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In this work, the production of ultra-high efficient Nag 67Niop 27Mg0.06MNo 6602 cathodes synthesized via an
emulsion-based organic synthesis route, along with a comprehensive atomic-scale characterization using
advanced electron microscopy techniques, is presented. It is demonstrated that increasing the ratio of the
surfactant to hydrophobic and hydrophilic components in the emulsion leads to optimized particle size and
a significantly more uniform particle size distribution. As a result Nag e7Nio 27M30.06MNo.6602 exhibits
superior electrochemical performance, delivering an initial discharge capacity of 260 mA h g~! and

maintaining a discharge capacity of 170 mA h g~* after 100 cycles, with 99% coulombic efficiency. This

iiggg&%?;ngpﬂfeoggzs enhancement is attributed to the synergistic effect of Mg-induced structural stabilization and the
optimization of particle size and distribution. These factors collectively facilitate the accommodation of

DOI: 10.1035/d5ta02682b strain induced by repeated charge-discharge cycles without substantial structural degradation while
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Introduction

Energy storage systems based on electrochemical methods are
considered a solution to the challenges posed by the highly
sought transition away from fossil fuels. Since their develop-
ment and commercialization in the 1990s, rechargeable
lithium-ion batteries (LIBs) have revolutionized the field of
portable electronics and played a significant role in the early
development of electric vehicles. However, LIBs still face major
challenges, including insufficient energy density for the full
electrification of automobiles and issues related to the scarcity,
cost, and geographic distribution of raw materials."?
Sodium-ion batteries (SIBs) are regarded as promising
candidates for large-scale energy storage due to the natural
abundance and low cost of sodium, as well as their operational
similarities to LIBs.>** Among the most extensively studied
cathode materials for SIBs are Prussian blue analogues, poly-
anionic compounds, and transition metal oxides (TMOs).” The
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preserving efficient sodium de-intercalation pathways.

latter are particularly interesting due to their high theoretical
specific capacities, especially those with a P2-type or O3-type
structure, where “P” and “O” refer to the prismatic and octa-
hedral coordination of Na, respectively, and “2” or “3” indicates
the repeating sequence in the stacking order of the oxygen
layers.®’

The layered P2-type compound Nag ¢;Nip 27Mg0.06MNg 6602
has attracted attention due to its greater atmospheric stability
and high specific capacity.®® However, the results reported so
far remain suboptimal and further research is warranted. This
is primarily due to a detrimental phase transition that occurs
during charging, in which the material transforms from its
original P2 structure to an O2-type structure, due to the sliding
of TMO layers when Na" is extracted.'®** This transition hinders
the accommodation of Na* ions during discharge and leads to
volume changes which induce excessive internal stress, poten-
tially causing mechanical failure of the cathode. Additionally,
the structure suffers from irreversible oxygen loss at voltages
above 4 V, resulting in capacity fading, voltage drop, and
consequently, a rapid decline in energy density."

The other stable polymorphic phase that this compound can
exhibit is O3. Its main advantage is that, unlike P2, it is not
sodium-deficient, resulting in a significantly higher specific
capacity.”>'* However, it has lower atmospheric stability and
reduced structural stability, as it undergoes detrimental phase
transitions during the charging process.” Additionally, the
higher sodium content leads to more abrupt volume changes,

This journal is © The Royal Society of Chemistry 2025
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which generate mechanical stress and, eventually, the forma-
tion of microcracks that contribute to cathode degradation.*®

It has been suggested that magnesium doping can offer an
effective strategy to improve the structural stability of this
material.'”** The smaller ionic radius of Mg®" favours the
stabilization of the structure and may also form high-density
precipitates on the alkali metal layer during high voltage
cycling, which can further improve the mechanical strength of
the cathode and inhibit crack formation during Na* intercala-
tion processes.”” The use of Mg as a doping agent has been
previously explored in similar systems.>*' It has been shown
that Mg, by substituting Mn in the TM layers, helps mitigate
oxygen loss and enhances structural stability. Multi-element
doping® not only retains the benefits of each dopant but also
minimizes their respective drawbacks, allowing greater flexi-
bility in tuning the crystal and electronic structures of cathode
materials. For this reason, Na ¢,Nig ,,Mg¢.06MnNg 660, has been
studied in this work.

Together with doping, another strategy to stabilise the Na-
TMO structure and achieve higher capacities involves particle
size control.>*?” It is considered that a small particle size
improves the insertion and extraction kinetics of sodium ions
due to a higher surface-to-volume ratio, providing superior
initial specific capacity. On the other hand, larger particles are
better able to accommodate volume variations associated with
lattice parameter changes during charge and discharge cycles,
providing better structural stability and greater long-term
capacity retention. However, if the particle size is too large, the
volumetric changes will not be uniform due to the greater
inefficiency in sodium insertion and extraction, leading to
cracking and mechanical fatigue. Therefore, possible design
strategies should also aim at achieving an optimal particle size,
where all aspects are balanced.”®

In this sense, emulsion-based synthesis methods provide an
effective way for obtaining materials with improved morphology
control.**?*® Microemulsions are systems composed of a mixture
of hydrophilic and hydrophobic fluids, stabilized by surfactants
to form a thermodynamically stable and isotropic dispersion.
When the hydrophobic component constitutes the majority of
the system, droplets of the hydrophilic liquid become encap-
sulated by surfactants, known as reverse micelles, forming
nanovessels that permit the synthesis of various
nanoparticles.**?

While understanding the exact effect that the balance of
hydrophobic, hydrophilic and surfactant components has in
particular micellar systems is relatively complicated, it is known
that varying many factors, such as the nature of solvents, size of
the polar headgroup, chain length of the surfactant or
temperature, among many others, makes it possible to fine-tune
the composition of the microemulsion and hence the size and
structure of the reverse micelle®*** and, ultimately, the size of
the nanoparticles.

Considering all the factors disclosed above, in this work, we
have used a variant developed by our research group® of the
emulsion-based method described by F. J. Garcia-Garcia et al.*®
This modified method has several advantages over the more
conventional ones such as hydrothermal, sol-gel or dry-milling
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methods: (i) it uses organic precursors, which lead to the
production of non-contaminant reaction side-products; (ii) this
method has been proven to be faster than conventional dry-
milling or sol-gel methods, since the mixing times required to
obtain the pre-heat-treatment mixture of oxides is drastically
reduced to 5 minutes with the use of a shear mixer, from the
extended times ranging from 90 minutes to several hours
required in conventional methods such as dry-milling or sol-
gel, and (iii) it holds a broad potential for upscaling to industrial
levels. More importantly, we show that the size and distribution
of Mg-doped Nage;Nigo7Mgo.06MNg 0, particles can be
modified by varying the hydrophobic hydrophilic
surfactant component ratio, leading to an optimum value,
which provides first charge capacities very close to the
maximum theoretical capacity of Nag e;Nig 27;Mgo.06MNg 6602
and excellent capacity retention up to 100 cycles, related to the
structural stability achieved by both doping and optimisation of
the particle size and distribution.

The process involves the use of a nonpolar organic liquid
that is not miscible with water. In this case, vaseline oil was
chosen as it has no known health concerns compared with
industrial mineral oils. Since the metal ions used to fabricate
Nay 67Nip27Mg0.06MNg 660, have a hydrophilic nature, they can
be dissolved in water. Additionally, oleic acid is used as
a surfactant, due to its amphipathic nature. It consists of rela-
tively long carbon chains, with a hydrophilic end and a hydro-
phobic end. When the surfactant is added at a given
concentration, reverse micelles are formed. In these micelles,
the non-polar ends preferentially orient themselves towards the
exterior, while the polar ends point towards the interior of the
reverse micelle, in contact with the water containing the metal
ions in solution. These micelles act as the foundation for
a microemulsion, which is further heat-treated to remove the
organic components and ultimately achieve the final Nag e~
Nig27Mgo.0sMNy 660, particles. Since the size and stability of the
reversed micelles formed in the microemulsion will have
a direct impact on the final size of the synthesised particles, in
this work, we have investigated the effect of varying the
concentrations of water, vaseline oil and oleic acid on the size,
size distribution, morphology, structure and electrochemical
properties of Nay ¢,Nip 27Mg0.0sMnNy 6602 particles.

Materials and methods
Synthesis

Stoichiometric amounts of Na(OCOCH3;)-3H,0,
Mg(OCOCH3;), -4H,0, Ni(OCOCHj;),-4H,0 and Mn(OCOCHj),-
-4H,0 from Sigma Aldrich were mixed with distilled water, oleic
acid (Sigma Aldrich, 90%) and vaseline oil (ITW Reagents) in
varying proportions inside a Teflon container. The quantities
used for each synthesis are summarised in Table 1, which
correspond to a synthesis with a high hydrophobic component
content (HV), a synthesis with a high-water content (HW),
a synthesis with a high oleic acid content (HO), and a final
sample synthesised with standard quantities already reported
in the literature (ST).** The mixtures were processed for 5
minutes using a shear mixer operating at 15 000 rpm. To avoid

J. Mater. Chem. A, 2025, 13, 25904-25913 | 25905
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Table 1 Mass of the precursors (in grams) used for the synthesis of
different samples

Sample Na Ac NiAc MgAc MnAc H,O0 Oleic acid Vaseline oil

ST 2.33 1.64 0.32 4.02 5 7 14
HV 5 7 32
HW 32 7 14
HO 5 32 14

potential decomposition, the resulting emulsion was poured
immediately after mixing into an alumina crucible and placed
inside an oven with a heating ramp of 5 °C min~* with a target
temperature of 900 °C. It is worth noting that, during the
heating ramp, at a temperature of approximately 100 °C, all the
H,0 and OH groups were eliminated, and at approximately 450
°C the calcination of the undesired organic groups took place.
Finally, once the temperature of 900 °C was reached, the
product was left inside the oven for 10 hours and allowed to cool
down to room temperature.

Electrochemical characterisation

The electrode preparation consisted of mixing the active
material (80 wt%), carbon black (10 wt%), and PVDF (poly-
vinylidene fluoride) (10 wt%) in N-methyl-2-pyrrolidone
(Aldrich, 99.5%) to form a homogeneous slurry. This paste was
coated on an aluminium current collector and vacuum dried at
120 °C for a minimum of 2 hours to obtain a working electrode
loaded with ca. 2.5 mg cm™? active material.

The cell assembly was completed using coin-type cells 2032
in an argon-filled Vigor glove box under controlled O, and H,O
traces (< 0.1 ppm). For the sodium-ion half-cells, the counter
electrode consisted of a metallic sodium disk (Goodfellow,
99.8%). The electrolyte was a 1 mol L' solution of NaPFg
(Aldrich, >99%) and diethylene glycol dimethyl ether (Sigma-
Aldrich, 99.7%) as a solvent. Glass fibre disks (GF/A-Whatman)
were soaked in this ion-conducting solution and used as sepa-
rators between electrodes in the half-cell. The electrochemical
characterisation of half-cells was conducted on an Ivium-n-Stat
battery test system.

Materials characterisation

To study the crystallinity and purity of the samples, X-ray
diffraction (XRD) was employed. XRD patterns were scanned at
0.02° s~' between 10 and 70° (26 degree) on a Bruker D8
Discover A25 diffractometer equipped with Cu K radiation and
a graphite monochromator. Rietveld refinements were per-
formed using the Topas-32v6 software.

To analyse the chemical composition of the samples, wave-
length dispersive X-ray fluorescence (XRF) experiments were
performed on a Zetium spectrometer equipped with a Rh tube.

To assess the morphology and average size of the synthe-
sized particles, scanning-electron microscopy (SEM) experi-
ments were carried out using a FEI Teneo SEM.

For the analysis of the nanostructure via transmission elec-
tron microscopy (TEM) and related techniques, the TEM
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samples were prepared by dispersing the particles in ethanol,
followed by sonication, and drop casting on lacey carbon copper
grids. Scanning-transmission electron microscopy (STEM) and
energy dispersive X-ray spectroscopy (EDX) were performed
using an FEI Talos F200S microscope operating at an acceler-
ating voltage of 200 keV. Further STEM analyses with atomic
resolution were carried out using aberration corrected (S)TEM
FEI Titan Cubed Themis 60-300 and JEOL ARM200F micro-
scopes and a dedicated Nion UltraSTEM200, all operating at 200
kv. In order to minimize damage and correct for drift and scan
distortions, sequences of fast STEM images were recorded and
subsequently aligned and averaged using a non-rigid registra-
tion algorithm.*” Low-dose integrated differential phase
contrast (iDPC) experiments were also performed on the FEI
Titan Cubed Themis 60-300 since it is equipped with a four-
quadrant segmented detector.

Results and discussion

Fig. 1a shows the XRD patterns of Nag ;Nip27Mg0.06MN¢ 6602
(ST, HO, HW and HV) powder samples. Rietveld refinement (see
Section 1 of the ESIt) for figures of merit, unit cell parameters
and phase fractions) reveals that all samples primarily crystal-
lize in a hexagonal P2-type phase with space group P6s/mmc
(PDF 04-009-8579) according to the indexed major peaks, indi-
cating that Mg doping does not change the P2 structure of
Nayg,67Nig 27Mgo.06MNp 660, (Table S1t). Smaller amounts of the
rhombohedral O3-type phase (PDF 04-016-7123), with space
group R3m are also present. This was further confirmed via
high-resolution STEM (Fig. S47).

To verify the stabilizing effect of magnesium on the P2
structure, additional XRD patterns were collected after the first
charge and during the first discharge (Fig. 1b). Although
reflections corresponding to the O2 structure are observed in all
cases, it is evident that the P2 (and O3) structure remained
predominant during both charge and discharge. This confirms
the role of Mg in mitigating the detrimental P2-to-O2 phase
transition.

To verify the chemical composition of the particles syn-
thesised via the organic route, XRF measurements were per-
formed (Table S21). In all cases, the measured values agree well
with the expected compositions, considering the instrumental
error (5% for Na, Mn, and Ni and 10% for Mg). The homoge-
neity of the elemental distribution within the particles was
assessed using EDX mapping in STEM mode (Fig. S17).

Secondary electron SEM was used to inspect the size and
topography of the fabricated Nay ¢,Nig »7Mg0.0sMNg 660,. It can
be seen from Fig. 2 that most of the particles have a flat
hexagonal pyramid-like shape with edges containing steps due
to the laminar structure. A statistical analysis of the particle size
distribution (histograms, Fig. S2,f and methodology can be
found in Section 3 of the ESI}) allowed us to draw some
preliminary conclusions: in the case of the HV sample,
a bimodal particle distribution is observed, with more than 70%
of the particles having a nanometric size (Fig. 2b), with average
values for the longest axis of 205 + 60 nm, and the rest being
much larger, with average values for the longest axis of 2.4 4+ 0.9

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Rietveld-refined XRD spectra of the
Nag.67Nio 27Mgo.06MNpe60O2 particles synthesized using standard
conditions (ST), high-vaseline content (HV), high-water content (HW)
and high-oleic acid content (HO). At the bottom, simulated spectra of
the P2 and O3 crystal structures are presented. (b) Ex situ XRD patterns
of the ST, HV, HW and HO samples after full charge and subsequent
discharge. At the bottom, simulated spectra of the P2, O3 and O2
crystal structures are presented.

pm. The HW sample (Fig. 2b) exhibits a similar bimodal
behaviour, with average values of 198 + 60 nm and 2.1 £ 1.0 pm.
However, the number of nanometric particles decreases
noticeably, and they become less frequently observed in the
SEM images.

However, for high concentrations of oleic acid (sample HO,
Fig. 2d) a reduction in the average size of particles is observed,
together with a much more homogeneous size distribution,
following a Gaussian-type curve, with an average value of 1.6 £+
0.7 pm. This difference in particle size and distribution can be
attributed to the stabilizing effect that an increased oleic acid
concentration has on reverse micellar systems.**** An insuffi-
cient concentration of oleic acid (HW and HV) leads to an
unstable emulsion, resulting in a separation between the
micellar system and water containing dissolved ions, eventually
leading to the uncontrolled formation of particles with highly
varied sizes. However, the high surfactant concentration in the
HO sample results in a microemulsion with much more stable

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM micrographs of the Nag g7Nip 27Mgg,06MNo 6602 particles
synthesized using (a) standard conditions (ST), (b) high-vaseline
content (HV), (c) high-water content (HW) and (d) high-oleic acid
content (HO).

micelles. Although the final particle size is larger than that ex-
pected for reverse micelles, this can be attributed to the fact
that, during the calcination stage, the surfactant molecules
evaporate, and the primary particles that nucleated begin to
form union necks between them, which over time lead to the
formation of larger particles. However, this size is more
uniform, as the greater stability of the emulsion results in
a higher similarity in the size and dispersion of the reverse
micelles in the microemulsion. This, in turn, ensures that the
nucleation of primary particles occurs with equal probability
throughout the emulsion and that their growth proceeds at
similar rates during the subsequent holding stage at 900 °C.
More importantly, it is confirmed that this difference in
particle size distribution has a significant impact on the elec-
trochemical behaviour of the synthesized samples. Fig. 3 shows
typical charge and discharge profiles of ST- (Fig. 3a), HV-
(Fig. 3b), HW- (Fig. 3c) and HO-Na, ¢,Nij »;Mgo.06Mng 6602
(Fig. 3d), respectively, in the voltage window from 2.0 to 4.2 V at
50 mA g ' in the first cycle. The samples exhibit the first charge
capacity of 220 (ST), 219 (HV), 274 (HW) and 323 (HO) mAh g~ .
Fig. 3e shows the retention capacity profiles of the samples. It
can be observed that the HO sample presents the best retention
capacity after 100 cycles, with discharge values of 170 mA h g+
and a coulombic efficiency of 99%. Rate capability tests were
performed cycling between 2 V and 4.4 V vs. Na'/Na for kinetics
from 0.5 to 10C and returning to 0.5C, as shown in Fig. 3f. All
samples show good capacity and capacity retention even at high
kinetics such as 10C with a capacity of around 50 mA h g™, the
HO sample showing the best performance at different current
densities. When the charge and discharge current densities are
reduced from 10C to 0.5C, (1C = 100 mA g~ ') the capacity can
recover almost 100%, which is a further indication that Mg
doping can stabilize the structure of P2-type. Finally, Fig. 3 also
shows the cyclic voltammetry curves for the cathodes labelled as
ST (Fig. 3g), HV (Fig. 3h), HW (Fig. 3i), and HO (Fig. 3j) at a scan
rate of 0.1 mV s~ '. All samples exhibit anodic and cathodic
bands attributable to the redox couples involved in the process
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Fig. 3 Galvanostatic first charge/discharge curve of the (a) ST, (b) HV, (c) HW and (d) HO samples. (e) and (f) Retention capacity profiles over 100
cycles and the rate performance at room temperature of the four samples. (g)—(j) Cyclic voltammograms obtained in the 2—4.4 V potential
window with a scan rate of 0.1 mV s~ of cathodes ST, HV, HW and HO, respectively.

during cycling. At lower voltages, the redox couples located at
2.77/2.67 V (ST), 2.39/2.23 V (HV), 2.39/2.26 V (HW), and 2.38/
2.22 V (HO) correspond to the Mn**/Mn** redox process. Addi-
tionally, in the voltage range between 3 and 4 V, all cathodes
present redox pairs that could be attributed to the Ni**/Ni**
transition. A third contribution is observed at approximately 4.4
V, which could be assigned to oxygen redox couples. These

cyclic voltammetry results are consistent with the plateau

observed in the corresponding galvanostatic curves.
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To analyze the impact of the average size and distribution of
the particles promoted by the use of different oleic acid-vase-
line oil-water ratios on the resistance at the electrode-electro-
Iyte interface during half-cell operation, electrochemical
impedance spectroscopy (EIS) spectra were recorded between 1
mHz and 1 MHz, and plotted as Nyquist diagrams (Fig. 4a and c)
after the first charge and first discharge, respectively.

Their spectra profiles highlight two characteristic semi-
circles, from which it is possible to directly compare the internal
resistances at the electrolyte, the surface layer, and charge-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4

Impedance spectra, represented as Nyquist plots, recorded on ST, HV, HW and HO electrodes subject to (a) the first charge and (c) the first

discharge. (b) and (d) display, for clarification, the amplified region corresponding to high frequencies in (a) and (c), respectively.

transfer reaction at the electrode/electrolyte interphase. The
latter two values are meant to provide information about the
kinetic barrier imposed at the electrode interphase. Their
spectral profiles also highlight the presence of the Warburg
element in series with the charge-transfer resistance, since it is
known that these two processes often occur in sequence. In
other words, the Na' ions first undergo a charge transfer at the
interface, which is followed by the diffusion of the ions into the
bulk electrode material. Therefore, the Warburg element would
represent the impedance due to Na' ion diffusion. In layered
oxides, where diffusion is a critical process, this is important,
since Na* ions might need to migrate through interlayer spaces,
which could be slow at low frequencies.

From the spectra in Fig. 4, it is evident that all samples
present the same electrochemical mechanisms for the charge/
discharge. This is somehow expected considering that all have
the exact same composition and fabrication methodology.
Thus, the main difference among them is in different resis-
tances, which are related to size, in agreement with Fig. 3a-d in
which different capacities are obtained. For instance, both
charge and discharge spectral profiles revealed that the sample
labeled as HV has the highest resistance values, suggesting that
the whole process is limited by the internal impedance of the
cell. This is in agreement with the predominant faradaic
diffusion contribution. This higher resistance is also evidenced

This journal is © The Royal Society of Chemistry 2025

by the slightly lower capacitance values obtained for the HV
sample in both long cycling and C-rate (Fig. 3e and f).

In contrast, the results clearly show lower resistance values
for the HO sample, which was obtained by using a relatively
high concentration of surfactant, confirming the reliability of
this ratio together with this synthetic procedure to build opti-
mized electro interphases for sodium migration.

Although all samples exhibit considerable capacities,
coulombic efficiencies, and retention capabilities due to the
stabilizing role of Mg, the HO sample stands out with remark-
ably high capacities (see Table S3 in the ESI{ for a comparison
with previously reported results on Mg-doped Na-TMOs). The
only difference evident among all samples is the particle size
and distribution. The observed trend is that both the average
size of the larger particles and the number of smaller particles,
which appear to be less electrochemically active, increase at
lower oleic acid concentrations. This could explain the differ-
ence in specific capacity among various samples. Additionally,
to further isolate the effect of particle size on the electro-
chemical performance of the samples, a Nagg;Nigo7Mgo 06"
Mn, 660, sample was synthesized via a conventional dry milling
route for comparison (see the discussion in Section 4 of the
ESIt). This conventionally synthesized sample also exhibits
a predominantly P2-type structure and a homogeneous
elemental distribution comparable to those obtained through

J. Mater. Chem. A, 2025, 13, 25904-25913 | 25909
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200 nm

Fig. 5 High-resolution STEM image of the HO sample (a) in the pristine state, (b) after 1 cycle and (c) after 100 cycles; of the ST sample (e) in the
pristine state, (f) after 1 cycle and (g) after 100 cycles. The inset in (a) represents the P2 modelled structure (transition metals are shown in green,
oxygen atoms in red and sodium atoms in yellow). In (d) and (h) are shown low magnification STEM images of the HO and ST particles,

respectively, after 100 cycles.

our organic synthetic route. However, it presents a larger
particle size, with an average value of 3.0 + 1.1 um. This result is
consistent with the observed trend in which a larger average
particle size leads to lower capacities during the first charge and
discharge cycles.

It can be therefore concluded that in the HO sample more
optimal particle size and size distribution have been achieved—
large enough to accommodate the stresses associated with
lattice parameter changes during charge and discharge cycles,
yet small enough to enable easy and efficient pathways for
sodium ion insertion and extraction. To corroborate this
hypothesis, more in-depth studies were conducted on the
atomic- and nanometric-scale behaviour of the HO sample in
different charge states using aberration-corrected STEM
techniques.

It is well known that the main mechanisms of capacity loss
and, ultimately, structural failure in layered Na-TMOs include
the above-mentioned phase transitions, induced by layer
gliding, surface restructuring, crack formation, and ion migra-
tion to the alkali layers.*® The phase transformations, along with
the expansion and contraction associated with sodium inser-
tion and extraction, are also responsible for crack formation
within the particles.”*** Surface restructuring mainly results
from interactions between the material and the electrolyte, as
well as structural modifications due to oxygen loss.>** Finally,
transition metal ions can migrate to nearby layers, occupying
Na' vacancies generated during sodium extraction. These
transitions are generally irreversible, leading to unexpected
capacity loss and structural degradation.*

In order to visualize the structural evolution of the samples
with cycling, aberration-corrected STEM measurements were
performed on average sized particles of the sample with the best

25910 | J Mater. Chem. A, 2025, 13, 25904-25913

electrochemical properties (HO) and, for comparison, on
comparatively larger particles (long axis over 3 um) of the one
synthesized with standard concentrations (ST), both in the
pristine state and after the first charge-discharge cycle and 100
charge-discharge cycles. The results are summarized in Fig. 5.
In the pristine state, both samples exhibit characteristic stack-
ing of the P2 structure with an ABBA oxygen sequence when
observed along the [010] direction (Fig. 5a, e and S47 for all four
samples).

After the first charge cycle, the HO sample (Fig. 5b) retains
part of the original P2 structure, although O2 phase domains
are observed due to layer slipping during charging, in agree-
ment with the XRD results (Fig. 1b). Additionally, plane bending
(~10°) is observed, attributed to possible electrolyte infiltration,
along with a thin surface layer (~2 nm thick) of disordered rock-
salt made of Na-TMOs. These factors likely contribute to the
capacity fade observed after the first charge cycle, as they
partially block sodium reinsertion by obstructing the channels.
In the ST sample, however, this effect is significantly more
pronounced (Fig. 4f), where, in addition to a similar plane
bending angle, the rock-salt layer is much thicker, around 10
nm.

After 100 charge-discharge cycles, in the HO sample
(Fig. 5¢), plane bending increases (~21°), and the thickness of
the disordered rock-salt layer grows to approximately 5 nm.
Remarkably, however, the material still maintains a layered
structure in the bulk. In contrast, in the STEM-visible regions of
the ST sample particles (Fig. 5g), a complete transformation
into a rock-salt structure has occurred, and in the outermost
region, the crystalline order has been entirely lost, leading to
irreversible cathode degradation in subsequent cycles.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Low-dose iDPC reconstructed phase image of the HO sample
in (a) the pristine state and (b) charged at 3.7V and (c) 4.4 V. The inset in
(a) represents the P2 modelled structure (transition metals are shown
in green, oxygen atoms in red and sodium atoms in yellow).

It is therefore evident that in addition to the stabilizing effect
of Mg, particle size plays a critical role, as the HO sample can
better accommodate the volume changes associated with
sodium extraction and reinsertion without undergoing struc-
tural damage as severe as that observed in the ST sample.

This was further confirmed at the microscopic level through
conventional STEM measurements on both samples. As can be
observed, the HO sample (Fig. 5d) maintains its integrity after
100 cycles, although surface damage with crack initiators
appears. However, the ST sample (Fig. 5h) suffers catastrophic
damage due to crack formation and propagation, leading to
particle pulverization.

Finally, to rule out ion migration to the alkaline metal layer
in the HO sample, low-dose iDPC measurements were carried
out both in the pristine state and at various charge points. This
technique yields an image that is directly interpretable as the
projected electrostatic potential. The resulting contrast is

This journal is © The Royal Society of Chemistry 2025
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roughly proportional to the atomic number Z, which drastically
improves the detectability of light elements, such as sodium or
oxygen, among heavy ones in the same image.** It has been
shown that iDPC-STEM images have a higher signal-to-noise
ratio than other STEM techniques.** Additionally, much lower
beam currents can be used, since effectively all the electrons
that reach the detector plane are collected. These last two
aspects are critical in materials sensitive to the electron beam,
such as charged particles, since it has been demonstrated in
other similar systems that structural changes induced by the
electron beam are similar to those produced by charge and
discharge cycles, leading to erroneous conclusions.***’

Fig. 6 shows reconstructed phase images obtained via iDPC
of the sample in the pristine state (Fig. 6a), charged at 3.7 V
(Fig. 6b), and charged at 4.2 V (Fig. 6c). In all three cases, the
contrast within the sodium layer is homogeneous, although it is
lower in the sample charged at a higher voltage due to a higher
level of desodiation. Higher contrasts that would correspond to
the transition metal migration to adjacent alkaline layers are
not observed in any case, further confirming the stabilizing role
of Mg within the Nay ¢,Nig.27Mgo.06MN.660> lattice.

Conclusions

In conclusion, we have shown that an easy and ultrafast emul-
sion-based synthesis route can be used to fabricate Nag¢;-
Nig.27Mgo.06MnNg 660, With superior electrochemical properties
(260 mA h g~ first discharge and 140 mA h g~ " after 100 cycles
and coulombic efficiency of 99% after 100 cycles). Low
concentrations of oleic acid, acting as the surfactant, lead to the
formation of unstable emulsions and the subsequent nucle-
ation and growth of particles with uncontrolled size. However,
an increase in oleic acid content produces much more stable
micelles, which are the origin of particles with optimal size and
a narrower particle size distribution. Thus, the synergistic
combination of the appropriate size and the stabilizing role of
Mg results in particles that can better accommodate volumetric
variations induced by charge and discharge cycles while also
providing channels through which sodium can be easily
extracted and intercalated.

Advanced STEM techniques have confirmed that compared
to particles synthesized with lower amounts of surfactants,
particles synthesized with higher oleic acid content largely
retain the P2 structure after the first charge-discharge cycle and
are also capable of maintaining the layered structure and
structural integrity after 100 cycles. Moreover, no migration of
transition metals to the alkali metal layers is observed during
the first charge, which could otherwise cause irreversible
capacity loss.

Although further investigation is needed to fully understand
the exact mechanism that governs the surfactant ratio-micelle
stabilization relationship and to determine the optimal
proportions, our research represents an important step toward
achieving the rational design of Nag g;Nij 7 Mg0.06MNg 6602
particles for sodium-ion battery cathodes with optimized sizes
through a simple, fast, cost-effective, and industrially scalable
synthetic route.
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