,) in a
mixture of ethylene carbonate (EC), and dimethyl carbonate
(DMC) at the 1:1 volume ratio (Sigma-Aldrich) were used
as received. The tested electrodes were prepared by casting
the active material, the electronic conductor, and a binder
slurry, in N-methyl-2-pyrrolidinone (NMP, Fluka) for PVDF
binder or in water for CMC and LBG binders, on the current
collector (diameter 12 mm) (solvents evaporated in vacuum
at 120 °C). Three types of binders were used: PVDF, CMC,
and LBG. In the case of the cathode, LiFePO, was the active
material, while Li,Tis;O,, was used in the anode. In both
electrodes CB was used as an electronic conductor. The
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ratio of components was LiFePO,:CB:binder 85:10:5 (by
weight) in the cathode and the ratio of Li,Ti;O,,:CB:binder
was 85:5:10 (by weight) in the anode. The current collectors
were aluminum foil (MTI Corporation, USA) and copper
foil (Schlenk Metallfolien, Germany) for the cathode and
anode, respectively.

The electrode contained typically 2-3 mg of the active
material. A round-shaped metallic-lithium counter electrode
was cut off from the metallic-lithium foil (surface area of
1 cm?).

2.2 Measurements

Electrochemical properties of the cells were characterized
using electrochemical impedance spectroscopy (EIS), galva-
nostatic charging/discharging tests, and cyclic voltammetry.
The cycling measurements were taken with the use of the
ATLAS 0461 MBI multichannel electrochemical system
(Atlas-Sollich, Poland) at different current rates (C/10-2C).
The cells were cycled between 1.0 and 2.5 V for anode
and 2.0 and 4.0 V for cathode. Cyclic voltammetry (CV)
and impedance measurements were performed using the
G1000 Multichannel System Gamry (Gamry Instruments,
USA). Impedance spectra were obtained using a frequency
response analyser at a frequency range of 100 kHz—10 mHz,
at the open circuit potential (after lithiation to 1.2 V and
2.4V for anode and cathode, respectively), and amplitude
of 10 mV. Deconvolution of spectra was performed with
the ZView software (Scribner Associates Inc., USA). Elec-
trodes were separated by the glass microfiber GF/A separa-
tor (Whatmann, 0.4-0.6 mm thick), placed in an adapted
0.5” Swagelok® connecting tube. The cell was assembled
in a glove box in the dry argon atmosphere. After electro-
chemical measurements, the cells were disassembled, the
electrodes were washed with DMC and dried in the vacuum
at room temperature, these operations were made in a dry
argon atmosphere in a glove box. The morphology of the
electrodes after and before the tests was observed under a
scanning electron microscope (SEM, Tescan Vega 5153).
The adhesion of the electrode film to the copper (for
anode) or aluminum (for cathode) foil was examined using
microscratch-test technique on the Nanoindenter (NanoTest
Vantage, Micromaterials, Wrexham, UK). The measure
of adhesion was carried out on pristine and soaked—dried
electrode-film samples. The soaked—dried electrodes were
prepared by immersion of the electrodes in an electrolyte for
lithium-ion batteries [1 M LiPFy in EC-DMC (v/v=1:1)]
for 24 h at room temperatures. The swollen electrodes after
soaking were washed with DMC and dried first in argon
atmosphere for 2 h and next in the vacuum. The diamond
indenter was used and the three independent microscratch-
test with 2000 um full length and maximum applied force
200 mN on each specimens were performed. The distance

between each measurement was 1000 um. The adhesion
force were examined based on the abrupt change in frictional
force during the microscratch-test and confirmed by light
microscopy (OLYMPUS BX51, Japan).

3 Results and discussion
3.1 Thermal stability

Thermal stability of different binders may be estimated from
DSC/TG measurements. The tests were performed under
nitrogen flow at a temperature increase rate of 5 °C min~!.
Figure la—c presents the TGA/DSC graphs. The endother-
mic peaks corresponding to the evaporation of absorbed

water appeared in the first part of curves for CMC (Fig. 1b)
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Fig. 1 TGA and DSC curves for three binder materials under N, at a
heating rate of 5 °C min~—' a PVDF, b CMC, and ¢ LBG
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and LBG (Fig. 1c). In the case of the DSC curve of PVDF
a small peak may be observed at about 180 °C associated
with binder melting. The thermal decomposition of CMC
(Fig. 1b) and LBG (Fig. lc) is seen to begin above 250 °C
with a weight loss of approx. 45 wt% and 60 wt% observed
at 300 °C for carboxymethyl cellulose and locust bean gum,
respectively. PVDF shows (Fig. 1a) a decrease in weight
at around 450 °C, which indicates its decomposition. The
weight loss reached 68% at 485 °C. Above 480 °C only a
slight weight loss is observed. Water-soluble binders have
lower thermal stability, it is still sufficient to prepare elec-
trodes, because they are dried at 120 °C. Lower thermal
stability of LBG than PVDF does not exclude LBG from
use in Li-ion batteries. Most devices powered by lithium-ion
batteries work at temperatures below 100 °C [26-28].

3.2 SEM of LFP and LTO electrodes

The surface morphology of LFP and LTO electrodes with
different binders before the cycling and after lithiation was
investigated by scanning electron microscopy. The elec-
trodes after cycling were extracted from the Swagelok-type
cell inside the glove box, rinsed with dimethyl carbonate,
and dried in an argon atmosphere. Figure 2 shows SEM
images of the LFP cathode at a X10,000 magnification. As
shown in Fig. 2, the LFP-LBG electrode before the cycle
test exhibited a relatively unfavorable distribution of con-
ductive carbon black or even their agglomerate, similar to
that of the most popular PVDF (Fig. 2¢). By contrast, the
LFP-CMC electrode showed a homogenous dispersion of
LFP powder and conductive carbon black and maintained a

porous structure, indicating a homogenous distribution of
LFP and carbon black particles. Galvanostatically charged/
discharged LFP electrodes had a comparable morphology
as before the process charging—discharging, but the surface
of crystallites was covered with a solid electrolyte inter-
phase (SEI) deposit (Fig. 2d-f).

As shown in Fig. 3 presenting SEM observations before
the cycling test for LTO electrodes, the surface morpholo-
gies seem to be smooth and flat for the CMC and PVDF
electrodes (Fig. 3b, c). In contrast, a porous structure was
observed for the LTO-LBG electrode. After the discharg-
ing—charging—discharging process, the surface of elec-
trodes was coated with a deposit layer.

The systems with LBG and PVDF as binders were not
cracked. In the case of LTO—CMC, cracks of the surface
were observed. It could be a reason for damage of the con-
ducting matrix between active particles and carbon black
particles. Also, the aluminum foil current collector may
lose contact with the electrode and consequently resist-
ance between the active material and the current collector
may increase, thus leading to capacity fading. After the
discharging—charging—discharging process, the LTO-LBG
electrode retained integrity of the electrical network, the
porous structure, and the homogenous dispersion of the
ingredient materials such as LTO and carbon black. This
provided a fast electron migration between the LTO parti-
cles and carbon black, as well as ion conductivity between
the LTO active material and the electrolyte. In the case
of the LTO-PVDF system less porosity is visible, which
may result in reduced access to the active material and
thus hinder migration of electrolyte ions in the electrode.

Fig.2 SEM images of LFP electrodes with LBG, CMC, and PVDF as binders before (a—c) and after (d—f) cycling processes, respectively (mag-

nification x10,000)
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Fig. 3 SEM images of LTO electrodes with LBG, CMC, and PVDF as binders before (a—c) and after (d—f) cycling processes, respectively (mag-

nification X10,000)

Table 1 Adhesion of the pristine and soaked—dried electrodes

Critical force/mN

Pristine Soaked—dried
LFP-PVDF 24.01+4.05 15.86+1.93
LFP-CMC 17.64+1.39 48.46 +5.78
LFP-LBG 20.51+13.49 29.48 +12.19
LTO-PVDF 17.87+4.48 50.47+16.17
LTO-CMC 34.62+8.48 7526+17.81
LTO-LBG 55.16+9.12 44.89+14.79

3.3 Adhesion study

The adhesion results are shown in Table 1 and signifi-
cant standard deviations confirm the reliability of the data
obtained. The standard deviation is probably influenced by
heterogeneous morphology on the sample surface. In the
case of electrodes with CMC and LBG, an increase in adhe-
sion was observed for soaked—dried electrode film, the larg-
est in the case of LFP-CMC. The adhesion decreases for the
soaked—dried LFP-PVDF electrode and increases for the
LTO-PVDF electrode. The results suggest that the adhe-
sion forces depend not only on the binder but also on the
electrode material as well as on the combination of these
two components. The highest values of adhesion for CMC
do not reflect the best performance of the cell. The measured
magnitude of the adhesion forces may be disturbed by the
existing cohesive forces [29].

Figure 4 shows a single curve of the friction force from
the normal force set during microaspiration for the pristine

(a) and dried—soaked (b) electrode. Sudden changes in the
graph are the beginning of electrode delamination. To con-
firm the start of delamination, a photo of the scratch was
made using optical microscopy (shown in Fig. 4). The
appearance of light reflections of the substrate indicates the
complete delamination of the electrode.

3.4 Cyclic voltammetry

The electrochemical stability of LFP and LTO electrodes
with different binders are investigated by CV measurement
from 2.5 to 4.5 V in Figs. 5 and 6, respectively. The CV
curves of LFP-LBG, LFP—CMC, and LFP-PVDF electrodes
at various scan cycles are shown in Fig. 5. The oxidation
and reduction current peaks, corresponding to Li* deinser-
tion and Li* insertion, respectively, are presented during the
forward and backward potential scanning [15, 30].

The LFP-LBG and LFP-CMC displayed similar CV pro-
files and the electrode using LBG, such as CMC, showed
maintained electrochemical stability during 5 cycles, indi-
cating that the LBG binder has no obvious impact on the
LFP cathode electrochemical process (Fig. 5a). Potential dif-
ferences in the fifth cycle between the redox peaks amounted
t0 0.17 V, 0.18 V, and 0.26 V for LBG, CMC, and PVDF,
respectively. The LFP-LBG electrode showed a similar
voltage difference to the LFP-CMC electrode, while it was
lower than in the LFP-PVDF system. The LFP-LBG and
LFP-CMC electrodes have lower peaks of oxidation and
reduction in the first cycle than in the successive cycles. This
is caused by the formation of the solid electrolyte interphase
(SEI) layer enhancing charge transfer during lithium ions

@ Springer
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Fig.4 Single microscratch-test
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Fig.5 Cyclic voltammetry curves of first five cycles (1st—red, 2nd—green, 3rd—purple, 4th—Ilight blue, Sth—dark blue) of LFP electrode with
a LBG, b CMC, and ¢ PVDF binder at scan rate of 2 mV s~!. (Color figure online)

insertion/deinsertion process, which is visible in the next
cycles [31, 32]. In the case of the electrode with PVDF as a
binder, lower current peaks were observed after the second
cycle, indicating electrochemical instability and deteriora-
tion of the interfacial charge transfer through the SEI. The

@ Springer

LFP-LBG electrode, similarly as the LFP-CMC electrode,
showed a lower potential difference between redox peaks,
and better cyclic reversibility and stability than those of
PVDF. The small potential difference, higher current peaks,
and a stable cyclic reversibility during cycling confirmed
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Fig.6 Cyclic voltammetry curves of first five cycles (Ist—red, 2nd—green, 3rd—purple, 4th—Ilight blue, Sth—dark blue) of LTO electrode
with a LBG, b CMC, and ¢ PVDF binder at scan rate of 2 mV s~ (Color figure online)

that the LFP-LBG electrode has a lower electrode polariza-
tion and better electrochemical kinetics than PVDF, simi-
larly to CMC (Fig. 5).

Figure 6 presents cyclic voltammetry of LTO electrodes
with different binders. For the LTO-LBG and LTO-CMC
electrodes, the anodic and cathodic currents for peaks in the
first cycle were lower and the potential difference between
the peaks was higher than in their successive cycles. This
indicates worse charge transfer on electrodes in the first
cycle. Figure 6¢ gives the CV plot of LTO-PVDF, which in
each subsequent cycle is characterized by a lower cathodic
peak. For all LTO systems the results are similar. LTO elec-
trodes with used binders showed stability during cycling and
a comparable polarization [33].
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3.5 Galvanostatic charging/discharging

Cycling performances of LFP-LBG, LFP-CMC, and
LFP-PVDF electrodes are presented in Fig. 7a—c. Elec-
trochemical characterization started with three charge/dis-
charge cycles to form an effective surface layer that protects
LFP from further reactions with the electrolyte.
Afterwards, LFP-LBG, LFP—-CMC, and LFP-PVDF half-
cells were galvanostatically discharged for 5 cycles at pro-
gressively increased currents (C/10, C/8, C/6, C/5, C/4, C/2,
C/1). LFP-LBG and LFP-PVDF electrodes had comparable
It values for C/1 at around 120 mAh g~! but for the current
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Fig.7 Rate performances of LFP electrode with a LBG, b CMC, and ¢ PVDF binder
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rate 2C was about 10 mAh g~! higher for LFP-PVDF. In
case of LFP, the capability for the CMC electrode is better
than for the other electrodes as it is approx. 174 mAh g~!
and for LFP-LBG and LFP-PVDF electrodes gave It values
of 142 and 147 mAh g! after the fifth cycle for the C/10
rate. For all LFP-binder systems, there were the greatest
decrease of the It value for the 2C current. However, the It
value was also the highest at 2C rate for the LFP-CMC elec-
trode and was approximately equal about 105 mAh g~!. The

4.0

3.5 1

3.0 1
2
LY

2.5 1

2.0 1 !
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Fig.8 Galvanostatic charging/discharging curves of the LFP-
Binderll M LiPFy in EC:DMC (1:1 w/w)ILi cell. Cathode mass was
ca. 2.5-3.5 mg, current C/10

charge—discharge voltage profiles of LFP-LBG, LFP-CMC,
and LFP-PVDF electrodes at the charge—discharge rate of
C/10 are given in Fig. 8. For all charging/discharging curves,
the same potential plateau was recorded (3.4 V). This indi-
cates that at C/10, diffusion of lithium ions in the electrodes
with different binders is sufficient and does not limit the
charging/discharging process. Transport of lithium ions
between and inside particles is the main limitation of high
current charging or discharging processes.

The LTO-binderl electrolyte |Li systems were charged/dis-
charged at current rates ranging from C/10 to 2C (Fig. 9a—c).
The cells that contain the CMC and PVDF binders showed
higher It values under lower current rates (C/10), i.e., 179
and 173 mAh g~!, in comparison to the cells containing
the LBG binder, which demonstrated a discharge capacity
of 141 mAh g~!. The LTO electrodes with LBG used as a
binder showed the highest It value at 86 mAh g~! at a cur-
rent density of 1 C, whereas those using CMC and PVDF
as binders showed a capacity of only ca. 50 mAh g~!. For
the discharging rate 2C for the LTO-LBG electrode, there
was a sudden decrease in the It value, but it was the highest
value among the other electrodes and amounted to about 50
mAh g7,

The rate capability may be determined by calculating the
percentage of the It value retained at a higher C-rate (2C)
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Fig.9 Rate performances of LTO electrode with a LBG, b CMC, and ¢ PVDF binder
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from the It value obtained at lower C-rates (C/10). For the
electrodes with the LBG binder 40.0% of their It value is
retained, while for electrodes with CMC and PVDF bind-
ers it is 8.3% and 5.8% of It value, respectively. At high
rate, the electrode with the LBG binder, due to a porous
structure with a strong network between the LTO particles
and the conductive material, promotes diffusion of lithium
ions, which leads to the improved rate capability as observed
in comparison with the cells containing CMC and PVDF
binders. However, a lower It value for the C/10 rate could
be caused by partial blocking of the active material surface
by the binder. Figure 10 shows charge—discharge curves of
LTO-LBG, LTO-CMC, and LTO-PVDF electrodes at the
charge—discharge rate of C/10. For all the charging—dis-
charging curves the same potential plateau of ca. 1.65 V
was recorded, which may suggest that at the C/10 rate the
diffusion of lithium ions in electrodes with different bind-
ers is sufficient and does not limit the charging/discharging
process. The charging—discharging voltage profiles differed
in time relative to each other. In addition, you can see differ-
ences in the time for the charging and discharging process
of the system with the PVDF electrode. This means that
irreversible reactions may occur, which is unfavorable and
may lead to a shorter life of the cell.

The data of the electrochemical performance at cur-
rent rate C/5 of LFP cathodes and LTO anodes are sum-
marized in Table 2. The state of health (SOH) of the LFP
cathode is 78%, 77%, and 70% for LFP—-CMC, LFP-LBG,
and LFP-PVDF, respectively. The voltage profiles of the
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Fig. 10 Galvanostatic charging/discharging curves of the LTO-
Binderll M LiPF, in EC:DMC (1:1w/w)ILi cell. Anode mass was ca.
2.8-3.5 mg, current C/10

LTO anodes reveal that the SOH is 74% for LTO-LBG, 56%
for LTO-PVDF, and 46% for LTO-CMC. The discharge
capacity decreases for all the systems. The capacity after
100 cycles of the batteries with LFP cathode has the highest
value for the system with CMC and of the cells with LTO
anode the highest capacity presents the system with LBG.
This result indicates that the electrodes with LBG binder
maintain a good cycle performance.

3.6 Impedance studies

In the following sections, the results of impedance meas-
urements on LFP-PVdFILi, LFP-CMCILi, LFP-LBGILi
and LTO-PVdFILi, LTO-CMCILi, LTO-LBGILi cells are
presented as a function of time. Electrochemical impedance
spectroscopy was performed after galvanostatic charging,
discharging, and again charging. The EIS data were quanti-
tatively analyzed using an equivalent circuit model (Fig. 11)
consisted of electrolyte resistance (R;) in series with two-
time constants (R and C in parallel) and Warburg element
Zy- The two-time constants (RC) reflect solid electrolyte
interphase resistance (R, C,.;) and the charge transfer pro-
cess which took place at electrode/electrolyte interphase
(R.» Cqp [36, 37]. The Warburg element is related to the
diffusion of charged ions from the bulk of electrolyte to the
surface of the electrode [38, 39]. The individual impedance
parameters were determined by complex nonlinear least-
square fits using the Zview?2 software.

Figure 12 shows the impedance spectra of a LFP cathode
with different binders taken at 298 K after 3 steps of galva-
nostatic charging/discharging.

Semi-circles are observed in the Nyquist plot, which is
in good agreement with literature data [40]. The impedance

Rs Rsei Rct ZW

S S N o e

i

Csel Cd

Fig. 11 Equivalent circuit used for impedance spectra deconvolution

Table 2 Electrochemical

Electrode LFP-LBG LFP-CMC LFP-PVDF LTO-LBG LTO-CMC LTO-
performance of LFP and LTO PVDF
electrodes with different binders
at current rate C/5 Discharge capacity at 112 137 103 118 84 100

100th cycle (mAh g™")

SOH* after 100 cycles (%) 77 78 70 74 46 56

*The State of Health (SOH) estimated the maximum releasable capacity [34, 35]
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Fig. 12 Impedance spectra of LFP-PVDF, LFP-CMC, and LFP-
LBG cathodes taken at 298 K after 3 steps of galvanostatic charging/
discharging, (after lithiation to 2.4 V). Counter electrode: lithium
metal

obtained is not only from the LFP electrode, but also from
the lithium counter electrode, as shown in the literature [36].

However, the value of charge current density suggests
that it was mainly influenced by the LFP electrode. Accord-
ing to literature, j, for lithium is of the order of 10-107!
mA cm™2 [41-45]. Therefore, when comparing the results
of the change in measured R and R, we connect mainly
with the LFP electrode, not with lithium. For LFP-LBG and
LFP-PVDF, the shape of the spectra is similar. The imped-
ance spectra for the LFP-CMCILi system are obviously dif-
ferent, as there are two semi-circles, the left corresponding
to the passivated film on the electrode surface and the right
semi-circle representing the charge transfer. The passivation
film (R;) and charge transfer (R,) resistances obtained from
the deconvolution are shown in Table 3.

R and R given in ohms are expressed versus the geo-
metrical surface area of electrodes (1.27 cm?). It can be seen
from Table 3 that resistance of the passivation film was 15 Q
for LFP-LBG, 32 Q for LFP-PVDF, with the highest of 98
Q for LFP-CMC, respectively. The values of charge transfer

@ Springer

Table 3 Parameters of tested cathodes (expressed versus mass of
active material): mass m, specific BET surface area, real surface area
A calculated as m X BET, resistance of electrolyte R, passivation film
resistance R, resistance of charge transfer process R, exchange cur-
rent density j,

ct

LFP-PVDF LFP-CMC LFP-LBG
RJQ 4.7 5.1 49

R,./Q 32 98 15

R, /Q 9.0 2.2 3.3

m/mg 2.6 3.0 2.8

BET/m? g~} 15.4 15.4 15.4

Alcm? 393 462 431

AR_/Q cm? 3537 1016 1422
jo/mA cm™2 0.73 x 1072 2.53 x 1072 1.80 x 1072

resistances R, were, respectively, 3.3 Q, 9 Q, and 2.2 Q.
Charge transfer resistances may be converted into surface
areas independent of exchange current densities:

. _RT 1
= FARL (1)

All values are given in Table 3. The exchange current
density for LFP-LBG is ca. two times higher than for
LFP-PVDF. However, j, obtained for all the three cathodes
is in the range of 0.73x 1072 mA cm~? (LFP-PVDF) to
2.53% 1072 mA cm~? (LFP—CMC) and this is consistent
with the literature data for the LFP cathode [33, 46]. This
suggests that LBG as a binder works as effectively as PVDF,
while it may even improve the kinetic parameters of elec-
trode processes. The impedance spectra of an LTO anode
with different binders taken at 298 K are shown in Fig. 13.

The Nyquist plots of the anodes were obtained after for-
mation cycles, exhibiting one semi-circle in the high-fre-
quency region and one slope in the low-frequency region.

60

OLTO-LBG ALTO-CMC <¢LTO-PVDF

100

Fig. 13 Impedance spectra of LTO-PVDF, LTO-CMC, and LTO-
LBG anodes taken at 298 K after 3 steps of galvanostatic charging/
discharging (after lithiation to 1.2 V). Counter electrode: lithium
metal
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Table 4 Parameters of tested anodes (expressed versus mass of active
material): mass m, specific BET surface area, real surface area A
calculated as mXxBET, resistance of electrolyte R, passivation film
resistance R, resistance of charge transfer process R, exchange cur-
rent density j,

ct

LTO-PVDF LTO-CMC LTO-LBG
RJQ 1.9 3.0 5.0

R,./Q 15 41 16

R /Q 43 4.6 3.2

m/mg 1.9 2.0 2.1
BET/m? g™! 32.6 32.6 32.6

Alcm? 610 640 685

AR_/Q cm? 2623 2944 2192

jo/ mA cm™2 0.98 x 1072 0.87 x 1072 1.17 x 1072

The semi-circle in the high-frequency region corresponds to
the impedance of Li-ion migration through the passivated
film, while the semi-circle in the low-frequency region is
ascribed to the impedance of charge transfer related to the
electrode surface [13]. The linear slope at the low-frequency
range corresponds to lithium-ion diffusion to the electrode
surface. The LTO-LBG and LTO-PVDF electrodes exhibit
similar shape of their spectra. The most striking difference
is connected with resistance magnitude. The passivation film
(Ry;) and charge transfer (R,) resistances obtained from the
deconvolution procedure are shown in Table 4.

It can be seen that resistance of the passivation film was
16 Q for LTO-LBG, 15 Q for LTO-PVDF, while it was
highest, at 41 Q, for LTO-CMC. The values of charge trans-
fer resistances R, were 4.8 Q, 4.3 Q and 3.2 Q, respectively.
Exchange current densities can be found in the literature for
the Li,TisO,, material: j,=5.9x 107> mA cm~2 [47] and
Jo=2.38% 10~* mA cm~? [48]. However, a comparison of
the present values with literature data is problematic because
the real surface areas of electrodes were not reported. It sug-
gests that the kinetics of charge transfer process occuring at
the anode is also slower in comparison to metallic lithium,
while the surface area is larger [49]. The LBG binder has
a positive effect on the exchange current density, being the
greatest among the compared binders.

4 Conclusions

In summary, LBG was used for the first time as an electrode
binder. Its properties such as thermal stability, morphology,
adhesive, and electrochemical properties were compared
with those of the most popular binders from the group of
water and organic-soluble binders. They were tested in
the LilLiFePO, and LilLi,TisO,, systems. The new binder
(LBG) is environmentally friendly and is of natural ori-
gin. Locust bean gum has good thermal stability up to a

much higher temperature than required by Li-ion batteries.
LFP-LBG electrodes have structural properties comparable
to those of electrodes with a conventional binder (PVDF),
while in the LTO-LBG system the binder ensures the elec-
trical integrity of the network even after cycling, which leads
to rapid electron migration between LTO particles and car-
bon black, as well as electrolyte diffusion in the electrode
material exceeding that in the systems with CMC and PVDF
as a binder. In addition, its electrochemical properties are
promising for commercial use. Particularly noticeable is the
reduction of charge transfer resistance and the improvement
of kinetics in electrodes using LBG as the binder. It has
been reported that charge transfer resistance for LFP elec-
trodes with CMC and LBG are comparable (2.2 Q and 3.3
Q, respectively) and much lower than for PVDF (9 Q). In the
case of the LTO electrode, R, is lower for the LBG binder
amounting to 3.2 Q, whereas for CMC and PVDF it is 4.6
and 4.3 Q, respectively. This involves potential for obtain-
ing higher power for Li-ion batteries solely by changing the
binding material. This is evident in cyclic tests for different
currents, where the It values obtained at a higher current
regime change less for the systems with better kinetic param-
eters. For example, the LTO-LBG electrode in a half-cell
has twofold higher It value at the C/1 and even more at 2C
current rate compared to the systems with LTO-CMC and
LTO-PVDF electrodes.
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