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This study highlights a novel perspective on the role of defectivity in governing the electrochemical
performance of cobalt-free lithium-rich layered oxides (LRLOs), specifically Lij24Mnge2Nig140,. By
varying the solvent environment during solvothermal synthesis, using binary mixtures of water and
ethanol, we demonstrate that the nature of the solvent profoundly influences defect formation within
the material. These solvent-dependent defect structures emerge as the key drivers of electrochemical
behavior, rather than just crystallinity or composition. Through advanced characterization techniques
including synchrotron X-ray diffraction, electron diffraction, transmission electron microscopy, and
positron annihilation lifetime spectroscopy, we reveal how each solvent system tailors specific
microstructural and defect profiles. Despite identical nominal compositions, these variations in defectivity

lead to remarkable different electrochemical performances: higher ethanol content promotes small
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Accepted 26th November 2025 vacancies and electronic defects, boosting initial capacity but reducing stability, while lower ethanol
fractions favour larger vacancies and stacking faults, yielding more balanced performance. Our findings

DOI: 10.1039/d5ta06306] underscore the critical role of solvent selection in tuning defect chemistry, offering a new pathway for
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Introduction

Rechargeable batteries offer a practical and sustainable solu-
tion to support the growing electric vehicle market and the
increasing demand for energy storage systems for renewable
energy sources." Among the different rechargeable battery
chemistries, Li-ion batteries (LIBs) are the technology with the
highest level of maturity, able to temporarily meet this growing
demand, thanks to their higher energy and power density
compared to other chemistries (e.g., 250 Wh kg™ ' for LIBs vs.
150 Wh kg ' for Na-ion batteries).> However, LIBs in their
current state represent only a short-term solution due to their
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optimizing LRLO materials by intentionally controlling defect landscapes during synthesis.

intrinsic limitations that include high cost, limited supply of
some of their key elements such as lithium or cobalt, and
performance limitations.?

The performance of LIBs is primarily constrained by the
cathode materials, as they play a critical role in determining the
energy and power density, cycle life, and overall cost of the
battery system.**® Currently, Li-rich layered oxide materials
(LRLOs) stand out for their specific capacity (> 250 mAh g™ %),
high working potential (3.6 V vs. Li'/Li), energy density (900 Wh
kg "), and low cost.”® The electrochemical performance of
lithium-rich layered oxides (LRLOs) is significantly influenced
by the architecture of the cathode active material.” However,
accurately characterizing this structure remains challenging,
further complicated by the intricate behaviour exhibited during
battery cycling, ultimately hindering efforts to optimize LRLOs
for better performance.'*** Regardless of the pristine structural
configuration, these materials exhibit instability during cycling
due to the oxygen redox reactions, which are however crucial for
achieving their high capacity. Specifically, the layered architec-
ture of the LRLOs undergoes transformation into a spinel-like
phase. This transition is linked to multiple adverse effects that
currently hinder their application in commercial battery
systems."?

J. Mater. Chem. A, 2026, 14, 3631-3643 | 3631


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta06306j&domain=pdf&date_stamp=2026-01-18
http://orcid.org/0000-0002-3421-2322
http://orcid.org/0000-0001-5782-9627
http://orcid.org/0000-0001-7575-3961
http://orcid.org/0000-0002-9244-878X
http://orcid.org/0000-0001-8853-9710
http://orcid.org/0000-0002-5649-8237
https://doi.org/10.1039/d5ta06306j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA014006

Published on 27 November 2025. Downloaded by Forschungszentrum Juelich Gmbh on 1/22/2026 1:58:53 PM.

Journal of Materials Chemistry A

To tackle the existing challenges associated with lithium-rich
layered oxides, researchers investigated a range of synthesis
techniques. These methods influence various material charac-
teristics, including phase crystallinity, purity, particle size,
morphology, and ultimately, electrochemical performance.®"*"
The synthetic approach can significantly impact the scalability
and reproducibility of production processes. Within this
framework, the solvothermal method stands out as a highly
effective technique for the synthesis of lithium-rich layered
oxides (LRLOs), providing the ability to precisely control crystal
growth.'®?° This approach enables the customization of mate-
rial properties by adjusting various reaction parameters,
including reactant concentrations, types of solvents, reaction
temperature, and synthesis duration.”* As an example, Shao
et al. reported a LRLO material synthesized via a multi-solvent
solvothermal method, showing how the solvent plays a crucial
role in the precipitation rate of the transition metals (TMs) and
obtaining a 3D porous structure and uniform particle size.*
Moreover, Yan et al. showed that the chemical-physical prop-
erties of the final material are also strongly influenced by the
precipitators.>

In this study, we illustrate that modifications to the crystal-
lization environment significantly influence the crystal struc-
tures and defect formations (including vacancies, antisites,
small voids, large voids, stacking faults, and twin boundaries)
within lithium-rich layered oxides (LRLOs). These alterations
consequently affect the reversibility of lithium-ion intercala-
tion/deintercalation into the cathode structure. To investigate
this, we examine the impact of various crystallization media,
specifically five different liquid mixtures of ethanol and water at
varying volume ratios, on the structural, morphological, and
electrochemical properties of a cobalt-free Li-rich layered oxide,
namely Li; 4Mng6,Nip140,, synthesized via a solvothermal
method.”* Our findings reveal that the crystallization medium
critically governs the defect chemistry and, consequently, the
electrochemical response of Li;,sMnge,Nig140,. For these
solvent mixtures, samples prepared with higher ethanol content
tend to develop a higher density of small vacancy clusters and
more pronounced electronic defects, which correlate with
enhanced initial capacity but lower coulombic efficiency and
reduced capacity retention. Conversely, samples synthesized
with a lower amount of ethanol feature favourable surface
chemistry and a defect structure that supports balanced
electrochemical performance, leading to good capacity,
improved efficiency, and superior cycling stability.

Materials and methods

Sample preparation

Lithium acetate (LiCH3COO-2H,0), nickel(u) acetate (Ni(CH3-
C0OO0),-4H,0), manganese(n) acetate (Mn(CH3;COO), 4H,0),
oxalic acid (C,H,0,) and absolute ethanol (C,HsO) were
purchased from Sigma-Aldrich and used as received. Five
different reaction solvents were prepared by adding ultrapure
water (Milli Q) and absolute ethanol according to the following
proportions HO:EtOH = 1:0, 2:1, 1:1, 1:2 and 0:1 v/v.
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Before solvothermal treatment, two solutions were prepared as
follows:

e Sol. A: prepared by dissolving into the reaction solvent
a mixture of lithium (with an additional 5% atomic excess to
compensate for any evaporative losses during the thermal
treatment at high temperature), nickel and manganese acetates
in stoichiometric amounts.

e Sol. B: 1 M solution of oxalic acid (prepared using the same
solvent of Sol. A), acting as a chelating and precipitant agent.
The amount of oxalic acid was chosen in order to have a molar
ratio of Ox.Ac. : (Mn + Ni) of 1:1.5.

The two solutions were properly mixed and poured in
a Teflon-lined autoclave for the solvothermal synthesis, carried
out at 180 °C for 12 h. At the end of solvothermal treatment the
reactor was cooled down to room temperature, then the ob-
tained product was recovered, and the solvent evaporated. The
as-obtained reaction precursor was dried overnight in an oven
at 80 °C under vacuum and successively subjected to the final
thermal treatment in a muffle furnace in an air atmosphere.
The thermal procedure consisted of a first step at 450 °C for 2 h
(10 °C min™"), and a second step at 900 °C for 12 h (10 °C
min1).

Chemical-physical characterization

The oxalate intermediate phases were analysed by using
a Rigaku SmartLab diffractometer using a Cu Ka radiation
source.

High-resolution X-ray powder diffraction data were acquired
at the ID22 beamline of the ESRF synchrotron radiation source
(Grenoble, France), using an energy of 35 keV (corresponding to
a wavelength of 0.354 A), and the setup equipped with crystal
analyzers, with a 26 resolution of 0.003°.>**¢ Diffraction patterns
were analysed by Rietveld refinement using the software
FAULTS.”

Attenuated total reflectance Fourier transform infrared
spectroscopy measurements (ATR-FTIR) were performed with
an Agilent Cary 630 instrument.

Raman spectroscopy measurements were carried out on
a Dilor Labram instrument equipped with a He-Ne laser source
at 632.7 nm and a CCD cooled detector.

X-Ray photoemission spectra (XPS) were acquired using
a PSP TSX-400 non-monochromatized photon source operating
at 1253.6 eV (Mg K,) and a PREVAC EA15 electron spectrometer
in an ultra-high-vacuum chamber with a base pressure of about
5 x 10~ "% mbar. Core-level photoemission data were recorded at
50 eV pass energy and 0.1 eV step. The spectra were fitted using
the CASA XPS software with a Shirley-type background and
pseudo-Voigt line-shapes.

A Zeiss Auriga field-emission high-resolution scanning
electron microscope equipped with an energy-dispersive X-ray
(EDX) spectroscopy system was used to acquire SEM micro-
graphs. Precursor SEM micrographs were acquired using
a Phenom ProX Desktop SEM.

Variable energy positron annihilation lifetime spectroscopy
(VEPALS) measurements were conducted at the Mono-energetic
Positron Source (MePS) beamline at HZDR, Germany.>® A CeBr3
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scintillator detector coupled to a Hamamatsu R13089-100
photomultiplier tube (PMT) was utilized for gamma photon
detection. The signals were processed using the Teledyne SP
Devices ADQ14DC-2X digitizer (14-bit vertical resolution and 2
GS per s horizontal resolution).”® The overall time resolution of
the measurement system is = 0.250 ns and all spectra contained
at least 107 counts. A typical lifetime spectrum N(£), the absolute
value of the time derivative of the positron decay spectrum, is
described by

K+l

Z ﬁeﬁ +BG

i=1 Ti

N(t) = R(1) x

where k is the number of different defect types contributing to
positron trapping, which are related to k£ + 1 components in the
spectra with the individual lifetimes 7; and intensities I; (2I; =
1).*° The instrument resolution function R(z) is a sum of two
Gaussian functions with distinct intensities and relative shifts
both depending on the positron implantation energy, E,. It was
determined by the measurement and analysis of a reference
sample, i.e. amorphous Yttria-stabilized zirconia (YSZ), which
exhibited a single lifetime component. The background (BG)
was negligible, hence fixed to zero. All spectra were deconvo-
luted using a non-linear least-squares fitting method, mini-
mized by the Levenberg-Marquardt algorithm, employed
within the fitting software package PALSfit.’* In general, the
positron lifetime increases with defect size and open volume
size. The positron lifetime and its intensity have been probed
as a function of positron implantation energy E, which
was recalculated to the mean implantation depth (z), using
the Makhovian profile and average values of the parameters
m and n.*?

The microstructure and selected area electron diffraction
(SAED) analyses of the samples were performed on an FEI Titan
80-300 TEM with an accelerating voltage of 300 kV.

Electrode preparation and cell assembly

Electrodes were prepared in a dry room with a dew point of —70
°C and at 20 °C, mixing 80 wt% active material, 10 wt% SuperP
carbon and 10 wt% polyvinylidene fluoride (PVdF) with the
addition of N-methyl 2-pyrrolidinone (NMP) to obtain a slurry.
The slurry was spread out onto an aluminium foil by using
a doctor blade with a thickness of 200 um. The obtained film
was dried in oven at 60 °C under vacuum until the solvent
evaporated, then disks of 10 mm of diameter were cut and dried
overnight in a Biichi oven at 110 °C under vacuum. The dried
electrodes were then transferred to an Argon filled glovebox
(Jacomex GP(Concept) with the O, and H,O level below 0.5
ppm), where the electrochemical cells were assembled. Al-
coated coin cells (type CR2032) were used to study the electro-
chemical properties of Li; ;4Mng ¢;Nig140,-based electrodes.
The cell was assembled using the as prepared electrodes as the
working electrode, metallic lithium as the counter electrode and
LP30 (1 M LiPF in ethylene carbonate (EC) : dimethyl carbonate
(DMC) = 1:1 v/v) as the aprotic electrolyte-soaked Whatman
GF/D separator.

This journal is © The Royal Society of Chemistry 2026
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Electrochemical tests

Galvanostatic cycling was performed using a Maccor battery test
system (S4000) in the voltage range of 2.0-4.8 V, at different
scan rates (1C = 380 mA g~ ). To stabilize the cathode electro-
lyte interphase and prevent the consumption of electrolyte and
lithium ions, a formation procedure has been applied to the
cells before any charge/discharge test, according to ref. 33. The
procedure consisted of 2 charge/discharge cycles at C/10, 2
charge/discharge cycles at C/5 and 2 charge/discharge cycles at
1C. At the end of all the charge steps, a potentiostatic step at 4.8
V (with a current cutoff of C/20) has been applied, while a rest of
1 h has been applied before changing the C-rate. Formation
cycles obtained before the galvanostatic cycling test at C/10 for
all the samples have been reported in Fig. S1. Cyclic voltam-
metry tests were carried out on a Biologic VMP-3e potentiostat
between 2.0 and 4.8 V at different scan-rates (from 0.05 mV s *
to 0.7 mV s~ ). All the electrochemical tests have been con-
ducted in a climate chamber at 30 °C.

Results and discussion
Sample composition and labelling

The influence of synthesis conditions on the chemical-physical
and electrochemical properties of cobalt-free Li-rich materials,
specifically Li; ,4,Mng 6,Nig140,, is examined by varying the
reaction solvent during the solvothermal treatment. Notably,
water and ethanol are chosen for this study, utilized both as
pure solvents and in various mixtures, due to their unique
physical properties.** Previous studies®**® emphasize that the
incorporation of ethanol, a solvent with a lower dielectric
constant than water, can enhance nucleation Kkinetics and
modify the crystal growth processes of the resulting particles.
Additionally, ethanol's complete miscibility in water allows for
the creation of mixtures in any desired composition. However,
the properties of the resulting water—ethanol binary solutions
exhibit anomalous characteristics when compared to those of
the pure solvents, as the intermolecular interactions change in
a non-linear manner during the gradual dissolution of ethanol
in water.?*

In this study, we synthesized five distinct samples, each
labelled according to the respective water (W) and ethanol (E)
content in the solvothermal reaction bath, as summarized in
Table 1. The compositions of all the samples after the sol-
vothermal synthesis and the high temperature annealing have
been analysed using ICP-OES, and the results closely match the
expected nominal stoichiometric values calculated from the
reagents (Table 1).

Assessment of the synthesis route: the oxalate intermediates

Fig. 1 shows all X-ray diffraction (XRD) patterns, ATR-FTIR
spectra, and SEM images for materials collected at an interme-
diate stage of the synthesis, after the solvothermal treatment in
an autoclave for 12 h at 180 °C, but before high temperature
annealing. For the sake of clarity, these synthesis intermediates
have been labelled following the same coding used for the final
synthesis products (see Table 1), with the addition of a P-prefix.

J. Mater. Chem. A, 2026, 14, 3631-3643 | 3633


https://doi.org/10.1039/d5ta06306j

Published on 27 November 2025. Downloaded by Forschungszentrum Juelich Gmbh on 1/22/2026 1:58:53 PM.

View Article Online

Journal of Materials Chemistry A Paper
Table 1 Label adopted for the Li; 24Mng 62Nig 140, samples and composition calculated by ICP-OES
Reaction solvent v/v ratio Experimental composition (ICP-OES)

Sample name Water Ethanol Li Mn Ni

WA 1 0 1.267 £ 0.005 0.618 £ 0.001 0.115 £ 0.001
W,E; 2 1 1.262 + 0.002 0.631 £ 0.001 0.107 £+ 0.001
W, E, 1 1 1.262 £ 0.002 0.624 £ 0.005 0.114 £ 0.001
W,E, 1 2 1.281 + 0.001 0.618 £+ 0.004 0.101 £+ 0.003
E; 0 1 1.288 + 0.005 0.603 + 0.001 0.109 + 0.004

The XRD pattern of the P-W; sample exhibits characteristic peaks
of MnC,0,-2H,0, NiC,0,-2H,0, and Li,C,0,, as expected using
oxalic acid as a precipitating agent (see Fig. 1a and S1).

As ethanol concentration in the reaction environment
increases, the diffraction patterns evolve. In the case of the P-E;
sample, the diffraction peaks can be attributed to anhydrous
MnC,0,, anhydrous NiC,0,, and Li,C,0,. The diffractograms
between the two extremes exhibit intermediate features, with
a transition marked by the disappearance of the peak around
18°, which is primarily associated with MnC,0,-2H,0, and the
appearance of new peaks around 24°, corresponding to NiC,0,.
The ATR-FTIR spectra confirm the XRD findings (Fig. 1b).
Strong peaks in the range of 1800 to 1100 cm ™' are observed,
attributed to the asymmetric stretching v,s(C-0O), symmetric
stretching v{(C-0), and bending d(OCO) vibrations of all metal

a)

oxalates. Although there are slight changes in the relative
intensities of these peaks, they remain evident throughout the
series. In the P-W, sample, the vibrational analysis additionally
reveals a pronounced and well-defined stretching vibration of
water »(OH) around 3300 cm ™, whose intensity decreases for
the samples where the water is partially or completely replaced
with ethanol, reinforcing the observations made from the XRD
patterns. Furthermore, significant differences in the morphol-
ogies of the precursors are observed, as shown in Fig. 1c. The P-
W, sample displays irregular particles with no preferential
growth. As the ethanol content in the reaction solvent increases,
rod-like structures become increasingly prominent, especially
in the P-W,E, sample. In contrast, the precursor obtained in
pure ethanol exhibits particles with flake morphology. These
observations underline the impact of solvent variation on the

—P-W1
— P-W2E1
P-W1E1
P-W1E2
P-E1

‘ s
e As w] I rl}:w ir ;f». WM A s A A n

Intensity / a.u.

Intensity / a.u.
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400035003000 1500 1000 600
wavenumber / cm™

Fig.1 (a) Diffraction patterns acquired with a Rigaku SmartLab, (b) ATR-FTIR spectra and (c) SEM images of the precursor samples, recovered at

the end of solvothermal treatment.
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solubility of the reactants, metal solvation and the subsequent
nucleation and crystal growth processes.*” Indeed, the dielectric
constant, excess volume, and vapor pressure of ethanol/water
mixtures can provide valuable insights into the interactions
occurring during the synthesis of the precursors.*®* The
dielectric constant of a solvent influences the solvation
dynamics and the interactions between the metal precursors
and the solvent molecules. As reported in the literature,**** the
dielectric constant of ethanol is significantly lower than that of
water, which affects the ionization and solvation of the ions
during the synthesis process. This difference can lead to varia-
tions in the structural properties of the precursors, as the
solvation environment directly impacts the nucleation and
growth of the crystalline phases. Moreover, the mixtures exhibit
pronounced deviations from ideality with respect to the pure
solvents, water and ethanol. This is clearly reflected in the
excess volume of ethanol-water mixtures, which serves as
a reliable indicator of the non-ideal intermolecular interac-
tions.*>** Negative excess volumes suggest strong interactions
between ethanol and water molecules, more than in the pure
solvent, which can enhance the precipitation rate of transition
metals during solvothermal synthesis. This can result in
differences in the morphology and particle size of the precur-
sors, as observed in the various solvent compositions used in
the study, as well as in the different micro-defectivity of the
products (see below). In the solvothermal method, the vapor
pressure of the solvent mixture also plays a crucial role in the
synthesis process. Higher pressures can accelerate crystal
growth along preferential directions due to changes in kinetic
conditions.** The experimental data indicate that the vapor
pressure of the ethanol/water mixture decreases with increasing
ethanol concentration, which can influence the crystallization
kinetics and the final properties of the Li-rich layered oxides.*
In addition, consistent with previous studies on layered
oxides,*® the solvent environment and oxygen chemical poten-
tial influence surface energies and defect formation, further
modulating precursor morphology. These combined effects of
solvent composition may help to explain the observed variations

View Article Online
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in precursor morphology and defectivity, underscoring the
critical role of solvent choice in tailoring material synthesis
outcomes. Furthermore, the non-ideal interactions between
water and ethanol solvents lead to unpredictable precursors in
terms of morphology and defectivity.*” It should be noted that
no linear correlation is expected between the investigated
parameters and the solvent composition. This is because the
chemical-physical properties of mixed solvents differ signifi-
cantly from those of the corresponding pure solvents. Conse-
quently, the behaviour of the system cannot be interpreted as
a simple interpolation of the pure solvent data.

Assessment of the synthesis route: the LRLO products

The final crystallization of the LRLO lattices has been obtained
by annealing the corresponding precursors in a furnace at 900 °©
C for 12 hours in air. As shown in Fig. S2, the morphologies of
the precursors are not retained in the samples. In fact, the high
temperature procedure resulted in the formation of nano-
particles exhibiting a quasi-spherical shape with a dimension of
about 200-300 nm for all samples. Turning to the crystal
structure analysis, the X-ray diffraction (XRD) patterns illus-
trated in Fig. 2a reveal the distinctive diffractograms of lithium-
rich layered oxides (LRLOs), indicating that the expected phase
has been successfully synthesized across all solvent composi-
tions.”?** To gain deeper insights into the structural attributes of
these samples, Rietveld refinement was conducted on the
diffraction patterns utilizing the FAULTS software, as depicted
in Fig. S3 and detailed in Table S1, thereby elucidating critical
information regarding the crystallographic cell parameters. The
XRD patterns were analysed using the C2/m space group in
which the structure is described as a stack of atomic layers.
Table S2 presents the refined cell parameters, indicating only
slight variations among the different samples. However, as
summarized in the scheme reported in Fig. 2b, the composition
of the solvent primarily affects the microstructure and defect
formation, rather than the phase stability. In fact, high-resolu-
tion XRD analysis confirmed the exclusive formation of the
layered phase, with no detectable secondary phases. The extent

— W1
W2E1

— W1E1
W1E2

—E1

Intensity / a.u.

klkxﬁhdq
I P

1 * 301
L J - o R

a) b)

[ Stacking Faults
[ Li-TM mixing

W1 W2E1 WIE1 WIE2 E1

3 6 9 12 15 18

21

Fig.2 Comparison of (a) diffraction patterns acquired at the ESRF synchrotron radiation source using an energy of 35 keV and (b) stacking faults

and Li-TM percentages.
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(a—e) Bright field TEM images of W1, W2E1, W1E1, W1E2, and E1, respectively. The SAED patterns of the dashed circle areas in each image

are shown in their lower right. SFs are clearly demonstrated by both TEM images and SAED patterns in a, ¢ and e. (b) Parallel coincidence
boundaries shown by red arrows and twin grains (G1 and G2). (f—j) HRTEM images of each circled area, showing obvious SFsin f, h and j, and twin
boundaries in g. (i) The interplanar spacing in the HRTEM image and indexes in SAED patterns and Fourier transform demonstrate the C2/m

Li,MnO3 prototype crystal structure.

of stacking faults varies significantly with the solvent: consid-
ering the pure solvents, it is lowest in the water-based system
and highest in the ethanol-based one. This trend is likely due to
the faster reaction kinetics associated with ethanol (lower
dielectric constant), which promotes the formation of a more
defective layered structure. Specifically, the stacking fault
degree was found to be 30% for the W, sample and 56% for the
E; sample. In systems using mixed solvents, different behaviour
can be seen due to the unique properties of the mixtures. Due to
strong intermolecular interactions between ethanol and water
molecules in the investigated mixtures and the formation of
a more compact packing, the stacking fault density increases
notably with the initial addition of ethanol to water but then
decreases as the ethanol content continues to rise. For instance,
samples prepared with water/ethanol mixtures showed inter-
mediate stacking fault values, ranging from 42% to 54%.
Interestingly, the degree of Li-TM mixing also varies across the
samples and generally exhibits an inverse correlation with the
stacking fault density, although the W, E; sample deviates from
this trend.

Further structural characterization was carried out with TEM
and Fig. 3 shows the cryptographic microstructure of all the
samples. Fig. 3a-e show the bright field TEM images of Wy,
W,E,, W,E;, W,E,, and E;, respectively. The SAED patterns of
the circle areas are displayed in the lower right corner. Fig. 3f-j
show the corresponding high-resolution TEM (HRTEM) images
from the selected grains. Same as FAULTS analysis, frequent
stacking faults (SFs) are shown in Fig. 3a, ¢ and e and corre-
spondingly in Fig. 3f, h and j. In the upper panels, low magni-
fication TEM images display parallel line contrast which exhibit
SF contrasts, and the corresponding SAED patterns demon-
strate typical SF features. In addition to SFs, coincidence
boundaries and twins were found in sample W,E;, as shown in
Fig. 3b and g. The SAED pattern includes two boundaries,

3636 | J Mater. Chem. A, 2026, 14, 3631-3643

among which grain 1 (G1) and G2 are twins, and G2 and G3
share the same plane as the boundary. The red arrows indicate
the other coincidence boundaries. Such boundaries are planar
defects which are similar to SFs. Fig. 3g displays the HRTEM
images of G1 and G2. The Fourier transform of G1 and G2 is
consistent with SAED, showing a twin boundary. TEM charac-
terization of the sample of W;E, is shown in Fig. 3d and i. In
particular, the crystal structure is revealed by the HRTEM image
and SAED pattern taken from the circled area, shown in Fig. 3d.
The indexes in SAED indicated by yellow and blue labels present
zone axes of [112] and [112] of the C2/m Li,MnO; prototype,
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(a) Ratio of intensity values (Int3/Int2) of Tau2 and Tau3 lifetime

components and intensity values of Tau2 (b) and Tau3 (c) lifetime
components from PAL spectroscopy, as a function of energy for the
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respectively. The HRTEM image is taken along the [112] zone
axis, and the interplanar spacing of (131) and (201) is 2.00 A and
2.39 A, respectively. The corresponding Fourier transform is
shown in the lower right which is consistent with the yellow
labels in the SAED pattern. Positron lifetime spectroscopy was
employed to investigate the vacancy-related defects in the five
samples: W;, W,E;, W E;, W E,, and E; (see Fig. 4). The
measurements revealed up to three major lifetime components
(Taul-Tau2-Tau3) and two additional long-lifetime compo-
nents (Tau4-Tau5), with corresponding intensity values (Int1-
Int2-Int3-Int4-Int5). Due to their minimal contribution to the
total signal (Int4 + Int5 < 2%) and their likely association with
surface effects, Tau4 and Tau5 are excluded from further
discussion (Fig. S4a and b).

All observed lifetimes exhibited only minimal dependency
on the implantation profile, indicating that the defect struc-
tures are relatively stable across the investigated energy range.
Taul was observed exclusively in samples W, (94 ps), E; (75 ps),
and W,E, (75 ps), with an intensity of ~10% (Fig. S4c). This
suggests a reduced bulk lifetime, which is indicative of the
onset of defect saturation. To validate this observation, ATSUP
GC scheme simulations were conducted, predicting a bulk
lifetime of 153 ps for a defect-free material. However, this value
could not be consistently fitted across the entire sample set,
reinforcing the notion of defect-related modifications in the
bulk material. A consistent Tau2 value of approximately 220 ps
was found in all samples. According to simulation results, this
lifetime corresponds to the presence of small vacancy clusters
consisting of 3 to 4 missing atoms. Tau3 was found at approx-
imately 415 ps across all samples, which is characteristic of
large vacancy clusters or voids containing more than 15 missing
atoms. Despite the uniformity in lifetime, the intensity of this
component (Int3) varied significantly among the samples,
reflecting differences in defect concentration and structural
homogeneity. Unlike the positron lifetime values, the intensity
of the observed lifetimes exhibited notable variations among
the different samples and implantation energies. The two
different vacancy clusters correspond to the lack of small groups
of bonded atoms, with a different void size, in the material
structure and likely originate from an uneven crystallization of
the lattices during the synthesis. Under the assumption of
electroneutral voids, one may speculate that the smallest
vacancies (i.e., 3-4 atoms) possibly imply the lack of Li,O, NiO
or MnO, units, with +1, +2, +4 and —2 being the mean oxidation
states of Li, Ni, Mn, and O, respectively. Under the same
assumption, the large voids (i.e., >15 atoms) may be explained
by the missing crystallization within the structure of approxi-
mately one whole unit cell (i.e., 12 atoms). Considering the pure
solvents, the intensity of larger voids (Int3) decreases from the
surface to the bulk for both, but the sample synthesized in
ethanol shows a bigger intensity across all the energies (see
Fig. 4), again likely due to the faster nucleation compared to
water. In contrast, the intensity of smaller voids (Int2) is
comparable. This suggests that the ethanol solvent promoted
the formation of larger vacancy clusters, potentially due to
differences in reaction kinetics and -crystallization during
synthesis. For the mixed solvent systems, the behaviour was
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more complex, and the intensity trend of large vacancy-clusters
followed the order: W,E, < W,E; < W,E;,, as reported in Fig. 4.
Sample W;E, exhibited the lowest intensity for large vacancy
clusters (Int3), suggesting a more homogeneous structure
compared to the other samples. In contrast, W,E; showed the
highest intensity for large vacancy clusters, indicating a higher
concentration of large voids or defects. The rich complexity of
the vacancy clusters in the various samples can be outlined by
reporting the trend of the ratio between the intensities of the
Int3 and Int2 components as a function of the implantation
energies as shown in Fig. 4. When this ratio is above 1, the
concentration of the large voids (~415 ps, component 3) is
larger than the concentration of the small vacancy clusters
(~220 ps, component 2) and vice versa in the case Int3/Int2 < 1.
Overall, the Int3/Int2 ratio suggests remarkable structural
differences in the defectivities among samples. In particular,
W;E, shows at any implantation energy (i.e., implantation
depth) the least number of large voids, and thus the largest
amount of small cluster vacancies, whereas W,E, exhibits the
highest concentration of large voids and the smallest of the
small cluster vacancies. These findings confirm the trend
observed with the XRD analysis, in particular with the stacking
faults. XPS analysis was performed to characterize the surface of
the different layered oxides prepared in the different sol-
vothermal environments.

Fig. 5a and b show the XPS core-level spectrum of Ni 2p;/,
and Mn 2pj3,,, respectively. The binding energies are corrected
with the C 1s C-C(C-H) peak set at 284.8 eV. The interpretation
and quantification of the Ni 2p;,, signals are known to carry
a high degree of uncertainty due to the complex, extended
multiplet, shake-up and plasmon loss structures, further
confounded by the overlap between various chemical states.
Due to the broad shape of the peak and the absence of visible
structures, a simple fitting strategy has been adopted in this
work to individuate the peak position, by using an asymmetric
line-shape and including the plasmon peak in the fitting
procedure. For all the samples, the position of the Ni 2p;,, peak
is around 855.1 £ 0.1 eV, a binding energy in good agreement
with D. P. Abraham®” and coherent with Ni(u). The Mn 2ps/,
signals are in the 642-644 eV region of binding energies. To fit

a b
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Fig. 5 XPS spectral reconstruction for the core-level spectra of (a) Ni
2pz/2 and (b) Mn 2ps,».
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voltage range between 2 and 4.8 V at C/10.

them, multiple splitting of multiple oxidation states has been
taken in consideration. Mn(m) and Mn(wv) fit parameters as
proposed by Ilton*® were fixed for individual oxidation states but
allowed to shift in energies and intensities as packets relative to
other oxidation states. An allowance for relative BE shifts
acknowledges the possibility that the ionicity/covalency and
Madelung potential are different in multivalent compared to
monovalent minerals, or in different structures. The best fit to
the layered Mn 2p;,, spectrum yielded almost 80% Mn(iv) and
20% Mn(m), for an average oxidation state of 3.8, with small
variations between samples (i.e. W; +3.84, W,E; +3.85, W,E;
+3.80, W,4E, +3.75, E; +3.79, for the mean oxidation state of the
Mn ions in the LRLO structures). Generally, a lower oxidation

3638 | J Mater. Chem. A, 2026, 14, 3631-3643

state than 4 for Mn indicates a more defective surface. In the
case of pure solvents, the E; sample shows a lower oxidation
state compared to W, suggesting a more defective material,
which is consistent with findings from other techniques.
Similarly, for the mixtures, a higher concentration of defects
correlates with a lower Mn oxidation state. The variability of
relative amount of each of these defects for different synthetic
conditions confirms the remarkable impact of the solvothermal
media on the precipitation thermodynamics/kinetics and
therefore on the periodicity/crystallinity of the resulting lattice.

Although the XPS spectra of the samples are very similar with
only subtle differences, all fitting parameters are provided in
Table S3 of the SI. The small variations fall within typical
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experimental uncertainty and agree with literature values,*®
indicating subtle changes in the local chemical environment
rather than significant oxidation state shifts. The relatively
broad peaks arise from the higher pass energy employed to
improve signal intensity.

Electrochemical performance in lithium half-cells

To investigate the influence of the reaction solvent on the
electrochemical performance of the synthesized Co-free LRLOs,
galvanostatic cycling tests were conducted in lithium half-cells
at a current density of 38 mA g~ (C/10) within a voltage window
of 2.0-4.8 V. The results reveal significant insights into the
relationship between electrochemical behaviour, structural
defects, and surface chemistry. The electrochemical behaviour
of LRLOs is notably sensitive to minor variations in synthesis
parameters, which manifest in the first charge capacity and
cycling stability (Fig. 6a and b). The first charge process typically
proceeds via a two-step mechanism as shown in Fig. 6a: a slope
between 3.5 V and 4.5 V associated with the oxidation of tran-
sition metals and a plateau above 4.5 V attributed to the oxygen
redox reaction (Fig. 6¢-d). For all samples, an increase in
capacity was observed during the first 30 cycles, with W,E,
reaching nearly 230 mAh g~ at cycle 45. However, after 50
cycles, performance stabilization was observed for W; and
W,E;, while W,E, exhibited significant degradation, retaining
only 66% of its initial capacity after 150 cycles. The potential
transition from a layered to a spinel-like phase,® particularly
evident in W1 E, (see potential profiles for selected cycles in Fig.
S5), is associated with lower coulombic efficiency and rapid
capacity degradation (Fig. 6e). The increased defect density
likely contributes to structural instability during cycling,
leading to more pronounced degradation of electrochemical
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performance. Indeed, for the mixtures, the capacity retention
and electrochemical stability follow the trend: W,E; > W,E; >
W;,E,, matching the trend of smaller voids. Moreover, XPS
analysis indicated a higher oxidation state of manganese in
W,E;, suggesting a more stable surface chemistry that corre-
lates with reduced defectivity and improved cycling stability,
compared to W;E; and, in particular, W, E,.

These results were also confirmed by analysing the behav-
iour of the samples at elevated C-rate. As shown in Fig. 7a, W, E,
retains a high capacity of about 160 mAh g~ at 2C, while for the
other samples, it ranges between 100 mAh g~ * for W, E, and 120
mAh g for W,E, (Fig. 7b).

The cycling stability at 1C is illustrated in Fig. 7c and Fig. S7,
where the trend is similar to that already observed at C/10. The
initial specific capacity increases progressively from Wj, at
approximately 120 mAh g’l, to W;E,, which reaches 170 mAh
¢ '. However, while W, and E; retain 99 and 102 mAh g~ ' after
250 cycles, corresponding to capacity retentions of 82% and
85% (Fig. 7d), respectively, W, E, experiences significant fading,
retaining only 108 mAh g~ (67% of its initial capacity). In
contrast, W;E; and W,E; achieve a more favourable balance,
retaining 121 and 120 mAh g~ after 250 cycles (Fig. S8), which
corresponds to capacity retentions of 81% and 84%, respec-
tively. Coulombic efficiency (CE) further emphasizes the
differences among the electrodes (Fig. S9). W4E; and W,E;
sustain efficiencies above 99.5% throughout cycling, indicative
of highly reversible Li* insertion/de-insertion and minimal
parasitic reactions. W; and E; display slightly lower CE values,
just below 99.5%, whereas W;E, exhibits a gradual decline to
approximately 99% by the 250th cycle. Overall, W,E, exhibits
the highest initial capacity and superior rate performance,
which can be attributed to its relatively low stacking fault
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Fig. 7 (a) Rate capability, (b) discharge specific capacity as a function of C-rate, (c) cycling performance at 1C and (d) capacity retention
calculated after 250 cycles, obtained by galvanostatic cycling in lithium half-cells.
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density, facilitating Li-ion diffusion, and pronounced Li-TM
mixing. However, these same structural features, together with
the same defects can create highly reactive sites that promote
undesirable side reactions, such as the decomposition of the
electrolyte (with the observed reduced coulombic efficiency),
which consumes active lithium ions and reduces capacity over
time. Furthermore, defects (often oxygen vacancies) can lead to
the dissolution of transition metal ions into the electrolyte,
further degrading the material and causing capacity fade and
reduce lattice stability during prolonged cycling. Consequently,
W,E, exhibits pronounced capacity fading and a gradual
decrease in coulombic efficiency after 250 cycles. In conclusion,
galvanostatic cycling tests indicate that the electrochemical
behaviour of the samples is closely linked to structural defec-
tivity and surface chemistry, both of which are influenced by the
synthesis solvent.

Conclusion

In this study, we systematically investigate the role of solvent
composition in the solvothermal synthesis of cobalt-free Li-rich
layered oxides (LRLOs) with nominal composition,
Li; 24Mng 65Nip.1405.

The solvent composition is a key factor in shaping the
morphology and microstructure of the solvothermal precursors,
primarily through its impact on ion solvation and nucleation
kinetics. However, it is important to note that although the
solvent influences both the precursor morphology and defect
formation in the final products, these processes occur through
different mechanisms. The high-temperature annealing at 900 °©
C induces significant structural and morphological changes,
causing the original shape of the precursors to be lost. Instead,
the solvent's role during the annealing process affects defect
formation, which ultimately results in variations in the stacking
fault density observed in the final cathode materials.

Although a layered phase is formed consistently across all
conditions, structural characterization via XRD, HR-TEM, and
PALS reveals that variations in the water-to-ethanol ratio
significantly affect microstructural features and defect density.
These structural differences translate directly into electro-
chemical behaviour, as summarized in Fig. S10. For instance,
the ethanol solvent promotes the formation of stacking faults
and vacancy clusters, while the binary water-ethanol mixture at
a 1:2 volume ratio (W;E,) yields the smallest stacking fault
density and a marked reduction in large defects, suggesting an
increased concentration of smaller defects. Galvanostatic
cycling in lithium half-cells shows that the W;E, sample
delivers the highest initial discharge capacity (330 mAh g~ " at C/
10), likely due to enhanced participation of oxygen redox
processes. However, it also showed lower coulombic efficiency
and faster capacity fading during cycling, indicating a correla-
tion between redox activation and structural instability. Surface
analysis via XPS indicates more stable surface chemistries,
marked by higher transition metal oxidation states. W,E;
exhibits better cycling performance, having a specific capacity
of more than 200 mAh g~* at C/10 and a capacity retention of
84% at 1C after 250 cycles. These results highlight the impact of
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both bulk and surface structures on electrochemical function-
ality and demonstrate that synthesis parameters -critically
dictate defect formation and, consequently, the redox activity
and cycling stability in Co-free LRLOs. Although establishing
a direct correlation between structural features and electro-
chemical functionality remains challenging due to the intricate
interdependence of bulk and surface structures, our findings
offer mechanistic insights that advance the rational design of
next-generation cobalt-free cathodes.
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