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A B S T R A C T

Layered transition-metal oxides are promising materials for sodium-ion battery cathodes, although their elec
trochemical performance is very sensitive to the synthesis conditions, which dictate phase composition and 
particle morphology. Here, we systematically investigate the influence of two key precursor co-precipitation 
parameters on the structural, morphological, and electrochemical properties of NaNi0.33Fe0.17Mn0.5O2 layered 
oxides: temperature (40 and 60 ◦C) and reaction time (9 and 24 h). Upon synthesis, temperature primarily in
fluences particle agglomeration and crystallinity, while reaction time primarily regulates particle size and phase 
formation. Short synthesis times combined with higher temperatures favor the formation of an O3-dominant 
lattice with reduced aggregation, whereas longer times promote smaller particles and the development of 
mixed O3/P2 phases. Electrochemical characterization reveals that the sample obtained after co-precipitation at 
60 ◦C for a shorter duration exhibits the best rate capability, reaching a specific capacity of 130 mAh g–1 at 0.1 C, 
and full capacity recovery at 0.4 C after C-rate test. Conversely, samples with a mixed O3/P2 phase exhibit better 
structural stability, retaining up to 70% of the initial capacity after 200 cycles. The novelty of this work lies in 
systematically decoupling co-precipitation parameters and directly correlating them with phase evolution and 
electrochemical performance. These results provide clear guidance for the controlled design of high-performance 
sodium-ion battery cathode materials.

1. Introduction

Layered transition-metal oxides are among the most promising pos
itive electrode materials for sodium-ion batteries (NIBs), surpassing 
many polyanionic and framework-type chemistries due to their higher 
theoretical specific capacities, stemming from the absence of heavy 
polyanion groups. This advantage is further complemented by their 
pronounced structural versatility and wide compositional tunability [1,
2].This allows for varied compositions and stacking sequences, as well as 
high sodium-ion mobility in two-dimensional diffusion channels. This 
mobility is often accompanied by good electronic conductivity and a 
relatively simple, scalable synthesis.

Due to the success of lithium layered oxides (e.g., 4 V-class NMC, 
LiNixMnyCozO2) in lithium-ion batteries, their sodium analogues have 
also been extensively investigated. Notably, the structural chemistry of 

sodium layered oxides is richer compared to their Li-based counterparts 
because Na+ can occupy both octahedral (O) and prismatic (P) sites [3], 
whereas Li+ resides exclusively in octahedral sites. This versatility al
lows a broader range of crystalline phases (e.g., O3, P2, P3), thereby 
enhancing the structural diversity and tunability of Na-layered oxides 
[4].

Among these, O3-type sodium layered oxides are particularly 
attractive for energy storage applications due to their stoichiometric 
sodium content (Na:TMs = 1:1, where “TMs” stands for transition 
metals). On the other hand, P-type phases typically show faster Na⁺ 
diffusion kinetics and better structural stability, and they are only sta
bilized by sodium-deficient conditions (Na:TMs < 0.8:1) [5,6], which 
reduces the achievable capacity unless compensated by sacrificial ad
ditives or complex cell design strategies [7–9]. Therefore, O3-type 
structures remain the most practical choice for large-scale development.
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Extensive research has shown that incorporating manganese (Mn), 
iron (Fe), and nickel (Ni) into the TM layer of O3-type oxides can 
improve their electrochemical performance [10–12] while keeping costs 
down. Since each TM independently influences the redox activity, 
structure, and stability of the end product, achieving the optimal TM 
balance is essential for developing a material that exhibits both struc
tural stability and high practical capacity. In this study, the reactant 
ratio was selected to match the desired TM stoichiometry in the final 
product and to promote the formation of a specific phase structure, as 
detailed in Section 2.1. Manganese, although abundant and inexpensive, 
has an inherent limitation due to the Jahn–Teller effect, which arises 
from the presence of Mn3+ in octahedral coordination. In an octahedral 
environment, the 3d orbitals of manganese are split into two energy 
levels (t2g and eg). For Mn3+, the uneven distribution of electrons in 
these orbitals causes distortion of the MnO6 octahedra, generating local 
lattice strain and breaking the symmetry of the TMO2 slabs. During 
repeated cycling, the accumulation of these distortions promotes slab 
gliding, facilitates TM migration, and favors irreversible phase transi
tions that lead to structural degradation [13,14]. However, when pre
sent in its Mn4+ oxidation state, manganese provides structural stability; 
without Jahn-Teller distortion. In this work, its content was maintained 
at around 50% to prevent phase transitions and structural collapse 
caused by the de-/sodiation process. Partial substitution of Mn with Fe 
mitigates distortions, increases interlayer spacing, and enhances struc
tural stability at high states of charge; in addition, it provides access to 
the Fe4+/3+ redox couple, which is typically inactive in lithium systems. 
However, an excessive amount of iron within the structure can lead to a 
massive migration of Fe3+ into the Na layer, where it acts as a structural 
pinning center. This hinders reversible slab gliding and lead to partial 
irreversibility of the phase transition and, consequently, reduced ca
pacity retention. Therefore, for this work, its proportion was restricted 
to below 20%. Nickel increases the available capacity via its Ni4+/2+

redox activity, although its incorporation into the compound is more 
sensitive to synthesis conditions [15–17]. Here, nickel was kept below 
40% to maximize its redox contribution while minimizing the formation 
of NiO-type impurities.

Despite the extensive exploration of layered oxides as positive elec
trodes for NIBs, the variability in reported performances is often linked 
to differences in synthesis protocols, especially for multi-cation systems 
[18–26]. Among the available synthetic routes, co-precipitation stands 
out for producing homogeneous particle morphology and precise 
compositional control, both of which are crucial for achieving phase 
purity and optimal electrochemical performance. Compared to 
solid-state or sol-gel synthesis, co-precipitation enables better homoge
neity of multiple transition metals; however, it involves a more complex 
and delicate procedure. The process, described by the 
dissolution-recrystallization mechanism [27,28], generally involves two 
stages: (i) co-precipitation of TM hydroxides (precursors) from their 
sulfate/nitrate in aqueous ammonia, and (ii) calcination with sodium 
carbonate to form the layered oxide. During co-precipitation, parame
ters such as ammonia concentration, pH, metal ion complexation, and 
precipitation kinetics govern the morphology, composition, and homo
geneity of the precursor. These, in turn, directly affect phase purity, 
crystallinity, and the electrochemical behavior of the final material.

Before discussing the present results, it is essential to summarize the 
existing literature on key synthesis parameters in co-precipitation (see 
also Table S1 in the Supporting Information). Previous studies have 
shown that temperature and reaction time are critical, interdependent 
parameters in co-precipitation processes, governing the physicochem
ical and morphological properties of the resulting precursors. Temper
ature plays a complex role in this process: it influences the solubility of 
transition metal salts, the stability of intermediate metal-amine com
plexes, and the kinetics of crystal nucleation and growth. Generally, 
elevated temperatures accelerate the dissolution-recrystallization 
mechanism, yielding higher crystallinity, reduced primary particle ag
gregation, and imparting a more uniform particle morphology [29]. 

However, slight deviations in temperature can shift equilibrium states, 
potentially inducing phase impurities or uncontrolled precipitation, 
especially in systems with mixed transition metals, such as nickel, iron, 
and manganese, as in this case. Reaction time is equally critical and 
strongly linked to the reagent addition rate (flow rate) [30]. This 
parameter influences supersaturation dynamics, directly affecting par
ticle size distribution and agglomeration. Decreasing the flow rate pro
longs the reaction, allowing sufficient time for particle crystallization, 
avoiding the formation of amorphous by-products. However, if the rate 
is too low, the growth of primary particles becomes more favorable than 
their nucleation, increasing average particle size.

While the basic principles of nucleation and growth are well estab
lished, the specific roles of reaction duration and temperature in con
trolling particle size, morphology, and phase evolution remain 
insufficiently explored, especially for positive electrodes in NIBs. 
Extended reaction times and elevated temperatures can alter the particle 
size distribution, crystal growth dynamics, and the degree of cation 
mixing, thereby affecting electrochemical performance. Furthermore, 
the dynamic equilibrium between metal-ammonia complexes and metal 
hydroxides [31] can shift with both reaction time and temperature, 
affecting the quality and reproducibility of the precursor.

In this work, we investigate how time and temperature affect the 
formation of the hydroxide precursor and, consequently, the properties 
of the final O3-type NaNi0.33Fe0.17Mn0.5O2 layered oxide. While these 
variables act exclusively during the precursor synthesis step, their 
impact propagates to the final material, influencing its phase composi
tion, morphology, and electrochemical behavior after calcination.

All other synthesis variables were held constant to isolate the impact 
of these two parameters during the co-precipitation. By correlating 
precursor formation conditions with final material properties and elec
trochemical performance, this study aims to clarify the synthesis–
structure–function relationship and provide guidelines for optimizing 
co-precipitation routes for layered sodium cathode materials.

2. Experimental

2.1. Material synthesis

NaNi0.33Fe0.17Mn0.5O2 was synthesized via solid-state reaction be
tween TM(OH)2 (i.e., Ni0.33Fe0.17Mn0.5(OH)2) and Na2CO3 (Fig. 1a). The 
hydroxide precursor was prepared in advance by coprecipitation, as 
schematically illustrated in Fig. 1b.

The transition-metal sulfate salts, namely NiSO4•6H2O (Sigma 
Aldrich, 98%), FeSO4⋅7H2O (Sigma Aldrich, 97%), and MnSO4⋅H2O 
(Sigma Aldrich, ReagentPlus® ≥ 99%), were dissolved separately in 
Milli-Q water in stoichiometric proportions and then mixed to obtain a 2 
mol L–1 total metal solution. This solution was collected in a round- 
bottom three-neck flask and degassed by stirring under a continuous 
flow of N2 at the target temperature. In parallel, NaOH and NH4OH 
solutions were prepared with [NaOH]:[TM]tot = 2:1 and [NH4OH]: 
[TM]tot = 1.1:1. and loaded into two synchronized syringe pumps and 
simultaneously introduced into the reaction flask at identical flow rates 
to initiate coprecipitation. In a typical reaction setup, each syringe was 
loaded with 13.75 mL of solution, and the flow rate was set according to 
the desired reaction time (either 13.75 mL/9 h or 13.75 mL/24 h). The 
total reaction volume, considering the precursor solution, NaOH solu
tion, and NH4OH solution, was 100 mL, and the pH in the 3-neck flask is 
pH = 11, in agreement with the literature.

Thus, four samples were synthesized using different combinations of 
two temperatures (i.e., 40 and 60 ◦C) and two reaction times (i.e., 9 and 
24 h, obtained by adjusting the flow rate accordingly) during co- 
precipitation, to obtain the samples denoted as follows (and shown in 
Fig. S1): S1 (9 h, 60 ◦C), S2 (9 h, 40 ◦C), S3 (24 h, 60 ◦C) and S4 (24 h, 40 
◦C).

The precipitation reaction was conducted at a fixed stirring speed 
(800 rpm). Afterward, the precipitate was filtered, washed several times 
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to remove the residual sodium and sulfur species, and then dried under 
vacuum at 80 ◦C overnight. The so-obtained precursor was thoroughly 
mixed with Na2CO3 (in 10% stoichiometric excess, Na:TMs = 1.1:1) in 
an agate mortar. The mixture was calcined for 10 h at 900 ◦C (heating 
rate of 5 ◦C min–1) in air to obtain NaNi0.33Fe0.17Mn0.5O2 powder. All 
other synthesis variables (e.g., pH, stirring rate, metal ratio, ammonia 
concentration, and calcination conditions) were kept constant to focus 
specifically on the influence of co-precipitation time and temperature on 
the final properties of the oxide materials.

2.2. Material characterization and electrochemical tests

The relative concentration of metals in the samples was determined 
by inductively coupled plasma optical emission spectrometry (ICP-OES). 
The crystalline structure was identified by X-ray diffraction (XRD, 
Panalytical, Xpert3 MRD) using the Cu Kα radiation in the 2θ range of 
10◦-70◦. Scanning electron microscopy (SEM, JCM-6000Plus, JEOL) was 
used to examine the morphology of the samples. The XRD measurements 
at different temperatures were carried out using an Empyrean Series III 
diffractometer (Malvern Panalytical) equipped with an HTK1200N 
heating chamber (Anton Paar). The first diffraction pattern was recor
ded at RT after mixing the hydroxide precursor with sodium carbonate. 
The sample was then heated at a rate of 3 ◦C min–1 to 700 ◦C, where a 
second pattern was collected. Then, diffraction patterns were collected 
every 50 ◦C up to 900 ◦C at the same heating rate. Finally, the sample 
was cooled back to RT at 3 ◦C min–1.

The electrodes were prepared by mixing the active material with 
carbon black (Super C65, Sigma Aldrich) as electronically conducting 
additive and polyvinylidene fluoride (PVDF, Sigma Aldrich) as binder in 
8:1:1 weight ratio. The slurries were obtained by adding an appropriate 
amount of N-methyl-2-pyrrolidone (NMP, Sigma Aldrich), followed by 
homogenization using a THINKY ARE-250 mixer. The resulting slurry 
was cast onto aluminum foil and vacuum-dried at 120 ◦C. The electrodes 
were then punched into 10 mm diameter disks, having an average active 
material loading of 3 mg cm− 2. They were assembled into three- 
electrode Swagelok-type sodium-metal cells, employing a glass fiber 
separator (Whatman GF/A) imbibed with 1 M NaPF6 in EC:DMC (1:1 v: 
v). Sodium metal was used as both counter and reference electrodes. All 
of the abovementioned procedures were performed under the controlled 
atmosphere of an Ar-filled glovebox (MBRAUN UNIlab, O2 and H2O 
content below 0.5 ppm). Galvanostatic cycling was performed at various 
C-rates within the voltage window 2-4 V vs. Na+/Na at room 

temperature (≅ 25 ◦C) using a BT-2000 battery testing system (Arbin, 
USA). 1 C is assumed as 140 mA g–1 [12,32].

Differential capacity analysis (DCA) was performed by calculating 
the derivative of the transferred charge as a function of working elec
trode potential using OriginPro version 2022 (OriginLab Corporation, 
Northampton, MA, USA), following the procedure reported by Diolaiti 
et al. [33]. As a preliminary step to denoise, a uniform, linearly spaced 
curve interpolating the data and containing 100 points is calculated 
using the ‘Interpolate/Extrapolate’ function. After denoising, the de
rivative of this curve is calculated with the ‘Differentiate’ function.

3. Results and discussion

As described in the introduction, the TMs ratio was carefully selected 
to promote the formation of the O3-type layered oxide structure 
(Fig. S2). This was done by calculating the cationic potential (Φcation) 
[34,35], which can be used to predict the stacking type structure 
through Equation 1: 

Φcation =
ΦTM⋅ΦNa

ΦO
(1) 

where ΦTM is the weighted average ionic potential of TMs, defined as 
ΦTM =

∑ wini
Ri

; here, wi is the molar fraction of the ith TM among TMs (e. 
g., 1/3 for TMs in NMC111), ni its charge, and Ri its radius. ΦNa is the 
weighted average ionic potential of Na, defined as ΦNa = xNa

RNa
, where xNa 

is the stoichiometric coefficient of Na, and ΦO corresponds to the ionic 
potential of oxygen. Then, by plotting ΦNa against Φcation it is possible to 
establish a composition-structure phase boundary between the P2 and 
O3 phases. Even though the cationic potential is a useful predictor for 
guiding the compositional design of layered oxides toward the preferred 
stacking sequence, it does not guarantee the formation of the intended 
phase. Especially in multicomponent systems, synthesis-related factors 
strongly influence the actual resulting structure. Therefore, obtaining 
phase-pure, cycling-resilient materials requires both compositional 
tuning and precise control over synthesis conditions. In this study, we 
demonstrate that controlling these parameters, nominal temperature 
and duration of the co-precipitation step, yields a hydroxide precursor 
and a resulting layered oxide with composition, structure, and 
morphology close to the target.

The ICP-OES analysis (Fig. 2a) shows that the stoichiometry of the 
samples is consistent, independent of the conditions in which the 

Fig. 1. a) Schematic summary of the synthesis procedure, outlining the progression from the initial mixing of reagents through the subsequent reaction stages leading 
to the final product. b) Schematic representation of the preparatory steps to be addressed before the co-precipitation phase: (1) preparation of Fe:Mn:Ni solutions; (2) 
transfer of separately dissolved salts to the reaction flask; (3) degassing under N2 flow (4) loading NaOH and NH4OH in two syringes; and (5) initiation of co- 
precipitation using synchronized syringe pumps.
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precursor is synthesized. The average atomic fractions of TMs are Ni =
35.4 at%, Fe = 17.6 at%, and Mn = 47.0 at%. The morphological 
analysis by scanning electron microscopy (SEM) reveals, for all four 
samples, agglomerates of particles with sizes ranging between 1 and 10 
μm (Fig. 2b). Notably, samples obtained at 60 ◦C are less aggregated 
than those synthesized at 40 ◦C, while samples obtained with longer 
synthesis times (i.e., with a lower flow rate) show a clear reduction in 
primary particle size. This is also confirmed by the SEM micrographs 
obtained on the precursors (Fig. S3a). In addition, XRD patterns 
collected on the TM(OH)2 precursor materials (Fig. S3b) indicate that 
samples S1 and S3 exhibit more defined and sharper diffraction peaks, 
suggesting a higher degree of crystallinity. These observations confirm 
that temperature mainly governs the degree of aggregation, whereas 
synthesis duration predominantly influences the size of the primary 
particles. From a thermodynamic perspective, the reduced aggregation 
at higher temperatures can be rationalized in terms of entropy contri
butions: as temperature increases, the entropy and thermal motion of 
the system rise, inhibiting particle agglomeration [36]. Instead, the 
observed decrease in particle size with longer synthesis times can be 
attributed to nucleation kinetics. This behavior can be explained by the 
interplay between the reagent addition rate and mixing. When flow rates 
are low, reagents are added slowly, creating a uniform supersaturation 
throughout the solution. This promotes the formation of numerous 
nucleation sites, resulting in smaller primary particles. On the other 
hand, higher flow rates lead to quick reagent addition, creating localized 
supersaturation gradients that favor the growth of existing nuclei rather 
than new ones. Moreover, as proposed by Bianchini et al. [37], the 
lattice evolves through the initial formation of the metastable O3 
structure, which then progressively transforms into the more stable P2 
phase via a reconstructive nucleation-and-growth mechanism, in which 
multiple P2 nuclei form within each parent grain, leading to smaller 
crystallites as a natural outcome of the transformation [26]. Notably, a 
reduction in primary particle size is already observed in the TM(OH)2 
precursor materials prior to calcination, confirming that particle size 
reduction also originates independently from nucleation kinetics during 
the co-precipitation step. Therefore, the smaller particle size observed 
with longer synthesis times reflects the combined influence of these two 
concurrent effects, consistent with the higher P2 fraction confirmed by 
XRD.

Together, these effects determine the growth and coalescence of 

primary particles, explaining the combined influence of temperature 
and synthesis duration on morphology. Additional SEM images at lower 
magnification are provided in Fig. S4.

Fig. 3 shows the XRD patterns of all samples, grouped according to 
synthesis duration. All four diffraction patterns match an O3-type 
layered oxide phase (R-3m, 166) with the characteristic ABCABC 
stacking sequence [38]. However, several minor reflections attributable 
to secondary phases are also observed, likely due to the multiple steps 
involved in the synthesis route; the XRD patterns were indexed against 
ICSD 221352 and ICSD 147522 for the O3-type and P2-type phases, 
respectively. Notably, a weak reflection at ~43.3◦ indicates the presence 
of NiO (Fm-3m, 225), labeled with a hash (“#”), a commonly reported 
secondary phase in this class of materials [39–42]. Although NiO was 
employed as a precursor during calcination [43], its presence in the final 
product is likely due to air exposure during the measurement, high
lighting the air sensitivity of these layered oxides. Notably, these sec
ondary phases are much more prominent in the post-annealing XRD 
patterns collected after cooling than in those obtained directly at the end 
of calcination (see Fig. S5), supporting the conclusion that they form 
upon contact with air. This highlights the importance of handling these 
materials in an inert environment, such as a glovebox, to prevent the 
formation of surface contaminants [44,45].

Additional reflections corresponding to the P2 phase (P63/mmc, 194, 
ABBA stacking sequence), labeled with a green asterisk (“*”), are present 
in the diffractograms of all samples [46] with markedly higher intensity 
for S3 and S4 (longer reaction times), in accordance with the reduction 
in particle size as observed in the SEM micrographs (Fig. 2b). For a fixed 
synthesis time, the reflections of the P2 phase are more intense for the 
samples synthesized at lower temperatures. This is more evident in the 
enlarged views of the (003) and (104) peaks. For example, the peak at 
~16.2◦, indexed to the (003) reflection of the O3 phase, displays a 
shoulder at ⁓15.9◦, indexed to the (002) reflection (green) of the P2 
phase, which is also its most intense reflection. Further confirmation of 
the presence of the P2 phase comes from the peaks in the ranges of 
⁓31◦-37.1◦, indexed to its (004) and (102) reflections. The gradual 
decrease in peak intensity with reduced synthesis time and increased 
synthesis temperature suggests partial suppression of P2 phase forma
tion under those conditions.

Finally, a peak at ~30.1◦ appearing only for samples S3 and S4 can 
be indexed to MnCO3 (R-3c, 167), labeled with “●”. This phase is likely a 

Fig. 2. a) Stoichiometric ratio of TMs (Ni, Fe, and Mn) in the active material obtained by ICP-OES expressed as a percentage of the total TM content. Color code: S1 – 
light red, S2 – light blue, S3 – red, and S4 – blue. b) SEM micrographs of the synthesized samples, all recorded at the same magnification with a scale bar of 5 µm.
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byproduct of unreacted Mn species during co-precipitation, which 
converted to MnCO3 upon air exposure before calcination. The incom
plete incorporation of Mn may be attributed to the instability of Mn 
(OH)2 in alkaline solutions [47], where Mn2+ is prone to oxidation into 
Mn3+ (e.g., MnOOH) due to the greater thermodynamic stability of Mn3+

compared with Mn2+. Even under N2 atmosphere, prolonged synthesis 
times increase the possibility of forming Mn3+-based impurities.

Fig. 4a shows the rate capability of the cathodes, evaluated by gal
vanostatic cycling at increasing C-rates as indicated in the figure, within 
the voltage window 2 - 4 vs. Na+/Na. After C-rate testing, the sample was 
further cycled at 0.4 C to assess capacity retention. The results indicate 
significant differences among the samples, with S1 delivering the 
highest capacity at all C-rates (130, 118, 107, 86, 70, 45, and 103 mAh 
g⁻1), while S4 shows significantly lower capacities (57, 52, 44, 32, 22, 
10, and 43 mAh g⁻1), indicating a lower rate capability. The rate capa
bility trend is S1 > S3 > S2 > S4. The superior performance of S1 can be 
attributed to its crystal structure, which facilitates the diffusion of Na+. 
Even though all samples show a progressive capacity decrease with 
increasing C-rate, they were able to sustain cycling up to high 4 C 
without permanent function loss (S1 still delivering a capacity of 45 
mAh g⁻1), as highlighted by complete capacity recovery upon returning 
to 0.4 C (103 mAh g–1 for S1, 60 mAh g–1 for S3, 50 mAh g–1 for S2, and 
43 mAh g–1 for S4), confirming good structural stability. Samples S3 and 
S4 show slightly lower coulombic efficiency (CE) than S1 and S2, 
consistent with their smaller particle size. Indeed, the larger surface area 
of smaller particles enhances electrolyte contact but also promotes a 
more extensive formation of electrode/electrolyte interphase, 
decreasing CE. The complexity of these multiphase systems, where O3- 

and P2-type stacking sequences coexist and evolve during cycling, 
makes quantitative kinetic analysis via EIS, GITT, or CV a non-trivial 
task, which will thus be the object for future mechanistic studies [48].

The long-term cycling performance at 0.4 C (Fig. 4b) further illus
trates the electrochemical stability. During prolonged cycling, CE sta
bilizes at ⁓98% for all samples, indicating the formation of a stable 
electrode/electrolyte interphase and highly reversible sodiation/des
odiation. After 200 cycles, capacity retention is approximately 60% for 
S1, 65% for S2, and 70% for both S3 and S4. The lower capacity 
retention of S1 and S2 may be attributed to their higher fraction of the 
O3 phase, which is more prone to irreversible O3 → P3 transitions, 
transition-metal migration, and accumulated lattice strain during pro
longed cycling. These processes can result in local structural collapse, 
stacking faults, and eventual formation of electrochemically inactive 
phases (e.g., rock-salt-like domains), especially near the particle surface, 
thus compromising the electrochemical performance due to the loss of 
active Na sites [49].

Fig. 5 shows the differential capacity profiles of the samples, ob
tained from the voltage-capacity data (shown in Fig. S6 as voltage vs. 
capacity profiles) and displayed for selected cycles (2nd, 5th, 10th, and 
15th). As expected, samples S1 and S2 exhibit similar features; so do S3 
and S4, defining two distinct groups. Samples S1 and S2 exhibit pro
nounced peaks in the 2.8 - 3.1 V region, associated with the Ni3+/Ni2+

couple and the O3-P3 transition, indicating a high initial fraction of the 
O3 phase. The progressive broadening and slight shift of these peaks 
with cycling suggest gradual structural rearrangements and the onset of 
transition irreversibility under repeated sodiation/desodiation. In 
addition to the Ni-related features, the broad features between 3.3 and 

Fig. 3. a) Diffraction patterns of samples S1 and S2 (9 h synthesis). b) Diffraction patterns of samples S3 and S4 (24 h synthesis). Enlarged views of the (003) and 
(104) reflections are included for better clarity. In both panels, all detected impurity phases are reported and indicated in the legend.
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3.7 V reflect overlapping contributions from the Fe4+/Fe3+ and Ni4+/ 
Ni3+ redox activity and the characteristic changes associated with Na+/ 
vacancy ordering couple and the subsequent P3-P3’’ phase transition 
[50,51]. The complexity and broadening in this region are consistent 
with multiple, partially overlapping processes and structural modula
tions during cycling. In contrast, S3 and S4 display broader, less intense 
peaks across the voltage range, with much less pronounced features, 
especially in the lower-voltage region. This indicates a lower initial 
contribution of the O3 phase and a greater relative contribution of 
P-type stacking or mixed stacking sequences. The redox peaks in these 
samples also evolve more slowly with cycle number, implying more 
stable local environments and reduced structural rearrangements, which 
aligns with the more gradual capacity fade and better retention observed 
during cycling.

Overall, S1 demonstrated the best electrochemical performance in 
terms of rate capability and specific capacity, likely due to the dominant 
O3 phase. However, this also results in faster capacity fading upon 
cycling, which can be attributed to irreversible phase transitions typical 
of O3-type structures. Sample S3, synthesized at the same temperature 
(60 ◦C), showed slightly lower performance but greater structural sta
bility. This is probably due to decreased particle aggregation at this 
temperature, as shown in the SEM micrographs. Sample S2, obtained at 
40 ◦C for 9 hours, shows intermediate behavior, combining relatively 
high capacity with moderate retention, consistent with its predomi
nantly O3-type phase. Ultimately, Sample S4 exhibits the worst elec
trochemical performance, in agreement with the structural and 
morphological characterization.

4. Conclusion

This study focused on a systematic investigation of how synthesis 
conditions, particularly temperature and time, influence both the 
structural and electrochemical properties of NaNi0.33Fe0.17Mn0.5O2. The 
choice of synthesis conditions is based on the chemistry of the co- 

precipitation process. Temperatures above 60 ◦C were intentionally 
avoided because higher temperatures promote the formation of sec
ondary Mn-based oxyhydroxides and mixed oxide species. This occurs 
because Mn is more prone to oxidation in alkaline solution at higher 
temperatures, leading to deviations from the desired stoichiometry. 
Regarding synthesis time, significantly shorter durations do not allow 
the precipitation process to be completed. Under these conditions, part 
of the metal ions remain in solution or form soluble complexes; the 
initially formed nuclei remain poorly stabilized, and the distribution of 
Ni, Fe, and Mn inside the particles is not homogeneous. The selected 
time window, therefore, corresponds to the range in which nucleation 
and compositional homogenization are achieved.

Our findings reveal that these parameters have distinct yet inter
connected effects on the properties of the active material. The temper
ature mainly affects particle aggregation and crystallinity, while 
reaction time affects primary particle size and the relative amount of the 
O3 and P2 phases. In particular, increasing the temperature decreases 
aggregation, while increasing reaction time favors the formation of 
smaller particles with a higher fraction of the P2 phase. Galvanostatic 
cycling at progressively higher currents reveals that the sample syn
thesized at 60 ◦C for 9 h delivers the best rate capability, reaching a 
specific capacity of about 130 mAh g–1 at 0.1 C and maintaining good 
reversibility at higher C-rates. However, its higher O3 phase content 
leads to a pronounced capacity fading during cycling, due to irreversible 
structural transitions typical of O3-type layered oxides. In contrast, 
samples with a higher P2 phase content (longer synthesis) exhibit better 
structural stability and, therefore, higher capacity retention during 
cycling. However, this comes at the expense of specific capacity.

Overall, this work highlights the delicate interplay between synthesis 
parameters and the phase composition, morphology, and electro
chemical behavior of the resulting material. Therefore, these insights 
provide valuable guidance for future materials design, demonstrating 
that careful optimization of both temperature and time is essential to 
achieve materials with superior structural quality and electrochemical 

Fig. 4. a) Specific capacity of S1-S4 measured at different C-rates (0.1 C, 0.2 C, 0.4 C, 1 C, 2 C, 4 C, and back to 0.4 C). b) Specific capacity of S1-S4 measured at a 
constant C-rate (0.4 C) for 200 cycles. The color code used in both graphs is as follows: S1 – light red, S2 – light blue, S3 – red, and S4 – blue.
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functionality. In future work, additional synthesis parameters such as 
reagent concentration, stirring rate, and pH control will be systemati
cally investigated to further elucidate their influence on precursor for
mation and the resulting electrochemical behavior of the final oxide.
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