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BACKGROUND AND MOTIVATION

Lithium-ion batteries (LIBs) are a cornerstone technology for electromobility and grid-scale 
energy storage. Among cathode materials, LFP and NMC dominate the market, yet both face 
inherent limitations — cobalt dependency in NMC and limited energy density in LFP. The high-
voltage spinel LiNi₀.₅Mn₁.₅O₄ (LNMO) represents a compelling cobalt-free alternative, delivering a 
nominal voltage of ~4.7 V vs. Li/Li⁺ and theoretical capacity of ~147 mAh g⁻¹. Despite these 
advantages, LNMO remains industrially underexplored, with electrode fabrication still 
predominantly relying on the NMP/PVdF system — a toxic, costly, and environmentally 
burdensome processing route. Transitioning to waterborne formulations[1] is thus a critical step 
toward scalable and sustainable manufacturing, yet the behaviour of alternative binders in LNMO-
based aqueous slurries remains poorly characterized.

Why LNMO?
• Cobalt-free high-voltage spinel 

(~4.7 V vs. Li/Li⁺)
• Higher energy density than LFP
• No critical raw material 

dependency — aligned with EU 
Critical Raw Materials Act 
targets.

Why waterborne?
• NMP is toxic (teratogen, 

REACH-regulated) and costly[2]

• Aqueous processing reduces 
solvent emissions, recovery 
costs, and manufacturing 
footprint — essential for 
gigafactory-scale production.

Why DOE?
• Systematic multi-variable 

optimization avoids one-
factor-at-a-time limitations

• Enables identification of 
synergistic binder interactions 
and robust formulation 
windows without exhaustive 
trial-and-error[3].

MATERIALS & BINDER CANDIDATES

All electrodes were prepared following a fixed composition of 92:3:5 wt% (LNMO : C45 carbon 
black : binder) cast onto carbon-coated aluminium current collectors. Four water-compatible 
binder systems were selected based on literature evidence of their applicability in aqueous 
cathode slurries[4], and evaluated both as standalone formulations and in binary blends. Binder 
chemistry — including backbone structure, functional groups, and chain flexibility — was expected 
to be the primary driver of differences in slurry rheology and electrode performance.

NaCMC (benchmark) 
Sodium Carboxymethyl 

Cellulose

• Polysaccharide
• Carboxymethyl ether 

groups ensure strong 
adhesion via H-bonding

• Industry standard for 
aqueous LIB processing

• Rigid backbone, limited 
mechanical compliance

GG
Guar Gum

• Natural galactomannan
• Highly branched 

structure
• Excellent thickening 

agent
• Non-ionic — different 

interaction mechanism 
vs. CMC

LiPAA
Lithium Polyacrylate

• Synthetic
• Carboxylate groups 

form covalent/ionic 
bonds with active 
material surface

• High adhesion strength
• Previously explored for 

Si anodes

NaAlg
Sodium Alginate

• Marine-derived 
polysaccharide

• Guluronate/mannuronate 
blocks

• Forms ionic crosslinks
• Shown to outperform 

CMC at elevated 
temperature in LNMO full 
cells1

18 formulations were designed according to a D-Optimal DoE scheme, exploring standalone and 
binary blend combinations across the four binder systems.

METHODOLOGY

Design of Experiments (DoE) 1

Electrochemical testing2

Rheological characterization3

Physiochemical analysis4

18 binder formulations were screened using a D-Optimal mixture design in Design-Expert, 
with calendering included as a process factor. Processability indices (coating uniformity) 
and electrochemical responses (capacity at multiple C-rates, Rct from PEIS) were used as 
DoE outputs.

Coin cells were assembled using LiPF₆ 1.2M in EC:EMC (3:7) + 5 wt% FEC (3.5–4.9 V vs. 
Li/Li⁺). After a C/10 forming sequence, rate capability (C/10 to 15C) and long cycling (100 
cycles @ 1C) were performed. PEIS was acquired at fresh state, post-forming and post-
cycling.

Shear rate, amplitude and frequency sweeps were performed on all 18 slurries using a 
Kinexus Prime Pro+ rheometer.

Binder chemistry was investigated by FTIR on cast binder chips. Electrode composition and 
transition metal dissolution were assessed by XRF and ICP.

RESULTS – RHEOLOGY AND PHYSIOCHEMICAL ANALYSIS

PRELIMINARY FINDINGS

CONCLUSIONS AND OUTLOOK
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Best formulation results in the DOE 
dominion:

DOE 11 – 90% LiPAA, 10% Guar Gum

Best formulation according to DOE 
prediction:

DOE 18 – 88% LiPAA, 12% Guar Gum

R2 = 0.917

Coating uniformity

Galvanostatic cycling
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GG and LiPAA exhibit markedly different rheological 
profiles as standalone systems, yet their binary blend 
(DOE 11) displays an intermediate behaviour well-
suited to industrial coating processes. XRF analysis 
confirms that Mn/Ni dissolution occurs to a limited 
extent across all binder systems after 100 cycles, 
with no binder proving fully effective in suppressing it. 

A machine learning model trained 
on the full rheological dataset 
accurately predicts the flow 
curve of any formulation within 
the DoE domain (R² = 0.917), 
providing a powerful tool for 
process optimization without 
additional experimental effort. 

ML model for rheology prediction in DOE domain

1. Synergistic binder blending outperforms standalone systems — The optimized LiPAA/GG 
binary blend (DOE 11: 90% LiPAA, 10% GG) delivers approximately 10% higher capacity retention 
than Na-CMC, and surpasses both LiPAA and GG individually — confirming the value of a 
statistically-guided, multi-component formulation strategy.

2. Rheology and electrochemistry are coupled — The intermediate rheological behaviour of the 
LiPAA/GG blend translates directly into improved coating quality and electrochemical 
performance, highlighting the importance of slurry processability as a predictor of electrode 
quality.

3. ML-assisted process prediction is feasible — A machine learning model trained on 
rheological data successfully predicts flow curves across the DoE domain (R² = 0.917), opening 
the door to in-silico formulation screening.

4. Mn/Ni dissolution is limited but universal — XRF data reveal a modest but consistent 
decrease in Mn/Ni ratio post-cycling across all binder systems, suggesting that binder 
chemistry alone is insufficient to suppress transition metal dissolution in LNMO at high voltage.

Waterborne LNMO cathode fabrication is achievable with alternative binder systems, and 
DoE-guided optimization identifies LiPAA/GG binary blends as a superior formulation — both 
processable and electrochemically competitive with the Na-CMC benchmark. The 
integration of machine learning with rheological characterization further demonstrates the 
potential for data-driven process design in next-generation battery manufacturing.
Future work will focus on full-cell validation, investigation of the interfacial binder–active 
material interactions, and elucidation of the Mn dissolution mechanism as a function of 
binder chemistry and slurry pH.

The LiPAA/GG binary blend (DOE 11) achieves approximately 10% 
higher capacity retention than Na-CMC across all C-rates, while 
outperforming both standalone components. The DoE-predicted 
optimum (DOE 18) further confirms the synergistic effect of the 
binary formulation, with superior rate capability retention up to 15C.
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