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Among the different cathodes studied for Sodium-lon Batteries (SIBs), the P2-layered oxide structure has
garnered significant attention due to its electrochemical properties. However, several critical issues must
still be addressed to enable large-scale commercialization, including the numerous phase transitions that
the structure undergoes during cycling at high potentials (4 V) and the low Na content in the pristine
material. In this work, starting from the promising and sustainable Nag ¢;Mng sFep sO,, we developed new
cathodes by partially replacing Fe with Mg. In addition to studying the role of Mg(), a cation known for
its stabilizing properties, we also evaluated the influence of two different synthesis methods on the
structural and functional properties. In particular, spray-drying proved to be very promising compared to
the conventional solid-state synthesis, as it leads to materials with morphology and microstructures
more compatible with application as cathodes for batteries. The calculated Na diffusion coefficient (Dy,+)
is more than two orders of magnitude higher for P2—Nag g;Mng sFep 3Mgo 2O, prepared by spray-drying
than that by the solid-state synthesis (1078 vs. 1072 cm? s7%). In line with this result, the capacity
retention after 100 cycles @ 1C is also significantly higher (72% vs. 81%). Compared with P2-
Nag.g7Mng sFeq 502, Mg(i-doping significantly improves the cathodic performances of the spray-dried
materials, increasing capacity retention after 200 cycles at 1C from 39% to 69%. In conclusion, we
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can never be stored at such low voltages.®” On the other hand,
due to its intrinsic properties, Na has some disadvantages

1. Introduction

(cc)

In recent years, the energetic transition and the research on new
electrochemical energy storage devices that can compete with
lithium-ion batteries (LIBs) led to the development of new types
of batteries based on different elements, such as Na*, K", Ca**,
or Mg>*".** Among them, Sodium-Ion Batteries (SIBs) represent
one of the most viable and promising alternatives to LIBs in
terms of (i) sustainability, since they don't need critical raw
materials such as Li, Co, and graphite for their production; (ii)
abundance of Na resources in the Earth's crust and in sea or
industrial waters; (iii) safety, since it has been verified that full
SIBs can be stored and transported safely and without
compromising their performance even at 0 V, unlike LIBs that
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compared to Li in terms of lower energy density (both volu-
metric and gravimetric) and higher standard reduction poten-
tial (—2.7 V and —3.0 V for Na'/Na and Li'/Li, respectively).
Considering this limitation, it is essential to harness the
specific advantages of both battery technologies to broaden the
range of energy storage solutions and decrease reliance on LIBs.
Consequently, SIBs should be regarded as complementary to
LIBs, particularly in applications where high energy density and
power within a compact design are not primary requirements
(e.g:, electric vehicles).® In recent years, world-leading compa-
nies in the field have been investing in developing sodium-ion
batteries, in some cases already reaching large-scale produc-
tion and commercialization. Prominent among these is China's
CATL, which in 2021 presented its first battery based on Prus-
sian white (cathode) and hard carbon (anode), with an energy
density > 160 Wh kg '.° In Europe, an example is Britain's
Faradion, which bases its battery on layered oxide-type cathodes
and hard carbon-based anodes, with energy density > 120 Wh
kg~ " and an average life of more than 3000 cycles.' The French
Tiamat uses polyanionic compounds as cathodes and patented
batteries with energy densities of 90-120 Wh kg™, super-fast
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charge (5 minutes), and an average life of more than 5000 cycles
with capacity retention > 80%.' The choice of the cathode
material is one of the crucial steps in the design of sustainable
SIBs."” For example, one of the main advantages of layered
oxides is the possibility of achieving high energy densities by
appropriately choosing their composition, even though this
often comes at the expense of long-term stability."*** For poly-
anionic compounds, the trend is the opposite; because of their
high molecular weight, they do not guarantee high energy
densities, but they have high structural stability even after being
stressed for many cycles. Prussian blue analogs, finally, have
intermediate properties between those of the previous two in
terms of energy density and stability but have the great advan-
tage of having much lower production costs. On the other hand,
their safety is still under debate.'®> Unlike the most widely used
cathode for lithium-ion batteries, lithium cobalt oxide LiCoO,
(LCO),**'” whose layered structure can only be of the O3 type
(space group R3m), layered cathodes for SIBs can be synthesized
in different stacking sequences, among which the most
important are P2 (space group P6;/mmc) and O3. As proposed by
Delmas et al.,*® the letters P and O represent the coordinative
environment of Na' ions, prismatic and octahedral, respec-
tively; the numbers indicate how many Na layers are present in
each elementary cell. These two phases have different initial
sodium content and markedly different electrochemical
performances. P2 generally offers higher ionic conductivity and
structural stability than O3. However, at high potentials (>4 V),
it suffers from phase transitions to other phases (named 02,
OP4, or Z in the literature), which are often electrochemically
inactive.’?® O3, by contrast, has a higher specific discharge
capacity (due to its higher Na" content), but it has slower Na*
diffusion kinetics and a lower average potential than P2. Even
though this depends on the exact composition, all the layered
structures are air-sensitive®* but, in general, O3 phases suffer
from more structural distortions than P2 ones when exposed to
air or humidity.?* One of the most promising research activities
on layered oxides is trying to enhance their cathodic perfor-
mance by modifying the elemental compositions, by intro-
ducing electrochemically inactive cations known for their
stabilizing properties like Mg”*, Ca®", or Ti*".?** Mg>" sits on
the lattice site occupied by the active cations on the transition
metal layers and, because of this, it can prevent the collapse and
slippage of the planes during cycling.>*?® In addition, Mg>" also
allows for increased P2-layered oxide air stability by increasing
the average oxidation state of the other cations in the
structure.'*?*

Among the various compositions studied and reported in the
literature, P2-Na, 6;Mn, sFe, 50, is certainly one of the most
promising, due to its favorable electrochemical properties
(theoretical energy density of 520 Wh kg™ ') and low production
cost, resulting from the natural abundance of both Mn and Fe.
However, the aforementioned phase transitions at high voltages
limit its large-scale application. Various synthesis strategies®>**
and cation substitutions have demonstrated that optimizing
these two factors can significantly enhance cathode perfor-
mance. For instance, a slight substitution with Ti*" or Si**
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increases capacity retention by nearly 50% compared to the
unsubstituted oxide after 100 cycles.**?*

Recently, the development of layered cathodes with a P2/0O3
biphasic structure has garnered significant attention, as this
configuration combines the advantages of both phases, yielding
higher-performance cathodes compared to pure P2 or O3. As an
example, Faradion has successfully commercialized a P2/03
biphasic cathode with the composition
Na,Ni;_,_, ,Mg,Mn,Ti;0,, demonstrating enhanced electro-
chemical properties compared to their first pure O3 materials.*

The synthesis route plays a key role in the development of
electrode materials, as depending on the precursors used and
the synthesis conditions, materials with the same composition
but different cathodic performances can be obtained due to
a different morphology, porosity, and microstructure. Spray-
drying or spray-pyrolysis, for example, represents some of the
most promising types of synthesis, as they are low-cost, highly
reproducible, and easily scalable.***® Experimentally, spray-
drying synthesis consists of three parts: (i) atomization of the
starting solution into fine droplets; (ii) evaporation of the
solvent (usually H,O) by a hot gas flow; (iii) recovery of the dry
powder, with the desired composition and regular morphology.
In many cases, final calcination at high temperatures (700-800 °
C) is also necessary for the formation of the desired crystalline
structure.

In this work, we synthesized and characterized P2-layered
oxide cathodes for sodium batteries with stoichiometry Na, g,-
Mn, sFe, 5 Mg, 0, (x = 0, 0.2). Starting from the already known
P2-Na, ¢;Mn sFe, 50, oxide, we evaluated the stabilizing role
imparted by doping with Mg>* on the cathodic performance,
both from the performance point of view and by evaluating the
diffusion coefficient Dy, during cycling. The structural evolu-
tion of the materials was evaluated during cycling by operando
XRD experiments. In addition, both compositions were
prepared by both solid-state synthesis and spray-drying
synthesis; hence we could evaluate the influence of synthesis
conditions on the morphological, structural, and electro-
chemical properties of all materials.

2. Materials and methods

2.1. Synthesis of P2-Na, ¢;Mn, sFe, 5 ,Mg,0, (x = 0, 0.2)

P2-Na, 6;Mn, sFeq 5 Mg,O, (x = 0, 0.2) were prepared through
solid-state synthesis (SS-0 and SS-02), starting from commercial
oxides and Na,COj; in an appropriate stoichiometric ratio. To
increase the contact area between the particles, all the precur-
sors were first mixed in stainless steel jars using a planetary ball
miller at 100 rpm for 3 h. Sodium carbonate was introduced in
5 wt% excess to compensate for the eventual loss of Na after
high-temperature calcination. Subsequently, the resulting
powder was sintered in pellets, using a uniaxial press, and
treated in a tube furnace at 1000 °C for 3 h (ramp rate of 5 °
C min~ "), at the end of which the structure was quenched by
quickly removing the product from the furnace to avoid phase
transitions during cooling time.

The two compositions were also synthesized by spray-drying
synthesis (SD-0 and SD-02) followed by heat treatments. For the

This journal is © The Royal Society of Chemistry 2025
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spray-dry process, we used a Buchi Mini Spray Dryer B-290,
starting from a 0.2 M water solution made of commercial
Fe(NO,);-9H,0, (CH;CO0),Mn-4H,0, Mg(NO;), -6H,0 and
CH;COONa-3H,0. Since this synthesis allowed us to reduce the
synthesis temperature, we didn't expect Na loss during the
calcination process, so we didn't introduce Na excess. Table S1
shows the conditions imposed on the instrument for the spray
process. After collecting the resulting spray-dried powder, we
calcined it at 775 °C for 8 h (SD-0) and 800 °C for 10 h (SD-02) for
P2-layered phase formation.

2.2. Cathode preparation and cell assembly

The cathode slurry was prepared by using 80 wt% of active
material, 10 wt% of conductive carbon black (Imerys, Ensaco
350P), and 10 wt% of a binder (polyvinylidene fluoride, PVdF).
The solid content of all slurries was kept between 28 wt% and
30 wt%. The Cathode Active Material (CAM) and carbon
powders were mixed in zirconia jars using a planetary ball mill
at 150 rpm for 10 min twice, with a rest period of 5 min.
Subsequently, the polymeric binder was added and mixed in
a similar procedure. The as-prepared mixture was dispersed in
N-methyl pyrrolidone (NMP) to obtain the slurry, which was cast
on carbon-coated Al foil using a doctor blade with a wet thick-
ness of 300 pm. The cast slurry was dried under vacuum at 80 °C
to avoid moisture and oxygen contamination. The cathode was
finally cut into 2 em” disks and stored in an Ar-filled glove box
(MBraun, O,, H,O < 0.5 ppm) before the electrochemical
measurements. The loading of the electrodes was ~3 mg cm ™.
For operando XRD experiments, we prepared the electrodes
following a different procedure, as reported elsewhere.*” All the
functional tests were performed in coin cells (CR2032-MTI
Corp.) assembled in an inert atmosphere (Ar) at room temper-
ature (25 °C). Metallic Na was used as the counter electrode.
Electrodes were separated with two Whatman GF/A glass fiber
separators, imbibed by 90 pL of liquid electrolyte, consisting of
a solution of 1 M NaPFs in ethylene carbonate: dimethyl
carbonate + 2 wt% fluoroethylene carbonate (FEC).

2.3. Characterization

Morphologies and elementary compositions of the materials
were investigated through SEM and ICP-AES analysis. We used
a Tescan Mira3 XMU microscope operated at 20 kv and
equipped with an EDAX EDX analysis system and a Thermo
Fisher Scientific Phenom ProX microscope to collect SEM
images. ICP-OES analyses were performed using an Avio 220
max (PerkinElmer), equipped with an AVIO Glass Cyclonic
Baffled spray chamber, a quartz torch, and a dual backside-
illuminated charge-coupled device (DBI-CCD) detector. The
TM quantification was carried out on HNO;-digested solutions
in the axial mode at a 670.8 nm wavelength, using an external
standard calibration curve. An ICP grade multi-element stan-
dard (1000 mg L) was diluted to 0.3-0.6-2.0-5.0-9.0 mg L "
and then acidified to a final concentration of 2% nitric acid
(from ultrapure 65% HNO;). The measurement conditions were
as follows: nebulization gas flow: 0.7 L min~'; power RF:
1500 W; auxiliary gas flow: 0.2 L min~'; peristaltic pump: 1
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mL min~'; frequency: 500 Hz. For Na quantification, we used
ultrapure H,O for chromatography (Na < 200 ppb).

XRD patterns of P2-Nay ¢;Mn, sFeq s, Mg, O, powder were
collected with a STADI P diffractometer (STOE, Germany) with
Mo-Kal radiation (A = 0.70932 A, 50 kv, and 40 mA) and
a Mythen2K detector, in the 5-70° 26 range and with a 0.015°
step. Rietveld refinement was conducted using the FullProf
Suite software. Operando XRD experiments were performed on
a customized CR2032 coin cell with quartz glass windows (6 mm
in diameter and 100 pm in thickness). The cell was mounted on
a rocking sample holder in the diffractometer mentioned above
and measured in transmission geometry. Each scan was recor-
ded for 15 min in 0.015° steps from 3° to 36°. The half-cell was
cycled at 0.067C. The electrochemical performances of all the
materials were investigated with a Bio-Logic VMP-3e through
Galvanostatic Cycling with Potential Limitation (GCPL) at
different C-rates, Potentiodynamic Cycling with Galvanostatic
Acceleration (PCGA), and Galvanostatic Intermittent Titration
Technique https://www.metrohm.com/en/applications/
application-notes/autolab-applikationen-anautolab/an-bat-
003.html (GITT) in the working potential window 1.5-4.2 V. The
theoretical capacity was calculated to be 260 mA h g~* for x =
0 and 280 mA h g ' for x = 0.2, based on the molecular
weight of the respective compositions and assuming, in
excess, the reversible extraction of one Na" equivalent for each
half-cycle.

3. Results and discussion

3.1. Structural and elementary analysis

XRD patterns collected on the obtained powders are reported in
Fig. 1. These confirm that both solid-state and spray-drying
synthesis led to the formation of materials with the desired
P2-layered structure with small impurity phases. Rietveld
refinement revealed that, for solid-state synthesized cathodes
(Fig. 1a and b), this impurity consists of electrochemically
inactive spinel-like MnFe,O, (space group: Fd3m). For spray-
dried compositions (Fig. 1c and d), on the other hand, the
secondary phase was found to be the electrochemically active
0O3-layered oxide structure (space group: R3m). The presence of
the O3 phase may be attributed to inhomogeneous mixing of
sodium acetate during the spray process, which likely led to the
formation of Na-rich and Na-poor domains, thereby favoring
the formation of the O3 and P2 phases, respectively, during
calcination. Tables 1 and 2 summarize the results obtained
from the Rietveld refinement of structural models performed
against the experimental powder XRD patterns. For these
analyses, the occupancy of Mn and Fe atoms was fixed at their
stoichiometric values due to the inability of X-ray diffraction to
differentiate between them. We applied the same constraint
also for Mg-doped samples, assuming that all Mg atoms
substituted Fe on the 2a site. As indicated by the statistic factor
reported under each table and the difference between the
experimental and calculated profiles (blue line in Fig. 1), the
refinement quality for the two x = 0 cathodes is notably lower
than that for x = 0.2. This difference is attributed to stacking
faults along the {10/} family of planes in the P2-
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Fig.1 Rietveld refinement of the XRD pattern of (a) SS-0, (b) SS-02, (c) SD-0, and (d) SD-02. The quantification of the P2-layered oxide and the
secondary phase, obtained through the refinement, is also reported for all samples.

Nay 67Mny sFe, 50, layered structure, as described by Yabuuchi
et al.*® Because of this structural defect, we decided not to refine
the Na thermal factor (Bjs,), but instead fixed it at 3.0 for SS-

Table 1 Refined structural parameters of solid-state synthesized P2-
layered oxides

0 and SD-0 (Tables 1, a and 2, a). This value was selected
based on the Bj,, refinement results for x = 0.2 (Tables 1, b and
2, b), which do not appear to suffer from a significant amount of

Table 2 Refined structural parameters of spray-drying synthesized
P2-layered oxides

Atom Multiplicity — x y z B Occ Atom Multiplicity — x y z B Occ

(a) SS-0° (a) SD-0°

o) af /3 2/3  0.0905(3) 0.64(7) 1.0 o) af /3 2/3  0.0831(4) 0.5(1) 1.0

Fe 2a 0 0 0 0.50(2) 0.5 Fe 2a 0 0 0 0.56(2) 0.5

Mn 2a 0 0 0 0.50(2) 0.5 Mn 2a 0 0 0 0.56(2) 0.5
Nag1) 2b 0 0 1/4 3.0 0.200(5) Nag1) 2b 0 0 1/4 3.0 0.227(6)
Na,(2) 2d 13 2/3 3/4 3.0 0.385(6) Nag(2) 2d 13 2/3  3/4 3.0 0.261(7)
(b) Ss-02° (b) SD-02°

o) af 1/3  2/3 0.0873(3) 0.92(6) 1.0 o) af /3 2/3  0.0905(2) 1.04(4) 1.0

Fe 2a 0 0 0 0.60(2) 0.3 Fe 2a 0 0 0 0.66(1) 0.3

Mn 2a 0 0 0 0.60(2) 0.5 Mn 2a 0 0 0 0.66(1) 0.5

Mg 2a 0 0 0 0.60(2) 0.2 Mg 2a 0 0 0 0.66(1) 0.2
Naf1) 2b 0 0 1/4 3.2(2) 0.210(4) Nagf1) 2b 0 0 1/4 2.5(1) 0.212(2)
Na,(2) 2d 13 2/3 3/4 3.2(2)  0.391(5) Nag2) 2d 13 2/3  3/4 2.5(1)  0.380(3)

“ Space group: P6;/mmc (194), a = b = 2.92557(3) A, ¢ = 11.2685(2) A, o =
B = 90°, v = 120° vol. = 83.525(2) A°. R, = 9.38%, Ryp = 15.0%, Reyp =
2.22%, Bragg R-factor = 6.32%. ¥ Space group: P6y/mmc (194), a = b =
2.91543(3) A, ¢ = 11.2356(2) A, & = 8 = 90°, v = 120° vol. = 82.705(2)
A*. R, = 4.44%, Ry, = 6.13%, Reyp = 4.62%, Bragg R-factor = 3.51%.

31224 | J Mater. Chem. A, 2025, 13, 31221-31235

“ Space group: P6;/mmc (194), a = b = 2.91998(5) A, ¢ = 11.2921(4) A, a =
8 = 90°, v = 120° vol. = 83.381(4) A°. R, = 9.57%, Ryp = 13.4%, Reyp =
3.33%, Bragg R-factor = 8.76%. Y space group: P6/mmc (194), a = b =
2.91269(2) A, ¢ = 11.2012(1) A, & = § = 90°, v = 120° vol. = 82.297(1)
A*. R, = 5.30%, Ryp = 7-36%, Rexp = 3.06%, Bragg R-factor = 3.55%.

This journal is © The Royal Society of Chemistry 2025
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stacking faults and thus allows us to refine Na B;y, with good
accuracy. Contrary to the expectation that Mg>" doping would
increase the ¢ lattice parameter due to its larger ionic size
compared to Fe**, Mn*" and Mn*" (0.72 A vs. 0.64 A, 0.64 A and
0.53 A, respectively), we observed a notable reduction of this
parameter from 11.2685(2) A to 11.2356(2) A and from
11.2921(4) A to 11.2012(1) A for solid-state and spray-drying
synthesis, respectively. The decrease in the ¢ parameter
between the materials is not attributed to the Mg(u) substitution
but, instead, to a different Na* content within the layers of the
P2-layered structure, as we will discuss later regarding the ICP
analysis results. In particular, a higher Na" positive charge can
more effectively shield the O>~ negative charge located in the
transition metal layers, enhancing the overall attraction
between the layers and, thus, promoting the contraction of the
elementary cell along the ¢ axis. The a = b parameter also
decreases, which we can explain due to the increased oxidation
state of Mn>" following the introduction of Mg?”, resulting in an
overall reduction in the average ionic radius of the cations.

Through ICP-OES analysis, we checked the elementary
composition of all the materials under investigation. Table 3
summarizes the results of this analysis, which confirmed the
good agreement between the nominal and experimental stoi-
chiometric coefficients for all elements, except for Na.

The sodium content in all compositions is consistently lower
than the theoretical value of 0.67, likely due to Na loss during
high-temperature calcination. Since the Na content is recog-
nized as one of the most influential factors affecting the struc-
tural-electrochemical properties of this family of cathode
materials, we tried to accurately assess the stoichiometry of the
cathodes by comparing the ICP-OES and Rietveld refinement
results for the Na quantification, as summarized in Table 4 and
Fig. S3.

In general, we observe a reasonable agreement between the
ICP and XRD results, which improves, however, for SD samples
over SS samples, and further for Mg-doped samples vs. undoped

Table 3 Experimental stoichiometric coefficients obtained from ICP-
OES analysis for Fe, Mn and Mg

Solid-state Spray-drying

x=0 x=0.2 x=0 x=0.2
Mn 0.465 0.509 0.452 0.511
Fe 0.468 0.296 0.472 0.291
Mg — 0.189 — 0.229

Table 4 Comparison of Na content of all the cathodes under inves-
tigation derived from ICP-OES analysis and Rietveld refinements (XRD)

Solid-state Spray-drying

ICP-OES XRD ICP-OES XRD
x=0 0.491 0.59(1) 0.449 0.49(1)
x =02 0.565 0.601(9) 0.607 0.592(5)

This journal is © The Royal Society of Chemistry 2025
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ones. The poor agreement in the case of undoped SD may be
due to the stacking faults issue previously discussed, so that the
Na quantification derived from the Rietveld refinement is ex-
pected to be less reliable than that obtained by ICP-OES,
particularly for the x = 0 samples. Therefore, for all character-
ization studies, we considered only the Na content obtained
from ICP-OES analysis. It is also worth noting that, in the case of
SD-0, the sodium content is probably strongly correlated with
the quality of the powder after the spray-drying process. This is
likely due to a certain amount of sodium acetate not being well
incorporated, resulting in a highly hygroscopic product that is,
due to this reason, also difficult to collect from the spray dryer.
In contrast, for SD-02, none of these issues were experimentally
observed, and in fact, the final powder exhibited a significantly
higher sodium content.

The morphology of all the materials under investigation was
evaluated through SEM analysis. Fig. 2, related to the solid-state
synthesized materials, shows micrometer-sized and very
compact grains, typical of the products of reactions carried out
at high temperature (1000 °C).

Spray-dried materials have a similar morphology to the one
just described because of the high-temperature treatments
following the spray process. However, the average size distri-
bution (Fig. S1) showed that spray-drying synthesis led to
smaller grains with a narrower distribution of dimensions, as
well highlighted by the standard deviation associated with every
result. The observed difference is attributable to the nature of
the precursors used in the calcination process. Commercial
oxides were used in solid-state synthesis, whereas a powder
obtained from the spray process was employed for the spray-
drying. This powder exhibits a uniform shape and size, as
illustrated in Fig. 3a and c. Furthermore, EDX analysis (Fig. S2)
further confirms that these particles possess the correct stoi-
chiometric ratio of transition metals.

3.2. Electrochemical performances

All the materials were tested as positive electrode materials for
SIBs in a half-cell vs. Nag,). Based on the literature and the
composition of the oxides under investigation, we studied the
electrochemical performances between 1.5 V and 4.2 V. We
introduced 2 wt% FEC into the electrolyte mixture used to limit
electrolyte degradation at high potentials (>4 V) during
cycling.**

We evaluated the active redox phenomena from differential
capacity curves (dQ/dV) obtained through PCGA analysis at low
current density @ 0.067C (Fig. 4). As highlighted in the figures,
two reversible active phenomena were identified in all the
materials at potentials of 2-2.2 V and 3.3-4 V, corresponding to
the Mn(m)/Mn(v) and Fe(ur)/Fe(v) redox-active couples, respec-
tively.** The irreversibility observed after the first charge at
potentials > 4 V can be attributed in part to the degradation of
the electrolyte, which is only mitigated by the presence of FEC,
but also possibly to the partially irreversible oxygen redox active
contribution (0>~/07),*>** which we will also discuss later in the
operando XRD results section. For solid-state synthesized cath-
odes (Fig. 4a and b), the peaks associated with active redox
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Fig. 2 SEM images of (a and b) SS-0 and (c and d) SS-02 at different magnifications.

phenomena appear sharper and more defined than those
observed for SD-0 and SD-02 (Fig. 4c and d). In the 1* cycle, the
peaks between 2.7 V and 3 V can be attributed to the polariza-
tion of the coin cell immediately after the start of the
experiment.

We investigated the Na* content evolution in the P2 structure
during the first three charge-discharge cycles for all the cath-
odes, aiming to assess the reversibility of the intercalation-
deintercalation reaction (Fig. S4). Starting from the nominal
value of Na" in the cathodes (x = 0.67), during the first charge,
all materials are desodiated to a sodium content of x = 0.2-0.4.
Over the next discharge, on the other hand, Na" intercalation
occurs to x = 0.8-0.9. This sodium excess compared to the
initial value is due to the Nag,) used as a counter-electrode,
which ensures an almost infinite Na* source, leading to deep

sodiation of the cathodes. It's interesting to note that, in the
first cycle, spray-dried cathode curves have smoother profiles
than the solid-state ones. SD-02 (Fig. S4d) intercalates less Na*
than the others, but the process is almost completely reversible
over the cycles investigated. As already known in the literature,
the small phenomenon observed in discharge at potentials less
than 2 V (circled in blue in Fig. S4) can be attributed to the
reversible passivation of the Na(y,) counter electrode due to the
presence of EC in the electrolyte mixture.**** By comparing the
cathodic performance of SS and SD materials (Fig. S5a and b,
respectively), we confirmed the stabilizing effects of Mg
doping, regardless of the synthesis method. At all the tested C-
rates and for both the synthesis routes, x = 0.2 discharge
capacity consistently exceeds that of x = 0. Coulombic efficiency
(C.E.) remains above 95% across all the different current

775°C, 8h
(5 °C/min)

—

800°C, 10h
(5 °C/min)

Fig. 3 SEM images of (a and b) SD-0 and (c and d) SD-02 pre- and post-heat treatments.
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Fig. 4 dQ/dV curves for (a) SS-0, (b) SS-02, (c) SD-0, and (d) SD-02 performed between 1.5V and 4.2 V @ 0.067C.

densities investigated. To assess the influence of synthesis
conditions on the performance, we compared the cathodic
properties between SS-0 and SD-0 and between SS-02 and SD-02
(Fig. 5a and b, respectively). This comparison reveals that for
both x = 0 and 0.2, spray-drying led to superior cathodic
performance than solid-state synthesis. The good specific
capacity recovery following cycles at 0.5C confirms the struc-
tural stability of all the materials, regardless of the type of
synthesis. Interestingly, for the same elemental composition,

200

the difference in capacity observed between the two synthesis
methods is significantly more pronounced for x = 0 than for x =
0.2. This difference highlights that, for the unsubstituted oxide,
whose composition is not optimized through Mg(u) doping, the
choice of the synthesis method leads to a marked performance
improvement. As already mentioned in the Introduction, the
microstructure of spray-dried materials is indeed more suitable
for application in battery cathodes compared to that of solid-
state materials. On the other hand, although x = 0.2 shows
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Fig. 5 GCPL experiment results on the cathodes under investigation at different C-rates between 1.5 V and 4.2 V. Comparison of discharge
capacity and Coulombic Efficiency (C.E.) between (a) SS-0 and SD-0 and (b) SS-02 and SD-02.
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a lower performance enhancement between the two synthesis
methods compared to x = 0, the discharge capacities achieved
with both synthesis approaches are considerably higher.
Therefore, it can be concluded that Mg(u) substitution exerts
a generally more impactful stabilizing effect than the choice of
the synthesis route. However, it is essential to keep in mind that
scan rate tests provide valuable insights during the early char-
acterization of a material, particularly for understanding
behavior at different current densities. Still, these tests alone
are insufficient for the comprehensive evaluation of a new
material. In order to gain deeper insight into the material
properties and to further stress the layered structure of the
different cathodes, with the aim of better highlighting the
stabilizing effect of Mg>" over cycling and the differences in
performances between different syntheses, we conduct long
tests (100 cycles) at a high C-rate (1C). Before cycling at 1C, we
performed six pre-cycles at lower current densities (2 cycles at
0.13C, 2 cycles at 0.25C, and 2 cycles at 0.5C) to better stabilize
the materials’ structure and the cathode electrolyte interface.
Fig. 6 compares the average discharge capacity and
coulombic efficiency (calculated over two tests performed on
each sample) for the two compositions prepared by both
synthesis routes. For x = 0 (Fig. 6a), the calculated capacity
retention after 100 cycles is 50% for SD-0 and 44% for SS-0.
Coulombic efficiency remained consistently high (>95%) for
both cathodes. The differences in the Mg-doped oxides (Fig. 6b)
are more pronounced: after 100 cycles, capacity retention is

View Article Online
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81% and 72% for SD-02 and SS-02, respectively. Moreover, the
coulombic efficiency was consistently maintained above 99%
for both cathodes. The differences in discharge capacity across
the two different synthesis methods employed, at the same
compositions, corroborate that the Mg(u)-doping exerts
a greater influence on cathodic performance than the choice of
the synthesis route, in agreement with the rate capability tests
results. In particular, for x = 0.2, the difference in capacity
retention is nearly twice that of the undoped oxide, clearly
indicating that the combination of an appropriate synthesis
method with the stabilizing effect of Mg(u) represents a highly
effective strategy for the development of high-performance
cathode materials, as it leverages the advantages of both opti-
mization approaches.

In light of these results, to further stress the electrochemical
stability of the spray-dried materials, we extended the stability
test to 200 cycles at 1C (Fig. 6¢): the capacity retention calculated
after 200 cycles increases from 39% for SD-0 to 68% for SD-02.
In this regard, we confirmed what was reported by Zhou et al.*
about the stabilizing role of the co-existence of P2/0O3 compared
to the pure P2-phase.

By comparing the results achieved for our best material (SD-
02) with those in similar studies reported in the literature, we
noticed that it’s very promising in terms of performance. P2/03
usually led to higher performances than the single P2 or O3
phase. For example, P2/0O3-Nay gsNip.34Mny 33Tig 330, demon-
strated a capacity retention of 80% after 200 cycles at 1C,*” while
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Fig.6 Long-term cycling test @ 1C. Comparison between discharge capacity and coulombic efficiency for (a) SS-0 and SD-0, (b) SS-02 and SD-

02, and (c) SD-0 and SD-02.
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the High Entropy Oxide (HEO) with composition P2-Nag gs-
Lio.0sMg0.04Nig 22Alp.04Mng 6,0, showed 72% retention after 200
cycles at 150 mA g~ ', due to the high configurational entropy
that helps stabilize cathodic properties during cycling.*® The
nature of the dopant cation also plays a crucial role in deter-
mining performance. For instance, Nage;FeqsMng 45Alg.050;
exhibited excellent stability, maintaining over 90% of its initial
capacity after 200 cycles at 1C,* mainly because of the AI** role
in suppressing the Jahn-Teller distortion associated with Mn>*
presence. Overall, the electrochemical performance of SD-02
appears highly promising and in line with the best results re-
ported in the literature.

We also conducted GITT experiments (see Fig. 7) to gain
a clearer understanding of the intrinsic differences between
materials with identical compositions but prepared through
different synthesis routes by examining the evolution of the
sodium diffusion coefficient (Dy,+) during cycling. The Dy, was
calculated using the equation below, derived by Weppner et al.*®

4 (V2 (AE\?
TT S AE,
where 1 is the current impulse duration, n,, and V;, refer to the

moles of the cathode active material and the molar volume of
the active material, respectively, and S indicates the electrode
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surface area. Note that S should represent the active surface
area of the electrode material in contact with the electrolyte, but
due to the difficulty in estimating the actual surface area in
a composite with a binder and carbon, we approximate it by
using the electrode surface. AE; and AE; represent the transient
voltage change during the single current pulse and the equi-
librium (steady-state) potential, excluding the IR drop.

Fig. 7a and b show the charge-discharge profiles (2™ cycle)
recorded for the four materials under investigation. The anal-
ysis of these curves allows for a qualitative assessment of
cathode kinetics by evaluating the overpotential (), calculated
as the difference between the potential at the end of the current
pulse and the end of the relaxation period.*>** This parameter is
particularly insightful in the voltage regions corresponding to
the Fe(u)/Fe(m) and Mn(u)/Mn(m) redox activity. Notably, the
lower 7 observed in SD-02 compared to SS-02 indicates superior
and faster kinetics.

As reported in Fig. 7c and d, the diffusion coefficient trend
shows significant decreases in the voltage regions where elec-
trochemically active phenomena occur for all the materials
under investigation. However, the GITT cannot be deemed
reliable at these potentials because the approximations made
for calculating Dy,+ only apply when the materials exhibit solid-
solution-like behavior.*® In particular, Fig. 7c shows that SS-
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Fig. 7 GITT charge—discharge curves (@0.067C) and the calculated Na™ diffusion coefficient (Dn,+) for (a—c) P2—Nag 6;Mng sFeq 50, and (b—d)

P2-Nag.67Mno sFep.3Mgo 20>.
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0 and SD-0 exhibit similar Dy, during charge. However, during
discharge, SD-0 demonstrates a slightly higher Na" diffusion,
which may account for the improved performance discussed
above. Nonetheless, since Dy, is consistently lower during
discharge than charge, we can conclude that the Na® interca-
lation process is the rate-limiting step in the electrochemical
reaction. For P2-Na, s, Mn, sFe; sMg,,0, (Fig. 7d), the Dy,
differences between the two syntheses are significantly
enhanced compared to the non-substituted oxides. Interest-
ingly, even for this composition, Na' insertion appears to be
slower than Na' extraction. The most interesting result,
however, is the Dy, increase by more than two orders of
magnitude for SD-02 compared with SS-02. This remarkable
increase can be explained by considering (i) the different
microstructure of spray-dried materials compared to solid-state
ones, which is inherently more suitable for the design of high-
performance electrode materials; (ii) the different surface area
of the two electrodes, which significantly influences the Dy,*
calculation; (iii) the presence of an electrochemically active
impurity phase in SD-02 (O3-layered phase) compared to the
inactive FeMn,O, of SS-0, whereby only the former would
contribute to the overall sodium diffusion during cycling; (iv)
the coexistence of mixed P2/03 phases for SD-02 compared to
the pure P2 phase of SS-02. As previously mentioned in the
Introduction, the co-existence of both P2 and O3 can, in some
cases, lead to enhanced Na' diffusion compared to pure P2 or
03 materials, because the advantages of both phases can be
fully exploited.” The presence of multiple interfaces in the
grains composed of both P2 and O3 phases offers additional
channels and active sites for enhancing the Na" diffusion upon
cycling.® Due to this reason, Na* ions can move to and from the
P2/03-layered structure with faster kinetics and an increased
diffusion rate during cycling.

3.3. Operando XRD

To investigate the structural evolution of the P2-layered struc-
ture during cycling and the Mg** stabilizing effect on the
electrochemical properties, operando XRD experiments were
conducted on SD-0 and SD-02. The results in Fig. 8a and b reveal
that these materials exhibit different behaviors during the first
two charge-discharge cycles, particularly at high potentials (>4
V). It is well-known that the biggest challenges for layered
cathode materials for SIBs arise above 4 V, where the P2 struc-
ture undergoes phase transitions and structural rearrange-
ments that, over cycling, can lead to a significant reduction in
cathodic performance. These transitions occur because of the
continuous Na' deintercalation-intercalation during cycling.
This process can disrupt the structural periodicity and facilitate
the formation of other inactive or unstable layered phases, such
as P2/, 02, and OP4.

An observation of the 002 reflections (and also 103, 104, and
106), above 4 V, is that SD-0 undergoes the well-known P2-Z°¢
phase transition, caused by the abovementioned layer sliding
between the pristine P2 phase and a mixture of O2 and OP4
phases. In contrast, examination of the analogous reflections
for SD-02 (Fig. 8b) reveals a consistent solid-solution-like

31230 | J Mater. Chem. A, 2025, 13, 31221-31235

View Article Online

Paper

behaviour across the entire working potential range, devoid of
any phase transition. Our results corroborate those by Yang
et al.,”” who well explained that Mg>" effectively suppresses this
reversible P2-OP4 phase transition.

From the 002 reflection shift, it is possible to observe the
evolution of the ¢ parameter, which can be easily correlated with
the evolution of Na content during cycling. In particular, upon
desodiation, there is initially an increase in the ¢ parameter (the
peak shifts to smaller angles) due to the greater repulsion
between the O>~ present on the metal planes. This results from
the reduced shielding imparted by the Na' ions, which migrate
toward the Na,) counter-electrode. Beyond a certain state of
charge, the 002 reflection abruptly shifts to higher angular
values, which indicates the collapse of the Na interlayer and the
onset of formation of the above-mentioned Z phase. During
sodiation, for the opposite reason, ¢ decreases as the Na" ions
are re-intercalated between the P2-oxide layers. 100, 110, and
112 reflections have opposite trends to those observed for 002
and can be related to a and b unit cell parameters. These two
parameters decrease during charge due to the increased
oxidation of metal cations, which in turn shortens the M-O
bond distance,®* leading to an overall contraction of the
elementary cell along these directions. Fig. 8a and b also show
the refined lattice parameters, obtained through LeBail refine-
ment, during the 1°* and 2" charge-discharge cycles for SD-
0 and SD-02, respectively. We decided to not refine the lattice
parameters in the Z-phase potential range for SD-0 because the
peaks associated with the OP4 and P2 phases are broadened by
stacking faults and have low intensity, making a proper
refinement cumbersome.

Notably, the ¢ parameter decreases during the first charge
between 4.0 V and 4.2 V for both compositions. This behavior is
well-documented in layered cathode materials for LIBs (e.g.,
LNO and NMC®***") and is typically attributed to a partial
collapse of layers at low Li content, leading to an overall
contraction of the unit cell. In other systems, this phenomenon
also overlaps with the onset of partially irreversible oxygen
redox activity at high potentials, which induces local structural
rearrangements and may contribute to contraction along the c-
axis.® It is worth noting that, during the second cycle, this c-axis
contraction at high potential is no longer observed, resulting in
a more symmetric evolution of this cell parameter during
charge and discharge. Consistent with these findings, Jin et al.
demonstrated that for P2-Na, ;5Cag 04[Lip1Nig,Mng6,]0,, the
asymmetry in the 00! reflection shift (and thus in the c-param-
eter evolution), between the end of charge and the beginning of
the subsequent discharge, is attributable to O, formation and
release.” This has a deleterious effect on the performance of the
materials concerned.

Conversely, for both SD-0 and SD-02, the absence of this
contraction at high potentials during the second cycle lends
support to the hypothesis that oxygen activity and/or collapse of
the layers is significantly suppressed from the second cycle
onwards. In accordance with the observations above, it is
evident that for both SD-0 and SD-02, the evolution trend of ¢
during the second cycle exhibits a greater degree of symmetry in
comparison with the initial cycle, particularly with respect to

This journal is © The Royal Society of Chemistry 2025
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parameter trend during the 1% and 2"? cycles for (a) SD-0 and (b) SD-02. Al (current collector) main reflections are represented by stars (*).

the relationship between charge and discharge. This is partic-
ularly clear for SD-02: ¢ reaches its maximum value at the end of
the charge (4.2 V) rather than at ~4 V, indicating that during
this cycle there are practically no more irreversible contribu-
tions. Nevertheless, in order to further verify this finding,
advanced RIXS and XAS measurements are required.***
Furthermore, after the first and second discharge (1.5 V),
a marked discrepancy in the values of ¢ was observed between
the two CAMs under investigation: values ranging from

This journal is © The Royal Society of Chemistry 2025

11.041(1) A to 11.126(2) A for SD-0 and from 11.041(1) A to
11.078(1) A for SD-02 were obtained. These differences are
consistent with the observations presented in Fig. S4, as the
cathodes internalized less Na“ at the end of the second
discharge compared to the end of the first one. The huge
divergence in these values for SD-0, compared to SD-02, further
corroborates the enhanced reversibility of the Mg>*-doped
cathode.
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4. Conclusion

In this study, we investigated the influence of different
synthesis conditions and the stabilizing effect imparted by
Mg(u)-doping on the electrochemical and structural properties
of new cathodic materials for sodium-ion batteries. Spray-
drying synthesis emerged as a promising route for preparing
new cathodes, offering advantages over conventional solid-state
synthesis in terms of both sustainability (lower calcination
temperature and a water-based process) and functional prop-
erties. The GITT study allowed us to study the intrinsic kinetics
and diffusion properties of the materials under investigation
and correlate them with the observed electrochemical perfor-
mance. The results of these tests, in particular concerning the 7
and the Dy, evolution trend analysis, allowed us to justify the
significant increase in performance of the material synthesized
by spray-drying compared to the solid-state synthesized mate-
rial. Moreover, operando XRD experiments confirm the stabi-
lizing effect of Mg>* doping on the electrochemical performance
of the layered oxide P2-Na, ¢;Mn, sFe, 50,, by suppressing the
reversible P2-Z phase transition occurring over 4 V, during
charge, for the non-substituted oxide. Based on these findings,
SD-02 demonstrated superior structural and electrochemical
performance compared to the other materials. It registered
more than 80 mA h ¢~ during discharge after 200 cycles at 1C,
with a capacity retention of ~70%. Moreover, we confirmed that
the mixed P2/03 phases in SD-02 are beneficial for the cathodic
performances, since we take advantage of both the crystal
structures' specific properties. The synergic effect between
spray-drying synthesis and the doping of P2-Na, s;Mn, sFe, 50,
with electrochemically inactive Mg*>* offers a highly effective
strategy for advancing the design of new and promising cath-
odes. In conclusion, this integrated approach between the
correct choice of the synthesis routes and the optimization of
the elementary composition underscores the potential for
enhancing the functional properties of the electrode materials
and provides a robust framework for the development of
advanced materials with improved performance. This method-
ology represents a promising direction for future research and
commercialization of next-generation batteries.
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