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assess the feasibility of these sustainable electrodes and the effectiveness of the additives for the stability and

cycle life of the material.

1. Introduction

The development of high-performance and sustainable electro-
chemical systems has been increasingly important. The performance of
the batteries on the market (Generation 3) must be improved to achieve
the requirements expected in 2030, and academic and industrial
research developments are necessary [1]. Defining strategies that
simultaneously enable the realization of high-performance electro-
chemical energy storage systems and their production through sustain-
able processes, emphasizing the valorization of green materials, has
become the most demanding challenge. The automotive market de-
mands higher and higher specific and volumetric energy and power,
which can be currently pursued using high-potential cathodes and Li
metal or Si-based anodes. On the other hand, climate change is out loud
requiring more attention towards the use of critical raw materials, toxic
solvents, and fluorinated compounds. Materials and processes sustain-
ability can be achieved by limiting or avoiding the presence of cobalt in
cathode materials, and using water-based binders for electrode prepa-
ration instead of the conventional, organic ones. The latter strategy, well
established for graphite electrodes at industrial level, is technically
demanding in the case of cathode materials due to the presence of
aluminum current collector, which can corrode, and the possibility of
metal ion leaching in the slurries [2,3].

One of the most interesting Co-free cathode materials is
LiNig.sMn; 504 (LNMO), which has been widely studied in the past
decade for the high-potential and the good theoretical specific capacity
[4]. It has been demonstrated that the specific capacity of graph-
ite//LNMO cell is higher (>10 %) than that of graphite//NMC622, and
even higher (>3 %) than that of graphite//NMC811. More importantly,
in LNMO the capacity from Ni is totally exploited, with a capacity of
LNMO near 44 Ah mol~! of Ni, 37 % and 30 % more than the capacity
per mol of Ni of NMC622 and NMC811, respectively [5]. LNMO crys-
tallizes in two types of structures, the ordered P4332 phase and the
disordered Fd 3 m phase, depending on synthesis conditions and thermal
treatments [6-8]. The ordered phase is characterized by Ni and Mn
regularly positioned in 4a and 12d sites, respectively, and only Mn**,
not taking part in the electrochemical process, is present. On the con-
trary, Mn>" is also present in the disordered phase, and Ni and Mn were
randomly distributed on 16d sites [9-11]. However, it has been exper-
imentally demonstrated that the classification of LNMO in two (ordered
and disordered) phases could be too simplified [5,12].

The presence of Mn>" diversely affects the electrochemical perfor-
mance of LNMO. On one hand, the ionic radius of Mn®*, bigger than that
of Mn**, enhances Li* movement inside the crystal lattice, which in-
creases rate capability. On the other hand, the disproportionation re-
action of Mn>* in Mn?* and Mn** is responsible for the loss of capacity,
Mn?" being dissolved in the electrolyte solution.

Several strategies have been pursued to increase LNMO stability,
without affecting capacity and rate capability. They can be viewed as
chemical changes, like those in stoichiometry or occurring by doping
elements [4-7], or physical changes, by producing a protective coating.
Chemical changes are mainly aimed at increasing the intrinsic stability
of the crystal lattice. As an example, a disordered LNMO phase
(LiNig_453Mnio34Mn}Vsg304) with only one fourth of the Mn (III) typi-
cally present in the conventional disordered phase has been proven to be
stable over cycling and to be suitable for application in full cells with
graphite [5].

Physical changes are expected to produce physical favourable paths
that can improve the charge transfer, or barriers that prevent unwanted
reaction and cation release. Very recently, the formation of a LiAlsOg
surface layer that penetrates along the grain boundaries and forms a

neural-like network was carried out on another Co-free electrode ma-
terial, Li; oMng eNip 202. As a result, the increase of charge/discharge
kinetics, Li™ diffusion rate, electrode conductivity, and interfacial con-
tact were observed [13]. The protective layers can be produced by
physical techniques, like atomic layer deposition and chemical vapor
deposition, or can grow as cathode electrolyte interphase (CEI) by
chemical or electrochemical reaction with the solvent, the salt or the
additive used [14-17]. To be effective, the protective layer should be
thin and well linked to the LNMO particles. The epitaxial growth of a
LaTMOg3 (with TM = Ni, Mn) monolayer on LNMO demonstrated that a
thermodynamically stable thin layer improves the electrochemical
performance and suppresses the dissolution of Ni and Mn [18].

Another strategy to get improved battery performance is the use of
“single-crystal” cathodes. However, their practical application still faces
many challenges, like irreversible structure degradation and cracks. Also
in this case, bulk or surface modification strategies are needed, and in
the long run they can have good market prospects [19]. Operando
spectroscopic techniques, also carried out with syncrotrone radiation,
on LNMO single crystals, shed light on the microscale lattice deforma-
tion upon lithiation/delitiation and upon cycling, which affect the
macroscale degradation of the electrode and are useful for the design of
the material [20]. Alongside energy and power performance and long
cycle life, it is mandatory to take into consideration safety,
cost-effectiveness, and sustainability [1].

The approach of using water-processable binders proposed by Lee
et al. [21] twenty years ago for graphite anodes has been proved to be
successful [22,23]. Nowadays, graphite anodes are prepared mainly
with a binder based on carboxymethyl cellulose/styrene butadiene
rubber (CMC/SBR). On the contrary, the use of aqueous solutions for
cathode slurries has been hindered by several factors: the presence of Al
current collector, the reactivity of cathode materials with water, and the
unwanted metal ion leaching. Nonetheless, LNMO electrodes prepared
with water-soluble binders (carboxymethylcellulose, alginate, pullulan,
chitosan, carrageenan) have already been investigated [24-30].

In the present paper, we have widened the investigation of LNMO
with chitosan-based binders [31,32] to assess the compatibility of
electrodes with an electrolytic medium that does not contain fluorinated
compounds, such as fluoroethylene carbonate (FEC), to protect the
anode. With the idea of assembling Li metal cells in order to maximize
specific power and energy, we also investigated the possibility of using
suitable additives. The first additive is tetraethylammonium hexa-
fluorophosphate (TEAPFg). It is added to the electrolyte in a very small
amount (50 mM) to make the dendrite growth less impactful on Li anode
and on the whole cell [33]. The second additive is 1,3-dioxolane (DOL),
and in situ polymerization has been promoted during the formation
cycles to produce a thin protective CEI of poly(1,3)-dioxolane (pDOL) on
LNMO [34-36]. It is worth mentioning that the approaches used in this
paper take into consideration cost-effectiveness, safety, and scalability,
alongside sustainability.

The electrodes have been characterized with standard electro-
chemical methods in three-electrode cells, and the electrochemical
study has been integrated with physicochemical tests and post-mortem
analyses to assess the feasibility of these sustainable electrodes and
the effectiveness of the additives for the stability and cycle life of the
material.

2. Experimental section
2.1. Chemicals

LiNig sMnj 504 (LNMO, NEI Corp. Somerset, NJ, USA), chitosan
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(Sigma Aldrich, technical grade from shrimp shells, Merck Life Science
S.r.l., Milan, Italy), 2-propanol (Sigma Aldrich, HPLC grade, Merck Life
Science S.r.l., Milan, Italy), acetic acid (Sigma Aldrich, ACS grade,
Merck Life Science S.r.l., Milan, Italy), tragacanth gum (Sigma Aldrich,
Merck Life Science S.r.l,, Milan, Italy), xanthan gum (Sigma Aldrich,
from Xanthomonas campestris, Merck Life Science S.r.l., Milan, Italy)
conductive carbon (C-energy, C-45, Imerys Graphite & Carbon
Switzerland SA, Bodio, Switzerland), Li metal chip (Cambridge Energy
Solutions Cambridge, United Kingdom, 0.45 mm thick), tetraethyl
ammonium hexafluorofosfate (TEAPFg, Fluka, >99 %, Merck Life Sci-
ence S.r.l., Milan, Italy), 1,3-dioxolane (DOL, Sigma Aldrich, HPLC
grade, Merck Life Science S.r.l., Milan, Italy), 1M LiPFg in ethylene
carbonate (EC)/dimethyl carbonate (DMC) 1:1 v/v % (LP30, Solvionic,
Toulouse, France), DMC (99+% extra dry, Thermo Scientific VWR In-
ternational S.r.l, Milan, Italy) Whatman microfiber glass membranes
(GF/D, VWR International S.r.1, Milan, Italy), nitric acid (Sigma Aldrich,
puriss. p.a. > 65 %, reag. ISO, Merck Life Science S.r.l., Milan, Italy),
manganese (Carlo Erba Reagent, standard for atomic absorption, 1 mg/
mlL, Cornaredo, Itay), nickel (Merck, CertiPUR Nickel standard solution,
1000 mg/L, Merck Life Science S.r.l., Milan, Italy).

2.2. Electrode preparation

Tragacanth and xanthan gums were used in combination with chi-
tosan to overcome the brittleness of chitosan-based binders. The two co-
binders were investigated as they exhibit different rheological and
physicochemical properties. Xanthan gum significantly increases slurry
viscosity and stabilizes particle dispersion, but its pronounced pseudo-
plasticity can limit particle packing and mass loading [37]. Conversely,
tragacanth gum provides higher water retention, film-forming ability,
and adhesive properties, enabling compact and cohesive slurries with
higher loadings [38,39]. Flow curves of chitosan-tragacanth and chi-
tosan—xanthan aqueous solutions at equal polymer concentration
(Fig. S1) confirm their distinct solvent interactions and viscosities,
which must be considered during slurry preparation. Samples were
prepared by dissolving 350 mg of chitosan-gum polymers in a 5:2 wt
ratio in 15 mL of 0.5 wt% acetic acid solution. Rheological tests on
polymer solutions were carried out using a Rheolab QC rotational
rheometer (Anton Paar, Graz, Austria) equipped with a concentric cyl-
inder cup (CC17) for the chitosan-xanthan solution and a double-gap
cup (DG42) for the chitosan-tragacanth solution. For electrode prepa-
ration, binder solutions containing 2 % natural gums were prepared as
follows: the natural gum (tragacanth or xanthan) was dissolved in MilliQ
water, 2-propanol and acetic acid in the ratio 79.75:19.75:0.5 wt % (pH
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3), and the solution was kept under stirring for 6 h at RT until it became
transparent. Then, chitosan was added and stirred further for 6 h at RT,
until the solution became transparent. The resulting pH of the binder
solution was 4.30 (Fig. 1a). The pH of solutions and slurries was
measured by a PHM210 Standard pH METER Radiometer (Analytical
Control De Mori s.r.1., Milano, Italy) and a pH XS - Polymer - S7 electrode
(Giorgio Bormac S.r.1., Carpi, Italy). Rheological tests on LNMO-CX and
LNMO-CT slurries were performed using an MCR 102 parallel-plate
rheometer (Anton Paar, Graz, Austria) with a 25 mm plate (PP-25)
and a gap of 0.7 + 0.2 mm. Slurries were applied onto the lower plate
with a syringe, and the upper plate was lowered to contact the sample
surface; excess material was trimmed before measurement.

The electrodes were prepared by mixing in the binder solution
LiNip sMn; 504 and the conductive agent Super C45. The final slurry
formulation was 86:7:5:2 of LNMO:Super C45:chitosan:natural gum wt.
% ratio. The amount of liquid was adjusted in order to reach a viscosity
in the range 300-3000 mPa s at 100-1000 s~ " shear rate, suitable for the
casting procedure (Fig. S2). As a consequence, the different amounts of
solvent required lead to different final solid content, 55 % and 30 %, for
the slurries containing tragacanth gum and xanthan gum, respectively.
The final pH of the slurries was 4.34.

The slurries were cast on carbon-coated aluminum foil by a mini
coater machine (MC 20, Hohsen Corp., Japan) by adjusting the thickness
to 12 mil (305 pm) and 10 mil (254 pm) for slurries containing traga-
canth and xanthan, respectively. The electrode sheets were dried at RT
in air. Hence, the electrodes were punched with a 9 mm-diameter
puncher, pressed at 7860 kg cm ™2 for 1 min with a hydraulic press and
dried under dynamic vacuum at 120 °C for 12 h in a glass oven (B-585,
Biichi, BUCHI Italia s.r.l, Cornaredo, Italy) (Fig. 1b).

The active material loading of the electrodes containing tragacanth
gum and xanthan gum was 8.4 + 0.6 mg cm 2 and 2.6 + 0.3 mg cm ™2,
respectively. Electrodes with chitosan—xanthan gum as binder will
hereafter be referred to as LNMO-CX, while those with chitosan—-
tragacanth gum will be indicated as LNMO-CT.

2.3. Physicochemical characterization

The morphological and structural properties of the different LNMO
electrodes were investigated by scanning electron microscopy (SEM)
using a ZEISS Crossbeam 550 equipped with a Gemini II field emission
(FE-SEM) column. Energy Dispersive Spectra (EDS) were acquired using
a Bruker X-Flash 7100 Energy Dispersive Spectrometer. EDS has been
used to investigate the homogeneity of the electrode and the Mn/Ni
ratio. The latter has been carried out by averaging the results of 15
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Schematic representation of the process for obtaining a) the binder solution in aqueous solvent and b) the slurry and the electrodes.
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different spots on the sample.

X-ray diffraction (XRD) measurements were carried out with the
Empyrean diffractometer (Malvern Panalytical Ltd., Malvern, United
Kingdom), with a Cu Ka X-ray tube (Cu LFF-HR), a diffracted beam optic
and a 3D detector. The 20 interval was 5°/80° using an XYZ sample
stage. Le Bail refinement was performed to obtain cell parameters.

To evaluate quantitatively the content of Mn and Ni dissolved in the
electrolyte, Atomic Emission Microwave Plasma-Atomic Emission
Spectrometer (Agilent 4210 MP-AES) was chosen for electrolyte
analysis.

2.4. Electrochemical tests

Swagelok T-shaped cells were assembled in a dry box (LabMaster SP,
M. Braun Inertgas-Systeme GmbH, Garching, Germany) in argon atmo-
sphere (H20 < 0.1 ppm, Oz < 0.1 ppm), with LNMO working electrodes
(we, 9 mm diameter) and lithium metal as counter electrode (ce, 12 mm
diameter) and reference electrode (re, 3 mm diameter). The electrolyte
was LP30, and the separator was Whatman GF/D. Tests were also carried
out by adding 50 mM TEAPF¢ to LP30 or 10 pL of an LP30-solution
containing 10 wt% of DOL directly on LNMO before sealing the cell.
All the electrochemical tests were carried out after 4 h from cell as-
sembly, except those on the cells assembled with DOL, to avoid the
unmonitored starting of DOL polymerization. The tests were performed
with Perkin-Elmer VMP and Biologic VSP multichannel potentiostat/
galvanostats at 30 °C. Cyclic voltammetries (CVs) were carried out in the
range 3.5 Vand 5.0 V at 50 pV s~ L. The rate capability tests were carried
out with a constant current/constant potential (CC/CP) protocol and
three cycles at C/5, C/2, 1C and again at C/5 rates. The potential range
was 3.5V and 4.85 V (the CP was kept at 4.85 V over 30 min or until the
current reached the value corresponding to C/10). Cycling stability was
carried out by galvanostatic charge/discharge (GCD) cycles between 3.5
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and 4.85 V at 1C with the CC/CP protocol after the rate capability tests
or after the first three formation cycles at C/5.

A fast CC/CP protocol at 2C in three-electrode mode was also carried
out over 100 cycles for post-mortem analyses of the electrolyte and of
the electrodes. In particular, the protocol consisted of 3 formation cycles
at C/5, 3 cycles at 1C, and 94 cycles at 2C.

2.5. Post-mortem analyses

Post-mortem analysis was carried out on electrolytes recovered from
cells after 100 GCD cycles at 2C rate. The cells were disassembled in an
argon-filled dry box. The cathode was rinsed twice with 1 mL of DMC to
remove residual electrolyte. The first DMC washing solution was
collected and evaporated in an oven at 85 °C to remove the solvent.
Separator was first dried under vacuum in the dry-box antechamber for
2.5 h and then digested overnight in 1 mL of 2 % HNOj at RT. The dry
residual from the electrode first rinsing was redissolved in the acidic
separator digestate to obtain a sample representative of the electrolyte.
The resulting solution was filtered using 0.22 pm Nylon syringe filter
and analyzed using MP-AES 4210 at 403.449 nm and 341.476 nm
wavelengths for Mn and Ni detection, respectively. Calibration was
performed using multi-element (Mn and Ni) standard solutions with
concentrations ranging from 1 to 100 mg/L for Mn and Ni.

3. Results and discussion

The electrochemical comparison of the electrodes was performed by
CVs for the LNMO-CX (Fig. 2a) and the LNMO-CT (Fig. 2b). Both elec-
trodes exhibit the characteristic electrochemical features of disordered
LNMO, including the Mn®*/Mn** redox couple at ca. 4.0 V vs Li*/Li and
the two-step Ni%* — Ni®* - Ni** oxidation process around 4.7-4.8 V vs
LiT/Li [23]. However, the LNMO-CT electrode displays the most distinct
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Fig. 2. CVs (1st and 5th cycles) at 0.05 mV s1 of (a) LNMO-CX and (b) LNMO-CT; (c) rate capability results of LNMO electrodes; dQ/dV curves of the 5th and 25th
GCD cycle of the rate capability test of (d) LNMO-CX electrodes and (e) LNMO-CT.
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redox peaks, particularly for the sequential oxidation and, notably, the
reduction of nickel species. In contrast, the LNMO-CX electrode exhibits
less well-defined redox features, suggesting more sluggish electron
transfer kinetics even if the electrode mass loading is lower. This latter
aspect justifies the lower current densities observed for the LNMO-CX
compared to those for LNMO-CT. The difference observed in the CVs
is also evident in the rate capability tests reported in Fig. 2c. The rate
capability of the LNMO-CX and LNMO-CT electrodes was evaluated
through galvanostatic cycling at increasing C-rates, ranging from C/5 to
1 C (five cycles per C-rate). Both electrodes deliver high specific ca-
pacities, which result unvaried with the C-rate. Especially the LNMO-CT
electrode exhibits a specific capacity of 130.0 mAh g~! at C/5 and of
128.9 mAh g~ ! at 1C. Even if both electrodes exhibited the same specific
capacity reported in the LNMO data sheet, it is important to note that the
higher solid content achievable with tragacanth gum allows for signif-
icantly higher mass loading, resulting in areal capacity nearly three
times greater than that of the LNMO-CX electrodes.

Fig. 2d and e shows the differential capacity (dQ/dV) plots obtained
by deriving charge with respect to voltage for the C/5 cycles recorded
before and after the high-rate cycling, i.e. the 5th and the 25th cycle.
These plots exhibit peaks corresponding to those observed in Fig. 2a and
b. Notably, the splitting of the peak around 4.7 V vs Li*/Li is even more
pronounced than in the cyclic voltammograms, particularly for LNMO-
CX electrodes. The comparison between the 5th and 25th cycle dem-
onstrates the high stability of the electrodes: the nearly perfect overlap
of the curves indicates that the electrodes maintain their electro-
chemical performance even after undergoing rate capability testing up
to 1C.

Fig. 3 shows SEM micrographs of LNMO electrodes at different
magnifications and cross-sectional views. The binder choice clearly in-
fluences both the homogeneity of the composite structure and the
resulting electrode morphology.

The LNMO-CX electrodes (Fig. 3a and b) exhibit a less homogeneous
and compact distribution of solids compared to the LNMO-CT ones
(Fig. 3d and e). Indeed, in the latter, conductive carbon and LNMO
particles appear well distributed, exhibiting a uniform microstructure.
Conversely, the LNMO-CX electrodes display noticeable heterogeneities
and aggregates of conductive carbon at the micron-scale. Also, in the
images at high magnification, LNMO-CT again demonstrates superior
integration of the nanometric carbon phase, which seems more finely
dispersed throughout the electrode matrix. The cross-sectional image of
the LNMO-CX electrode (Fig. 3c) reveals a relatively thick and rough
structure with microstructural discontinuities. In contrast, the LNMO-CT
electrode (Fig. 3f) shows a more compact and uniform thickness, with a
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tightly packed architecture and well-formed contact with the current
collector indicated by the amount of electrode material that remained
attached to the current collector when the electrode was bended and
broken after the immersion in liquid nitrogen for the cross-section SEM
image (Fig. S3). This improved structural homogeneity could justify the
best electron transfer kinetics observed in CVs. Since LNMO-CT elec-
trodes outperformed those based on xanthan gum, further investigations
are proposed exclusively on LNMO-CT.

Given the better morphology of the LNMO-CT electrode and the
possibility to produce electrodes with higher mass loading, further
electrochemical investigations were carried out only on LNMO-CT.
Long-term stability under high-rate conditions has been evaluated,
and Cycling stability over 400 cycles at 1C is reported in Fig. 4a. The
electrode showed stable behavior up to 280 cycles, at which point the
capacity retention was approximately 94 %, with a capacity fading of
0.02 %/cycle. Beyond this point, instabilities became evident in the
coulombic efficiency (CE) trends, which show scattered values. It is
important to note that, given the cathode loading and electrode diam-
eter, the 1C current corresponds to 1.3 mA cm 2 on the lithium elec-
trode. This represents a quite high current density, at which lithium
deposition becomes non-uniform and the deposition/stripping process
inefficient, leading to the consumption of the lithium excess present in
the cell after a relatively high number of cycles. In Fig. 4b are shown the
potential profiles of the two electrochemical processes involved: charge
and discharge of the LNMO-CT cathode and lithium deposition-stripping
on the lithium anode. The voltage profiles of the cathodes exhibit the
characteristic plateaus of LNMO, associated with the oxidation and
reduction processes of manganese and nickel. These voltage features are
preserved throughout cycling, and the cathodes demonstrate good
electrochemical performance even after 396 cycles. Therefore, it is
essential to investigate the behavior of the counter electrode to fully
understand the cell’s overall performance. Focusing on the lithium
deposition-stripping is possible to note a higher overpotential on the first
cycle that lowers through the cycling due to the lower resistance of the
already cycled lithium [33]. At cycle 323, a significant overpotential
was observed, indicating issues occurring at the lithium metal surface.
Consequently, the lithium electrode was replaced at cycle 325, with a
fresh disk. These problems are likely associated with an inhomogeneous
solid electrolyte interphase (SEI) and substantial dendrite formation.
Finally, at cycle 396, a high overpotential is again observed. The voltage
profile at this stage displays features similar to those recorded in the first
cycles. This behavior may be due to the deposition and stripping
occurring on a younger lithium surface with a lower specific surface area
following lithium replacement.

Fig. 3. SEM images of (a—c) LNMO-CX electrode and (d-f) LNMO-CT electrode. Cross-sectional images are reported in images (c) and (f).
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Fig. 4. GCD cycles (a) at 1C of LNMO-CT electrode in half-cell configuration with an active material mass loading of about 8.4 mg cm™2. The dashed line indicates
the point at which Li anode has been substituted. Potential profiles (b) of LNMO-CT (we) and lithium (ce) electrodes. Green regions correspond to CC-charge steps,
red regions to CP-charge steps, and finally the light blue regions to the CC-discharge steps. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

The cell then resumed cycling at 1C without additional formation
cycles. As observed, both coulombic efficiency and discharge capacity
regained stable and consistent values, thus demonstrating that the
instability is mainly due to the lithium metal anode working without
additives. At the end of the cycling, the capacity retention was 93 % after
400 cycles.

To further enhance cell stability, two different additives were eval-
uated. We previously reported that ammonium and alkylammonium
salts can have a beneficial impact on lithium deposition/stripping by
mitigating dendrite growth [33,40]. Among the tested candidates,
TEAPFg was selected as additive, since lithium metal stability results as
the limiting factor in the reported stability test.

Additionally, to assist the formation of a stable CEI, pDOL was in situ
formed on the LNMO electrode. This was achieved by dropping 10 pL of
10 wt% DOL solution, corresponding to 1 pL of DOL, directly onto the
electrode surface during cell assembly. DOL polymerization occurred
during the formation cycles of the cell.

Fig. 5a and b shows the 1st and 5th CVs, respectively, of LNMO-CT in
the cell containing the additives, compared to those in LP30 of Fig. 2b,
here indicated by the black line. Despite the lower currents observed
initially, LNMO in electrolytes with additives exhibits well-defined and
clearly resolved cathodic and anodic peaks throughout the redox pro-
cesses comparable to those in LP30 without additives. Notably, the
oxidation and reduction peaks of nickel show particularly high resolu-
tion, indicating efficient electron transfer and good electrochemical
performance, even in the presence of high mass loading and slow

a b
(@) a5 (b)
1st cycle 5th cycle
<« 02F 3
o
<ol
<
o
5 00
[&]
L
.g 01}
5oaftozume | o
6 6
03 pDOL ) pDOL, .
'35 40 45 50 35 40 45
E /V vs Li*/Li E/Vvs Li*/Li

5.0
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The rate capability of LNMO-CT electrodes in the electrolytes with
the additives was evaluated through GCD cycling at increasing C-rates,
ranging from C/5 to 1 C (five cycles per C-rate). The results, compared to
those in the absence of additives (black symbols), are shown in Fig. 5c.
All three electrolyte systems exhibit excellent specific capacities, with
the best performance observed for electrodes tested in the LP30 elec-
trolyte, both neat and with the addition of the TEAPFg additive. In
contrast, slightly lower specific capacities are recorded when using the
pDOL-coated electrode. Furthermore, although the delivered specific
capacities are comparable between the additive-free system and the one
containing TEAPFg, the presence of the additive seems not to affect the
cycling performance of LNMO.

Based on these observations, further investigation into the effect of
TEAPFg was conducted by evaluating long-term stability under high-rate
conditions. Cycling stability over 400 cycles at 1C is reported in Fig. 6a.
The electrode in the electrolyte with TEAPF¢ showed stable behaviour
with a capacity retention of 86 % after 400 cycles at 1C — evaluated
respect to the capacity discharge of the first cycle at 1C after the three
formation cycles — and a more stable coulombic efficiency if compared
to what was observed in the case of the electrode tested in LP30 reported
in Fig. 4a. The voltage profiles shown in Fig. 6b display characteristics
similar to those presented in Fig. 4b. However, in this case, the forma-
tion of a more homogeneous solid electrolyte interphase (SEI) results in
a lower overpotential at both cycle 323 and cycle 396, with lithium
deposition-stripping profiles that are highly consistent with each other.
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These findings suggest that the presence of the TEAPFg additive helps to
prevent dendrite formation and preserves the surface integrity of the
lithium counter electrode, thereby enhancing the stability and lifespan
of the cell.

To evaluate the effectiveness of the additives, the electrochemical
stability of the three systems was tested by cycling the LNMO-CT elec-
trode at 2C in three-electrode configurations. As shown in Fig. 7a, the
cells in neat LP30 and with TEAPFg exhibit comparable performance,
delivering a capacity of approximately 120 mAh g~ at the 100th cycle.
Conversely, the LNMO-CT electrode cycled with pDOL shows a lower
coulombic efficiency during the first 10 cycles, along with a reduced
capacity that progressively fades upon cycling. This behavior suggests
that the polymerization of DOL on the electrode surface negatively af-
fects performance, both in terms of capacity values and retention. After
the electrochemical tests, the cells were disassembled, and both the
separator and cathode were recovered for post-mortem analyses. Spe-
cifically, metal dissolution was assessed by MP-AES by analyzing the
electrolyte soaked in the separator with the procedure described in the
Experimental section. MP-AES was selected due to its capability to
quantify metal concentrations in complex liquid matrices with minimal
sample preparation, offering an easier alternative to flame-based AAS or
more costly ICP techniques.

Fig. 7b shows the concentrations of Mn and Ni in the samples of the
three different electrolytes: LP30 without additive, with TEAPFe, and
with DOL. These values represent the extent of metal dissolution from
the LNMO-CT electrode and are used as indicators of the cathode sta-
bility in each electrolyte system. The sample obtained from the cell
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without the additive shows a moderate level of metal dissolution,
especially when compared to the sample with TEAPF¢, which exhibits
lower Mn and Ni concentrations, indicating improved electrode stabi-
lization. In contrast, the sample from the cell cycled with pDOL shows
significantly higher metal dissolution, especially Ni. Therefore, among
the three systems, TEAPFq appears to be the most effective additive in
mitigating transition metal dissolution from the LNMO-CT electrode,
while pDOL leads to enhanced degradation. These results are fully
consistent with the electrochemical experiments.

Changes in morphology and composition, following metal dissolu-
tion from LNMO throughout galvanostatic cycling at 2C have been
evaluated by SEM and EDS. The latter was conducted by averaging the
results of the microanalyses over 15 different spots on the sample, as
shown in Fig. S4 and Table S1.

While MP-AES quantifies the extent of metal dissolution into the
electrolyte soaked in the separator, EDS offers a surface-sensitive
assessment of the remaining metal content on the cathode, enabling a
comparative understanding of dissolution versus retention after cycling.
Mn/Ni ratios obtained from MP-AES on separators are compared with
the EDS results and summarized in Table 1. An increase in the Mn/Ni
ratio in the electrolyte indicates preferential Mn dissolution, while a
lower Mn/Ni ratio suggests a higher contribution of Ni loss. As shown in
Table 1, the Mn/Ni ratio in the pristine electrode is 3.41. After cycling
without additives, the AES data show an increased Mn/Ni ratio of 3.91,
indicating a preferential dissolution of Mn over Ni, which is consistent
with what already reported for LNMO electrodes [41]. The EDS analysis
of the corresponding electrode shows a slight decrease in the Mn/Ni
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Fig. 7. (a) GCD cycles at 2C of LNMO-CT electrode in three electrode mode with an active material mass loading of about 8.4 mg cm~2 with GF/D separator and in
the three different electrolytes; (b) MP-AES post-mortem analysis of Mn and Ni concentrations leached by the electrodes.
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Table 1
Mn/Ni ratio by MP-AES analyses of metals leached in electrolyte and by EDS
analyses of the cycled LNMO-CT electrodes.

Mn/Ni ratio leached MP-AES Mn/Ni ratio cycled LNMO EDS

Pristine / 3.41
No additive 3.91 3.12
TEAPFg 3.31 3.40
pDOL 2.44 3.62

ratio to 3.12, suggesting a Mn depletion from the electrode. In contrast,
the electrode cycled in the presence of TEAPFg exhibits a more balanced
Mn/Ni ratio in both AES (3.31) and EDS (3.40), indicating that the ad-
ditive effectively limits metal dissolution and helps maintain surface
composition closer to the pristine state. On the other hand, the elec-
trolyte containing DOL shows a Mn/Ni ratio of 2.44, which is signifi-
cantly lower than the pristine value, despite a slight increase in surface
Mn/Ni ratio (3.62) observed by EDS. This apparent discrepancy suggests
that Ni dissolution is more pronounced than Mn in the presence of pDOL
on the electrode surface. Additionally, it must be considered that the
concentration of metals in the separators is considerably higher, as
shown in Fig. 6b, further reinforcing the conclusion that pDOL leads to
increased instability of the LNMO-CT electrode.

Fig. 8 shows SEM images of the LNMO-CT electrodes cycled in the
three electrolyte systems compared with the pristine one, highlighting
the changes in surface morphology and providing insights into the
structural stability of the LNMO crystals. The pristine LNMO-CT elec-
trode (Fig. 8a) exhibits well-defined LNMO crystals with sharp edges and
plain surfaces, suggesting a high degree of crystallinity. This
morphology reflects the as-prepared electrode surface. After 100 cycles
in the absence of additive (Fig. 8b), the electrode exhibits larger, more
aggregated particles with smoother edges and visible signs of surface
roughening. Partial deterioration of the LNMO crystal structure is
evident, with the presence of small deposits between particles. In the
case of LNMO-CT cycled in the presence of TEAPFg (Fig. 8c), the elec-
trode surface undergoes significant morphological modification.
Numerous spherical aggregates are observed, which, based on EDS
analysis (Table S1), are primarily composed of C, N, and F. These fea-
tures point to the formation of surface layers or decomposition products
induced by TEAPFg. Despite the extensive surface coverage, the bulk
LNMO crystal structure remains discernible, although cracks are visible
in some particles. In the sample cycled in the presence of DOL (Fig. 8d),
LNMO particles appear smoother and are covered by thin layers or flake-
like features, likely arising from polymeric products or passivation
layers formed upon DOL decomposition. Compared to the pristine
sample, the LNMO crystals are less faceted and more rounded,
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suggesting a degree of structural degradation, albeit more pronounced
than in the other cases. Overall, these observations suggest that TEAPF¢
is compatible with such a high-voltage cathode as LNMO. Further
studies, out of the scope of this paper, are ongoing to investigate the
nature and the characteristics of SEI on Li.

XRD has been used to reveal structural changes in the LNMO samples
after 100 cycles at a high rate, and diffraction patterns are reported in
Fig. 8e. The reference peaks of disordered LNMO (cyan, 01-080-2162)
were added for a matter of comparison with the obtained diffraction
pattern. The aluminum reference (magenta, 00-001-1176) was also
included in the plot to better identify the different phases, given that in
the diffraction pattern there are also peaks associated with the
aluminum current collector. The analysis revealed that all the samples
analyzed correspond to disordered LNMO (Fd 3 m) and the only impu-
rity is related to the current collector.

Regarding the electrodes cycled at 2C without additives (black), the
diffractogram overlaps almost perfectly with that of the pristine elec-
trode (green). Only a small shift to smaller angles is observed. When
additives such as TEAPFg (red) and DOL (blue) are introduced, a shift of
the diffraction peaks toward higher angles is observed—more pro-
nounced in the case of DOL —indicating a unit cell contraction of the
LNMO crystal structure following cycling (Table 2 and Fig. S5). These
findings align with the SEM observations, where a clear structural
collapse is evident in the DOL-containing sample, while the integrity of
the structure is maintained in all other samples.

4. Conclusions

In this work, we demonstrate that sustainable, water-processed
LNMO cathodes using chitosan-based binders can achieve high elec-
trochemical performance while maintaining environmental compati-
bility. Although both investigated formulations showed good
electrochemical performance, LNMO-CT electrodes, based on a combi-
nation of chitosan and tragacanth gum, exhibited improved morpho-
logical homogeneity compared to those containing xanthan gum. These
features translate into improved electron transport kinetics as observed
by CV, higher areal capacities (up to ca. 1.2 mAh cm™2), and outstanding

Table 2
Cell parameters obtained via Le Bail structure refinement.

Sample Cell parameters (a =b = ¢) (;\)
Pristine 8.179
No Additive 8.184
TEAPF¢ 8.160
pDOL 8.126
311 400
m 440
— Pristine 222 331 5;" 51‘442 51322 4414
g No additive L l " A N
b [TEAPF¢ l u N
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Fig. 8. SEM images of LNMO-CT electrodes: (a) Pristine, (b) after 100 cycles in LP30 without additive, (c) cycled in LP30 - 50 mM TEAPFg, (d) cycled with 1 uL DOL
on LNMO surface, (e) XRD diffraction patterns of pristine electrode, electrodes with and without additives after 100 cycles at 2C and reference peak positions of
LNMO (cyan, 01-080-2162) and Al (magenta, 00-001-1176). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)



F. Falciani et al.

rate performance, with specific capacities ca. 130 mAh g~! at C-rates
from C/5 to 1C. Long-term galvanostatic cycling at 1C over 400 cycles
confirms their remarkable durability, with capacity retention exceeding
93 %. To further increase the performance in Li full cell, two additives
were assessed, TEAPFg and DOL. The former for stabilizing the Li metal
interface, the latter to mitigate cathode degradation by forming an in
situ polymerized thin layer of pDOL. TEAPFs showed clear benefits,
improving coulombic efficiency and preserving capacity over extended
cycling at high rates (86 % capacity retention after 400 cycles at 1C and
95 % after 100 cycles at 2C), while also effectively limiting Mn and Ni
dissolution as confirmed by MP-AES and EDS analyses. In contrast, the
in-situ polymerization of DOL led to higher transition metal leaching
from the electrode, lower coulombic efficiency, and increasing capacity
fading, especially under 2C cycling conditions.

These findings highlight the synergistic potential of bio-derived
binder systems and carefully selected non-fluorinated additives to
bridge performance and sustainability in next-generation lithium bat-
teries. Future efforts will focus on optimizing additive concentrations
and tailoring DOL polymerization.
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