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Abstract: Sodium-ion battery (SIB) technology started to bloom along with lithium-ion batteries (LIBs)
as a supportive energy source to alleviate the cost of lithium sources for the development of energy
storage devices and electric vehicles. Layered cathode materials are considered potential candidates
to produce high-energy-density batteries. Among the layered cathode materials, P3-type cathodes are
the least investigated in spite of their capacities, which are comparable to those of P2-type cathodes.
P3-type cathodes show high polarization, leading to a poor cycle life, which impedes their extensive
use in practical applications. In this work, we report on zirconium doping as an effective strategy to
improve cycling stability and reduce voltage fading, another serious issue of layered cathode materials.
It is found that an optimum composition of the P3-type cathode with Zr doping at the Mn site, leading
to a composition of Na0.67Ni0.33Mn0.64Zr0.033O2, shows good electrochemical performance in terms of
retention (89% after 100 cycles) when compared to Na0.67Ni0.33Mn0.60Zr0.067O2 (85% after 100 cycles)
and an undoped sample (83% after 100 cycles). Also, remarkable performance is delivered by the
Na0.67Ni0.33Mn0.64Zr0.033O2 sample, with a retention rate of 72% after 450 cycles. This result is also
supported by an analysis of the amount of polarization for undoped and doped samples, which
found that doping helps in improving the diffusion of ions, and the least polarization is obtained for
the Na0.67Ni0.33Mn0.64Zr0.033O2 sample.

Keywords: P3-type layered cathode; metal oxide; Na-ion battery; doping; cycle life

1. Introduction

The huge demand for energy consumption as part of the Industrial Revolution led
to the depletion of non-renewable fossil fuel sources and augmented the emission of
pollutants. Over the course of time, the development of renewable and clean energy
sources like solar power, wind power, hydropower and geothermal and tidal energy gained
attention. But the discontinuous nature of these resources limited their usage as steady
sources. So, storing these energy resources and using them upon demand led to the
necessity of energy conversion systems, such as fuel cells, water electrolysis, etc., and
battery energy storage systems [1–4]. Batteries with high energy density are necessary
for portable devices. Hence, the commercialization of lithium-ion batteries was started
in 1991 by the Sony Corporation. As Li sources are limited, an alternate technology is
required to meet the demands of electric vehicle (EV) and grid storage in the scenario
of scaling up [5–8]. Due to the similar electrochemical properties exhibited by sodium
ions, research on SIBs as a supporting source for lithium has also started along with
LIBs. The abundant nature of sodium, the substitution of highly priced Cu foil with
Al foil as current collector and the usage of electrolytes with cost-effective sodium salts
are additional benefits. But compared with Li-ions, the size of Na-ions is high (1.02 Å),
which can lead to a low practical capacity and poor rate capability for the same cathode
material used in LIBs [5–10]. To attain batteries with high energy density, we require
positive electrodes that show a high voltage as well as a high theoretical capacity. The
cathode materials available for sodium-ion batteries include layered materials, polyanionic
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compounds, organic compounds and Prussian blue analogues. Layered materials display
a high theoretical capacity and high voltage. Also, layered cathode materials exhibit
short ion diffusion paths and facile synthesis [11–13]. For the first time, Delmas et al. [14]
investigated layered cathode materials for SIBs and suggested that the majority of the
alkali metal ions crystallized into the layered cathode materials of the form NaxMeO2
(Me-redox-active transition metal), which was essentially confirmed by other research
works [15,16]. Alternative Na and MeO2 layers form the basic structure of these layered
oxides. These layered oxides are classified as P (prismatic) and O (octahedral) depending
on the co-ordination site occupied by Na ions between the MeO2 layers. In O types, Na
ions make contact with the MeO6 octahedron along its edges, and diffusion occurs in the
intermediate tetrahedral site. In the case of P types, diffusion is direct, and Na ions make
contact with the MeO6 octahedron along its edges as well as its faces. Based on the number
of MeO2 layers within a unit cell/the type of oxygen stacking, these layered oxides are
classified as O3, O2, P3 and P2 [12,13]. The most widely studied, most stable types are P2
and O3, as they can be synthesized easily, and only recently, P3 joined the list. All these
phases can be obtained via the sodium intercalation/de-intercalation process as well as
by varying the calcination temperature, the gliding of MeO2 layers and the breakage of
Me-O, and by varying the sodium content [14–18]. Studies on NaxMnO2, first reported
by Parant et al. [19], with different sodium concentrations, exhibited poor performance
due to the Jahn–Teller effect exhibited by the Mn3+ ions. The moisture content in the
atmosphere caused structural distortion in the case of Na0.6MnO2 [19–21]. New cathode
materials exhibiting better performance were reported with the incorporation of binary
transition metals. LiNi1/2Mn1/2O2 is a widely studied cathode material for lithium-ion
batteries, and is obtained via the ion exchange method from its sodium counterpart [22–26].
An in situ XRD study of P2-Na2/3[Mn2/3 Ni1/3]O2 by Lu and Dahn [24] established the
reversible migration of sodium ions. Also, a reversible phase transformation of P2-O2
occurs during cycling, with a first charge capacity of 161 mAh/g, which is close to the
theoretical value of 173 mAh/g, within a voltage range of 2–4.5 V [24,27]. Based on the
literature, it is evident that studies on P3-type materials are limited when compared to
those on the O3 and P2 types. It is possible to synthesize P3-Na2/3[Mn2/3Ni1/3]O2 if we
control the temperature within 700–750 ◦C [28–30]. When compared to P2-type materials,
P3-type materials have large interlayer spacing and good sodium-ion diffusion [31]. The
novel P3-Na0.67Ni0.2Mn0.8O2 synthesized by Jeong et al. [32] showed redox activity of
oxygen when the voltage window was raised to 4.1 and 4.4 V, that delivered high charge
capacities of 174 mAh/g and 204 mAh/g respectively. Li et al. [33] reported the reason
behind the capacity fading during cycling in P3-Na2/3[Mn2/3Ni1/3]O2. It is mainly due to
the preferred occupation of Na around the Ni site due to the ordered arrangement of Mn
and Ni.

Though these layered materials exhibit a favorable capacity and diffusion, phenomena
such as complex irreversible phase transformation, a moisture-sensitive nature, lattice
deformities and a volume change during cycling act as stumbling blocks [13,31]. To
minimize the challenges related to electrode materials, surface engineering strategies like
structural designs or surface modifications have been employed in many cases. Surface
modification strategies can be summarized as coating, doping, etching and passivation.
The most commonly used modification technique is doping, as it inhibits irreversible phase
transformation during cycling and improves performance [34–38]. Studies conducted by
Wang et al. [39] on P3-Na0.65Ni0.25Mn0.75O2 through doping with F and B reveal that P3-O1
phase transformation is reduced via F doping, whereas, via B doping, a more stable P2
phase is obtained with good reversibility and less polarization. Following Mg doping at the
Ni site of P3-Na0.67Ni0.33Mn0.67O2, Ya-Nan et al. [30] reported an air-stable, high-voltage
material that showed a discharge capacity of 124 mAh/g and 78% retention after 100 cycles.
To inhibit irreversible phase transition and to enhance Na+ ion diffusion in P2-Na0.7Mn0.75
Ni0.25O2, Amedzo-Adore, Mawuse et al. designed an oxygen-deficient material with the
reductive treatment of NH4HF2 [40]. With the aim of improving the cycling performance
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and structural stability of P2- Na0.8Mn0.5Fe0.5O2, Yang, Junghoon et al. substituted some
of the Fe2+ ions with electrochemically inactive Mg2+ ions, which also exhibited a smooth
voltage profile [41].

Here, in our work, we systematically investigated Zr4+ doping in the redox-inactive
Mn site of P3-type Na0.67Ni0.33Mn0.67O2. As the ionic radius of Zr4+ is larger than that of
Mn4+, lattice expansion-associated positive changes in electrochemical performance, such
as improved cycling stability and a rate capability similar to that observed in Zr doping in
Li-ion cathodes, may be expected [42–47].

2. Materials and Methods

We prepared the undoped Na0.67Ni0.33Mn0.67O2 (NNMO) sample and the different Zr
concentrations (5 mol.% and 10 mol.% concentration of Mn) doped at the Mn site of the NNMO
samples via typical sol gel synthesis. Here, 5 mol.% Zr, i.e., Na0.67Ni0.33Mn0.637Zr0.0335O2, is
indicated as NNMZr3O, and 10 mol%, i.e., Na0.67Ni0.33Mn0.603Zr0.067O2, is indicated as
NNMZr6O. Precursors such as sodium acetate (Sigma-Aldrich, Bengaluru, India), nickel
(II) acetate tetra hydrate (98%, SRL Chem, Mumbai, India), manganese acetate tetra hydrate
(99.0%, Sigma-Aldrich, Bengaluru, India) and zirconyl nitrate hydrate (25–30%, SRL Chem,
Mumbai, India) were diluted independently in 10 mL of deionized water (DI) kept, in
addition to the chelating agent citric acid monohydrate (extra pure, SRL Chem, Mumbai,
India), in 5 mL DI at 40 ◦C. This was then added drop-wise to a beaker containing sodium
acetate solution. After neutralization with ammonia solution (extra pure, AR, 25%, SRL
Chem, Mumbai, India), it was stirred constantly over a hot plate at a temperature of 70 ◦C
until we obtained a wet gel. Upon gelation, it was then subjected to air drying over night
at 120 ◦C. The as-prepared sample was subjected to pre-calcination at 450 ◦C for 10 h with
a ramp rate of 5 ◦C/min, starting at room temperature. Once it was cooled down to 70 ◦C,
we ground it properly and calcined it at 750 ◦C for 10 h with a ramp rate of 5 ◦C/min in an
air atmosphere.

Powder X-ray diffraction (XRD) of all the samples was performed using a 2nd genera-
tion D2 Phaser (Bruker, Karlsruhe, Germany), with a 2θ range of 10–70◦ and step size of
0.024◦. With the default program in Bruker EVA, the removal of Cu Kα signals and back-
ground subtraction were performed. Rietveld refinement was carried out using the Profex
program [48]. To analyze the phase transitions during cycling, ex situ XRD at the end of the
first charge and at the end of the first cycle for all samples was performed and compared
with the pristine electrode. Imaging of all samples with a high and low magnification was
performed using transmission electron microscopy (TEM, JEM 2100 Jeol, Tokyo, Japan). For
the surface analysis and the oxidation states of the powdered samples, X-ray photoelectron
spectroscopy (XPS) was performed using an Al Kα monochromatic X-ray source with a
power of 96 W and a beam spot size of 700 µm × 300 µm (Axis Ultra Kratos, Manchester,
UK). The uniform elemental distribution of the samples was validated using field emis-
sion scanning electron microscopy (FESEM)–energy dispersive X-ray spectroscopy (EDS)
analysis with 2D area mapping (JSM 7610 FPlus, Jeol, Tokyo, Japan).

To carry out the electrochemical study, positive electrodes were prepared using our
active materials, multiwalled carbon nano-tubes (Reinste) and polyvinylidene fluoride
(Sigma-Aldrich, Bengaluru, India), in a weight ratio of 80:10:10. Using 1-methyl 2 pyroli-
done (anhydrous 99.5%, Sigma-Aldrich, Bengaluru, India) solvent, it was mixed properly,
cast on Al foil and subjected to 15 min of drying in an IR lamp oven. Electrode discs with
an area of 1 cm2 and a loading of 2.5 mg cm−2 were punched out, and properly pressed
on the foil using a hydraulic press. Half-inch-diameter Swagelok cells were assembled
in an Ar-filled glove box (Unilab Pro, MBRAUN, Germany) with Na-metal as the anode
and in-house-prepared 1M NaClO4 in PC:VC (5 vol.%) as the electrolyte. Galvanostatic
charge–discharge studies at different specific currents for all the samples were carried
out in a potential range of 2.0–4.0 V (and 2.0–4.4 V) using BCS 805 (Biologic Instruments,
Knoxville, TN, USA), and cyclic voltammetry (CV) data were also recorded using the same
instrument. Electrochemical impedance spectroscopy (EIS) was performed under open



Crystals 2023, 13, 1339 4 of 13

circuit voltage conditions with an ac amplitude of 10 mV in a frequency range of 10 mHz
to 10 kHz using the BCS 805 instrument. For ex situ XRD, an analysis of the electrodes
at the end of the first charge and at the end of the first discharge was carried out along
with an analysis of the pristine electrodes for comparison. The charged and discharged
cells were placed inside the glove box and the electrodes were washed with PC solvent to
dissolve any salt residue on the surface and left inside the glove box to dry. Once dried, the
electrodes were taken out for XRD measurement.

3. Results
3.1. Structure and Morphology

Figure 1a shows the XRD data obtained for the undoped and the Zr–doped NNMO
samples that crystalized in the P3-type layered structure with a small concentration of
P2-type impurity. All the well-defined sharp and intense peaks could be indexed on the
basis of a hexagonal structure (R-3m space group). A shift of (003) peaks to the lower
2θ value is shown in Figure 1b due to Zr doping, which indicates lattice expansion and
the successful incorporation of Zr4+ ions with larger ionic radii (0.72 Å) into the Mn4+

site (0.53 Å). To calculate the P2-type cathode phase fraction, Rietveld refinement was
carried out on the NNMO sample. The result is displayed in Figure S1 and Table S1. It
may be noted that the lattice parameter values of “a” and “c” are consistent with the
literature values, whereas the P2-type cathode phase fraction was 14 wt.%. Figure 2a–c
represent the low-magnification TEM images of the sample, in which the particles are of
random shapes without proper facets for all three samples. From the HRTEM (Figure 2d–f)
images, we can see lattice fringes with d-spacing values of 0.240, 0.246 and 0.244 nm for
NNMO, NNMZr3O and NNMZr6O, respectively, which belong to the (012) lattice of the
P3-type layered material with an R-3m space group [26,27,49]. The HRTEM-measured
lattice spacing shows increase in d-spacing for the Zr-doped samples compared to the
undoped NNMO sample is consistent with the XRD results.
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respective samples.

3.2. Surface Chemical Analysis

The XPS data of the undoped and doped samples are shown in Figure 3. Figure 3a
shows a survey scan that suggests the presence of elements, namely, Na, Ni, Mn, Zr and O,
as well as the reference C, and no other impurities. Figure 3b displays the high-resolution
XPS spectra of C1s peaking at 284.6 eV (C-C) and a less intense peak at 288.6 eV (C=O) [47].
In Figure 3c, from the high-resolution O 1s data, an intense and broad peak at 529 eV
originating from lattice oxygen is clearly seen [39,47,50–52]. The O 1s spectra of the doped
samples show a minor shift towards higher binding energy. It may be noted that the
overlap of lattice oxygen and surface hydroxyl groups can shift the peak towards higher
binding energy. As the transition metal high-resolution spectra do not show any significant
shifts, this overlap is possibly the reason for the O 1s peak shifts. Figure 3d shows the
Na 1s spectra of the undoped and doped samples, with a binding energy value of nearly
1070 eV representing Na+ [39]. From the XPS data for Ni 2p (Figure 3e), we can see the
Ni (II) cations have peak positions at around 854 and 871 eV, while the Ni (III) cations
have peak positions at 855.9 and 872.5 eV, respectively [39,44,50–54]. The binding energy
values at 641 and 653 in Figure 3f show the presence of 2p3/2 and 2p1/2 in the Mn (III)
cations, and for the Mn (IV) cations, the 2p3/2 and 2p1/2 binding energy values are 642.1
and 653.9 eV, respectively [39,50–54]. The characteristic peaks in Figure 3g at 181.9 eV and
184.2 eV belongs to Zr 3d5/2 and Zr 3d3/2, respectively; both are a clear indication of a Zr4+

oxidation state [44,53,54].
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3.3. Electrochemical Investigations

To investigate the redox processes in the undoped and doped samples, cyclic voltam-
metry (CV) measurements of all three samples were taken. Figure S3 shows the CV profiles
of the samples at a scan rate of 0.1 mV/s for three cycles between 2 and 4 V. From the
figure, it is clear that there are four major peaks within the cycled voltage limits, which
confirms the ordering of Na+/vacancy [30,41,55]. The peaks obtained between the voltage
regions of 3and 4 V correspond to the Ni2+-Ni4+ reversible redox couple, whereas the ones
below 3V are contributed by Mn3+/Mn4+ [30,34,55]. The CV profiles of the undoped and
doped samples imply that through doping, structural stability is attained during cycling,
which is indicated by the overlapping oxidation peaks of the doped samples at ~3.7 V.
Further, it is seen that structural reconstruction happens in the first few cycles for all the
samples, as demonstrated by the reduction peak position at ~3.37 V, which becomes less
prominent after few cycles. In the charge–discharge study shown in Figure 4, this surface
reconstruction is visible as a small plateau at 3.4 V for all samples that vanishes after few
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cycles. From the area under the CV profiles, NNMZr6O exhibits the lowest value, which im-
plies a low capacity, consistent with the galvanostatic charge–discharge data of NNMZr6O.
Figure 4a–c shows the charge–discharge profile of undoped and doped samples cycled at
50 mA/g, within a voltage window of 2–4 V for the 1st, 25th, 50th and 100th cycles. For
all the samples, a clear step-like, prolonged plateau region is obtained during charging,
which is the due to the oxidation of Ni2+/3+/4+, with an average potential≥3.2 V [49,54,55].
The plateau indicates the formation of a biphasic system during sodiation/desodiation. A
major portion of Mn will be in the redox-inactive 4+ state, and a small portion will be in
the active 3+ state. As mentioned above, a small step-like feature is visible around 3.4 V in
the first discharge, which fades away as cycling proceeds.
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Figure S4 shows the charge–discharge profiles of all the three samples with the same
condition as shown in Figure 4 but at one particular cycle for comparison. We can see the
effect of doping on voltage polarization in these three samples, which will further affect
Na+ ion diffusion. It is clearly visible from the profile that doping helped in decreasing
voltage polarization and improving the diffusion process of the doped samples compared
to the NNMO sample. Further, NNMZr3O exhibits the least polarization, which is also
confirmed by the retention study and differential capacity analysis, which will be discussed
later.

Figure 5a shows the rate capability of the undoped and doped samples for current
densities of 25, 50, 75, 100 and back to 25 mA/g, with five cycles at each step. The Zr–doped
sample, i.e., NNMZr3O (NNMZr6O), displays capacities of 87.3 (81.2), 83.4 (77.5), 80.9 (75.4)
and 79.3 (73.8) mAh/g for current densities of 25, 50, 75 and 100 mA/g, respectively, with
a retention rate of 90%, and when again cycled back to 25 mA/g, shows a retention rate
of 97% compared to the first cycle. Meanwhile, NNMO displays capacities of 92, 85.6, 77
and 73.8 mAh/g for current densities from 25 to 100 mA/g, with a 75% retention rate, and
when cycled back to 25 mA/g, shows 89% retention. From the cycling study performed for
the undoped and doped samples (Figure 5b), the undoped sample has an initial discharge
capacity of 91.3 mA/g, which reduces to 75.9 mA/g with a retention rate of 83.2% after
100 cycles. In the case of NNMZr3O, even though the initial discharge capacity of 89
mAh/g is slightly lower compared to the undoped sample, it exhibits a retention rate of
89.4% after 100 cycles. For the NNMZr6O sample, the initial discharge capacity is less
than half of the capacity of the NNMO sample but shows a retention rate of 85.6% after
100 cycles. From the data obtained, we can see that only an optimum concentration of Zr
doping in the Mn site helps in cycling stability, while increasing the doping concentration
cannot enhance Na-ion diffusion effectively, which results in lower discharge capacity. The
excess Zr4+ ions may become trapped within the crystal structure, and thus, do not take
part in interlayer expansion. Figure 5c represents the long cycling data of NNMZr3O for
450 cycles, with a good capacity retention of 72%. This result shows that Zr doping helps in
stabilizing the cycle life of P3-NNMO.
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Figure 6a–c displays the first-cycle charge–discharge profiles of the undoped and
doped samples at different current densities of 25, 50, 75 and 100 mA/g for a voltage range
of 2.0–4.0 V. From the profiles, we can clearly see the low polarization and improvement in
capacity at high rates for the NNMZr3O sample compared to NNMO. Figure 6d–f depict the
differential capacity analysis of the corresponding data in Figure 6a–c at different current
densities. From the analysis, three pairs of redox peaks are noted within 2.5–4 V, demon-
strating the three voltage plateaus corresponding to the phase transition that happens
during cycling. The redox couple obtained for samples cycled in a voltage window of 2–4 V
@25 mA/g is listed in Table S2. Similar peak positions are observed in the CV analysis of all
samples, revealing the Ni2+/3+/4+ redox couple for the region between 3 and 4 V. In a more
recent study conducted by Zhou, Ya-Nan et al. [36] in suppressing the phase transition of
P3–NNMO via local symmetry tuning, the authors mentioned the ordering of Na+/vacancy
and a P3–O3 phase transition in the voltage regions of 3.1–3.3 V and 3.5–3.7 V, respectively.
For the undoped samples, the position of peaks obtained as we increase the current density
shifts towards right/left during charging/discharging, which is an indication of higher
voltage polarization. Meanwhile, in the case of doped samples, the positions of the peaks
overlap on top of each other, even during the increased current density, which indicates
reduced polarization as well as good structural stability [54]. Voltage polarization is an
indication of the rate limiting step via a charge pile-up at the electrode–electrolyte inter-
face [56–58]. The quantified charge–discharge voltage polarization values as a function
of current density are shown in Figure 6g. It is observed that polarization is diminished,
possibly due to the elevated interface kinetics. Among the doped samples, NNMZr3O
shows less polarization, which is in agreement with the result obtained from the retention
rate analysis discussed earlier. Also, we evaluated the capacity contribution from each
plateau as we increased the current density for the undoped and doped samples, which is
shown in Figure 6h. In the case of the undoped sample, it is observed that as we increase
the current density, the capacity contribution by the first plateau decreases, which affects
the total capacity delivered by the sample, whereas, for doped samples, this effect is not
observed, and hence, they deliver more or less same capacity as at a higher current density.
The decreasing first plateau capacity of the undoped sample is an indication of the loss
of Ni2+, which could be due to disorder-induced cation mixing. Such mixing is possibly
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suppressed by Zr doping, as observed, to maintain the plateau capacity for both of the
doped NNMO samples.
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Figure S5 shows the electrochemical impedance spectroscopy data of the undoped
and Zr-doped samples under open circuit voltage (OCV) conditions. It is clear that the
spectra show two semi-circles at high- and mid-frequency ranges, with the first semi-circle
occurring due to any distinct surface layer (such as the solid-electrolyte interfacial layer
or chemically/structurally different layers) and second semi-circle due to charge transfer
resistance. A short straight line in the low-frequency region and its slope correspond to the
diffusion kinetics of the ions. Based on the impedance spectra of all the three samples, under
OCV conditions, high charge transfer resistance for NNMZr3O and the least resistance
for the NNMZr6O sample can be noted (though the series resistance values of all three
samples are similar). This could be correlated with the differences in the surface structure
of the samples as surface reconstruction was observed during the first few cycles of the
high-voltage plateaus of all three samples, for which the individual plateau length and the
surface reconstruction responsible need to be investigated. It was not the main aim of the
present work to explore this mechanism, and hence, detailed correlative electrochemistry–
microscopy at different stages of charge–discharge is required in the future.
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To study the phase transition mechanism of the three samples (NNMO, NNMZr3O and
NNMZr6O), ex situ XRD of the electrodes was performed before and after cycling (at the
end of first charge and first discharge) and the data are shown in Figures S6–S8. The XRD
obtained for the pristine electrodes of all three samples matches with the result obtained for
the powder XRD samples (in Figure 1a), with additional peaks appearing from the Al-foil
(the peak at 64.3◦ was utilized for calibration). For all the samples in their charged state,
two hydrated peaks are found at around 12◦ and 25◦, which is due to the intercalation
of water molecules in the layered material due to the presence of Na+ ion vacancies and
the widened gap between layers; this is consistent with the ex situ XRD observations of
layered cathodes in the charged state reported in the literature [11,21,30]. After charging
(i.e., desodiation) the layered structure becomes unstable and water molecules can easily
become trapped, which leads to such a hydrated phase. In the XRD pattern of NNMZr3O
charged electrodes, a small intense peak of ZrO2 at 28.1◦ appears, which vanishes after
discharging. This oxide peak of zirconium is not visible in the charged electrode of the
NNMZr6O sample, but appears in the discharged electrode; the reason is not clear at the
moment. An additional peak at 50◦ is observed in all electrodes in their charged state, the
reason for which is also unidentified. While analyzing the XRD data of the discharged
samples, we found that the peaks obtained match with the pristine electrodes of all the
respective samples, which suggests a reversible phase transition after discharging down to
2.0 V. However, a significant peak shift to lower 2θ values for all the samples is noted, and
the peak shift is at maximum for the NNMZr3O sample and minimal for undoped NNMO
sample. Such a peak shift to a lower angle indicates a lattice expansion at the end of the
first discharge relative to the pristine electrodes (while the Al-foil peak is matched properly
without any shift). Such an expansion would help in improving Na diffusion in the doped
samples. This could be the possible reason for the improved performance of the NNMZr3O
sample compared to the undoped NNMO sample. However, more detailed in situ XRD
data or ex situ data after long cycling would be required to provide a solid conclusion.

The high-voltage performance of these samples was measured to analyze their cycling
stability in a potential window of 2–4.4 V. At a current density of 50 mA/g for 50 cycles,
the data are shown in Figure S9a–d. When cycled up to 4.4 V, NNMO, NNMZr3O and
NNMZr6O deliver initial discharge capacities of 158, 152 and 147 mAh/g, respectively. The
charge–discharge profile of the NNMO sample (Figure S9a) shows a prolonged plateau at
around 4.25 V, which could be due to the P3–O3′ transition happening in the P3-layered
cathode materials. But even after doping with zirconium, this prolonged plateau remains
unchanged in the doped samples. But as the cycling proceeds, the plateau profile is
transformed to a smooth curve at higher voltages, indicating the occurrence of a solid-
solution-like mechanism. For analyzing the retention maintained at a high voltage of the
undoped and doped samples, the cycling performance of 50 cycles was evaluated, as shown
in Figure S9d. The data reveal poor capacity retention of about 40% for all three samples.

4. Conclusions

The layered cathode materials of a Na-ion battery have the potential to provide high
capacity and high reduction potential. Layered cathode materials have a poor cycle life, and
here, we adopted a bulk doping strategy to study the cycling stability and voltage fading
issue exhibited by P3-type cathode materials. For this, we doped different concentrations of
isovalent zirconium at the Mn site of an NNMO sample. The XRD finding shows expansion
of the (003) interlayer spacing because of doping, which can improve cycling. Electrochemi-
cal analysis was performed in a safe voltage window of 2.0–4.0 V @ 50 mA/g for 100 cycles.
It is found that the NNMZr3O sample shows better retention of 89% when compared to the
undoped NNMO sample, which exhibits a retention rate of only 83% after 100 cycles. Also,
it is found that only the optimum concentration of Na0.67Ni0.33Mn0.64Zr0.033O2 helps in
stabilizing the cycle life, when compared with the Na0.67Ni0.33Mn0.603Zr0.067O2 sample. The
long cycling data of NNMZr3O show 72% retention after 450 cycles, which also supports
our findings. From the differential capacity analysis obtained for all samples, it is clear that
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doping helped in reducing the polarization caused by the accumulation of charges due
to an inadequate amount of sodium ions. The performance of the undoped and doped
samples was analyzed in a high charge cut-off voltage range up to 4.4 V @50 mA/g; the
results show a poor capacity retention of 39–40% for the three samples. This indicates that
a more significant surface engineering process is necessary to improve the performance at
high cut-off voltages.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13091339/s1, Figure S1: XRD refinement data; Figure S2:
FESEM-EDS mapping data; Figure S3: Cyclic voltammetry data; Figure S4: Charge–discharge profiles
for 2–4 V; Figure S5: Electrochemical impedance data; Figures S6–S8: Ex situ XRD data of all three
samples; Figure S9: Charge–discharge profiles and cycling data of all three samples for 2–4.4 V
window; Table S1: XRD refinement summary; Table S2: redox voltage value summary for all three
samples in the voltage window of 2–4 V.
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