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Abstract: To investigate the mechanism by which ZrO2 modification affects the electrochemical performance of the 
NaNi1/3Fe1/3Mn1/3O2 (NFM) cathode material for sodium-ion batteries, ZrO2-coated NFM (ZrO2@NFM) was prepared 
via high-temperature calcination. XRD refinement results revealed that ZrO2 modification increased the Na-layer 
spacing in the NFM material. XPS analysis results demonstrated that ZrO2 modification adjusted the Mn3+/Mn4+ ratio in 
NFM by reducing the Mn3+ content. Electrochemical test results revealed that, compared to NFM, ZrO2@NFM 
exhibited superior rate capability and cycling stability. It also exhibited significantly enhanced Na+ diffusion 
coefficients and reduced interfacial charge transfer resistance. The ZrO2 coating increased Na-layer spacing, reduced 
electrochemical polarization, and inhibited side reactions. In summary, the synergistic effect of component regulation 
and surface engineering through ZrO2 coating improved Na+ diffusion kinetics and enhanced cycling stability. 
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1 Introduction 
 

Sodium-ion battery (SIB) technology offers an 
efficient, economical, and sustainable solution for 
energy storage, making SIBs a focal point in battery 
research [1,2]. Due to the abundance of sodium 
resources, SIBs are more cost-effective than 
lithium-ion batteries (LIBs) and perform better 
under low-temperature conditions and in terms of 
safety [3,4]. Transition metal oxide cathodes with 
layered structures, such as NaNi1/3Fe1/3Mn1/3O2 
(NFM), are promising due to their cost- 
effectiveness, environmental friendliness, and 
structural stability [5−7]. Despite the significant 
cost advantages of sodium-based layered oxide 

cathode materials, their large-scale application faces 
several limitations, including the following aspects. 
(1) Slow sodium-ion diffusion dynamics: compared 
to the radius of Li+, the radius of Na+ is larger 
(1.02 Å), leading to complex phase transitions 
during Na+ extraction/insertion, which hinders  
Na+ diffusion within the layers [8]. (2) Structural 
instability at high potential: When the potential 
exceeds 4 V, NFM undergoes an irreversible phase 
transition from P3 phase to OP2 phase, causing 
severe lattice distortion and a sharp decline in 
cycling performance, thus limiting its operating 
potential to below 4.0 V [9,10]. (3) Sodium/hydrogen 
exchange in moisture: Contact with atmospheric 
moisture leads to Na+/H+ exchange, causing Na+ 
extraction from the bulk structure and forming alkaline 
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impurities on the surface, which increases 
impedance and reduces SIB capacity [11−13]. 

Thus far, various modification techniques, 
including element doping, crystal structure 
modulation, and surface engineering, have been 
proposed to address the above bottlenecks [14−16]. 
Coating strategies effectively protect the electrode− 
electrolyte interface and reinforce the cathode 
against harmful side reactions [17]. However, single 
coating offers limited effectiveness in providing 
interfacial protection and does not directly enhance 
the overall structural stability of the cathode [18]. 
Ion doping at the transition metal (TM) sites  
within the O3-type layered cathode structure is 
widely explored to optimize Na+ channels [19−21]. 
Thus, we proposed a bifunctional strategy that 
simultaneously achieved protective coating and ion 
doping, synergistically leveraging the benefits of 
both surface engineering techniques. 

In this study, a ZrO2 protective layer was 
constructed on the NFM surface via high- 
temperature calcination. Its impact on the structural 
stability and Na+ diffusion dynamics was systematically 
explored. Various analytical techniques such     
as the X-ray diffraction (XRD), high-resolution 
transmission electron microscopy (HRTEM), and 
electrochemical performance tests were employed 
to characterize the effectiveness of the ZrO2 
modification. These results highlight the potential 
of this bifunctional strategy in improving the 
electrochemical performance and structural stability 
of SIB cathodes, offering a promising direction for 
future development of sodium-ion batteries. 
 
2 Experimental 
 
2.1 Synthesis procedure 

Firstly, Ni1/3Fe1/3Mn1/3(OH)2 (HUAYOU New 
Energy Technology (Quzhou) Co., Ltd.) was mixed 
with Na2CO3 in a Na/Me (Me represents transition 
metal elements) stoichiometric ratio of 1.05꞉1. The 
mixture was uniformly ground in an agate mortar. 
Subsequently, a tube furnace (KSL−1100x, Hefei 
Kejing Material Technologies Co., Ltd.) was used 
to sinter the mixture under air atmosphere. A 
two-stage sintering process was employed: 500 °C 
for 5 h in the first stage and 850 °C for 10 h in the 
second stage. After the sintering process, bare 
NaNi1/3Fe1/3Mn1/3O2 (NFM) particles were obtained. 
Next, nano-zirconia (1 wt.%) was mixed with the 

NFM particles in an automatic mixer for 1 h. This 
mixture was then heated in air at 600 °C for 10 h to 
obtain ZrO2-coated NFM (ZrO2@NFM). To further 
investigate the impact of the secondary calcination, 
an additional sample, NFM-resintering, was 
prepared by reheating the NFM sample at 600 °C 
for 10 h in air. This process was identical to the 
secondary calcination for the ZrO2@NFM sample, 
but without ZrO2 addition. 
 
2.2 Characterization 

Phase compositions and crystal structures were 
examined using XRD (Rigaku D/max−2500) at a 
scanning rate of 3 (°)/min over a range of 10°−80° 
using Cu Kα radiation. TEM (JEM−2100F) and 
SEM with energy-dispersive X-ray spectroscopy 
(SEM−EDS; JEOL JSM−6360LV, Japan) were used 
to study the morphology, microstructure, and 
distribution of elements in the prepared cathode. 
Valence states were studied using XPS (Thermo 
Fischer, ESCALAB 250Xi, USA) with a 
monochromatic Al Kα source. 
 
2.3 Electrochemical measurements 

CR2025 coin cells were assembled for 
electrochemical measurements. Firstly, the active 
material powder (NFM or ZrO2@NFM, 80 wt.%), 
binder (PVDF, 10 wt.%), and conductive carbon 
(acetylene black, 10 wt.%) were mixed to form a 
slurry using N-methyl-2-pyrrolidone (NMP) as a 
solvent. This slurry was uniformly coated on Al foil 
and dried at 120 °C under vacuum for 12 h. The 
CR2025 cell comprised an NFM or ZrO2@NFM 
cathode, counter electrode (sodium), and electrolyte. 
an EC/DMC solution with 1 mol/L NaPF6 was used 
as the electrolyte. Cycle stability and rate performance 
were evaluated at 25 °C using a LAND (CT2001A) 
instrument from 2.0 to 4.0 V. CV and EIS tests were 
performed using a Princeton Applied Research 
potentiostat/galvanostat (VersaSTAT MC). EIS test 
was performed from 100 kHz to 0.01 Hz. Sodium- 
ion diffusion kinetics was examined by Galvanostatic 
Intermittent Titration Technique (GITT). 
 
3 Results and discussion 
 
3.1 Structural and morphological characteristics 

The XRD patterns of NFM and ZrO2@NFM 
(Fig. 1(a)) show the correspondence to NaMn0.4- 
Fe0.2Ni0.4O2 ( 3R m , No. 166). The sharpness and 
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definition of the diffraction peaks suggest that these 
samples have a high level of crystallinity. No 
impurity phases can be observed, suggesting that 
ions are successfully incorporated into the NFM 
lattice without disrupting its crystal structure. The 
(003) peak of ZrO2@NFM is centered at a lower 2θ 
value than the (003) peak of bare NFM. This 
implies a larger d-spacing (the interplanar distance 
between adjacent (003) crystal planes) of the (003) 
peak. The d-spacing of the (003) peak is determined 
by both the TMO2 layer (interplanar spacing) and 
the Na layer (interlayer spacing) [22]. This is 
consistent with the crystallographic data results 
obtained via Rietveld refinement (Table 1). Rietveld 
refined XRD patterns (Figs. 1(b, c)) confirm Rp (Rp 
is the profile R-factor) values of 3.03% and 1.71% 
for NFM and ZrO2@NFM, respectively, with 

corresponding Rwp (Rwp is the weighted profile 
R-factor) values of 3.88% and 5.04%. This  
indicates that the refinement results are reliable and 
acceptable. The Na layer spacing of ZrO2@NFM is 
broader than that of bare NFM (Table S1 in 
Supporting Information (SI)). This increased Na 
layer spacing might enhance the diffusion 
coefficients and rate capacity for Na+ during 
charge−discharge cycling. Table 1 shows that the 
lattice parameters (a, b, c, and V) of ZrO2@NFM 
are slightly smaller than those of NFM. Despite the 
larger atomic radius of Zr compared to those of the 
transition metal atoms and its stronger bonding with 
oxygen, the high-temperature calcination process 
used for coating ZrO2 may induce compressive 
stress on the NFM lattice. This stress could lead to a 
slight reduction in the lattice parameters. To verify 

 

 
Fig. 1 XRD patterns and magnified (003) peak in 2θ range of 15.5°−18° of NFM and ZrO2@NFM (a), Rietveld 
refinements of NFM (b) and ZrO2@NFM (c) 
 
Table 1 Rietveld refinement lattice parameters of NFM and ZrO2@NFM 

Sample 
Lattice parameter 

Volume, V/Å3 
Reliability factor 

a/Å b/Å c/Å Rp/% Rwp/% 

NFM 2.97624 2.97624 16.1114 123.594 3.03 3.88 

ZrO2@NFM 2.96894 2.96894 16.0119 122.229 1.71 5.04 
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this, we prepared a control sample, NFM- 
resintering, by reheating the NFM sample at 600 °C 
for 10 h without the addition of ZrO2. The lattice 
parameters a, b, c, and V of NFM-resintering are 
also reduced compared to those of the original 
NFM sample, confirming that the lattice contraction 
is due to the secondary calcination process rather 
than the minor Zr4+ doping (Table S1 in SI). 

The SEM images (Fig. S1 in SI) show that 
both NFM and ZrO2@NFM consist of spherical 
agglomerates with particle sizes ranging from 6 to 
8 μm, and an average primary particle size of about 
100 nm. The surface of ZrO2@NFM is rougher than 
that of NFM. EDS was performed to confirm    
the presence of Zr in ZrO2@NFM. The obtained 
elemental maps (Figs. S1(d−i) in SI) indicate the 
uniform distribution of Na, Fe, Ni, Mn, and Zr 
across this sample. 

High-resolution TEM (HR-TEM) micrographs 
of NFM and ZrO2@NFM (Figs. 2(a, b)) show the 
grain edges with good crystallinity. These edges 
correspond to the (104) and (211) planes of the 

3R m  space group. Moreover, a coating is clearly 
present on the surface of ZrO2@NFM. Fast Fourier 
transform (FFT) patterns were employed to 
determine the crystal structures of different regions. 
Region 4, unlike Region 3 which is characterized 
by the 3R m  space group structure, is identified as 

a coating layer corresponding to the P21/a (14) 
space group. Concurrently, Regions 1 and 2 are 
affirmed to conform to the 3R m  space group 
structure. This observation suggests that the NFM 
surface is partially covered by a ZrO2 layer.    
EDS imaging was used to verify the coating 
(Figs. 2(c−j)). Zr is mostly found on the surface, 
further suggesting the existence of a ZrO2 layer. 

 
3.2 Valence state 

The influence of Zr on the TM ion valence 
states in ZrO2@NFM was evaluated by XPS 
(Fig. 3). The Ni 2p spectra (Figs. 3(a, b)) display 
two main peaks ascribed to Ni 2p3/2 and Ni 2p1/2, 
with additional satellite peaks observed on the left 
side. Deconvoluted Ni 2p3/2 peaks are observed at 
approximately 854.1 eV (Ni2+) and 856.1 eV (Ni3+). 
Deconvolution of the Ni 2p1/2 peak provides peaks 
at 872.1 eV (Ni2+) and 875.9 eV (Ni3+). The Fe 2p 
spectra (Figs. 3(c, d)) show peaks at 710.4 eV 
(Fe 2p3/2) and 724.6 eV (Fe 2p1/2), confirming the 
existence of Fe3+. The smaller peaks are satellite 
peaks. The Mn 2p spectra (Figs. 3(e, f)) display Mn3+ 
peaks at about 642.2 eV (Mn 2p3/2) and 653.3 eV 
(Mn 2p1/2). Mn4+ peaks can also be observed at 
644.6 eV (Mn 2p3/2) and 655.5 eV (Mn 2p1/2) [23,24]. 
The content of Mn3+ in the NFM sample is    
much greater than that in the ZrO2@NFM sample, 

 

 
Fig. 2 HR-TEM images of NFM (a) and ZrO2@NFM (b), and EDS mappings of ZrO2@NFM (c−j)  
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Fig. 3 XPS spectra and fitting results of NFM (a, c, e) and ZrO2@NFM (b, d, f): (a, b) Ni 2p; (c, d) Fe 2p; (e, f) Mn 2p 
 
indicating that the ZrO2 coating mainly affects the 
Mn3+/Mn4+ ratio. Mn3+ acts as a Jahn−Teller active 
ion, causing a Jahn−Teller effect that results in 
permanent alterations to the material structure. 
Therefore, high Mn3+ content may lead to structural 
instability [25,26]. 
 
3.3 Electrochemical performance 

The rate capability and charge−discharge 
curves of both cathodes at various current densities 
are displayed in Figs. 4(a, c, d). ZrO2@NFM shows 
superior rate capability compared to NFM 

(Fig. 4(a)). This is due to the protective role of the 
ZrO2 layer, which inhibits surface side reactions. 
The bare NFM has discharge capacities of 
117.2 mA·h/g (0.2C), 109.3 mA·h/g (0.5C), 
105.4 mA·h/g (1C), 99.2 mA·h/g (2C), and 
84.5 mA·h/g (5C) (Fig. 4(c)). In contrast, 
ZrO2@NFM shows notably improved discharge 
capacities of 131 mA·h/g (0.2C), 124.3 mA·h/g 
(0.5C), 119.8 mA·h/g (1C), 113.5 mA·h/g (2C),  
and 100 mA·h/g (5C) (Fig. 4(d)). The enhanced 
capacity of ZrO2-modified samples at lower rates 
(e.g., 0.2C) can be attributed to the oxygen redox 
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Fig. 4 Rate capability of NFM and ZrO2@NFM (a); Charge−discharge curves of NFM (c) and ZrO2@NFM (d) at 
different rates; Cycling performance of NFM and ZrO2@NFM at 1C for 200 cycles (b), and corresponding 
charge−discharge plots of NFM (e) and ZrO2@NFM (f) (All curves obtained in potential range of 2.0−4.0 V) 
 
capability of the NFM material. The high bond 
energy of Zr—O compared to TM—O bonds    
(Zr—O: 760 kJ/mol; Ni—O: 391.6 kJ/mol; Fe—O: 
409 kJ/mol; Mn—O: 402 kJ/mol) promotes reversible 
oxygen redox reactions [27]. This is evidenced by 
the XPS results shown in Fig. S2 in SI, where the 
ZrO2@NFM sample exhibits a stronger On− peak 

compared to NFM. Consequently, the partial Zr 
doping in the modified sample contributes to a 
small amount of reversible lattice oxygen redox 
capacity, leading to higher capacities across 
different rates [28,29]. Additionally, the structural 
adjustments in ZrO2@NFM, including the decrease 
in Na—O and O—O bond lengths, along with the 
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increase in TM—O bond lengths (Table S1 in SI), 
result in a more compact structural arrangement. 
This compactness enhances the migration and 
diffusion capacity of Na+ during charge−discharge 
process by reducing electrostatic repulsion between 
Na+ and O2−, thereby improving electrochemical 
performance [30,31]. After 200 cycles at 1C, the 
capacity retentions of NFM and ZrO2@NFM are 
79.81% and 80.16%, respectively (Figs. 4(b, e, f)). 
ZrO2@NFM continuously maintains high specific 
capacities and good capacity retention because it 
has an enhanced Na+ diffusion coefficient. 

The CV curves of NFM and ZrO2@NFM were 
obtained at 2.0−4.0 V (Figs. 5(a, b, d)). The high- 
potential range has two sets of redox peaks that 
correspond to the sloping region in the charge− 
discharge curves, indicating that the electrode is 
sodium-poor. The plateau in the low-potential 
region of the charge−discharge curves indicates  
that the electrode materials are in a sodium-rich 
state [32]. During charging, the bare NFM cathode 

shows oxidation peaks at 3.75 and 3.45 V that   
are potentially ascribed to the successive oxidation 
reactions of Fe3+/Fe4+ and Ni2+/Ni4+ (including 
Ni2+/Ni3+ and Ni3+/Ni4+), respectively [33,34]. There 
are three corresponding reduction peaks during 
battery discharge related to Fe4+/Fe3+ reduction at 
3.58 V, Ni4+/Ni3+ reduction at 2.76 V, and Ni3+/Ni2+ 
reduction at 2.41 V. The primary oxidation peaks of 
the ZrO2@NFM cathode are present at 3.75 and 
3.41 V, and the three corresponding reduction peaks 
are observed at 3.58, 2.89, and 2.67 V. The potential 
difference of the redox peaks of NFM is ∆φNi= 
1.04 V and that of ZrO2@NFM is ∆φNi=0.74 V. 
Therefore, the ZrO2@NFM cathode exhibits 
significantly lower polarization, leading to better 
reversibility during the charging and discharging 
processes. These improvements will help to increase 
its cycle performance. Furthermore, the ZrO2@NFM 
cathode displays a stronger current response compared 
to NFM, confirming that coating the cathode 
material with ZrO2 improves the reaction kinetics. 

 

 
Fig. 5 CV curves of NFM (a) and ZrO2@NFM (b) at scanning rates of 0.1−0.5 mV/s in potential range of 2−4 V,   
peak current versus scanning rate v1/2 (c), and CV curves of samples at scanning rate of 0.1 mV/s in potential range   
of 2−4 V (d) 
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3.4 Diffusion kinetics and impedance 
The CV curves of ZrO2@NFM and NFM were 

obtained at varying scanning rates (v) (0.1−0.5 mV/s, 
Figs. 5(a, b, c) to study the Na+ diffusion kinetics in 
each electrode. With increasing scanning rate, the 
peak current (Ip) rises, the reduction peaks shift in 
the lower-potential direction, and the oxidation 
peaks shift in the higher-potential direction. 
Formula (1) was used to calculate the solid-state 
Na+ diffusion rate, which governs Na+ transfer 
throughout the cycle process.  

1/25 3/2 1/2
p 0Na=2.69 10I n AD v C+× ∆              (1) 

 
where n, A, DNa+, and ΔC0 represent the number of 
transported electrons in a single reaction, electrode 
area, Na+ diffusion coefficient, and the change in 
concentration of Na+ during the electrochemical 
reaction process, respectively. 1/2v  and Ip are 
linearly related. The Na+ diffusion coefficient 
values were computed by linearly fitting the slopes 
of peak currents at various scanning rates (Fig. 5(c)). 

ZrO2@NFM has a higher average Na+ diffusion 
coefficient (10.5948×10−11 cm2/s) compared to 
NFM (7.09104×10−11 cm2/s), as shown in Table 2. 
Thus, ZrO2 modification significantly enhances the 
Na+ diffusion kinetics of NFM. 
 
Table 2 Apparent Na+ diffusion coefficients (DNa+) 
during charging process obtained by CV 

Sample Slope DNa+/(10−11cm2·s−1) 

NFM 0.05721 7.09104 

ZrO2@NFM 0.06993 10.5948 

 
To further study the electrochemical behavior 

related to phase transition during long-term cycling 
from 2.0 to 4.0 V, differential charge/discharge 
capacity (Q) tests were performed (Fig. 6). Visible 
oxidation peaks can be identified as the O3 to P3 
phase transition [35,36]. Compared to NFM, the 
peaks of ZrO2@NFM are located at lower potentials, 
suggesting a quicker transition to the P3 phase during 

 

 
Fig. 6 Differential charge/discharge capacity profiles (dQ/dφ) of NFM (a, c) and ZrO2@NFM (b, d): (a, b) Cycle- 
dependent dQ/dφ curves for 1st, 10th, and 200th cycles; (c, d) Rate-dependent dQ/dφ curves at various current densities 
of 0.5C and 2C 
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the sodium desorption process. The diffusion of Na+ 
in the O3 phase occurs via intermediary tetrahedral 
sites (from octahedral sites to neighboring 
octahedral sites). Na+ transfer creates a prismatic 
site in the P3 phase and proceeds straight to a 
face-sharing prismatic site. This transition lowers the 
transfer energy barrier [37]. Consequently, the early 
presence of the P3 phase may aid in quick ionic 
transfer, leading to the improved rate capacity 
[38,39]. The peak oxidation potentials (Δφ) of fresh 
ZrO2@NFM and NFM cathodes and the same 
cathodes after 200 cycles were determined at 1C. 
For both samples, the peak shifts to a higher 
potential after cycling. NFM experiences severe 

polarization, as indicated by its considerable peak 
shift (Δφ=385.1 mV) and noticeable drop in peak 
intensity. In contrast, ZrO2@NFM shows a 
remarkably small peak shift (Δφ=135.3 mV), 
suggesting a much lower degree of polarization 
compared to NFM. This implies that the Zr 
doping-coating approach reduces the polarization 
and increases the structural stability. 

EIS impedance tests were performed and Na+ 
diffusion coefficients were calculated to study the 
influence of ZrO2 on the Na+ diffusion kinetics of 
NFM and ZrO2@NFM. Nyquist plots (Figs. 7(a, b)) 
display a semicircle (at high frequencies, associated 
with interfacial charge transfer resistance Rct) and 

 

 
Fig. 7 Nyquist plots and equivalent circuits (in insets) of NFM (a) and ZrO2@NFM (b), GITT profiles of NFM (c) and 
ZrO2@NFM (d), EIS fitting results of samples (e), and DNa+ values during charge−discharge process (f) 
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straight line (at low frequencies, associated with 
Warburg impedance Zw) [40]. EIS analysis results 
show that after 200 cycles, the Rct value of 
ZrO2@NFM (465.4 Ω) is significantly lower than 
that of NFM (1125 Ω). The lower Rct caused by the 
ZrO2 coating inhibits unfavorable responses on the 
surface. Furthermore, the low conductivity of the 
ZrO2 coating has no effect on the resistance of the 
cathode because it is only 2−5 nm in thickness. 

GITT was employed to validate the cathodes at 
various potentials throughout the charge and 
discharge phases. Typical charging−discharging 
GITT curves are shown in Figs. 7(c, d). After one 
cycle at 0.1C, a current pulse of 20 min was applied 
at the same current density, followed by a 60 min 
relaxation to achieve potential equilibrium.     
The Na+ diffusion coefficients DNa+ were calculated, 
as displayed in Fig. 7(f). The DNa+ values of the 
ZrO2@NFM cathode are significantly improved 
compared to that of the NFM cathode. The higher 
Na+ diffusion coefficient and lower electrochemical 
polarization of ZrO2@NFM are due to the expanded 
Na+ transport routes. 
 
4 Conclusions 
 

(1) The NFM cathode material was 
successfully coated with ZrO2 and doped with Zr4+. 
The ZrO2 coating inhibited the surface side 
reactions and reduced the electrode polarization. 

(2) Doping Zr4+ into the TM layer resulted   
in shorter O—O and TM—O bonds, stabilizing  
the layered structure. Additionally, the ZrO2 
modification widened the Na layer spacing and 
lowered the migration barrier. 

(3) Compared to uncoated NFM, ZrO2@NFM 
exhibited a reduced Mn3+ content, which helped to 
inhibit the Jahn−Teller phenomenon. 

(4) The ZrO2 surface engineering significantly 
enhanced the Na+ diffusion kinetics. The modified 
electrode demonstrated improved rate performance 
and cycling stability. 
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摘  要：为了研究 ZrO2 改性对钠离子电池 NaNi1/3Fe1/3Mn1/3O2(NFM)正极材料电化学性能的影响，通过高温煅    

烧制备了 ZrO2 包覆的 NFM (ZrO2@NFM)。XRD 精修结果表明，ZrO2 改性增加了 NFM 材料的钠层间距。XPS 结

果显示，ZrO2 改性通过降低 Mn3+含量对 NFM 中 Mn3+/Mn4+的比例进行调整。电化学测试结果表明，与 NFM 相

比，ZrO2@NFM 表现出更优的倍率性能和循环稳定性。同时，ZrO2@NFM 显著增强了钠离子的扩散系数，降低

了界面电荷转移电阻。ZrO2 涂层增加了钠层间距，减少了电化学极化，抑制了副反应。总之，通过 ZrO2 涂层的

成分调控和表面工程的协同作用，提高了钠离子的扩散动力学，增强了循环稳定性。 

关键词：钠离子电池；ZrO2 涂层；层状氧化物正极材料；扩散系数；电化学性能 
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