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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Experimental and DFT study of O3- 
NaNi0.33–xZnxFe0.17Mn0.5O2 (x = 0.0, 
0.05).

• Zn-O bonding mitigates transition-metal 
migration and structural distortion.

• Zn tunes Fe environment by enhancing 
Fe3+/Fe4+ redox and raising intercala
tion voltage.

• Zn-doped cathodes show lower polari
zation, high CE, and stable cycling at 
2.0-4.2 V.
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A B S T R A C T

In this work, we investigate through a combined experimental and computational approach the impact of 
partially substituting Ni with Zn in O3-type NaNi0.33-xZnxFe0.17Mn0.5O2 (x = 0, 0.05) layered cathodes, a 
representative high-capacity system for sodium-ion batteries. Owing to its electrochemical inactivity, Zn2+ is 
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Coprecipitation
DFT modelling

incorporated into the layered structure without altering the rhombohedral R-3m symmetry of the as-prepared 
material. Experimental characterization and first-principles calculations suggest that the presence of Zn–O 
bonds can contribute to limiting transition-metal migration into the Na layers and to mitigating lattice distortion 
during Na extraction, thereby supporting a more reversible O3–P3 phase transition. Zn doping improves the local 
electronic environment of Fe, modulating the Fe3+/Fe4+ redox activity. Electrochemical measurements confirm 
that Zn doping reduces electrode polarization and contributes to cycling stability, even within the extended 
2.0–4.2 V window where structural degradation is typically severe. These results indicate that Zn substitution is 
an effective strategy to improve the structural and electrochemical stability of O3-type layered cathodes for 
advanced NIBs.

1. Introduction

The growing global demand for sustainable and cost-effective energy 
storage systems has driven intensive research into alternatives to 
lithium-ion batteries (LIBs). While LIBs dominate the market for 
portable electronics and electric vehicles, their dependence on scarce 
and unevenly distributed lithium resources raises challenges for long- 
term scalability [1,2]. Sodium-ion batteries (Na-ion batteries, NIBs) 
have therefore emerged as a promising alternative thanks to the abun
dance, low cost, and wide availability of sodium [3,4]. Moreover, NIBs 
work on the same “rocking-chair” mechanism as LIBs, in which alkali 
ions are de-/intercalated in the electrodes during cycling. This similarity 
provides a strong basis for transferring existing knowledge from LIBs to 
NIBs in large-scale energy storage applications.

Among the various potential candidates for cathode materials in 
NIBs, layered transition metal oxides (NaTMO2, TM = Mn, Fe, Ni, etc.) 
are particularly attractive due to their high specific capacity, good 
structural properties, and compatibility with synthesis methods already 
established for LIBs [5,6]. Various types of polymorphs exist, differing in 
the stacking of atoms in the unit cell. In Delmas notation, phases are 
classified based on sodium coordination environment (P: prismatic and 
O: octahedral) and the number of distinct oxygen layers [7]. O3-type 
layered oxides have emerged as promising candidates as NIB cathodes 
owing to their higher initial Na content and thus enhanced theoretical 
specific capacity [8], while in comparison, P2 counterparts usually 
exhibit better rate performance [9,10]. Despite these phase-specific 
electrochemical features, layered oxides suffer from severe structural 
instabilities that limit their practical application. During cycling, the 
crystalline lattice experiences significant structural stress upon repeated 
sodiation/desodiation, leading to distortions and ultimately irreversible 
phase transitions. Additionally, these materials are highly sensitive to 
air and moisture, and their operation at high voltage can trigger oxygen 
loss [11,12]. Collectively, structural instability, TM migration, and 
cation mixing can result in accelerated electrode degradation, thus 
voltage decay and rapid capacity fading upon operation.

Although similar challenges were addressed in LIBs, the larger ionic 
radius of sodium further reduces structural stability and lowers the 
theoretical specific capacity [13]. A key priority in designing advanced 
sodium layered oxide cathodes is to identify strategies that stabilize the 
layered framework during cycling while preserving electrochemical 
performance. As the host structure directly determines the achievable 
capacity, bridging the performance gap between LIBs and NIBs requires 
identifying materials that combine high redox activity with structural 
stability. Given that the energy density of NIBs is primarily determined 
by the cathode, the development of stable, high-capacity, and long-life 
positive electrodes is a main focus in the field.

In the pursuit of high-energy systems for large-scale and stationary 
applications, O3-type Fe- and Mn-based layered oxides are promising 
cathode candidates owing to their abundance, environmental compati
bility, and high discharge capacity. However, single-TM systems, such as 
NaxFeO2 and NaxMnO2, face several issues. NaxFeO2 undergoes multiple 
phase transitions during cycling, exhibits poor air stability, and shows 
limited cycling stability and rate performance [14,15]. These drawbacks 
are primarily attributed to Fe3+ migration into the Na layer during deep 

desodiation, where migrated Fe species act as structural pinning centers 
that hinder reversible slab gliding and lead to partial irreversibility of 
the phase transition [16]. NaxMnO2 is affected by the Jahn–Teller 
distortion of Mn3+, which localizes electrons and impedes Na+ diffusion, 
leading to poor performance and a low specific capacity.

For these reasons, multi-TM systems are extensively studied. Mn- 
based layered oxides co-substituted with Fe and Ni are particularly 
promising: Fe enhances redox activity and facilitates Na+ insertion/ 
extraction, while Ni contributes a two-electron redox process per atom, 
potentially increasing capacity. Nevertheless, multi-TM systems still 
face intrinsic structural instabilities that must be mitigated to achieve 
practical applications. Several approaches have been explored to 
address these issues, including surface coatings, multiphase design, and 
cation substitution [17,18]. Among them, metal doping is especially 
effective in tuning the electronic structure, modulating interlayer 
spacing, and suppressing irreversible phase transitions [19–24]. For 
instance, Ti4+ substitution enhances structural stability but increases the 
material cost, while Ca2+ incorporation enlarges Na+ layer spacing and 
slows Na+ kinetics due to its larger ionic radius. Achieving tailored 
composition at the TM site is key to retain the layered framework, ensure 
efficient Na+ diffusion, and mitigate voltage decay.

In this context, Zn substitution has attracted significant interest 
[25–29]. Although Zn2+ is electrochemically inactive, its strong 
electron-donating character can be beneficial in increasing the oxygen 
electron density, which reduces lattice strain and internal distortion 
during sodium ion intercalation/deintercalation [30,31]. It has been 
shown that a suitable amount of Zn incorporation can improve the 
reversibility of the O3-P3 phase transition [32], mitigate the Mn3+-in
duced Jahn-Teller distortion [33], limit Fe3+ migration into the Na layer 
[34], and enhance air and moisture stability [35]. However, the ma
jority of studies have been conducted in a limited voltage range 
(2.0-4.0 V), while irreversible reactions occur almost exclusively above 
(~4.2 V). With the growing demand for high-energy-density systems, a 
deeper understanding of the role of Zn doping on the structural stability 
and redox activity of O3-NaTMO2 is essential.

In this work, we combine experimental characterization with first- 
principles calculations to investigate Zn substitution in O3-type 
NaNi0.33-xZnxFe0.17Mn0.5O2 (x = 0.0, 0.05). The selection of 5% Zn 
was based on the need to introduce local structural modulation while 
minimizing capacity loss due to electrochemically inactive Zn2+. This 
amount achieves a measurable reduction in lattice distortion without 
significantly impacting the theoretical capacity, a choice supported by 
existing literature [25,26,28]. We examine this substitution within both 
the extended (from 2.0 up to 4.2 V vs. Na+/Na) and the reduced 
(2.0-4.0 V) windows. By partially replacing Ni2+ with Zn2+, we 
demonstrate that Zn not only stabilizes the structure and enhances the 
reversibility of the O3-P3 phase transition, but also modifies the local 
electronic environment of the TM-O framework and indirectly activates 
Fe3+/4+ redox processes, as revealed by density functional theory (DFT) 
calculations.
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2. Methods

2.1. Materials preparation

Pristine (undoped) NaNi0.33Fe0.17Mn0.5O2 (p-NFM) and Zn-doped 
NaNi0.28Zn0.05Fe0.17Mn0.5O2 (d-NFM) materials were synthesized via a 
solid-state synthesis method using NaNi0.33-xZnxFe0.17Mn0.5(OH)2 and 
Na2CO3 as precursors [36–38]. The NaNi0.33-xZnxFe0.17Mn0.5(OH)2 
precursor was obtained through a hydroxide co-precipitation, where 
NiSO4•6H2O (Merck, 98%), ZnSO4•7H2O (Merck, 99%), FeSO4⋅7H2O 
(Merck, 97%), and MnSO4⋅H2O (Merck, Reagent Plus®≥99%) were 
dissolved in distilled water in stoichiometric proportions. Then, the 
obtained precursor and Na2CO3 (Na: TM = 1.1:1) were calcined in air at 
900 ◦C for 10 h. The resulting layered oxide powder was stored in an 
argon-filled glovebox to prevent reactions with moisture.

2.2. Materials characterization

The morphology of the products was characterized using a scanning 
electron microscope (SEM) operated on a Jeol JSM-6490LA SEM 
equipped with an energy-dispersive X-ray spectrometer (EDX) to map 
the sample's composition. The crystal structure was characterized using 
a powder X-ray diffractometer (XRD, Malvern PANalytical Empyrean) 
over a scattering angle range of 10◦-90◦ (2θ), with copper Kα radiation 
as the X-ray source. X-ray photoelectron spectroscopy (XPS), performed 
on a Kratos Axis UltraDLD spectrometer (Kratos Analytical Ltd.), was 
used to analyze the oxidation states of the components. An air stability 
test was conducted (Fig. S2) to investigate possible phase transitions by 
morphology analysis using an Empyrean, series III, Malvern Panalytical 
diffractometer.

2.3. Electrochemical tests

The electrochemical behavior was evaluated using both the three- 
electrode Swagelok and the coin cell configurations. Cathodes were 
prepared by mixing active material, carbon black (C-65, Merck), and 
Kynar® HSV 1810 binder (in a 80:10:10 composition, respectively) in N- 
methyl-2-pyrrolidone (NMP, Merck), followed by a coating onto 
aluminum foil substrates. The electrolyte solution consisted of 1 M 
NaPF6 in EC:DMC (1:1 v/v), (E-Lyte).

The electrochemical tests, including galvanostatic charge-discharge 
cycling, cyclic voltammetry (CV), and rate capability, were conducted 
at ambient laboratory temperature on a VMP3 multichannel electro
chemical workstation (BioLogic, France) test system. The voltage range 
depended on the type of test: 2.5–4.2 V for cycling and rate measure
ments and 2.0–4.0 V for CV, vs. Na+/Na.

2.4. Structural models and computational details

Spin-polarized density functional theory (DFT) calculations were 
performed for the O3-type structure of both pristine (NaNi0.33

Fe0.17Mn0.5O2, p-NFM) and Zn-doped (NaNi0.25Zn0.08Fe0.17Mn0.5O2, d- 
NFM) compositions at various sodium contents (0.25 ≤ xNa ≤ 1.0) to 
simulate the cathode charging process [39–42]. Structural models for 
p-NFM and d-NFM were constructed using 3 × 2 × 1 supercells obtained 
through orthogonal transformation of the original hexagonal unit cells 
(space group 166, R3m), yielding cells containing 117 to 144 atoms. In 
the fully sodiated configuration, the supercell contains 36 Na atoms and 
36 TM atoms distributed across the three slabs (36 f.u., corresponding to 
12 atoms per layer and 144 atoms in the whole supercell). The exact 
number of atoms and their distribution per layer are explicitly reported 
in Table S1 in the Supporting Information, together with the resulting 
atomic ratios. The homogeneous Na and TM distributions were imple
mented via the special quasi-random structure (SQS) approach by means 
of the SQSgen code [43,44].

Geometry optimization was carried out within the generalized 
gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional [45]. To address the self-interaction 
error commonly encountered in DFT-GGA for localized 3d electrons, 
the DFT+U scheme was applied with an effective on-site correction 
parameter (U− J)eff = 5.0 eV for the Mn, Ni, and Fe d shells [46,47], and 
we also added the D3-BJ dispersion correction to account for van der 
Waals (vdW) interactions [48]. The projector augmented wave (PAW) 
method was employed as implemented in the Vienna Ab initio simula
tion package (VASP6.4.2) [49–51], with a plane-wave kinetic energy 
cutoff of 700 eV and a k-point sampling restricted to the Γ point in 
reciprocal space. These numerical parameters ensured for our supercell 
model a total energy convergence within 3 meV per formula unit. The 
electronic self-consistency convergence thresholds for electronic mini
mization and ionic forces were set at 10− 5 eV and 10− 3 eV Å− 1, 
respectively. Electronic structure was further refined at the HSE06 level 
of theory [52–54] on the PBE+U minimum-energy structures to achieve 
higher accuracy, including the Tkatchenko–Scheffler (TS) correction 
accounting for vdW dispersion forces as implemented in the FHI-aims 
package [52,55].

3. Results and discussion

3.1. Structural and morphological characterization

The phase and crystal structures of NaNi0.33Fe0.17Mn0.5O2 (p-NFM) 
and NaNi0.28Zn0.05Fe0.17Mn0.5O2 (d-NFM) powders were characterized 
by X-ray diffraction (XRD) (Fig. 1a). The diffraction patterns of both 
samples can be indexed to the O3-type α-NaFeO2 layered structure with 
a rhombohedral R3m symmetry (space group 166) [56], confirming that 
the layered framework is preserved upon doping and that Zn2+ ions are 
fully integrated into the host lattice. The O3-type α-NaFeO2 structure, 
sketched in Fig. 1b, features transition metal layers stacked in an 
ABCABC sequence with sodium ions occupying octahedral sites between 
these layers [57]. Minor impurity peaks related to nickel are present in 
both samples, as commonly reported for this synthesis route [58].

A closer view of the (003) peak of the O3 phase (inset of Fig. 1a) 
reveals a shift toward higher angles in d-NFM, indicating a subtle 
structural change induced by Zn incorporation [59]. Moreover, the 
(104) peak intensity is higher in d-NFM than p-NFM, with the corre
sponding decrease in the I003/I104 intensity.

Rietveld refinements of the XRD patterns were carried out using the 
FullProf suite software (Fig. 1c and d), and the results are summarized in 
Table S2 and S3 in the Supplementary Information. The refined lattice 
parameters of d-NFM (a, b = 2.9605(4) Å; c = 16.1601(8) Å) are slightly 
larger than those of p-NFM (a, b = 2.9501(4) Å; c = 16.1012(4) Å). This 
expansion is consistent with the larger ionic radius of Zn2+ (0.74 Å) 
compared with Ni2+ (0.69 Å), and with the longer Zn-O bond length 
relative to Ni-O, as demonstrated in Fig. S1.

For completeness, an aging study was conducted on both samples 
(Fig. S2), following two weeks of exposure to air. Both samples can still 
be indexed as an O3 phase; however, the pristine sample exhibited a 
notable alteration in the I003/I104 peak intensity ratio, which is attrib
uted to the removal of sodium from the structure due to the formation of 
sodium carbonate, while the doped sample maintained a nearly constant 
ratio.

The morphological features and the elemental distribution of the 
samples were analyzed by SEM and EDX, as shown in Fig. 1e and f. Both 
samples show particle sizes ranging from 1 to 3 μm. However, p-NFM 
appears to exhibit more pronounced particle agglomeration and the 
formation of secondary-like particles. In contrast, d-NFM shows a more 
uniform particle distribution, with a tendency toward reduced 
agglomeration [60,61]. EDX elemental mapping of p-NFM and d-NFM 
(Fig. S3) confirms a homogeneous distribution of all transition metal 
elements. Quantitative EDX analysis indicates that the elemental ratios 
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are consistent with the nominal compositions, as summarized in 
Table S4.

X-ray photoelectron spectroscopy (XPS) was conducted to investi
gate the surface chemical states of the samples (Fig. S4 and Fig. 2) [62,
63]. XPS spectra show similar surface compositions for both materials, 
with characteristic peaks corresponding to the constituent elements 
(Fig. S4a and b). As shown in Fig. S4e, the Mn 2p peaks [64] appear at 
binding energies of 642.3 (Mn3+) and 644.2 (Mn4+) eV.

Quantitative fitting of the Mn2p3/2 region (Fig. 2a) indicates a Mn3+/ 
Mn4+ ratio of approximately 64%/36% in both materials, suggesting 
that manganese predominantly exists in the trivalent state. The Ni 2p 
spectra (Fig. S4f) exhibit two main peaks centered at 854.4 (Ni2+) and 
856.5 (Ni3+) eV. In both samples, Ni2+ is the dominant oxidation state 
(Fig. 2b), although a measurable amount of Ni3+ is also present. 
Notably, d-NFM presents a higher proportion of Ni3+ (viz., 19.4 vs. 
16.2% for p-NFM), consistent with charge compensation induced by 

Mn3+ content. The increase in Ni3+ content supports the successful 
incorporation of Zn2+ into the TM layer (Ni2+). Since Zn typically sta
bilizes in the +2 oxidation state (due to its filled 3d orbital), electronic 
charge redistribution among the other transition metals is required to 
maintain charge neutrality.

The Fe 2p spectra (Fig. S4g and Fig. 2c) show the peaks at 710.8 
(Fe3+) and 713.0 (Fe4+) eV, with no significant shift or variation be
tween the two samples, suggesting that Zn substitution does not affect 
the iron oxidation states during the synthesis route. The Na 1s signal is 
clearly observed (Fig. S4d), while the Zn2+ peak is detected exclusively 
in the d-NFM sample (Fig. S4c and h) [25,65]. Quantitative XPS analysis 
provides elemental ratios consistent with the expected stoichiometries 
(Table S5).

Fig. 1. a) XRD patterns of O3-type layered TM oxides under study: d-NFM (orange) and p-NFM (green), with a box on the righthand side zooming the enlarged (003) 
reflection. b) Schematic crystal structures of d-NFM and p-NFM, highlighting the interlayer distances between the TM- and Na-layers. Rietveld refinements and SEM 
images, respectively, of c,e) p-NFM and d,f) d-NFM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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3.2. Computational analysis

Structural evolution of p-NFM and d-NFM upon desodiation was 
investigated by analyzing the variation of lattice parameters as a func
tion of Na content in the O3-NaxTMO2 (x = 1, 0.75, 0.50, and 0.25, TM 
= Ni, Fe, Mn, Zn) models. The minimum-energy structures obtained at 
PBE+U(-D3BJ) level of theory are shown in Fig. 3a–b, while Table S6
shows the good agreement of theoretical lattice parameters with 
experimental data, with a limited deviation of ~1% [66].

The theoretical capacity-voltage profile is plotted in Fig. 3c as the 
sodium intercalation potential derived from Eq. (1): 

V =

(

E(Nax2 NFMO) − E(Nax1 NFMO) − (x2 − x1)
1
2ENa

)

(x2 − x1)
(Eq. 1) 

where E(Nax2 NFMO) and E(Nax1 NFMO) are the total energies of the samples at 
sodium contents x2 and x1 (with x1 < x2), andENa is the total energy of 
sodium metal considering the bcc lattice with two atoms in the unit cell 
[67,68]. This method, widely employed to predict cathode behavior 
during charging, reflects the energy required to extract sodium ions from 
the host lattice [69–71]. The higher intercalation potential of d-NFM 
compared to p-NFM (orange and green lines in Fig. 3c, respectively) 
suggests that electrochemically inactive Zn promotes higher oxidation 
states of the remaining transition metals. To assess this correlation, we 

Fig. 2. XPS spectra of a) Mn 2p2/3, b) Ni 2p3/2, c) Fe 2p3/2 regions for p-NFM (lower profiles) and d-NFM (upper profiles) samples. The fitted peaks correspond to 
different oxidation states (Mn3+/Mn4+, Ni2+/Ni3+, Fe3+/Fe4+), along with associated satellite contributions.

Fig. 3. Structural evolution of the crystalline lattice during desodiation: PBE + U(-D3BJ) minimum-energy structures of a) p-NFM and b) d-NFM at different Na 
contents. c) Calculated Na intercalation potentials for both materials. Color code: Na (yellow), Ni (green), Mn (violet), Fe (blue), Zn (gray). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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analyzed atomic charges and net magnetizations during charging, i.e., 
upon sodium removal (same calculations at the DFT+U level of theory 
are reported in SI Fig.S5). As shown in Fig. 4a–b, the Mn sublattice 
(violet line, upper panel) is slightly oxidized upon charge, as evidenced 
by a decrease in average magnetization from 3.27 to 2.99 μB in p-NFM 
and from 3.29 to 2.99 μB in d-NFM. This change indicates a small 
contribution to charge compensation and thus confirms that it mainly 
plays a structural stabilizer role. Further evidence of this behavior is 
provided in Fig. S6, which shows the oxidation of Mn from a mixed 
Mn3+/Mn4+ state to a fully Mn4+ state occurring early in the dein
tercalation process. Nickel (light green line) undergoes a progressive 
Ni2+ → Ni3+ → Ni4+ oxidation in both pristine and doped materials, with 
decreasing magnetization indicating the transition from d8, d7, and then 
d6 electronic configurations (i.e., 1.71 → 1.19 → 0.33 μB in p-NFM and 
1.54 → 0.87 → 0.08 μB in d-NFM). In contrast, Fe (blue line) remains 
mainly Fe3+ in p-NFM (~4.20 μB, d5 high-spin), while a sizeable amount 
of Fe3+ is oxidized up to Fe4+ in d-NFM at low Na content (~3.93 μB, at 
x = 0.25). These results highlight the indirect effect of Zn doping in 
enhancing Fe redox activity at high voltages. To provide a clearer 
depiction of the oxidation state evolution of each transition metal during 
desodiation, Fig. S6 illustrates the magnetization of each TM during 
desodiation. This detailed view provides a clearer representation of 
changes in oxidation states that are not immediately discernible from 
the average magnetization.

The charge analysis (Fig. 4c–d, same color code) provides less pro
nounced trends, consistent with negative-feedback charge regulation 
(Fig. S7) [72]. Upon desodiation, the Bader charges of the TMs increase 
progressively, although more smoothly than the corresponding mag
netic moments, reflecting partial charge delocalization within the TM–O 
framework rather than purely ionic oxidation. The absolute magnitude 
of the oxygen magnetization reflects the degree of TM–O hybridization 
and is consistent with a cooperative charge-redistribution mechanism 
within the TM–O framework, without evidence of localized oxygen 

oxidation or dimerization. Overall, these results indicate that charge 
compensation remains dominated by TM oxidation, while oxygen con
tributes indirectly through increased TM–O covalency. The calculated 
charge values are far from the ionic limit owing to the highly covalent 
character of TM-O bonds. The covalent character is also reflected in the 
angular-momentum projected density of states (pDOS Figs. S8–S9), 
which shows significant hybridization between TM d- and O p-states. 
The overall pDOS profiles of both samples are similar upon desodiation. 
However, a key difference appears in the electronic behavior of iron at 
high voltages (and consequently low values of sodium x = 0.5 and 0.25). 
Specifically, Fe d bands cross the Fermi level, indicating a change in 
oxidation state from Fe3+ (high-spin d5 configuration, fully occupied 
valence band) to Fe4+ (d4, with unoccupied states in the conduction 
band). The main difference between the two samples lies in the degree of 
this partial oxidation, which is more pronounced in the Zn-doped ma
terial. These observations are consistent with the magnetization data 
(Fig. S6) and further supported by the CV results discussed in the 
following Section 3.3.

Pair distribution functions (PDFs, Figs. S10–12) of TM-O distances 
calculated for each sodiation degree illustrate the evolution of bond 
lengths within the TM-centered octahedra during desodiation. 
Comparative analysis of PDFs reveals whether the TM-O bonds undergo 
compression as a result of progressive oxidation of the TM centers. As 
shown in Fig. S9, Ni-O bonds are gradually shortened as sodium content 
decreases, with the most intense peak shifting from ~2.1 to 1.9 Å going 
from xNa = 1.0 to 0.50, consistent with Ni2+→Ni3+→Ni4+ oxidation [68,
70]. Such structural distortions can also be associated to Jahn-Teller 
(JT) effects in some TM species. For instance, the Mn-O PDFs 
(Fig. S11) show the characteristic JT distortions of Mn3+, with two 
distinct peaks at ~1.9 and ~2.2 Å. Upon desodiation at xNa = 0.50, these 
peaks converge to ~1.9 Å, reflecting the stabilizing effect of Mn sub
lattice. In contrast, the Fe–O bond lengths (Fig. S12) exhibit a broad 
distribution between 1.9 and 2.2 Å without a distinct peak shift. The 

Fig. 4. Electronic structure analysis obtained at HSE06+TS level of theory: a, b)Net magnetization and c, d) Average Badercharges of (left ) pristine (p-NFM) and 
(right) doped (d-NFM) materials for each element: Mn (violet), Fe (blue), Ni (green), and O (red) as a function of Na content. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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absence of a distinct peak shift suggests that oxidation of Fe3+ to Fe4+

does not significantly shorten the Fe–O bonds, which contrasts with 
Ni–O bonds that clearly shorten upon Ni oxidation. These results imply 
that iron is less influenced by electrostatic forces upon oxidation, and 
FeO6 octahedra remain largely undistorted [73,74].

3.3. Electrochemical behavior

To complement and validate the insights provided by DFT calcula
tions, particularly the enhanced iron activity in d-NFM, cyclic voltam
metry (CV) measurements were performed (Fig. S13a–b). Both samples 
exhibit a pair of redox peaks at about 2.0–2.3 V vs. Na+/Na, corre
sponding to the Mn3+/Mn4+ redox couple [75], followed by Ni2+/Ni3+

peaks at 2.5-3.0 V [76], and Na+/vacancy ordering peaks at 3.4-3.5 V 
[73,77]. In O3-type Na layered oxides, the redox processes in the 
~3.6-3.8 V region are widely reported and are commonly associated 
with the participation of the Fe3+/Fe4+ redox couple [28,74,78,79], 
often overlapping with Ni redox activity, depending on the specific 
composition. Although CV does not directly quantify Fe oxidation-state 
evolution, which would likely require advanced spectroscopic analysis, 
the enhanced intensity of this high-voltage feature in the Zn-substituted 
sample supports the hypothesis of increased Fe participation in charge 

compensation. This assignment is reinforced by DFT results, which show 
a more substantial depopulation of Fe 3d states and a greater reduction 
in Fe magnetic moments upon desodiation in d-NFM compared to 
p-NFM. These trends indicate that the presence of zinc enhances the 
oxidation of the transition metal, in line with the computational findings 
discussed above. The potential difference between the Ni2+/Ni3+ redox 
peaks provides insights into the electrochemical reversibility and po
larization behavior of electrode materials. For p-NFM, the large sepa
ration (~0.7 V) between the cathodic and anodic peaks associated with 
Ni indicates pronounced polarization, whereas d-NFM exhibits a much 
narrower gap (~0.17 V), suggesting reduced polarization and enhanced 
reversibility. These observations confirm that Zn2+ substitution effec
tively lowers polarization, improves redox reversibility, and enhances 
stability [80]. The stabilizing effect is likely attributed to the pillar-like 
role of Zn within the structure, which helps mitigate irreversible 
distortion and collapse during Na+ intercalation and deintercalation 
processes.

The reversible Na+ ion storage behavior of p-NFM and d-NFM 
cathodes was evaluated by galvanostatic charge/discharge (GCD) 
cycling at ambient temperature within 2.5–4.2 V vs. Na+/Na and at 
different C-rates (Fig. 5a and b) [81]. Fig. 5a, b displays the GCD voltage 
vs. specific capacity profiles at rates ranging from C/10 to 1C. Both 

Fig. 5. Representative voltage vs. specific capacity profiles of: a) p-NFM and b) d-NFM resulting from ambient temperature galvanostatic charge/discharge cycling at 
different C-rates. c) Capacity retention (%) upon long-term cycling performance and coulombic efficiency at C/2 for both materials.
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electrodes exhibit characteristic voltage features: during discharge, an 
initial plateau around 4 V vs. Na+/Na corresponds to the O3 to O′3 
distortion, followed by a sloping region down to ~2.7 V, and a 
lower-voltage plateau associated with the O3-P3 transition [82]. Mul
tiple intermediate plateaus between 2.8 and 4.1 V arise from 
Na+/vacancy ordering and related structural rearrangements. During 
charge, a plateau at ~4.1 V reflects the P3-O’’3 transition [83]. Both 
electrodes demonstrate good electrochemical performance, delivering 
specific capacities of around 105 and 70 mAh g− 1 at C/10 and 1C rates, 
respectively.

As shown in Fig. 5c, the Zn-doped NFM sample exhibits enhanced 
electrochemical performance upon long-term cycling compared to 
pristine NFM. Indeed, it delivers improved capacity retention after 100 
cycles, but particularly higher Coulombic efficiency (98.5 vs. 95.9% for 
d-NFM and p-NFM, respectively), and the improved Coulombic effi
ciency reflects more reversible phase transitions, facilitated by Zn 
doping (Fig. S14), which is also reflected in the voltage vs. specific ca
pacity profiles (Fig. 5a and b), where the doped electrode maintains a 
more consistent characteristic shape upon cycling at higher C-rates. 
Additionally, the enhanced capacity retention highlights the role of Zn 
in promoting structural stability during prolonged operation in labora
tory scale electrochemical cells vs. Na metal.

4. Conclusion

In conclusion, the current research provides, for the first time, a 
combined experimental and computational evaluation of the effect of Zn 
doping in NaNi0.28Zn0.05Fe0.17Mn0.5O2, offering insights into its struc
tural and electrochemical impact on the O3-type layered oxide. Unlike 
previous reports, where Zn substitution was primarily considered in 
other NaTMO2 compositions for structural stabilization, our study dis
cusses its role in this specific system by correlating experimental ob
servations with DFT analysis. Overall, the slightly improved 
performance of the Zn-doped material compared to the pristine material 
can be attributed to multiple factors related to Zn-substitution: (i) sta
bilization of the structure by non-participation in the redox process; (ii) 
stabilization of the TM layer by limiting cation migration during deep 
desodiation; (iii) subtle tuning of the local crystal structure and inter
layer environment, which helps preserve favorable Na+ diffusion path
ways; (iv) reduced particle agglomeration together with improved 
elemental homogeneity. The doped d-NFM material maintained the 
rhombohedral R3m structure and a tendency toward reduced particle 
agglomeration, maintaining good elemental homogeneity. Although Zn 
itself is electrochemically inactive, DFT calculations have highlighted its 
significant role in modulating the electronic structure and redox prop
erties, leading to increased intercalation voltages. Electrochemical 
measurements further confirmed reduced polarization and improved 
Coulombic efficiency, resulting in stable cycling of the Zn-doped cath
ode in a laboratory-scale cell vs. Na metal anode. These results establish 
Zn substitution as a promising approach for tuning the structural and 
electrochemical properties of O3-type NaTMO2 cathodes, providing a 
valuable benchmark for the development of high-performance sodium- 
ion batteries.
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layered oxide cathode material with low Ni content for sodium-ion batteries, Int. J. 
Energy Res. 46 (2022) 22025–22037, https://doi.org/10.1002/er.8230.

[25] Q. Mao, C. Zhang, W. Yang, J. Yang, L. Sun, Y. Hao, X. Liu, Mitigating the voltage 
fading and lattice cell variations of O3-NaNi0.2Fe0.35Mn0.45O2 for high 
performance Na-ion battery cathode by Zn doping, J. Alloys Compd. 794 (2019) 
509–517, https://doi.org/10.1016/j.jallcom.2019.04.271.

[26] S. Mariyappan, T. Marchandier, F. Rabuel, A. Iadecola, G. Rousse, A.V. Morozov, A. 
M. Abakumov, J.M. Tarascon, The role of divalent (Zn2+/Mg2+/Cu2+) 
substituents in achieving full capacity of sodium layered oxides for Na-Ion battery 
applications, Chem. Mater. 32 (2020) 1657–1666, https://doi.org/10.1021/acs. 
chemmater.9b05205.

[27] T. Zhang, M. Ren, Y. Huang, F. Li, W. Hua, S. Indris, F. Li, Negative lattice 
expansion in an O3-Type transition-metal oxide cathode for highly stable sodium- 
ion batteries, Angew. Chem., Int. Ed. 63 (2024), https://doi.org/10.1002/ 
anie.202316949.

[28] P. Liu, T. Zhan, X. Chen, H. Li, Q. Wang, W. Lu, L. Jiao, Regulating phase stability 
of O3-Type-Layered oxide cathode via Zn2+ substitution, J. Phys. Chem. C 127 
(2023) 20632–20639, https://doi.org/10.1021/acs.jpcc.3c05873.

[29] D. Chen, B. He, S. Jiang, X. Wang, J. Song, H. Chen, D. Xiao, Q. Zhao, Y. Meng, 
Y. Wang, Enhancing the structural stability and strength of P2-type layered oxide 
sodium ion battery cathodes by Zn/F dual-site doping, Chem. Eng. J. 510 (2025), 
https://doi.org/10.1016/j.cej.2025.161676.

[30] X. Wu, G.L. Xu, G. Zhong, Z. Gong, M.J. McDonald, S. Zheng, R. Fu, Z. Chen, 
K. Amine, Y. Yang, Insights into the effects of zinc doping on structural phase 
transition of P2-Type sodium nickel manganese oxide cathodes for high-energy 
sodium ion batteries, ACS Appl. Mater. Interfaces 8 (2016) 22227–22237, https:// 
doi.org/10.1021/acsami.6b06701.

[31] Y. Sun, P. Zhou, S. Liu, Z. Zhao, Y. Pan, X. Shen, X. Wu, J. Zhao, J. Weng, J. Zhou, 
Manipulating Na occupation and constructing protective film of P2- 
Na0.67Ni0.33Mn0.67O2 as long-term cycle stability cathode for sodium-ion 
batteries, J. Energy Chem. 88 (2024) 603–611, https://doi.org/10.1016/j. 
jechem.2023.09.042.

[32] W. Qin, Y. Liu, J. Liu, Z. Yang, Q. Liu, Boosting the ionic transport and structural 
stability of Zn-doped O3-type NaNi1/3Mn1/3Fe1/3O2 cathode material for half/ 
full sodium-ion batteries, Electrochim. Acta 418 (2022), https://doi.org/10.1016/ 
j.electacta.2022.140357.

[33] M. Li, L. Chen, Z. Liu, L. Tang, D.A. Podgorny, H. Xian, X. Niu, R. Wu, J.S. Chen, 
Lattice stabilization in P2-Type layered oxide cathodes by Zn doping for high- 
voltage sodium storage, ACS Appl. Mater. Interfaces 17 (2025) 49630–49638, 
https://doi.org/10.1021/acsami.5c13407.

[34] R. Liu, S. Yang, S. Zhou, J. Xing, X. Niu, G. Pang, G. Liu, F. Ye, B. Xiao, C. Xu, 
Regulating reversible phase transition at high voltage window on O3-Type layered 
cathodes by doping Zn for sodium-ion batteries, Small (2025), https://doi.org/ 
10.1002/smll.202505197.

[35] Y. Cai, Z. Luo, K. Liao, X. Xin, M. Zhou, Y.J. Cheng, R. Liu, X. Yan, S. Papović, 
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