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Abstract: The improvements in future-generation lithium-ion batteries cannot be exclusively focused
on the performance. Other aspects, such as costs, processes, and environmental sustainability,
must be considered. Research and development of new active materials allow some fundamental
aspects of the batteries to be increased, such as power and energy density. However, one of the
main future challenges is the improvement of the batteries” electrochemical performance by using
“non-active” materials (binder, current collector, separators) with a lower cost, lower environmental
impact, and easier recycling procedure. Focusing on the binder, the main goal is to replace the
current fluorinated compounds with water-soluble materials. Starting from these considerations,
in this study we evaluate, for the first time, tragacanth gum (TG) as a suitable aqueous binder for
the manufacturing process of a cobalt-free, high-voltage lithium nickel manganese oxide (LNMO)
cathode. TG-based LNMO cathodes with a low binder content (3 wt%) exhibited good thermal and
mechanical properties, showing remarkably high cycling stability with 60% capacity retention after
more than 500 cycles at 1 C and an outstanding rate capability of 72 mAh g~ at 15 C. In addition to
the excellent electrochemical features, tragacanth gum also showed excellent recycling and recovery
properties, making this polysaccharide a suitable and sustainable binder for next-generation lithium-
ion batteries.
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1. Introduction

Electrochemical energy-storage systems, such as lithium-ion batteries (LiBs), have
turned out to be the most prevalent technology for small electronics, stationary energy-
storage applications, and electric mobility. However, to meet the ever-increasing market
demand, significant effort is still needed in order to develop batteries with better perfor-
mance in terms of power and energy density.

Nowadays, it is clear that the battery-performance improvement must go through
the development of innovative active materials [1], as well as the constant optimization
of the electrodes and cell-manufacturing processes. In fact, it is generally accepted that
the performance of a battery is closely linked not only to the electrochemical behaviors of
active anode and cathode materials, but also the additional components of the electrode [2].

These additional components of the cell are generally defined as “inactive materials”
because they are not directly involved in the electrochemical reactions. The inactive
materials include the conductive additive, polymer binders, current collectors, separator,
electrolyte, and case/packaging, resulting in approximately 60% of the total weight of a
LiB cell. Even though these components are not directly involved in the electrochemical
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reaction, they play an important role, determining the battery power and energy density,
as well as influencing the cycle and calendar life of the device [3].

Concerning the electrode-manufacturing process, the electrode-slurry optimization
has a fundamental impact, not only on the electrochemical performance but also on the
sustainability and cost of the whole manufacturing process. For this reason, recently, part of
the focus has been shifted toward the study of alternative materials such as new binders [4].

Typically, an ideal binder must ensure a good cohesion between the conductive ad-
ditive particles and the active material, guaranteeing an optimal adhesion to the current
collector. In addition, the binder also has to show high (electro)chemical and thermal
stability in the operative voltage range, exhibiting insolubility in the liquid electrolyte and
a low swelling phenomenon, without the inhibition of ion transport [5]. Last but not least,
a binder can also offer some additional functionalities, such as electronic conductivity and
the stabilization of the anode- or cathode—electrolyte interphase (SEI—solid electrolyte
interphase and CEI—cathode electrolyte interphase) [4].

Currently, polyvinylidene difluoride (PVdF) is the most common binder, thanks to
its good electrochemical and chemical stability and fair processability [6]. Unfortunately,
PVdF suffers from some issues, related to both human health and environmental impact.
PVdF is synthetized from vinylidene fluoride, which is toxic, irritating to the skin, and
highly flammable. At the same time, during the electrode manufacturing, PVdF has to
be dispersed into N-methyl-2-pyrrolidone (NMP), which is a mutagenic, teratogenic, and
irritating compound [7].

Simultaneously to the health hazards, traditional PVdF/NMP-based electrode manu-
facturing is 26 times more expensive than an alternative aqueous-based process. In fact,
NMP and PVdF are rather expensive (USD 1-3/kg ! and USD 8-10/kg !, respectively)
compared to water and water-soluble polysaccharide compounds (such as carboxymethyl
cellulose), which are significantly cheaper (USD 0.015/L~! and USD 2-5/kg !, respec-
tively) [7]. In addition, concerning the electrode manufacturing, the replacement of an
organic solvent such as NMP with water reduces the energy need by more than 40% be-
cause the presence of NMP entails an energy-intensive solvent-recovery step [7-10] and
takes into account one of the basic principles of green chemistry [11].

For these reasons, in recent years, interest in alternative aqueous binders such as
polysaccharides has increased.

In fact, different polysaccharides can be processed in water-based solutions and used
as suitable binder for Li-ion batteries thanks to their ability to homogeneous form film on
different materials [4]. For example, carboxymethyl cellulose (CMC) has been shown to
be a good dispersant in an aqueous medium, especially for anode materials like graphite.
CMC is a linear polymeric derivative of cellulose containing different amounts of hydroxyl-
and carboxylic-acid functional groups that favor a stable SEI-layer formation [12] and
allow for the creation of a crosslinked three-dimensional networks between the parti-
cles [5,6]. The role of carboxymethyl cellulose and, in particular, its sodium salt (Na-CMC)
was thoroughly investigated in combination with styrene butadiene block co-polymer
(SBR) [13] because the coexistence of the two polymers improves the dispersive capa-
bility, flexibility, binding strength, and processability of the electrode [5,12]. Thus, the
use of the Na-CMC/SBR couple became the state of-the-art approach for aqueous-based
processes, especially for anode preparation [7]. Consequently, the great attention being
paid to greener manufacturing processes pushes the international research community to
investigate many other polysaccharides as alternative binders, especially for graphite- and
silicon-based anode electrodes; some examples are sodium alginate (SA) [14-17], gum ara-
bic (GA) [18-21], xanthan gum (XG) [21-23], guar gum (GG) [20,24-28], agar-agar (AA) [29],
carrageenan (CG) [29-31], and chitosan [32-36]. Alternative to bio-derived materials, syn-
thetic high-molecular-weight polymers like polyacrylic acid (PAA) [37—42], polyacrylic latex
(LA132/133) [43,44], polyvinyl alcohol (PVA) [45-48], and polyacrylonitrile (PAN) [49-51]
have also been investigated as binding agents for water-based processes.
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Although the use of aqueous binders has become the state of the art for the anode-
electrode production, this is not true for cathode electrodes. In fact, the water-based
cathode-manufacturing process is still a challenge, in particular for high-voltage cathode
electrodes, for which fluorine-based polymers remain the most used binder [7].

For example, lithium nickel manganese oxide (LiNig5Mn; 504, LNMO) is one of the
most attractive cathode materials for next-generation high-energy-density LiBs. LNMO
spinel, unlike other largely used cathode materials such as lithium cobalt oxide (LCO),
lithium nickel manganese cobalt oxide (NMC), and lithium nickel cobalt aluminum oxide
(NCA), is totally cobalt free, containing only nickel and manganese, with a consequent
improvement in terms of cost and eco-political sustainability. Concerning the electrochemi-
cal performance, the LNMO theoretical specific capacity is 146.7 mAh g1, which is lower
compared to other commercial cathode materials, but the high energy density is guaranteed
by the higher operating voltage (ca. 4.75 V vs. Li/Li") [52]. This high voltage is one of
the main limitations to the use of alternative binders, which have low stability towards
oxidation. For example, SBR is not electrochemically stable at higher potentials, meaning
that it cannot be used in combination with CMC for LNMO-based electrodes. Additionally,
some other side effects, such as lithium leaching and aluminum current-collector corrosion,
are directly related to water-based processes, limiting the use of water-soluble binders in
industrial cathode manufacturing [53].

Nevertheless, the use of an aqueous CMC binder in an LNMO-based cathode formu-
lation was reported by Wang et al. in 2012 for the first time. In their work, the authors
evidenced that the electrodes containing CMC reached higher capacities but lower cy-
clability compared to electrodes produced using the PVdF/NMP couple. In addition to
CMC [54-56], many other studies investigated alternative aqueous binders in LNMO-based
electrodes, using, for example, sodium alginate [57-59], guar gum [53], agar-agar [60],
carboxymethyl chitosan (CCTS) [61,62], PVAc [63], PAA [59,64], acrylic rubber latex [65],
poly(methyl vinyl ether-alt-lithium maleic acid) (P(MVE-LMA) [66], and TRD202A [67].
Some studies focused on the combination of aqueous binders or the addition of crosslink-
ing agents. For example, Kuenzel et al. [53,54] employed natural CMC and GG in the
presence of some suitable additives such as phosphoric acid (PA) and adding citric acid
(CA) as a natural crosslinker agent. In this case, after adopting CA as crosslinking agent
and after 400 cycles, the authors observed a capacity retention of 65% (82 mAh g~ ') and
92% (107 mAh g~!) at 1 C for the electrodes containing 5 wt% CMC and 3% GG, respec-
tively. More recently, Rao et al. [59] demonstrated the good mechanical properties and
electrochemical performances of LIPAA—SA used as composite binder for an LNMO-based
cathode. In their study, the electrodes containing the combination of the two binders
showed an increased capacity retention of about 93% after 100 cycles at 0.5 C.

In the present study, we selected tragacanth gum (TG) because it is one of the most
attractive polysaccharides thanks to its high availability in nature, low cost, and ease of
modification based on the different end-use applications [68-72]. In particular, TG is rich in
carboxyl and hydroxyl groups, which offer significant opportunities to design its macro-
molecular structure [68-70]. Last but not least, TG is a biocompatible and biodegradable
polymer and is non-toxic for human health [68].

More in detail, among exudate gums, tragacanth is one of the three most important
(along with karaya and arabic gums). It comes from a species of Astragalus Gummifer
shrub, common in Asian areas (Syria, Turkey, Iran) [71], and its natural form is a complex,
highly branched heterogeneous polysaccharide with a total molecular weight of around
840 kDa [68]. Basically, TG consists of two main components: bassorin and tragacan-
thin [70]. Bassorin represents 60—-70% of the total gum. This fraction is insoluble in water
but it has a huge swelling capacity, allowing it to form a gel. On the contrary, tragacanthin
is soluble in water, resulting in a colloidal, hydrosol solution [73,74]. A small amount of
cellulose, starch, protein, and ash is also present in the natural form of TG [69]. Thanks to
these properties, tragacanth gum is one of the most used natural gums worldwide, typically



Batteries 2023, 9, 199

4 0f 20

used as stabilizer, thickener, emulsifier, moisturizer, or binding/adhesive agent in many
industrial fields (textile, pharmaceutical, food) [68,69,71].

Up to now, the investigation of tragacanth gum as a suitable water-soluble binder
employed in the energy-storage industry seems to be limited. In fact, to the best of our
knowledge, TG has only been studied as a binder in graphite anodes for LiBs [75] and in
carbon-based materials for electrochemical capacitors [76]. Nonetheless, tragacanth gum
has never been considered as a binder for high-voltage LNMO-based cathode electrodes.

In the present work, TG was used as a binder in the formulation of an LNMO-based
electrode slurry. A low amount of binder (3%) was selected in order to meet the scale-up
requirements. The thermal and electrochemical stability of the TG binder was evaluated by
means of different techniques. In addition, the electrochemical performance was compared
with electrodes using CMC and PVdF as a binder.

2. Materials and Methods
2.1. Thermal, Chemical, and Morphological Characterization

Thermogravimetric analysis (TGA) was conducted on a Linseis TGA PT 1600 instru-
ment with a heating ramp of 10 °C min~! in air from room temperature to 800 °C.

Fourier-transform infrared (FTIR) spectroscopic analysis was performed with a Nicole
iS50 FTIR spectrometer (Thermo Scientific'™, Waltham, United States) equipped with an
ATR cell from 4000 to 500 cm~! with a resolution of 4 cm !, and 32 scans were collected.

Field-emission scanning-electron microscope (FESEM) micrographs were collected
by a Zeiss SUPRATM 40 with a Gemini column and Schottky field-emission tip (tungsten
at 1800 K). Acquisitions were made with magnification up to 1000 KX at an acceleration
voltage of 3 kV and a working distance (WD) of 2.1-8.5 mm.

M

2.2. Slurry Formulation, Electrode Preparation, and Cell Assembly

Commercial LiNig5Mn; 50, NANOMYTE® SP-10 (NEI Corporation, Somerset, NJ,
USA) was used as the active material, the conductive additive was carbon black C-
NERGY™ Super C45 (Imerys, Paris, France), and the selected binders were sodium car-
boxymethyl cellulose (Na-CMC, Daicel CM(C2200, Hirohata, Japan), tragacanth gum (TG,
Sigma-Aldrich, St. Louis, MO, USA), and polyvinylidene fluoride (PVdF Kynar HSV 900,
Arkema, Colombes, France).

The positive-electrode composition was set at 92 wt% active material, 5 wt% conduc-
tive carbon, and 3 wt% binder.

For the slurry’s preparation, CMC and TG were dissolved in deionized water and
PVdF in NMP (anhydrous, 99.5%, Sigma—-Aldrich, St. Louis, MO, USA) in order to obtain
5 wt% and 8 wt% solutions, respectively.

After complete binder dissolution, carbon black and active material were added and
the slurries were homogenized using a ball mill for 15 min at 30 Hz. All the slurries
were cast on carbon-coated aluminum foil (MTI, battery grade) using an automated film
applicator (Sheen 1133N, speed of 50 mm/s) and a doctor blade (thickness set to 300 pm).

The pH was measured by means of a pHmeter (XS pH 60 DHS) on the pure binder
solution (3 wt%) and after the addition of LNMO and carbon black. The pH was monitored
for 5 min under magnetic stirring.

The resulting casted/coated electrodes were pre-dried in an oven (Thermo Fisher,
Waltham, MA, USA) for 1 h at 80 °C in air. Successively, disks of 1.76 and 0.77 cm? (for
galvanostatic cycling and the cyclic voltammetry test, respectively) were punched out and
vacuum dried at 120 °C (Biichi Glass Oven B-585) for 4 h before cell-assembly. The final
electrode-mass loading was set to 6-6.5 mg cm ™~

Cells assembly was performed in an Ar-filled glove box (MBraun Labstar, H,O and O,
content < 1 ppm) using a Swagelok-type and Coin cell 2032 for the three- and two-electrode
configurations, respectively. Glass fiber (Whatman GF/D) was used as a separator and
soaked with an electrolyte solution of LiPFs 1 M 1:1 v/v mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) (Solvionic, Toulouse, France).
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LNMO-based cathodes were electrochemically tested against a Li disk that served as a
reference and counter electrodes (& 10 or 16 mm, thickness 0.6 mm, Tobmachine), between
3.5-49 V at RT or at 50 °C, in a dynamic climate chamber (MKF 56, binder).

Cycling performances were assessed through galvanostatic discharge—charge cycling
(GC) on an Arbin LBT-21084. Cyclic voltammetry and electrochemical impedance spec-
troscopy (EIS) characterizations were conducted on a versatile multichannel potentiostat
(VMP-3 Biologic, Grenoble, France). Impedance measurements were performed after differ-
ent cycles of charge—discharge at 0.1 C using a 10 mV amplitude in the 100 kHz-100 mHz
frequency range.

2.3. Swelling Test

Swelling of binders was investigated by a simple method [48] in which an equal
amount (250 mg) of three different binders (PVdF, Na-CMC, TG) was added to the same
volume of electrolyte (0.6 mL). The samples were stored in a vial for 24 h to visually evaluate
the interaction between the electrolyte solution and each binder.

2.4. Delamination Test

Electrode delamination was evaluated using an ultrasonic sonication bath (Elmasonic
P, Elma, Birmingham, UK) of deionized water for 30 s at 37 Hz.

3. Results and Discussions

The thermal stability of the tragacanth gum was assessed through thermogravimetric
analysis (TGA) in air in the range of 25-800 °C.

Figure 1a shows the thermogram of TG: a three-step thermal degradation was ob-
served. The TGA profile displayed a first weight loss of about 8 wt% at around 100 °C,
which could be attributed to the adsorbed-humidity release. A second step of weight
loss of about 64 wt% was detected in the 230-420 °C range, which was ascribable to the
degradation of the highly branched heterogeneous structure of the two fractions of TG [77].
The third step, consisting of the complete oxidation of the polysaccharide [78], occurred in
the 420-540 °C range, with a final solid residue of 2.4 wt%.
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Figure 1. (a) Tragacanth gum TGA thermogram (red line) and its first derivative (derivative thermo-
gravimetry (DTG), blue dotted line); (b) FTIR spectra of intact tragacanth gum (TG).

This trend confirms that the thermal stability TG is in the traditional LiB operating-
temperature range. The thermal stability above 200 °C also means that TG mitigates the
risk of electrode damage under working conditions and undesired side reactions, making
this binder interesting and useful for electrode preparation.

As previously reported, the functional groups of TG could play a fundamental role
to provide not only good adhesion between the active material particles but also worthy
elasticity of the electrode. Therefore, to confirm the surface-active properties of TG, a FTIR
analysis was performed (see Figure 1b). The broad band observable at 3324 cm~! could
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be assigned to a stretching-vibration mode of the -OH group related to inter- and intra-
molecular-bound hydroxyl groups and to adsorbed water, whereas the band at 2929 cm™!
corresponded to C-H stretching. The peaks at 1733 cm™! could be attributed to asymmetric
stretching of C=0 in carboxyl groups, whereas the absorption band at 1605 cm ! matched
with the asymmetric stretching vibrations of the carboxylate group (-COO—) in galacturonic
acid. The peaks between 800 and 1200 cm ! corresponded to the carbohydrate fingerprint,
which is the most representative polysaccharide chemical group [79-82].

The abundant presence of hydroxyl and carboxyl groups in TG guarantees a strong
interaction between active material and binder but also offers a strong adhesion with the
other components of the electrode (carbon black and current collector). For this reason,
polysaccharides generally show good binding affinity with LNMO—in particular, thanks
to the huge amount of superficial carboxylic and hydroxyl groups able to interact with
the oxide-based materials to form a network [53]. On the contrary, PVdF cannot form a
uniform coating on LNMO/CB particles, resulting in relevant side reactions on the surfaces
in contact with electrolytes, especially at high temperatures and/or high potentials. This
behavior generally induces poor CEI stability, an inhomogeneous and thick passivation
layer, and consequent marked capacity fading [55].

The electrode mechanical stability is strongly influenced by the interaction with the
liquid electrolyte. Indeed, the electrolyte’s ability to permeate into the porosity of the
electrode guarantees better ion migration and therefore better electrochemical performance.
On the contrary, an excessive electrolyte uptake leads to a lower electrode mechanical
stability and, as a consequence, lower long-term cycling performance.

Thus, the electrolyte uptake ability of the three different investigated binders was
evaluated through a swelling test, as reported in Figure 2. As depicted in Figure 2, PVdF
was able to soak-up a larger amount of electrolyte, swelling and forming a gel immediately,
whereas TG and CMC were wetted by the electrolyte without showing any evident swelling
or gel formation. Additionally, after 24 h (Figure 2b,c), the PVdF remained the only one
with the greatest swelling effect.

Figure 2. Solubility and swelling test of PVdF, CMC, and TG using LiPFs 1 M 1:1 v/v in EC:DEC
electrolyte: (a) after electrolyte addition; (b,c) after 24 h.
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The formation of the gel highlights how the electrolyte should easily permeate within
the PVdF-based electrode, leading to excessive co-intercalation of the solvent and an
expansion of the electrode volume. It is well known that the volume causes electrode
exfoliation, which is strongly detrimental for the electronic conductivity, resulting in lower
cell electrochemical performance [83].

Therefore, the minor swelling phenomenon observed for TG and CMC suggests an im-
proved mechanical stability of the electrode containing the polysaccharide binders [6,7,13,55].

Concerning the water-based processing of spinels or layered oxide cathode materials,
the two major drawbacks are lithium—proton exchange and aluminum current-collector
corrosion, which typically occur at high pH values [54,84,85].

Lithium leaching and the concomitant deposition of lithium hydroxide and lithium
carbonate inevitably lead to a dense layer formation on the surface of the LNMO-particle
surface. At the same time, if the pH moves to basic conditions (pH > 9), the dissolution of
the aluminum-protective oxide layer starts, with a consequent pitting phenomenon [84].

Therefore, it is essential to control the pH during the slurry-mixing process. Usually,
additives such as phosphoric acid or other acids are added to the paste to regulate the
pH, making the slurry exploitable for coating. Unfortunately, mild organic-acid addition
decreases the pH of the slurry, which inevitably enhances the manganese dissolution [84].

Moreover, the control of the paste pH is mandatory because it can influence the
stability of the mixture with consequences for the electrode-coating process and stability.

For these reasons, the pH value was measured for the 5 wt% binder solution before
and after the addition of the CB and the AM. The pH value of the 5 wt% TG solution
was found to be lower than 6, as expected [72], and rising to less acidic values after the
addition of CB and LNMO. However, the paste never reached highly basic pH values
(e.g., >8). A similar trend was observed for the CMC, but in this case the starting pH values
were slightly higher compared to TG. This means that TG did not negatively alter the pH
but allowed the slurry to be kept at controlled pH values and adequately lower than the
critical ones.

Subsequently to the chemical-physical analysis of TG, a complete electrode electro-
chemical characterization was conducted, comparing the behavior of the three different
binders. It is worth noting that, to better compare the electrochemical results, the electrode
mass loading was kept constant in the range of 6.0-6.5 mg cm 2.

The oxidation stability of the binders was assessed by linear-sweep voltammetry
performed using electrodes containing only conductive carbon (CB) and binder, directly
deposited on Al foil, and using lithium metal as counter and reference electrodes.

In Figure S1 (see Supplementary Material), the voltammograms of the carbon-black
electrodes obtained using PVdF, CMC, and TG as binder are reported. In all cases, no
significant anodic current from 2.0 to 5.0 V was observed, indicating stable electrochemical
behavior in the operative potential range [61,62]. It is worth noting that at a higher voltage
(i.e., >5.5 V), a large anodic current was observed for the CB electrodes containing PVdF,
whereas CMC and TG-based electrodes showed lower anodic currents with potential onsets
shifted to a higher potential with respect to the PVdF-based electrode. This is in good
agreement with previous studies, which revealed an electrolyte-oxidation process on a
carbon-black surface at high potentials, with a consequent decrease in carbon electronic con-
ductivity and a higher ionic and electronic barrier within the electrode [64,86-88]. Hence,
the CB electrode obtained using CMC and TG as binders showed higher electrochemi-
cal stability in liquid organic electrolytes in a wide range of potentials, confirming that
polysaccharides provide an effective coating on a CB surface. It is worth noting that a lower
reactivity of CB with the electrolyte solutions at high voltages increases the CEI stability of
LNMO cathodes [64].

In order to better elucidate the different binders’ effect with LNMO, cyclic voltammetry
(CV) was carried out at room temperature at a scan rate of 0.1 mV s~! and between 3.0
and 4.9 V (vs. Li/Li*). The cyclic voltammograms of the first 5 cycles for LNMO electrode,
marked respectively as LNMO-PVdF, LNMO-CMC, and LNMO-TG, are shown in Figure 3.
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Figure 3. Cyclic voltammetry profiles (0.1 mV s~ 1) of (a) LNMO-PVdF; (b) LNMO-CMC;
(c) LNMO-TG; (d) first cycle comparison; (e) fifth cycle comparison; (f) zoom range of 3.8-4.2 V
in the fifth-cycle profile.

All the electrodes displayed a similar CV curve with two sets of redox peaks, typical
for LNMO material. As shown in Figure 3a—c, the anode branch of the first cycle showed a
first peak of around 4.1 V, which is attributable to the oxidation process of manganese (Mn>*
to Mn4+), whereas the less defined peak at around 4.9 V refers to the multiple oxidations of
nickel (Ni%*/Ni** and Ni** /Ni**), as widely reported in the literature [52].

In the first anodic branch, the peak related to nickel oxidation showed a marked
over-potential, appearing strongly shifted at higher voltage values. This strong polarization
was particularly evident for the electrodes containing the aqueous binders (CMC and TG),
which consequently showed, in the cathodic branch, a corresponding reduction peak with
lower intensity (Figure 3d).

Analyzing the subsequent CV profiles (Figure 3a—c), a progressive decrease in the
polarization effect was observable—in particular, for the electrode containing CMC and
TG. In fact, for LNMO-CMC and LNMO-TG electrodes, the peaks profiles were more
defined as the number of cycles increased, with the possibility of easily identifying the
typical two-step reversible nickel-oxidation process. Moreover, the fifth cycle comparison
(Figure 3e,f) showed higher redox-current values for electrodes containing aqueous binders,
revealing a good reversibility of the redox process.

The voltage hysteresis (AV) between the main oxidation and the reduction peaks of
manganese (la/Ic) and nickel (Ila/Ilc) was calculated considering cycle 1 and 5 (Table 1) in
order to evaluate the over-potential evolution during cycling.

Table 1. Voltage hysteresis (AV) between main oxidation/reduction peaks in CV for the first and
the fifth cycle for LNMO-PVdF, LNMO-CMC, and LNMO-TG. Ia/Ic and IIa/Ilc refer to the main
oxidation and reduction peaks of manganese and nickel, respectively.

LNMO-PVdF LNMO-CMC LNMO-TG
Peaks Voltage Hysteresis (AV)
Cvcle 1 Ia/Ic 60 0 90
ycle Ia/Ilc 180 355 330
TIa/I. 60 40 30
Cycle 5 a/le

ITa/Ilc 160 190 160
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At the first cycle, the AV between the anodic and cathodic peaks of the manganese-
redox reaction were 60, 0, and 90 mV for the PVdF-, CMC-, and TG-based electrodes,
respectively. Meanwhile, the voltage hysteresis for the nickel-redox reaction was lower
for the PVdF-based electrode (180 mV) compared to the water-based binder electrodes
(355 mV for LNMO-CMC and 330 mV for LNMO-TG).

On the contrary, at the fifth cycle, the peak-to-peak potential separations of nickel-
redox couples were strongly decreased, especially for the two aqueous binders. For the
TG-based electrode, the AV was less than half (160 mV) that of the one calculated at the
first cycle, and it was also lower compared to the LNMO-CMC electrode. This means
that after a few cycles the polarization observed for the aqueous-based electrodes was
strongly reduced, with consequently faster lithium-ion insertion/extraction kinetics and
better energy efficiency.

In addition to the voltametric analysis, the effect of the three different binders on the
charge-/discharge-cycling performances was assessed within the voltage range of 3.5-5.0 V
at 25 °C in a half-cell configuration, using metallic lithium as a counter electrode.

The rate capability of the LNMO electrode containing PVdF, CMC, and TG was per-
formed by gradually increasing the C-rates from 0.1 C to 15 C (note that 1 C corresponded
to a charge/discharge rate equal to 146.7 mAh g h™!). It is important to note that for
higher C-rates (1 C, 5 C, 10 C, and 15 C) the charge current was fixed at 1 C in order not to
stress the LNMO material (as reported by the material-specification sheet).

A comparison of the discharge capacity at different C-rates for the three electrodes
is reported in Figure 4a. After the three formation cycles at low C-rates (e.g., 0.1 C) the
cells were cycled at 0.2 C, showing almost the same performance, with a discharge capacity
close to 125-130 mAh g~!, which is only 20 mAh g~! lower than the theoretical one
(147 mAh g~ 1).
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Figure 4. Electrochemical results for half-cell LNMO electrodes containing different binders:
(a) comparison of the discharge capacity at different C-rates over a wide range of discharge-current
densities (0.1-15 C), charge current fixed at 1 C; (b) comparison of long-cycling performance (half
cells cycled at 0.1 C for 3 cycles and 1 C for further cycles); (c) comparison of charge-capacity retention
percentiles; (d) comparison of discharge-capacity retention percentiles. Cycling at 25 °C between
3.5Vand4.9 V.
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Meanwhile, at rates higher than 1 C, the LNMO-CMC electrode led to a higher practical
discharge capacity than LNMO-PVdF and LNMO-TG. However, at 15 C, LNMO-CMC and
LNMO-TG electrodes still reached specific capacities of 84 and 72 mAh g~!, respectively,
which were significantly higher than the one observed for LNMO-PVdF (56 mAh g~ 1). At
15 C, the retained specific discharge capacities were 66%, 57%, and 44% for LNMO-CMC,
LNMO-TG, and LNMO-PVdF, respectively. When returned back to the 0.1 C rate, the
reversible specific capacity of the three electrodes still remained similar to the three initial
cycles (Table 2).

Table 2. Summary of discharge-capacity and coulombic-efficiency performance at different C-rates of
LNMO electrodes with different binders.

Cycle Number Discharge Capacity, mAh g! Coulombic Efficiency, %
PVdF CMC TG PVdF CMC TG
1st (0.1 C) 125 122 122 87.3 89.1 88.3
13th (0.2 C) 126 129 125 98.9 97.8 98.8
23rd (1 C) 114 116 112 99.5 99.1 99.5
33rd (5 C) 101 112 107 100.1 99.5 100.0
43rd (10 C) 80 100 87 100.1 99.7 100.0
53rd (15 C) 56 83 72 99.9 99.3 99.2
56th (0.1 C) 127 131 126 98.0 92.9 97.8

Analyzing the coulombic efficiency (CE), it was comparable for the three electrodes,
ranging from 87 to 89% in the first cycle at 0.1 C and achieving values higher than 99%
by increasing the number of cycles (Table 2). However, returning to the rate of 0.1 C,
the coulombic efficiency of LNMO-CMC was lower than 95%, whereas for the other two
electrodes it was close to 98%.

It is worth noting that the prepared electrodes were not subjected to a calendaring
process, which inevitably affects the microstructures and mechanical properties, as well as
the related battery performances, as reported in the literature [59].

To better determine the binder’s role inside the electrode formulation the cells were
investigated by long-term cycling (up to 1000 cycles at 1 C), and the results are reported
and compared in Figure 4b.

The PVdF-based cathode exhibited an initial discharge specific capacity of 125 mAh g !
with a coulombic efficiency of 88.8% at 0. 1 C. At the same time, the CMC-based and
TG-based cathodes reached a discharge specific capacity of about 120 mAh g~! (C.E. 84.2%)
and 120 mAh g~! (C.E. 88.9%), respectively.

During the three forming cycles at 0.1 C, the specific capacity and the coulombic
efficiency of all three samples increased, reaching 129, 127, and 127 mAh g_l for LNMO-
PVdE, LNMO-CMC, and LNMO-TG, respectively.

The increase in capacity observed during the initial cycles was probably attributable
to the electrode’s progressive wetting by the electrolyte solution [89]. This behavior is in
good agreement with the CV analysis, in which a relevant polarization phenomenon was
present during the first “wetting” cycle.

The voltage hysteresis and the polarization at the first cycle was also evident in the
charge/discharge profiles and in the relative dQ/dV curves reported in
Figure S2 (see Supplementary Material). In fact, dQ/dV profiles are useful for quanti-
fying the voltage hysteresis during the first cycles.

Comparing the Ni**/4* redox peak positions, the LNMO-PVdF showed a voltage
hysteresis of 148 mV, which was substantially higher compared to the one observed for
LNMO-CMC (AV ~ 62 mV) and LNMO-TG (AV ~ 94 mV), confirming the higher cell
impedance for the PVdF-based cathode. Nevertheless, the voltage hysteresis for the subse-
quent cycles was less than half (AV ~ 30-40 mV) for all the cathodes.

After the three initial formation cycles at 0.1 C, the cathodes were tested for 1000 cycles
at 1 C (Figure 4b and Figure S3 of Supplementary Material, Table 3). Comparing the fifth
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cycle, the three cathodes exhibited a similar specific capacity of about 110 mAh g, which
was maintained for more than 100 cycles. Moreover, a quick stabilization of the coulombic
efficiency of about 99.5% was reached after five cycles.

Table 3. Summary of discharge capacity and coulombic-efficiency performance at different cycles
related to a long cycling test of LNMO electrodes with different binders.

Cycle Number Discharge Capacity Coulombic Efficiency

PVdF CMC TG PVdF CMC TG

1st (0.1 C) 126 120 120 88.8 84.2 88.9
2nd (0.1 C) 128 125 125 94.8 97.7 95.3
3rd (0.1 C) 129 127 127 96.6 98.2 96.8
5th (1C) 112 110 106 99.5 99.6 99.4
100th (1 C) 108 113 110 99.5 99.5 99.4
300th (1 C) 103 98 95 99.4 99.5 99.5
500th (1 C) 86 72 76 99.5 99.5 99.5
700th (1 C) - 50 55 - 99.5 99.5
900th (1 C) - 37 47 - 995 99.7
1000th (1 C) - 34 44 - 99.5 99.5

After 300 cycles, approximately 10% of the capacity (calculated in relation to the
specific capacity of the fifth cycle) was lost for all the cathodes. As reported in Table 3,
the capacity fading was less pronounced for the PVdF-based LNMO electrode up to
540 cycles, at which point the electrode showed a dramatic capacity drop. In sharp contrast,
the CMC and TG-based electrodes exhibited a superior cyclability, achieving more than
1000 cycles. The LNMO-TG cathode showed superior capacity retentions starting from the
500th cycle, which appeared substantially higher compared to the CMC-based electrode
(up to 1000 cycles).

Returning to the low charge/discharge rates (e.g., 0.1 C) after 1000 cycles, the LNMO-
CMC specific capacity was 103 mAh g1, corresponding to a capacity retention of about
81% (calculated with respect to the third cycle at 0.1 C). At the same time, the final specific
capacity of LNMO-TG was 107 mAh g~!, which corresponded to a capacity retention
of 84%.

The variations of the capacity retention (in charge and discharge) are presented as a
function of cycle number in Figure 4c,d, and the corresponding values are summarized
in Table 4. The capacity retention was calculated in relation to the capacity at the fifth
cycle (1 C).

Table 4. Summary of capacity-retention percentiles of LNMO electrodes with different binders.

Capacity Retention (Charge/Discharge)

Cycle Number % vs. 5th Cycle (1 C)
PVdF CMC TG
100th (1 C) 97/97 102/102 103/103
300th (1 C) 92/91 90/90 89/89
500th (1 C) 77/77 66/65 71/71
700th (1 C) - 45/45 52/52
900th (1 C) - 33/33 44/44
1000th (1 C) - 31/31 41/41

The capacity retention after 100 cycles was slightly higher than 100% for the aqueous-
based electrodes containing CMC and TG, whereas it is less than 97% for LNMO-PVdFE.
As the number of cycles increased, the capacity retention decreased for all the electrodes,
and after 500 cycles the values were 77, 65, and 71%, respectively, for PVdF, CMC, and TG.
After 600 cycles, the LNMO-PVAF cell capacity faded, whereas the capacity retention was
around 51% for LNMO-CMC and higher than 60% for LNMO-TG. This difference of about
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10% between LNMO-CMC and LNMO-TG was also maintained for the following cycles.
After 1000 cycles, the capacity retention was 41% for LNMO-TG and 31% for LNMO-CMC.

This behavior suggests a higher stability for the electrodes containing water-based
binders—in particular, for the one containing TG. The higher capacity retention observed
at 1 C for LNMO-TG after a huge number of cycles (1000) could be ascribed to a lower
electrolyte degradation and lower interaction with CB at high potentials, which reasonably
means a more stable CEI layer on LNMO.

After long-term cycling, the cells were disassembled in a glove box and the cath-
odes were investigated by FESEM in order to evaluate the electrode morphology after
1000 charge/discharge cycles. For a better comparison, FESEM micrographs of LNMO
electrodes with different binders before and after cycling are shown in Figure 5.

10 pm 10 pm
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- - -

Figure 5. FE-SEM micrographs of pristine and aged cathode electrodes (for 1000 cycles) at differ-
ent magnifications: (a,d,g) pristine LNMO-PVdF electrode; (b,e h) pristine LNMO-CMC electrode;
(¢ f,i) pristine LNMO-TG electrode; (j) cycled LNMO-PVdF electrode; (k) cycled LNMO-CMC elec-
trode; (1) cycled LNMO-TG electrode.

At low magnification (Figure 5a—c), the three electrodes displayed good integrity and
a homogeneous distribution of the LNMO and carbon-black particles. The amorphous
binders helped maintain a homogeneous distribution of the particles after the drying
process [57]. However, discerning the binders” morphologies was quite difficult because
the amount inside the electrodes was quite low [58,62]. Reasonably, CMC and TG binders
covered the LNMO powder uniformly, which is why it was not possible to discern their
presence [57]. On the contrary, the LNMO particles were visible, exhibiting a conventional
polyhedron-shaped structure (Figure 5d-i).
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Observing the micrographs at higher magnification (Figure 5g—-i), the images of pristine
LNMO-PVdF clearly showed some micro-cracks on the LNMO-particle surface, whereas for
the CMC- and TG-based electrodes no variation was observed (Figure S5 in Supplementary
Material). This means that the nature of the binder can also influence the mixing procedure
and the preservation of the active-material morphology.

The morphologies of the cycled electrodes (Figure 5j-1) showed a rougher LNMO
surface in all samples compared to the uncycled electrodes, but the morphology of the
LNMO particles appeared to be damaged for the sample containing PVdF (Figure 5j). In
all the electrodes, a visible passivation was the result of the electrolyte decomposition on
the surface of the cathode—in particular, at high voltage and after many cycles [55]. In
addition, some tiny particles were clearly visible and deposited onto the LNMO surface of
the electrodes containing CMC and TG (Figure 5k,1). According to Charles-Blin et al. [90],
these particles can be reasonably composed of products originating from the oxidative
decomposition of the carbonate-based solvents with LiPFg salts at the LNMO-cathode
surface [91]. It is worth noting that a higher number of small particles was observed on the
LNMO-CMC-electrode surface compared to that of the LNMO-TG electrode. This behavior
can be directly correlated to the capacity retention, which is higher for TG-based electrodes.

In general, these observations are in line with the electrochemical results, confirming
that the degradation of the electrolyte led to lower electrochemical performance upon
cycling, which is particularly true for PVdF-based electrodes.

To better clarify the role of the binder on the cycling performance, EIS analysis was
carried out on the LNMO-CMC and LNMO-TG electrodes.

EIS measurements were conducted on the pristine electrodes and after different cycles
(Ist, 2nd, 3rd, 5th, 10th and 50th cycled at 0.1 C).

Observing Figure 54 (see Supplementary Material) for both the electrodes, excluding
the profile of the pristine electrode, the Nyquist plots shows two semicircles in the high-
to-medium-frequency region and a sloping line in the low-frequency region. As widely
reported in previous works [92-94], the initial semicircle, situated in the high-frequency re-
gion, can be ascribed to the resistance of the surface film (Ry¢), whereas the second semicircle
(medium-frequency region) is mainly assigned to the charge-transfer resistance (Rct).

All the Nyquist plots, excluding the pristine one, were fitted using the equivalent
circuit reported in Figure 54b, and the fitted results are listed in Table S1. More in detail,
R represents the resistance of the electrolyte solution, R represents the resistance of the
solid-state interface layer formed on the electrode surface, R represents the charge-transfer
resistance in the electrode/electrolyte interface, and W, (Warburg element) represents the
lithium-ion diffusion in the bulk material [94].

In the Nyquist plot of the pristine electrodes (LNMO-CMC and LNMO-TG) only one
semicircle is visible, with a low-resistance R, and a similar resistance to charge transfer for
both binders.

After the first cycle at 0.1 C the R, remained approximately constant for both elec-
trodes, whereas a large discrepancy was observed between the Ryf and Re;. In fact, the Ry¢
of the LNMO-CMC was about 35 ohm, whereas the one observed for the LNMO-TG was
higher, being close to 200 ohm.

At the same time, after the first cycle, the charge-transfer resistance was lower for the
CMC-containing electrode compared to that with TG (210 and 362 ohm, respectively).

Observing the subsequent cycles—in particular, those from the second to the tenth, it
was possible to identify an evident increasing trend in Ry for the electrode containing CMC.
Taking as reference the resistance value observed after the first cycle, the Ryt of the CMC-
containing electrodes increased over 200% between the first and 10th cycles. Conversely, the
surface-film resistance increase was more limited in the electrode containing TG, reaching
a maximum of 8%.

In contrast to the Ry, the charge-transfer resistance shows an opposite trend, decreas-
ing as the number of cycles increased. In this case a more marked decrease in the Rt was
observed for the electrode containing TG compared to that obtained with CMC. A decrease
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close to 70% was observable for LNMO-TG, whereas the reduction in R did not exceed
30% for the LNMO-CMC electrode.

In general, it was possible to observe that the Ry of LNMO-TG remained approx-
imately constant during the first 10 cycles, whereas for LNMO-CMC the surface-film
resistance increased significantly.

Although the Rt of the two electrodes followed a similar trend, decreasing during the
first 10 cycles, it is worth noting that from the second cycle, the charge-transfer resistance of
the electrode containing TG became lower than the one of the electrode containing CMC. At
the 50th cycle, the surface-film resistance of the two electrodes was comparable, resulting
in a range of 50-60 ohm, whereas the charge-transfer resistance of the LNMO-CMC was
almost double that of LNMO-TG.

Focusing on the comparison of the surface-film resistance, although it was higher in
the electrode containing TG, this value remained almost constant during the first 10 cycles.
On the contrary, the Ry of the LNMO-CMC electrode followed a growing trend, suggesting
the continuous formation of a layer on the surface of the particles. This layer increased
the resistance of the electrode, resulting in a lower conductivity of the lithium ions and
limiting the electrochemical kinetics of the system.

The stabilization of the R resistance after just one cycle suggests that in the electrode
containing TG there was no continuous reaction with the electrolyte during cycling, but
there was an immediate stabilization of the surface layer. Conversely, the electrode contain-
ing CMC required more time to stabilize. In conclusion, the presence of TG as a binder led
to fast stabilization of the cell, limiting the formation of a solid-state interface layer to the
first cycles and suppressing the reaction with the electrolyte on the surface of the cathode.

The trend observed for the cell resistances can be related to the results obtained for
the long cycling, where the cell containing TG showed a greater cycling ability and a
better capacity retention. In this case, a better stabilization of the surface layer of the
LNMO particles and of the entire electrode during the first cycles limited the continuous
consumption of electrolyte and the formation of thick and highly resistive layers.

The cycling performances of LNMO-CMC and LNMO-TG electrodes were also evalu-
ated under relatively higher-temperature conditions (50 °C), as reported in Figure 6. This
test was done because the high temperature could accelerate the capacity decay of the cell
and promote the manganese dissolution, the electrolyte decomposition, and the consequent
degradation processes.

Both the electrodes with CMC and TG binders showed a stable capacity (close to
115 mAh g 1) after 100 cycles at 50 °C at 1 C. The main difference between the electrodes
was observable during the three initial formation cycles, in which the coulombic efficiency
of the LNMO-TG electrode appeared to be lower (95%) compared to that of LNMO-CMC
(98%). However, after a few cycles at 1 C, the electrodes’ specific capacities were similar,
with a capacity retention of 93% and 91% after 100 cycles at 1 C for LNMO-CMC and
LNMO-TG, respectively. Returning to C/10, no particular electrochemical-performance
depletion was detected for the two electrodes, confirming a good and comparable stability
of the two polysaccharide binders at high temperature.

Lastly, the recyclability and efficiency of electrode delamination was evaluated using
an ultrasound technique [95]. More in detail, the LNMO-TG electrode was submerged in
a sonication bath of deionized water for 30 s (37 Hz) and the active material detachment
from the current collector was observed. Figure 7 shows the water-based electrode before
and after the ultrasonic-bath delamination process.

Thanks to CMC’s and TG’s good solubility in water, the delamination process was
quite fast, and a clean aluminum foil was recovered after few seconds. The good efficacy
of this simple process does not suggest the use of more expensive and potentially critical
solvents for the recycling of the active material and the current collector. Indeed, the mild
condition employed did not affect the aluminum integrity and allowed the active material
to be recovered with less time and energy consumption and greener procedures.
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Figure 6. Comparison of specific discharge capacity of the LNMO electrode containing TG and CMC,
cycled at 0.1 C for 3 cycles and 1 C for further cycles at 50 °C between 3.5V and 4.9 V.
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Figure 7. LNMO-TG electrode: (a) before; (b) after ultrasonic-bath delamination process for 30 s at 37 Hz.

Last but not least, TG was well dispersible in hot or cold water, swelling and originat-
ing from a high-viscosity solution [71]. Hence, TG can modify the rheology of aqueous
media even at low concentrations (2-3%) [96], showing a viscosity similar to sodium al-
ginate or CMC [72] and shear-thinning behavior [69,71]. This means that the deposition
of the electrode slurry is expected to be homogeneous [15,97] and suitable for industrial
scaling up.
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4. Conclusions

In the present study, tragacanth gum was indagated as an aqueous binder for a high-
voltage LiNig sMn; 504 spinel cathode, and all results were compared with those obtained
using two conventional binders: polyvinylidene-difluoride and carboxy methylcellulose.

More in detail, tragacanth rubber showed high thermal stability up to 200 °C, which
makes it suitable in the operating range of common lithium-ion batteries. Meanwhile,
the surface chemistry of TG, rich in hydroxyl and carboxyl groups, coupled with its
low swelling in contact with the electrolyte, provided better mechanical properties to
the electrode.

The LNMO-TG electrodes showed stable electrochemical behavior up to 5.5 V and a
progressive decrease in the polarization during the first few cycles, meaning good lithium-
ion insertion/extraction kinetics and cyclability.

The electrode containing TG as a binder was able to reach a reversible capacity of
127 mAh g~ ! at 0.1 C and an impressing-rate capability of 72 mAh g~! at 15 C, with a
coulombic efficiency close to 99%.

The most interesting result concerns the long-cycling stability showed by the electrode
containing TG, which was investigated here for the first time as binder in a cathode
formulation. In fact, LNMO-TG cathodes with 3 wt% binder outperformed PVdF- and
CMC-based electrodes. In this case, TG allowed for enhanced cycling stabilities with a
capacity retention higher than 60% after 500 cycles, which was significantly higher than
those obtained for CMC- and PVdF-based electrodes. TG also showed good mechanical
properties and less degradation of the electrode and of the whole system, even after more
than 1000 cycles at 1 C and with a high cutoff voltage of 4.9 V. This electrochemical stability,
also at a higher temperature (50 °C), could be directly related to the ability of TG to form a
stable interphase on the surface of the cathode during the first few cycles, as demonstrated
by EIS studies.

Last but not least, TG showed important properties in terms of recovery and recycling,
which, together with the electrochemical performance, make tragacanth gum a suitable envi-
ronmentally friendly and multifunctional binder for next-generation lithium-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries9040199/s1, Figure S1. Linear-sweep voltammetry of carbon black
(CB) with different binder films: PVdF, CMC, and TG; Figure S2. Charge—discharge curves of
LNMO half cells with different binders for three initial forming cycles at 0.1 C: (a) LNMO-PVdE, (b)
LNMO-CMC, (c) LNMO-TG. dQ/dV profiles related to initial-cycle charge—-discharge curves: (d)
LNMO-PVdF, (e) LNMO-CMC, (f) LNMO-TG; Figure S3. Charge-discharge curves of LNMO half
cells with different binders: (a) PVAE, (b) CMC, (c) TG for long cycling performance at 1 C; Figure S4.
Comparison of specific discharge capacity of the LNMO electrode containing TG and CMC, cycled at
0.1 C for 50 cycles (a), adopted equivalent circuit for fitting (b), Nyquist plots for LNMO-CMC (c),
LNMO-TG (d) electrodes after different cycle numbers; Table S1. Fitted impedance values based on
Figure 5S4 after different cycles in discharge state for LNMO-CMC and LNMO-TG cycled at 0.1 C;
Figure S5. FE-SEM micrographs of a pristine cathode containing PVdF, CMC, and TG. The presence
of micro-cracks in the LNMO-PVdF electrode is highlighted by red arrows.
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