POLITECNICO DI TORINO
Repository ISTITUZIONALE

Tailoring cathode materials: A comprehensive study on LNMO/LFP blending for next generation lithium-
ion batteries

Original

Tailoring cathode materials: A comprehensive study on LNMO/LFP blending for next generation lithium-ion batteries /
Versaci, D., Colombo, R., Montinaro, G., Buga, M., Cortes Felix, N., Evans, G., Bella, F., Amici, J., Francia, C.,
Bodoardo, S.. - In: JOURNAL OF POWER SOURCES. - ISSN 0378-7753. - 613:(2024).
[10.1016/j.jpowsour.2024.234955]

Availability:
This version is available at: 11583/2989865 since: 2024-06-25T11:45:56Z

Publisher:
Elsevier

Published
DOI:10.1016/j.jpowsour.2024.234955

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

14 June 2026



Journal of Power Sources 613 (2024) 234955

&

ELSEVIER

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

JOURNAL OF

Journal of Power Sources

Tailoring cathode materials: A comprehensive study on LNMO/LFP

L))

Check for
updates

blending for next generation lithium-ion batteries

Daniele Versaci®™ , Roberto Colombo ?, Giorgio Montinaro “, Mihaela Bugab, Noelia Cortes
Felix “, Gary Evans “, Federico Bella®, Julia Amici“, Carlotta Francia®, Silvia Bodoardo*

& Politecnico di Torino, Department of Applied Science and Technology, Electrochemistry Group, Corso Duca Degli Abruzzi, 24, 10129, Turin, Italy
b National Research and Development Institute for Cryogenic and Isotopic Technologies Rm. Valcea, ICSI ENERGY Department, 4 Uzinei, 240050, Ramnicu Valcea,

Romania

¢ Johnson Matthey Technology Centre, Blounts Court, Sonning Common, Reading, RG4 9NH, United Kingdom

HIGHLIGHTS

e Resonant acoustic mixing improves the
LFP distribution on LNMO particle’s
surface.

e LFP addition to LNMO increases the
electrochemical performance of the
cathode.

e Low amount of LFP (2 wt%) improves
the capacity retention in half and full-
cell.

o LFP compensates the lithium loss during
cycling, acting as lithium donor.

e Blended LNMO/LFP exhibits a capacity
retention >80 % after 1000 cycles at 1C.
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ABSTRACT

Lithium-ion batteries (LIBs) play a crucial role in diverse applications, including electric vehicles, portable
electronics, and grid energy storage, owing to their commendable features, such as high energy density, extended
cycle life, and low self-discharge rates. Despite their widespread use, the growing market demands continuous
efforts to enhance LIBs performance, particularly in terms of energy density and cycling stability. This paper
details the development of a lithium nickel manganese oxide (LNMO - LiNip.5sMn;.504)/lithium iron phosphate
(LFP - LiFePO,4) blended cathode for high-performance LIBs. The study investigates the impact of blending LFP
and LNMO, examining morphological and electrochemical aspects. The usage of resonant acoustic mixing (RAM)
technology is demonstrated to be a promising approach to improve the distribution of LFP and LNMO particles,
leading to increased electrochemical performance. The blended LNMO/LFP cathode exhibits a specific capacity
exceeding 125 mAh g~! at C/10 and a capacity retention exceeding 80 % after 1000 cycles at 1C versus lithium.
Moreover, in a full-cell configuration, the blended electrode displays a capacity retention close to 74 % after 100
cycles, showcasing a nearly 30 % improvement compared to the pure LNMO cathode. This research highlights
the potential of blended cathode materials in advancing the capabilities of LIBs.
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1. Introduction

In pursuing of more efficient and advanced energy storage solutions,
lithium-ion (LIBs) batteries have emerged as a crucial technology
powering a wide range of applications, from portable electronics to
electric vehicles. Central to the performance and overall capabilities of
LIBs is the electrode active material, which plays a decisive role in the
battery electrochemical processes. For this reason, over the years,
extensive research has been devoted to synthesize and enhance the
active materials in order to improve some fundamental aspects of the Li-
ion cell, such as energy density, cycling stability, and safety [1]. The
study of various cathode materials with different crystalline structures,
predominantly layered, olivine and spinel ones, has been at the centre of
attention, in order to develop materials that combine high electro-
chemical performance and a greater degree of environmental sustain-
ability. Each category of active materials exhibits specific properties that
render them suitable in lithium-ion batteries. However, these materials
are also affected by certain limitations and challenges that currently
limit the identification of a singular ‘perfect’ cathode material [2]. In
recent years, even at a commercial level [3], a different approach has
been applied to achieve more versatile and high-performance batteries,
involving the combinations of various cathode materials. The primary
goal in blending different cathode materials is to exploit their charac-
teristic properties while simultaneously mitigating the drawbacks of
each individual component [4]. In this way, individual limitations of the
materials can be potentially overcome and the overall performance of
the cathode can be synergistically enhanced. For instance, by incorpo-
rating complementary components, the resulting blended material may
demonstrate improved electrochemical properties, higher energy den-
sity, and enhanced cycling stability. This kind of approach allows for the
customization of Li-ion battery characteristics to meet specific applica-
tion requirements. Within this framework, various combinations and
ratios of active materials can be explored, rendering blended cathodes
highly adaptable and suitable for a spectrum of applications, from
small-scale portable devices to large-scale energy storage systems. In
recent times, numerous investigations have focused on blended cath-
odes, combining commonly used active materials such as lithium nickel
manganese cobalt oxide (NMC), lithium nickel cobalt aluminium oxide
(NCA), lithium manganese oxide (LMO), lithium manganese iron
phosphate (LFMP), etc. [5-14]. Most of these studies investigated the
combination of spinel lithium manganese oxide (LMO) with layered
oxide such as NMC [15-19] and NCA [20]. Alternatively, Al-doped LMO
was also combined with olivine active materials such as lithium man-
ganese iron phosphate (LMFP) by Klein et al. [12,13]. Analogously,
layered NMC was blended with olivine cathode such as LFP [21] by
Gallagher et al. [22], while regarding high voltage spinel (LNMO), to the
best of our knowledge, only Cai et al. [9] reported the investigation of
this material in a blended formulation, combining it with LCO. Recently,
the group of Michaelis deeply investigated the combination of different
cathode materials mixed by physical blending: LMO + LFP [4,5,23],
LMO + NMC [4,5], LCO + LFP [10,11], underlining the need to study
blended systems to better understand the interaction between different
materials and their synergistic effect. However, in many cases, as also
reported by other studies, the beneficial effects derived from blending
cathode materials remain not well understood, necessitating further
efforts and optimization processes in the mixing procedure and elec-
trode design [8,18,19].

Nowadays, there has been a particular emphasis on cathode mate-
rials that are environmentally friendly, entirely cobalt-free, and cost-
effective, such as LNMO (spinel) and LFP (olivine). However, despite
their undeniable advantages, both materials exhibit certain drawbacks
that limit their application in specific scenarios. On one hand, LNMO
(lithium nickel manganese oxide — LiNip.5sMnj.504) operates at high
voltage (e.g., 4.75 V vs. Li/Li") with a theoretical specific capacity of
147 mAh g~!, making it particularly interesting for enhancing the
electrochemical performance of next-generation high-energy-density
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LIBs. Unfortunately, LNMO still suffers from some disadvantages such as
cation leaching during cycling and electrolyte decomposition at high
voltage, which inevitably reduce the safety of the system, limiting the
practical application of this material [2,24-26]. On the other hand, LFP
stands out as a safer and more stable cathode material, exhibiting high
thermal stability and a longer cycle life. LFP resistance to degradation
over repeated charge-discharge cycles makes it attractive for addressing
safety concerns. Unfortunately, while LFP has a theoretical specific ca-
pacity of 175 mAh g}, its operating voltage of 3.4 V vs. Li/Li*, results in
lower energy density. This characteristic inevitably makes LFP less
suitable for applications with high energy requirements [2,27].

Starting from these considerations, blending LNMO and LFP offers
the potential to achieve a balance between high energy density and
stable cycle life, making their combination a suitable solution for
developing the next generation of LIBs.

Despite these premises, the study of blended materials combining
LNMO with LFP has received limited attention. To the best of our
knowledge, aside from some works where a layer of FePO4 or LFP has
been applied to LNMO particles [28-32], the physical mixing of these
two materials has not been thoroughly explored.

Hence, the objective of this study is to investigate the electro-
chemical properties of blended LNMO/LFP cathodes, obtained by
physically mixing the two materials adopting the resonant acoustic
mixing (RAM) technique. The effect of blending LNMO with two
different LNMO/LFP ratios was assessed using both half-cell and full-cell
configurations, in order to deeply study the role of the LFP when com-
bined with LNMO. The influence of each component on the electro-
chemical performance was systematically examined using various
techniques, correlating the results with the structural and morphological
aspects of the electrodes. It is important to highlight that, based on the
authors’ knowledge, the study and comparison of the effect of mixing
cathode materials in both configurations, particularly in full-cell, is still
lacking in the scientific literature. As a matter of fact, the application of
this type of blended cathode in full-cell, i.e. in more realistic and prac-
tical conditions, is essential to elucidate the role of the different com-
ponents within the cathode.

2. Material and methods
2.1. Preparation of blended LNMO/LFP cathode materials

LiNig.sMn1.504 (LNMO) and LiFePO4 (LFP, carbon coated) used in
the present study were provided by Johnson Matthey. Blending of the
two cathode materials was carried out using a LabRAM I Reso-
nantAcoustic Mixer (Resodyn Acoustic Mixers). The resonant frequency
was automatically adjusted to 60-61 Hz, for 5 min with an acceleration
value of 100 g’s.

2.2. Chemico-physical characterization of blended LNMO/LFP cathode
materials

The Brunauer-Emmett-Teller (BET) specific surface area (SSA) was
determined by nitrogen physisorption at 77 K using AUTOSORB-1-C
(Quantachrome).

X-ray diffraction (XRD) analysis was carried out by a PANalytical
X’Pert (Cu Ka ra-diation) diffractometer. Data were collected with a 2D
solid state detector (PIXcel) from 10 to 80° 26 with a step size of 0.026 20
and a wavelength of 1.54187 °A.

Field emission scanning electron microscopy (FESEM) analysis was
carried out by Zeiss SUPRA TM 40 with Gemini column and Schottky
field emission tip (tungsten at 1800 K). Acquisitions were made at an
acceleration voltage of 3 kV and working distance within 2.1-8.5 mm,
with magnification up to 150 kX.
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2.3. Electrochemical characterization of LNMO/LFP cathode

All the electrodes were prepared by solvent tape casting method. The
cathode slurry was prepared by mixing 90 wt% of active material (pure
or blended), 5 wt% of conducting carbon black (TIMCAL C-NERGYTM
Super C65, ImerysCarb.), and 5 wt% of binder poly (vinylidene fluoride)
(PVdF - HSV900) solution, (10 wt% in N-methyl pyrrolidone - NMP).
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 aluminium foil (ARMOR
Group, 19.8 pm-thick, and 1.1 pm-carbon thick) using a doctor blade
(adjusted for a 300 pm-thick deposition) and an automatic film appli-
cator (Sheen 1133 N) with a speed of 50 mm s L

After evaporating the solvent at 50 °C for 1 h, electrode disks with an
area of 0.785 and 1.766 cm? were punched out and vacuum dried at
120 °C (Biichi Glass Oven B-585) for 4 h, then transferred into an argon
filled dry glove box (MBraun Labstar, H,O and O content <1 ppm) for
the half-cell and full-cell assembly. The final mass loading of the LNMO-
based dried electrodes was in the range of 10.5-11.5 mg cm™2. For a
better comparison, a pure-LFP electrode was prepared using the same
formulation and a similar mass loading.

Three-electrode cyclic voltammetry tests were carried out with a
Swagelok-type T-cell using lithium disks (¢ 10 mm, 0.3 mm-thick, high
purity lithium foils, Chemetall Foote Corp.) as counter and reference
electrodes, in the potential range of 3-4.9 V at RT with a fixed scan rate
of 0.1 mV s~ ! or at different scan rates (i.e., 0.1, 0.2, 0.3, 0.4 and 0.5 mV
s’l).

The cycling performances (rate capability and capacity retention
test), in half and full configuration, were investigated by assembling
2032-type coin cells, using lithium disks (@ 16 mm, 0.6 mm-thick,
Tobmachine) or graphite anode (PE16, Elkem) as counter and reference
electrode, respectively. All galvanostatic charge-discharge cycling tests
were carried out using an Arbin BT-2000 battery tester at room tem-
perature, in the potential range of 3-4.9 V vs. Li/Li" for half-cell
configuration and 3-4.75 V for full-cell configuration. The charge/
discharge rates were based on the LNMO theoretical specific capacity of
147 mAh g7,

The galvanostatic intermittent titration technique (GITT) was used
on half cells to investigate the overpotential and the variation of the
lithium-ion diffusion coefficient within the cathode materials examined
in this study as a function of the state of charge of the cell. In particular,
the protocol consisted of three training cycles at a C-rate of 0.1C, fol-
lowed by a GITT discharge and charge cycle in which a current pulse at
0.1C was applied for 10 min, followed by a relaxation time of 2 h. Both
training cycles and GITT were performed in the potential range of 3-4.9
V.

To better evaluate the overall resistance inside the cells, potentio-
static electrochemical impedance spectroscopy (PEIS) measurements
were carried out by a versatile multichannel potentiostat (VMP-3 Bio-
logic). Impedance measurements were performed at different state of
charge (SOC) using an amplitude of 10 mV in the frequency range of
500 kHz to 50 mHz.

Three-electrode cycling performances were evaluated using a PAT-
Cell (EL Cell) by a versatile multichannel potentiostat (VMP-3 Bio-
logic) using graphite as counter electrode and lithium ring as reference.
The three-electrodes cell configuration was used to control and decon-
volute the voltage profiles of the anode and cathode during charge and
discharge process.

For all the electrochemical tests, the electrolyte was a solution of
LiPFg 1.0 M dissolved in a mixture 1:1 v/v of ethylene carbonate (EC)
and diethyl carbonate (DEC) + 5 % fluoroethylene carbonate (FEC),
provided by Solvionic, soaked on a glass fibre separator (Whatman GF/
A; 0.63 mm-thick). All studies were performed at room temperature
(25 °0).
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3. Results and discussion
3.1. LNMO/LFP structural and morphological characterization

To achieve a uniform and homogeneous mixing, resonant acoustic
mixing was employed to blend the two cathode materials (i.e., LNMO
and LFP). RAM was selected as the mixing technique because it is an
innovative and scalable method that enables homogeneous mixing in a
short time and with low energy costs [33-35]. Two LFP additive load-
ings were considered: 2 wt% and 10 wt%, respectively named LNMO +2
% LFP and LNMO +10 % LFP (Table 1).

Following the mixing process, the morphology of the blended sam-
ples was assessed through FE-SEM and energy-dispersive X-ray spec-
troscopy (EDX) analyses, and the results were compared with those of
the pure materials, as reported in Fig. 1.

The FE-SEM micrographs of the individual powders show the typical
octahedral-like particles arranged in agglomerations of various sizes
(from 1 to 100 pM) and shapes for LNMO (Fig. 1a—c). In contrast, LFP
exhibits a more regular bean-like structure with smaller particle sizes
(200 nm), as it is possible to observe in Fig. Sla. In the case of the
blended powders, due to the difference in their particle sizes, the smaller
LFP particles are dispersed randomly on the LNMO surface, effectively
occupying the spaces or gaps between the larger and irregular LNMO
particles (Fig. 1d-i).

The EDX analysis (Fig. S2) shows a better distribution of LFP parti-
cles in the sample containing a lower percentage of this material (e.g. 2
wt% LFP). In fact, more agglomerates are present in the mixture of
material containing 10 % of LFP (Fig. S2b). This suggests that a smaller
amount of LFP is better distributed through the RAM mixing process.

This particular distribution of smaller LFP particles densely packed
within the interstitial spaces among the larger LNMO particles can have
a significant effect on the subsequent electrode manufacturing process,
resulting in a more homogeneous microstructure. For example, this
microstructural configuration can improve electron and ion transport
pathways within the blended material, which could potentially lead to
enhanced electrochemical performances [36].

Regarding the crystalline structure, the XRD patterns of the blended
electrodes align with the theoretical patterns of each single component
(Fig. 1j). The XRD patterns represent an overlay of the patterns of the
individual components, and the intensity of LFP signals rises propor-
tionally with its higher mass fractions into the blend. Notably, no new
phases or impurities are discerned in the blends, suggesting that the
individual materials demonstrate good stability towards each other,
with no evident chemical interactions or sample degradation occurring
during the blending procedure.

To confirm the distribution of LFP particles and the influence on the
final blended chemical-physical behaviour, the BET specific surface area
(SSA) of the different samples was evaluated by means of N adsorption/
desorption isotherms. As illustrated in (Fig. 1k), LFP exhibits a signifi-
cantly larger surface area (15.9 m? g~1), primarily attributed to the
smaller particle sizes. Conversely, pure LNMO displays a reduced surface
area, approximately 1.0 m? g~1. Goncerning the blended cathodes, the
introduction of LFP enhances the surface area to 1.3 m? g~* for LNMO
+2%LFP and 3.7 m? g~ for LNMO +10%LFP. This corresponds to a 30
% increase in specific surface area for LNMO +2%LFP and a remarkable
270 % increase for LNMO +10%LFP compared to pure LNMO. The re-
sults of the surface area analysis are in good agreement with the

Table 1
Samples name according to blending percentage.

Sample name Amount (wt.%)

LNMO LFP
LNMO 100 0
LNMO + 2%LFP 98 2

LNMO +10%LFP 90 10
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Fig. 1. FE-SEM micrographs of pure and blended cathode materials at different magnifications: pure LNMO at 2.5kX (a), 5.0kX (b), 25kX (c); LNMO + 2%LFP at
2.5kX (d), 5.0kX (e), 25kX (f); LNMO + 10%LFP at 2.5kX (g), 5.0kX (h), 25kX (i). XRD comparison of pure LNMO, LNMO +2%LFP and LNMO +10%LFP (j), SSA

comparison of pure LFP, pure LNMO, LNMO + 2%LFP and LNMO +10%LFP (k).

observations from the FE-SEM micrographs, indicating a distribution of
LFP particles in the electrode that can result in a different contact area
between the active materials and the electrolyte.

3.2. Electrochemical characterization

3.2.1. Half cell

Considering the observations from the morphological and physical-
chemical analysis of the samples, electrodes made of different mate-
rials were produced to evaluate their electrochemical properties and the
role of LFP inside the cathode formulation.

For all the electrodes, the ratio of active material:carbon additive:
binder was kept constant at 90:5:5 wt%, where the active material (A.
M.) is pure LNMO, LNMO + 2 or 10 wt% LFP, respectively. Analogously,
the areal mass loading of the electrodes was held constant at
~10.5-11.5 mg cm ™2,

It is important to highlight that the samples were not subjected to
pressing and/or calendering processes to preserve the original porosity
of the electrode. This approach aims to minimize possible limitations
arising from the permeation of the electrolyte into the pores and,
consequently, the transport of lithium ions [4].

The electrochemical performances of pure and blended electrodes
were first investigated by cyclic voltammetry (CV) measurements in a
three-electrodes cell configuration.

As it is possible to observe in Fig. S3, all LNMO-based cells exhibited

discernible peaks within the investigated voltage range of 3.0-4.9 V (vs.
Li/Li™). Specifically, all samples displayed a minor peak at 4.1 V, asso-
ciated with the oxidation process of manganese (Mn3Jr to Mn‘”).
Additionally, two partially overlapped peaks were observed in the
voltage range between 4.65 and 4.75 V, corresponding to the multiple
oxidations of nickel (Ni**/Ni** and Ni3+/Ni4+, respectively) [37].

For the blended cathode, an additional redox peak corresponding to
the oxidation of iron (Fe2+/Fe3+) is observed, indicating that in both the
blended electrodes the LFP electrochemical reaction is consistent and
reversible [38]. Interestingly, the area attributable to the reversible
redox process for LFP is five times greater for the blended electrode
containing 10 wt% than the sample containing only 2 wt% LFP. This
confirms how the capacity attributable to the LFP is directly correlated
with the amount of mass added during the physical mixing.

By comparing five CV cycles for the three different samples
(Figs. S3a—c), it is evident that, excluding the first cycle during which a
greater polarization is observed, the profiles of the subsequent cycles
overlap perfectly for both of the blended samples, especially for the one
with 2 wt% LFP. In contrast, the pure LNMO electrode shows less
overlapping CV profiles and a partial activation as the number of cycles
increases. In general, it can be stated that the two blended cathodes
show excellent stability in the investigated potential range, displaying
no undesirable interaction between the two materials or the presence of
unforeseen reactions.

Cyclic voltammetry at different scan rates (i.e. 0.1, 0.2, 0.3, 0.4 and
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0.5 mV s~1) over the voltage range from 3.0 to 4.9 V was carried out in
the three electrodes configuration (Fig. 2) to evaluate the Li-ion inser-
tion/extraction kinetics and the apparent diffusion coefficient through
the Randles-Sevéik equation.

I, =2.69 x 10°n®*2ADy;'/>C "/ @

where I, is the peak current, n is the number of electrons involved in the
reaction, A is the electrode area (0.785 cm? in this experiment), Dy, is the
diffusion coefficient (cm? s’l), Cyi is the lithium-ion concentration (mol
cm’3), and v is the scan rate (Vs 1).

As expected, with the increase of scan rate, the oxidation and
reduction peaks become broader and less distinguishable due to the
slower charge transfer in the material. Considering the difference be-
tween the values of the oxidation and reduction peaks, we selected two
couples of oxidation/reduction peaks, marked as O1/R1 (related to
Mn3+/Mn4+) and O2/R2 (related to N13+/Ni4+), as shown in Fig. 2a-c,
for the Dy; calculation. According to the linear relationship between I,
and v 12 (shown in Fig. 2d and e), the slope of the linear fitting was used
to evaluate the apparent Dy, reported in Table 2. As it can be seen from
the table, Dy; varies by an order of magnitude between the O1/R1 and
02/R2 reactions. Nevertheless, the average diffusion coefficient aligns
well with values previously reported in the literature [39-42].

The three different samples exhibit a diffusion coefficient within the
same order of magnitude for each individual reaction. However, it is
noteworthy that the blended cathodes demonstrate a slightly higher Dy;
for both the O1 (Mn3+ — Mn4+) and the R2 (Ni4+ — Ni3+) reactions. This
suggests that the presence of LFP increases the kinetics of some re-
actions, depending on the state of charge or discharge of the system.
Focusing on the oxidation of Mn>" to Mn**, a similar behaviour was also
observed calculating the apparent diffusion coefficient from GITT
analysis reported and discussed below.

To better evaluate the possible effect of the presence of the LFP on
the kinetics of the reactions involved at the cathode, rate capability and
capacity retention measurements were performed in half-cell configu-
ration (coin-cell 2032) using Li metal as the anode. All tests were per-
formed within 3.0-4.9 V vs. Li/Li" at RT and the practical capacity
considered was 140 mAh g !, based on the electrochemical

QO
N

O
A
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Table 2
The apparent lithium diffusion coefficients calculated from CV measurements
for different O/R reaction peaks.

Sample Apparent diffusion coefficient Dy; (cm? s™?)

o1 02 R1 R2
LNMO 448x10712  243x107° 202x10°  549x10°1°
LNMO + 2%LFP 519x1072  229x10° 1.76x10°''  7.00x10°'°
LNMO +10%LFP  4.73x107'2 1.94x10° 1.75x10°''  8.68x107'°

characterization of pristine LNMO. Specific capacity values for all
electrodes were normalized to the total mass of active material (LNMO
+ LFP).

Initially, the influence of LFP within the cathode was evaluated in
terms of the rate capability performance of the cells (Fig. 3). In principle,
this was done because mixing two materials with different particle sizes
could enhance the contact points among various components of the cell,
including the current collector, carbon black, and, of course, the two
cathode materials, as observed from FESEM images. For the rate capa-
bility test, the half-cells were charged/discharged with a constant rate
of ~ C/10 for the initial three forming cycles followed by multiple cy-
cles, discharging at various C-rates (ranging from C/10 to 5C), while
charging at a fixed rate of 1C. Fig. 3c shows the discharge profiles of the
three different cathodes: LNMO, LNMO +2%LFP, and LNMO +10%LFP
under different current regimes. The average capacity value for each C-
rate was calculated on three cells for each sample and reported in
Table 3 and Fig. S4. The average data reported in Table 3 demonstrate
how the specific discharge capacity is comparable between the three
samples at low C-rates (e.g C/10), and it gradually remains higher for
the pure LNMO cathode as the C-rates increase. In fact, at high C-rates (e.
g 5C), the specific capacity is different for the three cathodes, in
particular it is higher for the pure LNMO cathode (~110 mAh g™
followed by LNMO +2%LFP (101 mAh gfl) and LNMO +10%LFP (93
mAh g~1). This means that at 5C the discharge capacity is 8 % and 15 %
lower for LNMO +2%LFP and LNMO +10%LFP, respectively. Con-
cerning the discharge profiles at different C-rates for the pure LNMO and
LNMO + LFP blended electrode, similar behaviour is observable at 1C
(or lower C-rates). On the contrary, at 5C, a higher discharge potential
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Fig. 3. Rate capability comparison of the three different cathodes (a), average discharge capacity comparison (b), discharge profiles for pure LNMO, LNMO +2%LFP,

LNMO + 10%LFP.

Table 3
Values of average discharge capacity, for the rate capability test of the three
different cathodes.

C-rate Average discharge capacity, mAh g~!

LNMO LNMO LNMO

+2%LFP +10%LFP

C/10 126.11 129.56 125.55
C/3 117.53 116.34 108.90
1C 117.39 116.12 107.49
3C 114.14 110.83 97.43
5C 108.91 103.56 89.12

can be observed in the range between 4.5 and 3.9 V for the sample
containing 2 wt%LFP, corresponding to a reduced polarization. This
behaviour suggests a faster kinetics, which can be attributed to a higher
current distribution and a possible charge exchange between spinel and
olivine particles, as also proposed by Klein et al. [13], and for other
cathode materials by Chatzogiannakis et al. [18,19]. For a better com-
parison, the rate capability performance of pure LFP is included in the SI
(Figs. S1c—d). LFP shows a specific capacity of 150, 132, 126, 117 and
111 mAh g1 at G/10, C/3, 1C, 3C and 5C respectively. In general, the
pure LFP electrode shows a good rate capability and capacity retention
up to 5C, with a Coulombic efficiency close to 99.5 %.

It is worth noting that, as mentioned by Liebmann et al. [5] and
Chatzogiannakis et al. [18,19] the effective C-rate, applied directly to

the considered material, significantly increases with the decrease in its
quantity in the blended cathode formulation. Consequently, given the
low percentages of LFP in our blended cathodes, the applied current on it
becomes very high. For example, if we consider a current of 0.1C
calculated on the entire capacity of the electrode (which is given by the
sum of the LNMO and LFP capacity), and the fact that the two materials
work in two distinct potential ranges so that the current is not evenly
distributed between the two, the LFP present in the cathode at 2 wt%
experiences an effective current of 4C, while the LFP in the 10 wt%
cathode undergoes a C-rate of 0.8C. However, when one of the com-
ponents has a mass fraction lower than 10 wt% in the blend, its high
effective C-rates potentially cause overlapping of the characteristic
redox potentials, affecting both the rate capability and the cycle stability
[5].

Furthermore, the capability rates are also significantly influenced by
other factors, including homogeneity, porosity, quantity, and distribu-
tion of carbon black and binder within the electrode [5]. This observa-
tion implies that not all of the LFP participates in the lithiation and
de-lithiation processes and, consequently, it does not contribute fully
to the reversible capacity. This is particularly true at higher C-rates (e.g.
2C and 5C), where the specific capacity contribution of LFP becomes
indiscernible.

However, the results obtained from the rate capability test show that
lithium is effectively released from LFP (even if present in low per-
centages), at potential lower than 3.9 V vs Li/Li™ up to 1C, which means
that it is suitable as cyclable lithium inventory. For these reasons, the
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three different electrodes were cycled in half cells at a fixed current
density of 1C (charge and discharge) for 1000 cycles. This analysis was
done to evaluate the possible effect of LFP on the cell, using particularly
stressful testing conditions, especially for traditional liquid electrolytes
(charge up to 4.9 V at 1C for 1000 cycles).

Fig. 4 shows the discharge capacity comparison (normalized to the
total active mass of LNMO -+ LFP) for the three different cathodes. As it
can be seen in Fig. 4a and Table S2, the pure LNMO cathode shows
higher specific capacity, confirming the results obtained in the rate
capability tests. However, as the number of cycles increases, the LNMO
cathode shows a progressive capacity loss. From Fig. 4a, in particular, it
is possible to see that after approximately 800 cycles the LNMO blended
with 2%LFP shows a greater capacity than pure LNMO. Similarly, the
sample with a higher amount of LFP (i.e. 10 %) shows comparable or
even higher capacity than pure LNMO after 1000 cycles. This trend
becomes even more evident when comparing the capacity retention
values of the three samples (Fig. 4b and Table 4). After 800 cycles, a
noticeable decrease in the capacity retention of the LNMO cathode is
observed, with a value of around 70 % at the 900th cycle. In contrast, the
two blended cathodes consistently exhibit a capacity retention higher
than 80 %. Moreover, the LNMO +2%LFP sample demonstrates a ca-
pacity retention higher than 80 % up to the 1000th cycle, proving to be
the most stable sample with a lower capacity loss during extended
cycling. To better understand the degradation phenomenon that occurs
in the cell as the cycles continue, the charge/discharge profiles are
shown in Fig. S5.

Observing the 5th cycle dQ/dV profiles (Fig. 4c) for all three sam-
ples, a prominent peak at around 4-4.2 V, attributable to Mn3*/4* redox
couples, and two peaks at potentials higher than 4.6 V, attributable to
NiZ*** redox couples, are visible for all the samples. An additional peak
at lower potentials (<3.6 V), attributable to Fe2t/ 3*, is particularly
noticeable for the sample containing 10 % of LFP. Progressively, with
the increase in number of cycles, a disappearance of the peak related to
Fe, along with a shift of the Mn and Ni peaks toward higher potentials, is
observable. A detailed analysis of the shift of the Ni pair peaks reveals
that this is particularly pronounced for the pure LNMO sample. At the
1000th cycle, the oxidation peak of Ni**/4* is completely eliminated at
4.9V, and the subsequent reduction peak shows a much lower intensity
for the pure LNMO sample. As reported by Howeling et al., the partial
disappearance of the peak relating to nickel oxidation is due to a smaller
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Table 4
Values of capacity retention related to long cycling performances of pure LNMO,
LNMO +2%LFP, LNMO +10%LFP using as reference the 5th cycles (1C).

Cycle number Capacity retention (charge/discharge)

% vs. 5th cycle (1 C)

LNMO LNMO LNMO
+2%LFP +10%LFP

50th 102.6 103.5 102.1
100th 103.6 104.4 100.6
200th 101.3 102.7 98.2
300th 99.1 100.3 95.5
400th 98.7 99.3 93.5
500th 96.4 97.7 92.0
600th 94.6 94.8 89.5
700th 90.3 92.8 87.6
800th 86.3 91.6 83.4
900th 72.4 87.1 81.6
1000th 70.0 88.2 77.1

quantity of lithium intercalated within the spinel structure [43]. This
confirms a greater polarization of the pure LNMO cathode, which in-
tensifies during cycling due to a progressive deterioration of the system,
resulting in marked capacity fade.

To better evaluate the diffusion coefficient of lithium ions and its
variation as a function of the state of charge, in presence of LFP in the
cathode, galvanostatic intermittent titration technique (GITT) tests were
carried out.

In this case, GITT was used to calculate the apparent diffusion co-
efficient of lithium ions at different charging and discharging states in a
half-cell set-up [44]. For this experiment, the half cells were evaluated in
the voltage range between 3 and 4.9 V, imposing a current pulse of C/10
for 10 min, followed by a rest relaxation phase of 2 h. It is important to
note that, for better reproducibility, the GITT was performed after three
forming cycles at C/10.

As it can be seen in Fig. 5, the three samples show similar GITT
profiles. However, as expected, some differences are noticeable at low
potentials, where the contribution of LFP is evident, especially for the
sample with 10 wt% LFP.

In fact, upon careful observation of the curves, LNMO and LNMO
+2%LFP exhibit low AE values at lower potentials (<4 V). In contrast,
the sample with a greater quantity of LFP (LNMO + 10%LFP) shows
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more pronounced AE values directly correlated with the amount of
olivine in the electrode. This initial profile section is followed by a re-
gion between 4 and 4.5 V, where the AE is more noticeable, and a third
region (from 4.5 to 4.8 V), corresponding to Ni oxidation plateaus,
showing low AE values.

The apparent diffusion coefficient was calculated directly from the
GITT according to equation (2), since the high voltage spinel undergoes
several two-phase reactions during lithiation [44].

4

b=
Li T

(1 VM) ( dE,/d, )Z e I
Z,FS) \dE,/dyt) =~ Dy

where I is the applied current, V) the molecular volume, za the charge of
the carrier, F the Faraday constant, S the electroactive surface area, and
E the voltage measured over time t and composition x.

(2)

Analysing the trend of the diffusion coefficient reveals different
minima as a function of the lithium concentration in all three samples.
The first minimum is observed for state of charge (SOC) < 30 %, the
second for values between 30 and 60 %, and a third minimum at SOC
values above 70 %. Notably the minimum values found for the diffusion
coefficient shift to higher SOC values depending on the quantity of LFP
present in the sample (Fig. 5¢—f). As previously reported by Rahim et al.
[45], the small dip in Li * diffusion coefficient is associated with the
oxidation of Mn>" to Mn** at the beginning of Li de-intercalation (low
voltage) and to the oxidation of Ni>*/Ni>* and Ni>*/Ni** at higher Li
de-intercalation steps (high voltage).

The values of the diffusion coefficient of the three cathodes are
comparable to each other and consistent with the ones calculated from
the cyclic voltammetry analysis and with those reported in the literature
(approximately with a maximum diffusion coefficient of the order of
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10719 em? s D). Nevertheless, in a direct comparison of the diffusion
coefficient values for the three samples (Fig. 5g and h), it is noticeable
how the values are slightly higher for the samples containing LFP. This
difference is particularly evident for SOCs between 20 and 40 % and, to a
lesser extent, for SOCs between 50 and 70 %.

The slightly higher diffusion coefficients observed for the blended
samples confirm a non-negligible influence of the LFP, especially at low
charge states, indicating a potential interaction between the two mate-
rials as already observed for the CV tests. This interaction could be
favoured by the different redox potentials at which the two cathode
materials are electrochemically active. Additionally, the higher diffu-
sion coefficient at low voltages can be directly correlated to a greater
oxidation state of manganese (i.e., Mn*"), as previously reported in Refs.
[46,47]. This aspect turns out to be non-negligible, as a higher oxidation
state of manganese limits the risk of dismutation and the consequent
formation of Mn2*, and the leaching of this species from the LNMO
structure [48,49].

In addition to GITT measurements, electrochemical impedance
spectroscopy (EIS) was carried out at different states of charge (10, 50,
75 and 100 % in the potential range 3.0-4.9 V) in order to evaluate the
internal resistance variation of the different cathodes. The EIS analysis
was performed during the 4th cycle, after three previous forming cycles
at C/10.

As shown in Fig. 6, all Nyquist plots consist of three semicircles
followed by a straight diffusion line from the high to low frequency
regions. The impedance plots were fitted using ZView software based on
a simplified equivalent circuit (R1 + R2/CPE1 + R3/CPE2 + R4/CPE3
+ W) reported in Fig. 6b. In more detail, the equivalent circuit used to fit
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each Nyquist plot includes an uncompensated resistance, R1, in series
with three parallel R/CPE (where CPE is the constant phase element)
and a Warburg element. The high-frequency resistance (R1) encom-
passes various contributions, including the ionic resistance of the
separator and the electronic resistance of external electronic cell con-
tacts [50]. The second resistance (R2), associated with the first semi-
circle at high frequencies (around 15000 Hz), primarily arises from the
contact resistance between the porous electrode and the current col-
lector [51,52]. Typically, this resistance remains nearly constant
throughout the entire charging process. Still, in the high-frequency re-
gion, a second semicircle appears, and the corresponding resistance (R3)
is attributed to the resistance of the passivating surface layer of the
particles [53]. By moving to the mid-frequencies region, a third semi-
circle becomes visible, featuring a resistance (R4) attributable to charge
transfer and pore resistance at the electrode/electrolyte interface, fol-
lowed by a Warburg diffusion element (W) at lower frequencies, rep-
resenting the Lit semi-infinite linear diffusion in the solid electrode
[50-55].

As it can be seen from the Nyquist plot, the different semicircles
overlap, making it difficult to discriminate the contributions of the
single cathode materials. In particular, the charge transfer and contact
resistance of the LNMO and the LFP entirely overlap, in agreement with
the spectra reported in Fig. 6¢c-e.

The resistance values at various SOCs (10 %, 50 %, 75 %, 100 %) are
reported in Table S3. At low SOC (e.g. 10 % and high lithium content),
the total resistance of all the samples is higher than the subsequent states
of charge. It is noteworthy that the presence of LiFePO4 significantly
increases the charge transfer resistance (R4) values at lower SOC, as
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shown in Fig. 6d and e, when comparing the two blended samples with
pure LNMO. As reported by Liebmann et al. when mixing materials with
very different intercalation potentials, it is normal to observe a higher
charge transfer resistance compared to that of the single-component
electrodes [4]. However, the charge-transfer resistance diminishes as
the SOC increases, particularly from 10 % to higher values (50 % or 75
%). This behaviour aligns with expectations, as the increase in SOC
corresponds to an increase in potential, reaching up to 4 V, where the
manganese oxidation reaction begins, resulting in a lower charge
transfer resistance [56]. Similarly, the R4 remains low, approaching
potentials close to 4.7 V, where the nickel oxidation reactions occur.
Overall, once again, the impedance spectra confirmed that there is a
contribution from the LFP, even at low quantities and low SOC (i.e.,
lower potentials), and a more substantial contribution from the LNMO at
higher SOC. At SOC 100 %, the different contributions are super-
imposed, therefore it is not possible to calculate the individual re-
sistances, and only the values for R1 and R4 are reported in Table S3.
More in general, a shift towards higher values for R1 and a slight in-
crease in R4 values compared to previous SOCs is observable for all the
samples.

3.2.2. Full cell

It is generally recognized that performance deterioration is more
accentuated when LNMO-based electrodes are coupled with low-voltage
anodes, such as graphite. In fact, in a half-cell configuration, the loss of
lithium that occurs at the cathode is largely compensated by the enor-
mous reserve of lithium present at the anode, which is metallic lithium.
Therefore, to study the real effect of adding LFP to LNMO, cathodes were
studied in a full cell configuration, using graphite as an anode [57].

Since the reversible capacity of the full cell is determined by the
amount of active mass of LNMO in the cathode, the areal capacity of the
negative electrode (graphite) was adjusted considering the one of the
positive electrode in order to obtain a N/P ratio closer to 1.05-1.1. At
the same time, in order not to stress the electrolyte excessively, the cells
were cycled in a voltage range of 3-4.75 V at RT.

The resulting electrochemical behaviour of three different cathodes
isreported in Fig. 7. By starting from the analysis of the formation cycles
at C/10, the blended electrodes show a higher areal capacity, close to 1.2
mAh cm ™2, compared to that of pure LNMO, which shows an areal ca-
pacity of 1.05 mAh cm~2. For all three samples, the Coulombic
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efficiency (CE) exhibits a gradual increment during the forming cycles.
However, the sample with 2%LFP shows a CE of 87.4 % for the first
cycle, which is higher compared to LNMO and LNMO +10%LFP, which
have CEs of 82.9 % and 82.3 %, respectively. From the second cycle
onward, the CE is higher for the two blended samples, with values
exceeding 93 %, while LNMO shows a Coulombic efficiency lower than
86 %. At the end of the forming cycles, the CE was greater than 95 % for
all samples. The lower Coulombic efficiency, already observed in half-
cell, may be due to the formation of compounds such as Mn3O4 on the
LNMO surface during the first cycles, as already observed and reported
in some previous works [58,59]. However, the higher Coulombic effi-
ciency observed for the blended cathode during the forming step sug-
gests that the addition of LFP could effectively compensate the
irreversible capacity loss.

Increasing the charge and discharge rate by an order of magnitude (i.
e., 1C) confirms the trend, indicating a greater capacity for the elec-
trodes containing LFP compared to the pure LNMO sample. Both
blended electrodes exhibit an areal capacity of about 1.1 mAh em ™2,
higher than the one observed for LNMO (0.9 mAh cm~2), and a capacity
retention greater than 80 % for the entire 100 cycles (calculated with
respect to the 6th cycle, the first at 1C). Interestingly, the sample with a
lower percentage of LFP shows a higher capacity for all the 100 cycles
with a capacity retention greater than 90 % for more than 80 cycles.

Unlike half-cells, the dQ/dV profiles, derived directly from the
charge/discharge curves of full cells, exhibit more complex patterns
(Fig. S6). All the samples show two predominant peaks at 4.59 and 4.68
V, attributable to the double oxidation of Ni (Ni2™ — Ni*t — Ni*").
Interestingly, pure LNMO and LNMO +10%LFP samples display an
additional peak at high potentials, around 4.63 V, which gradually
disappears during subsequent cycles (Figs. S6a and c). According to
previously published studies [60], an additional peak in the dQ/dV
profile of complete LNMO/graphite cells can be attributed to electrolyte
degradation. Surprisingly, the sample containing 2 wt% LFP shows no
additional peaks, showing only two well-defined and overlapping peaks
for all forming cycles.

By analysing the dQ/dV profiles more in detail at lower potentials
(Figs. S6d-f), a broadened peak can be observed at around 3.9 V for all
the samples. This peak, attributable to the manganese oxidation reac-
tion, gradually shifts during cycling. In particular, for the pure LNMO
cathode, the peak is no longer visible after two cycles. It is important to
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Fig. 7. Specific discharge capacity comparison for the three LNMO-based cathode in full cell configuration (using graphite as anode) in the potential range of 3-4.75
V vs. Li/Li", during forming cycles at C/10 (a), and for longer cycling at 1C (b). Coulombic efficiency for the first 10 cycles (c) and capacity retention up to 100 cycles,
calculated with respect to the 6th cycle at 1C (d). Relaxation potential profile comparison for the three different cathodes at different cycles: 1st (e), 5th (f), 10th (g)
and 50th (h). Open circuit potential (OCP) values after the rest time comparison for the firsts 5 forming cycles at C/10 (i) and for long cycling at 1C (j).
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mention that the peak does not disappear, but it is simply shifted to
much higher potentials (4.45 V), as it can be seen in the profiles from
cycle 3 to cycle 5. On the contrary, for blended cathodes, the peak
attributable to manganese is still present after several cycles. Further-
more, as the LFP content inside the cathode increases, the peak at 3.9 V
undergoes a lower shift. This particular trend confirms that the presence
of LFP clearly reduces the polarization of the cell. However, the distri-
bution of LFP particles inside the cathode seems to play an important
role, shielding the direct contact between LNMO particles and the
electrolyte, therefore limiting the degradation of the latter.

Q
N
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A rest of 0.5 h is included between each cycle. This rest was included
to obtain a better measure of the cell potential windows and to estimate
material utilization in the absence of polarization. Fig. 7e-h displays the
open circuit potential (OCP) values after the rest time for the three
different cells and compares the OCP of the 1st, 5th, 10th and 50th cy-
cles. Of course, this 0.5 h rest period could not be sufficient to reach final
equilibrium for all the cells; nevertheless, this is a good compromise to
estimate the equilibrium potential without contributing to significant
calendar aging during cycling, as previously reported by Klett et al. [61].

In fact, from the second cycle, the relaxation potential is greater than
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3.5V, while for the two blended samples, it remains lower than 3.2 V
after 5 cycles. When the C-rate increases (i.e., 1C), the relaxation po-
tential remains at lower values for the two blended samples for the first
50 cycles. Subsequently, an increase in the relaxation potential can be
found for the sample with 2 wt%LFP until it reaches the same value as
the cell with pure LNMO. On the other hand, the cell with the LNMO
+10%LFP cathode takes more cycles (about 80) to reach the same
relaxation potential value (Fig. 7j): this suggests that there is a clear
contribution of the LFP, more visible at low C-rates and dependent on
the quantity of LFP added to the cathode. In fact, the relaxation potential
progressively increases during cycling, meaning that lithium is released
from LFP, added to the cyclable inventory, and incrementally used to
compensate the ongoing loss, probably due to progressive side-reactions
and unstable SEI layer formation.

To better understand and explain the role of LFP in the cathode,
three-electrode cells with lithium as a reference electrode were assem-
bled. In this case, the voltage window of the cell was set between the cut-
off voltages of 3.0 and 4.75 V, in order to evaluate the behaviour of the
single electrodes (anode and cathode) during five cycles at C/10
(forming cycles). In fact, when the full cell voltage window is fixed be-
tween a defined range, both the anode and the cathode potentials
change significantly during operation, as a function of the SOC of the cell
[57,62-64].

As it is possible to observe from Fig. 8a—c and Fig. S7, the voltage
profiles of all the cathodes reveal the typical Ni oxidation/reduction
plateaus already observed in half-cell characterization. For the blended
cathodes, an additional plateau is also observable in correspondence to
the iron redox reaction. At the same time, the intercalation and dein-
tercalation of lithium into/from graphite occurs in multiple stages at
potential lower than 0.2 V [64].

By observing the electrodes voltage profile, a lower anode slippage is
clearly visible for the cell using blended cathodes (Figs. S8a—c). During
all five forming cycles, the final anode voltage (after discharge) is
constantly equal or higher than 1 V. On the contrary, for the cell con-
taining LNMO +2%LFP the anode potential is close to 0.5 V after the
first cycle, with a slight increase in the subsequent cycles. Analogously, a
lower and constant value of anode potential (<0.5 V) is clearly visible
for the cell containing LNMO + 10%LFP. This trend confirms that the
presence of LFP can limit the potential growth of graphite anode, with
significant consequence on cycling stability.

Interestingly, by examining the potential profile of the fifth cycle, it
is possible to notice how the pure LNMO cathode reaches a greater value
for the upper cut-off voltage (Figs. S8a—c). This leads the subsequent CV
step to remain at higher potentials compared to those observed for
blended cathodes. Reasonably, this higher cut-off value is reached for all
cycles and is more marked for higher C-rates, resulting in strong stress
for the electrolyte. In fact, reaching and staying at high potential values
inevitably leads to greater electrolyte degradation as the cycles proceed
and consequently to an accelerated capacity fade.

For a better understanding of the cell behaviour the charge curves
and the correspondent dV/dQ charge profiles of the first and fifth cycles
were compared for all the three cells (Fig. 8d-g). By analysing the
cathode charge profiles of blended electrodes during the first cycle, it is
possible to observe that the oxidation process at low potentials exclu-
sively involves LFP, which releases a first amount of lithium, which is
consumed by the formation of the SEI layer on the graphite anode.
Conversely at higher potentials, the de-lithiation of the LNMO occurs,
providing the lithium necessary for the reversible charging and dis-
charging process. In the fifth cycle it is clearly visible how the cathode
potential shifts towards higher values (Fig. 8e). This is particularly
evident for the pure LNMO cathode that, after 5 cycles, no longer rea-
ches values lower than 4 V during charge and discharge. Once again, this
confirms that LNMO only operates at high voltage plateau region
(~4.75 V) without accessing lower voltage plateau (i.e., 4 V) [62,65]
and the 3 V cut-off potential, set for the full cell, is reached by the
increasing of the graphite potential (over 0.8 V). This means some of the
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lithium is not properly de-intercalated from the graphite and is lost
during SEI restoration [43].

The difference between the blended and pure LNMO cathode is
particularly evident from differential voltage analysis (DVA or dV/dQ),
as depicted in Fig. 8f and g. In this case, each peak corresponds to the
transition from one plateau to another of the cathode, as a function of
the SOC of the cell. Consequently, DVA is a useful tool to verify and
compare the deterioration of cell performance. Comparing the first and
fifth cycles, in correspondence with a capacity windows shrinkage, the
cathode peaks get closer to each other. This behaviour of the peaks is
much more marked for cells with pure LNMO, confirming an important
polarization during the forming cycles. On the contrary, it can be seen
how the peak shifting and intensity reduction are less marked for the
blended cathodes, in particular for the sample with 2 wt% LFP.

In general, an upper cut-off potential is critical for transition metal
oxide-based cathodes since capacity fade is accelerated by higher cut-off
voltages [63]. In fact, as previously reported by Michalak et al. [64],
when the potential of the graphite during the discharge reaches poten-
tial values equal to or greater than 0.9 V, the SEI layer is inevitably
damaged. The degradation of the SEI layer involves the formation of a
new reactive surface on the graphite anode, with the consequent con-
sumption of new lithium and electrolyte during the restoration of a new
SEI layer. This phenomenon is accompanied by the formation of para-
sitic oxidation products at the cathode side, which can accelerate the
degradation of the anode through the cross-talk mechanism between the
electrodes [57,61]. This progressive consumption of lithium and elec-
trolyte causes a gradual increase in the discharge potential of both the
LNMO and graphite electrodes as the cycles continue, accelerating the
degradation process [64] and increasing the internal resistance of the
whole cell [66].

Since the increase in the discharge potentials of the electrodes is
much less marked for cells containing blended cathodes, it is evident
that the presence of LFP can positively affect the stabilization of the SEI
layer, mitigating the consumption of lithium and electrolyte and
modifying the electrodes potential endpoints. A possible explanation for
this aspect can be attributed to the formation of SEI at a significantly
lower potential than 4.5 V vs Li/Lit, and therefore distant from the
potential in which secondary and harmful products originating from
parasitic oxidation reactions appear [67]. At the same time, thanks to
the lithium supplied by the LFP, a consistent amount of lithium can be
recovered by the LNMO, ensuring higher capacity retention during
cycling.

Even if the internal mechanisms and dynamics in blended cathodes
are still difficult to elucidate, their electrochemical performances are
strongly influenced by thermodynamics, besides simply depending on
the kinetics of each component, as also recently reported in other studies
with the support of operando X-ray diffraction (XRD) analysis [18,19].
In particular, the “buffer effect” of one of the blended components on the
other is dictated by the effective overpotential, which is also affected by
electrode-related parameters (e.g particle size distribution, porosity,
and tortuosity). In fact, the “buffer effect” phenomenon occurs when a
current pulse is applied, causing a high flux of lithium and a consequent
growing overpotential for one of the components, which makes the
incorporation of lithium favorable into the other material. Therefore the
thermodynamics will dictate the direction of the buffering current, ac-
cording to the different operating potentials of the two blended active
materials. In other words, the materials operating at high voltage will be
the “lithium acceptor” during discharge while the material operating at
lower voltage will be the “lithium donor”. Obviously, during the
charging process, the roles of the two materials are reversed. This is
what reasonably occurs when two materials operating at different po-
tentials such as LFP and LNMO are mixed in very different ratios, as in
our case. In this case, the effective current distribution (i.e. effective
C-rate) on each material is different and strictly depends on the ratio of
the blended components and it varies significantly with the SoC. These
high effective C-rates, potentially cause overlapping of the characteristic
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redox potentials, favoring the charge exchange between the two mate-
rials and affecting the cycle stability.

4. Conclusions

Resonant acoustic mixing is a reliable and scalable technique for the
physical blending of LNMO and LFP cathode materials. In particular,
mixing LNMO with small amounts of LFP (2 wt%) results in a better
dispersion and distribution of the LFP with the LNMO particles, with the
smaller LFP particles observed filling the voids and interstices between
bigger LNMO particles or distributed directly on the LNMO surface.

Concerning the electrochemical performance of the blended cath-
odes, the electrochemical activity of LFP has been detectable up to 1C
without negatively impacting the rate capability performance of the
electrodes. However, it has been observed that the effect of LFP becomes
more pronounced at lower states of charge, influencing the electrode
lithium-ion diffusion coefficient and, consequently, the performance of
LNMO at lower potentials (e.g 4.1 V).

The most marked effect is on the capacity retention that is strongly
affected by the presence of LFP, both in half-cell and full-cell configu-
rations, and most significantly in the latter with graphite as the anode.
This behaviour suggests that the use of LFP, even in small quantities, can
participate directly in the redox process, showing a charge transfer with
LNMO, thanks to the overpotential that arises due to the high effective C-
rate to which LFP is subjected. In addition, LFP remains electrochemi-
cally active, for many cycles, acting as lithium donor for LNMO and
compensating the lithium loss caused by the progressive side-reactions
and unstable SEI layer formation, improving the capacity retention
without compromising the energy density of the system.

Finally, the optimal distribution of particles within the electrode,
combined with the mitigating effect on lithium loss inventory and
electrolyte degradation, highlights the importance of finding a balance
between mixing type, morphology, chemical-physical properties, and
final electrochemical performance.

Therefore, LNMO/LFP blended cathode materials offer a promising
solution for developing the next generation of LIBs. Through the stra-
tegic combination of these two active materials, blended cathodes can
offer increased versatility and potential benefits in terms of cost and
sustainability, without sacrificing electrochemical performance. This
aspect is essential in applications requiring long-term durability, such as
electric vehicles and stationary energy storage systems, where extended
lifespan and reduced maintenance costs are required, confirming the
need for further research efforts focused on the mixing and character-
ization of this combination of cathode materials.
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