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Abstract
Similar to high-entropy oxides (HEOs), medium-entropy oxides (MEOs) are a new type of single-phase
solid solution material. As a positive electrode material for sodium ion batteries (SIBs), it has been rarely
reported. Here, we �rst proposed the concept of the application of MEOs in SIBs. P2-type 3-cation oxide
Na2/3Ni1/3Mn1/3Fe1/3O2 (NaNMF) and 4-cation oxide Na2/3Ni1/3Mn1/3Fe1/3−xAlxO2 (NaNMFA) were
prepared by solid-state method, rather than the doping technology. In addition, the importance of the
concept of entropy stabilization in material performance and battery cycling was demonstrated by testing
3-cation oxide (NaNMF) and 4-cation oxide in (NaNMFA) the same system. As a result, NaNMFA can
provide a reversible capacity of about 125.6 mAh g–1 in the voltage range of 2-4.2 V, and has enhanced
cycle stability. The capacity and decay law of the mid-entropy oxide battery indicate that the
con�guration entropy (1.28R (NaNMFA) > 1.10R (NaNMF)) of the cationic system is the main factor
affecting the structural stability and cycle stability of the electrode material. This work emphasizes that
the rational design of MEOs with novel structures and different electrochemically active elements may be
an effective strategy for exploring high-performance SIBs cathode materials in next-generation energy
storage devices. 

1. Introduction
In recent years, with the depletion of fossil fuels worldwide and the increasing demand for energy, the
development of humans in various �elds such as housing, industry, military, aerospace, transportation
and other areas requires the development of storage systems and alternative energy conversion [1–4].
Because of their low cost, sodium ion batteries (SIBs) have the potential to complement the lithium-ion
batterys (LIBs) and to be used in electric vehicles and electrostatic storage [5–6]. Therefore, they have
received widespread attention in the energy storage industry. In practical applications, the cathode
material is the key factor limiting the energy density of NIBs.

Various positive electrode materials for SIBs, such as prussian blue analogues, polyanionic compounds
and layered transition metal (TM) oxides have been investigated the regulation effect on sodium ions in
its crystal structure was studied [7–9]. P2-type Na2/3Ni1/3Mn2/3O2 (NaNM) is characterized by its high

voltage (3.5V vs. Na/Na+). It has been widely studied for its high theoretical capacity (173 mAh g− 1) and
high speci�c capacity (> 140 mAh g− 1) [10, 11]. The �rst two features of NaNM are derived from the
O2−/O2 − n reversible redox chemical reaction under high voltage and the multi-electron Ni2+/Ni4+ transfer
center [12–14]. The third feature is that compared with the Na jump at the octahedral site of the O3 phase
structure, the energy barrier of Na sliding at the triangular prism site of the P2 phase structure is lower
[15].

In general, P2 NaNM can provide excellent cycle stability at a cut-off voltage of 4.0 V [16, 17].
Unfortunately, when P2 NaNM is cycled at a high cut-off voltage of 4.4 V, the capacity and voltage decay
of P2 NaNM are very fast. Such poor stability is due to the phase transition from P2 to O2 and the sliding
of TMO2 layer after Na extraction [18–21]. In addition, the two sequences in P2-NaNM, including
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Na+/vacancy sequence in Na layer and TM1/TM2 cation sequence in TM lattice, lead to the de�ciency of
Na diffusion and rate ability [22]. In order to solve the undesirable phase transition problem, the
introduction of inert metals (Al, Mg, Cu, Zn, etc.) in the TM layer can greatly alleviate this problem [23–
26]. However, due to the Na+/vacancy order problem, when cycling at a high cut-off voltage, the
improvement of the cycling capability and rate performance of P2-NaNM cannot be achieved. Therefore,
it is imperative to develop an effective solution to achieve a satisfactory balance between reversible
capacity, structural stability and Na diffusion.

In addition, cation doping is considered to be a favorable way to improve electrochemical performance,
such as preventing serious electrolyte oxidative decomposition [27]; inhibiting TMS dissolution [28];
inhibiting P2-O2 phase transition [29]; inhibiting jahn-teller distortion of TM cation [30]; enhancing metal
oxygen bond [31]; and changing surface basicity [32]. For this reason, many researchers have studied the
doping of different metals in P2 type sibs cathode materials, such as Mg [33], Zr [34], Cu [35], CO [36], Ti
[37], Al [38]. In most cases, doping is carried out through traditional synthesis methods such as solid-state
[39] sol-gel [40] and coprecipitation [41].

Compared with single metal oxides, high entropy oxides (HEO), as a new type of multi-component single-
phase solid solution TMO, have higher electronic conductivity and a variety of electrochemically active
components [42, 43]. HEO is based on the premise of introducing high con�guration entropy to stabilize
the single-phase structure. Many such high-entropy compounds have been synthesized and reported,
including carbides [44], diborides [45], nitrides [46], chalcogenides [47], and oxides [48], which have a wide
range of applications in thermoelectric, dielectric, and lithium-ion batteries [49]. The groundbreaking work
of Rost et al. only reported the latter HEM in 2015, called High Entropy Oxide (HEO) [50]. They show a
gradual lithium storage behavior, which effectively reduces the volume change, and thus solves the
problem of induction electrode crushing to some extent. Therefore, high-entropy oxides have become a
hot research object. As the same medium entropy oxide (MEO) [51, 52], they have unlimited potential, and
there is no report in this �eld yet.

Inspired by the preparation technology of medium-entropy oxide, P2-type Na2/3Ni1/3Mn1/3Fe1/3O2

(NaNMF) and Na2/3Ni1/3Mn1/3Fe1/3−xAlxO2 (NaNMFA) (x = 0, 1/12 and 1/6) were prepared by solid-state
method, instead of the doping technology. NaNMFA with high crystallinity, good orientation and ideal
particle size/crystal size were successfully obtained, which have high reversible capacity, good structural
stability and weak polarization. Through the phase analysis and electrochemical test, it is considered that
the prepared NaNMFA cathode has a broad application prospect in high-performance sodium ion
batteries.

2. Experimental

2.1. Materials preparation
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The P2-type medium-entropy oxide Na2/3Ni1/3Mn1/3Fe1/3O2 (NaNMF) and Na2/3Ni1/3Mn1/3Fe1/3−xAlxO2

(NaNMFA) (x = 0, 1/12 and 1/6) were synthesized using a conventional solid-state method. For
Na2/3Ni1/3Mn2/3O2 (NaNM), stoichiometric amounts of Na2CO3, NiO, Fe2O3 and MnO2 were ball milled for

4 h with absolute ethanol as the dispersant, dried at 80oC for 12 h and pressed into a pellet under a
pressure of 14 MPa. P2-type compounds were obtained by calcining at 700 oC, 800 oC and 900 oC for 4 h,
8 h and 12 h in air and then cooled to room temperature. At the same time, the reaction temperature was
optimized to 900 oC, 950 oC and 1000 oC, respectively, and the corresponding samples were NaNMF-900,
NaNMF-950 and NaNMF-1000. For NaNMFA samples, stoichiometric amounts of Na2CO3 (3.5% excess,
optimized excess were determined by orthogonal experiments and a single factor test), Al2O3 were mixed,

followed by the same preparation process with the calcination temperature (950 oC) and calcination time
(12 h) determined by orthogonal experiments. The obtained samples with x = 0, x = 1/12 and x = 1/6 were
prepared and denoted as NaNMFA-1, NaNMFA-2 and NaNMFA-3 respectively.

2.2. Materials characterization
X-ray diffraction (XRD, Rigaku) analysis using Cu Kα rays (λ = 1.5406 Å), the data were collected at 2θ = 
10–90° at 4o min− 1. The morphology and composition of the precursor and cathode powder were
determined using a scanning electron microscope (SEM, Zeiss Supra55). The structure of the material
was characterized by high resolution transmission electron microscopy (HRTEM), and the model was
JEM 2100F. X-ray photoelectron spectroscopy (XPS,) to determine the valence state of the element, the
model is THERMO ESCALAB 250XI.

2.3. Electrochemical measurements
Electrochemical tests were carried out in CR2032 coin type batteries, which were assembled in glove
boxes �lled with Ar the prepared materials served as cathodes, glass �ber as separator, and sodium
(Aldrich > 99%) as anode. The positive electrodes were fabricated with a mixture of the synthesized oxide
powder (80 wt%), acetylene black (10 wt%) and polyvinylidene �uoride (PVDF) (10 wt%) in Nmethyl-2-
pyrrolidone (NMP). The slurry was coated on aluminum foil, and the electrode was cut into discs with an
area of 0.785 cm2 and dried in a vacuum oven at 120°C. The loading of active material on each disc was
about 1.5 mg. Charge/discharge performance were evaluated by Land CT2001A battery testing system in
a voltage range of 2 V/4.2 V and 4.2 V/2.0 V, respectively. The electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry were collected on a Solartron 1260 + 1287 electrochemical workstation in
the same voltage range corresponded to the charge/discharge testing at a scan rate of 0.1 mV s− 1.

2.4 Con�gurational entropy in the ideal model.
The following derivation illustrates the method of determining the compositional dependence of
con�guration entropy. The N species system with components xi has equal ideal entropy, and the formula
can be equivalent to [53, 54]:
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kB is the Boltzmann constant. For each i, the maximum S is reached when the equal component xi = 1/N,
so:

R is the gas constant. For equal atomic ratio, formula (1) becomes (3), as follow:

According to formula (3), the entropy values of the prepared oxides are 1.10R (NaNMF) and 1.28R
(NaNMFA), respectively. According to previous reports, alloy systems are divided into three categories
[55]: the �rst category is high-entropy alloys, which generally contain �ve or more components, and their
mixed entropy is greater than or equal to 1.5R; the second is medium-entropy alloys, which contain four
main components, and the mixing entropy is between 1.0R and 1.5R; and the mixing entropy is between
1.0R and 1.5R; the third low-entropy alloy is a traditional alloy based on one main component, and the
mixing enthalpy is less than 1.0R. Therefore, calculations show that the target product prepared is a mid-
entropy oxide.

3. Results And Discussion

3.1. Effects of the preparation parameters on NaNMF
Orthogonal experimental design is an economical and time-saving technology for process parameter
optimization. In this study, the three factors, reaction temperature, heating rate and soaking time were
selected to analyze their in�uence on the performance of Na2/3Ni1/3Mn1/3Fe1/3O2 in the battery.
Table 2 lists the speci�c parameters of each experiment, and the results are shown in Fig. 1. For the
temperature factor, the speci�c capacity increases as the temperature rises. From 700 oC and 800 oC, the
speci�c capacity does not change signi�cantly with increasing temperature, but when the temperature
rises to 900 oC, the speci�c capacity of the discharge changes greatly. Compared with the speci�c
capacity of 800 oC, there is a signi�cant increase, so the optimal calcination temperature of orthogonal
experiment is 900 oC. As for the heating rate, as the heating rate increases, the change in discharge
speci�c capacity �rst increases and then decreases. The discharge speci�c capacity is the highest when
the heating rate is 4°C min− 1. According to Table 2, the range of heating rate is only 3.2, indicating that
the in�uence of heating rate on discharge capacity is very small and can be ignored. Therefore, the
optimal heating rate is 5 oC min− 1 based on the principle of improving e�ciency. The trend chart of the
soaking time is similar to that of the calcination temperature. With the increase of the soaking time, the
discharge capacity of the �rst cycle also increases. It can be seen from the trend chart that when the
soaking time is 12 h, the discharge capacity has a relatively large increase, so the best soaking time
parameter is 12 h. The experimental results show that reaction temperature is the most important factor,
followed by reaction time and soaking rate. Therefore, subsequent research focused on the effect of
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reaction temperature, while those of the calcination time and heating rate were not further investigated.
Apparently, the synthetic condition of Na2/3Ni1/3Mn1/3Fe1/3O2 was as follows: heating rate 5 oC min− 1

and soaking time 12 h.

Table 1
Orthogonal experimental factors and levels.

Level A B C

Temperature (oC) Heating rate (oC min− 1) Soaking time (h)

1 700 3 4

2 800 4 8

3 900 5 12
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Table 2
Orthogonal experimental design.

Level Temperature
(oC)

Heating rate
(oC/min)

Soaking time
(h)

Speci�c capacity (mAh g− 

1)

1 700 5 4 73.6

2 700 3 8 79.6

3 700 4 12 84.1

4 800 5 12 77.1

5 800 3 4 60.1

6 800 4 8 63.8

7 900 5 8 60.8

8 900 3 12 68.7

9 900 4 4 70.1

K1a 79.100 70.467 68.667 67.933

K2b 66.967 69.450 75.583 68.033

K3c 66.500 72.650 68.317 76.600

Rd 12.600 3.200 7.266 8.667

aStand for the corresponding mean value of the speci�c capacity at different temperatures;

b Stand for the corresponding mean value of the speci�c capacity at different heating rate;

c Stand for the corresponding mean value of the speci�c capacity at different calcination time;

d Refers to the extreme difference, which can re�ect the importance of the effective factor.

3.2. Optimize reaction temperature
In order to optimize the experimental conditions, the calcination temperature is further discussed.
According to the orthogonal test design, the calcination temperature is the main factor affecting the
calcination effect. The samples were synthesized at 5 oC min− 1 heating rate, and the soaking time was
12 h.

The XRD patterns of P2- Na2/3Ni1/3Mn1/3Fe1/3O2 prepared at different temperatures show that all
samples match JCPDS NO.54–0894. Hexagonal layered P2 phase with space group P63/mmc can be
observed NNMO target. The lattice constants of P2-Na2/3Ni1/3Mn1/3Fe1/3O are a = b = 2.8922(3) Å, c = 
11.1544(9) Å. However, for NaNMF-900, the presence of some peaks indicates that at lower substrate
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temperatures, the sample has lower crystallinity and poorer orientation. Surprisingly, as the substrate
temperature rises to 950 oC, the peaks of (100) and (103) are suppressed rapidly, while only (002) and
(004) peaks remain in the newly deposited �lms. Compared with NaNMF-900, the main peak intensities
of NaNMF-950 and NaNMF-1000 were signi�cantly enhanced and sharper, indicating that they were
highly oriented and their crystallinity was greatly improved.

In order to study the effect of Fe on material properties, the oxidation state information of NaNMF-950
was studied by XPS (Fig. 3). The binding energy of the sample was calibrated by introducing the C 1s
peak to 284.85 eV. The measurement spectrum of the sample shows clear peaks of C 1s, O 1s, Mn 2p, Fe
2p and Na 1s (Fig. 3a). Two main peaks were observed in the Fe 2p core level spectrum of the original
NaNMF, 711.7 and 724.1 eV (Fig. 3b), which can be designated as Fe 2p3/2 and Fe 2p1/2, respectively. The
results show that the oxidation state of iron is the trivalent state. Their Mn 2p spectrum shows two main
peaks, Mn 2p3/2 at about 641.6 eV, and Mn 2p1/2 at 653.3 eV, which can be deconvoluted into four
characteristic peaks. Those peaks appearing at the binding energy of ~ 642.7 and ~ 654.7 eV are related
to Mn4+, while the binding energy peaks at ~ 642 and ~ 653 eV are related to Mn3+, revealing that Mn3+

and Mn4+ coexist. Similarly, in Fig. 3d, the �ve characteristic peaks in the Ni 2p spectrum correspond to
the two main peaks of Ni 2p3/2 and Ni 2p1/2 at 854.3 eV and 871.9 eV, respectively, the satellite peak,
which means that nickel ions are two price.

The morphological features of the sample was tested by TEM and SEM. As shown in Fig. 4, the obtained
samples of NaNMF-950 are exhibit well-formed and composed of cube rock-like particles with the size
distribution of ∼1 µm smooth surface. In Fig. 4 (g), EDS mapping of NNMF-950 clearly shows that Na, Ni,
Mn and Fe are uniformly distributed. To obtain further information on the morphology and structure of
the target product NaNMF-950, FE-TEM and HR-TEM were performed on the sample, as shown in Fig. 4d-
f. Figure 4d-f with different magni�cations displays a part of cube rock-like particle (bright part). The
high-resolution TEM (HRTEM) image in Fig. 4f clearly shows the layered structure of this material. The
(001) P2 structure has a crystal plane spacing of 0.25 nm, indicating the high crystallinity of the sample.
TEM and SEM results con�rmed the good crystallinity of Fe-substituted materials generally.

In order to study the in�uence of iron content and morphology on the performance of SIBs, the
electrochemical performance of NaNMF-900, NaNMF-950 and NaNMF-1000 were examined in coin cell
using temperature as reference variable. As shown in Fig. 5a,NaNMF-900, NaNMF-950 and NaNMF-1000
deliver an initial discharge speci�c capacity of 51.9, 72.8, 1 76.3 and 60.7 mAh g− 1 in the voltage range
2.0-4.2 V at 2.0 C, respectively. Figure 5b shows the galvanostatic charge/discharge curve of the NaNMF-
950 sample at 2.0 C for the �rst 3 cycles. In the initial cycle, the charge capacity of the NaNMF-950
sample was 73.5 mA h g− 1, the discharge capacity was 67.8 mA h g− 1, and the Coulomb e�ciency
reached 91.7%. The plateau of about 3.75 V appeared in the �rst discharge and disappeared in the
subsequent cycles, most likely due to the formation of the cathode-electrolyte interface layer, which led to
the irreversible capacity in the �rst cycle.
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In the following cycles, the charge/discharge curves almost overlap each other, indicating that the
cathode material is highly reversible. Figure 5c compares the rate performance of NaNMF-900, NaNMF-
950 and NaNMF-1000 particles. The NaNMF-950 sample provides the highest capacity at different
current rates from 0.2 to 5 C. Speci�cally, for the NaNMF-950 samples, the reversible capacities obtained
at 0.2 C, 0.5 C, 1.0 C, 2.0 C, and 5.0 C were 116.2, 96.8, 83.4, 72.9, and 53.1 mA h g− 1, respectively. Even at
an extremely high current density of 5.0 C, a discharge capacity of 53.1 mA h g− 1 can still be achieved,
which proves the high rate capability of the NaNCMA-950 sample. In addition, when the current rate
returns to 0.2 C, the capacity returns to 113.3 mA h g− 1, which indicates that the NaNMF-950 cathode has
high reversibility. In contrast, NaNMF-900 and NaNMF-1000 particles showed poor performance at all
current rates. Figure 5d shows the cycle performance of four samples at 2.0 C, following the same trend:
NaNMF-950 > NaNMF-1000 > NaNMF-900. Note that NaNCMA-900 particles provide the lowest capacity
among the four samples, which means that material design and crystallinity play an important role in
electrochemical performance. In the cycle test, the capacity retention rate of NaNCMA-950 sample after
60 cycles was 79.8%, which was equivalent to 81.1% of NaNMF-1000, and was higher than 72.8% of
NaNCMA-900 particle sample.

3.3 NaNMFA (4-cation oxide)
The oxidation state of aluminium of NaNMFA-2 was investigated by XPS which are shown in Fig. 6.
Deconvolute the XPS spectrum and use the XPSPEAK software with linear background and Lorentzian-
Gaussian function for analysis. The Al 2p spectrum is shown in Fig. 6a. The Al-O bond of materials at
73.8 eV can be designated Al3+. Fe 2p, Mn 2p and Ni 2p still maintain a similar chemical valence state to
the substrate NaNMF, indicating that the increase of cations did not destroy the original chemical
composition structure.

Figure 7a-c shows the SEM images of the NaNMFA-2 sample. The enlarged SEM image (Fig. 7d) shows
that sample have a similar sheet shape stacked together to form an overall morphology, with a particle
size distribution between 1 and 10 µm. It was found that the surface of the secondary particles was clean
and smooth, which was consistent with the high crystallinity. The element distribution of NaNMFA-2
(Fig. 7d) was further studied by EDS. The results show that Ni, Mn, Fe and Al are well distributed on the
surface of NaNMFA-2.

In order to verify the preferred orientation of the NaNMFA-2 sample, HRTEM was used to further
investigate the NaNMFA-2 (Fig. 8). Obviously, a single growth direction can be seen in Fig. 8c, d. The
crystal plane spacing is 0.55 nm, which corresponds to the (002) lattice plane. These measurements
indicate that the largest exposed surface is the ab plane, indicating that the preferred P2-NNMO thin �lm
with excellent crystallinity and c-axis orientation has been successfully prepared, which is consistent with
the XRD results (Fig. 1).

The electrochemical performance was examined to NaNMFA-2 cathode versus Na metal for the half cell.
Figure 9a shows the typical charge and discharge curves of NaNMFA-2 at a current density of 0.2 C in
different cut-off voltage windows of 2.0-4.2 V. The initial capacity of the �rst charging curve is 113.7 mAh
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g− 1. It is worth noting that the initial coulomb e�ciency is as high as 80.1%, which has a prominent
advantage in sodium ion semi battery. Starting from the second cycle, the cathode showed a highly
reversible capacity of 105.1 mA h g− 1, equivalent to the extraction/insertion of 0.44 Na+ in
charge/discharge [57]. Stability and rate capability are two important contrast parameters of high power
energy storage devices. Therefore, as shown in Fig. 9b, all electrodes were continuously tested at varying
currents of 0.2 C to 5 C between 2.0 V and 4.2 V. The charge transfer rate on the interface determines the
capacity retention rate at high magni�cation [58]. Due to the in�uence of the crystallinity and element
distribution of the original cathode (NaNMF-1), its performance is slightly lower than many previous
reports, but its electrochemical performance can be further improved by increasing the con�guration
entropy (adding Al element). When the applied current increases due to the insu�cient volume diffusion
time, the charge and discharge curves are similar and there is no obvious voltage plateau. At higher
current, NaNMFA-2 electrode shows better performance than the original electrode. The discharge
capacities of the NaNMFA-2 electrode were 125.6, 119.1, 110.1, 101.2 and 90.8 mAh g− 1 at 0.2, 0.5, 1.0,
2.0 and 5.0 C rates, respectively. Due to polarization, the discharge capacity of all electrodes decreases
linearly with the increase of current density [59]. The stability of NaNMFA-1, NaNMFA-2 and NaNMFA-3
were tested between 2.0 and 4.2 V, as shown in Fig. 9c. The capacity of NaNMFA-2 electrode was slightly
higher than 102.8 mAh g− 1, and the capacity retention rate was 89.9% after 60 cycles, which was higher
than that of the other two electrodes.

The electrochemical impedance spectroscopy (EIS) of NaNMFA-1, NaNMFA-2 and NaNMFA-3 electrodes
were measured as depicted in Fig. 8d. The exchange current density and impedance values are shown in
Table 3. All curves are related to a high-frequency region and a low-frequency region. The high-frequency
region is attributed to the ohmic resistance (Rs) at the electrode-electrolyte interface, while the semicircle
in the high-frequency region is related to the charge transfer resistance (Rct) at the active material
interface [60]. The oblique line in the low-frequency region is the response of the bulk Na+ diffusion of the
active material, that is, the waugh impedance. The NaNMFA-2 electrode displayed the lowest charge-
transfer resistance (56.1 Ω), lower than that of the pristine NaNMFA-3 (82.3 Ω) and similar NaNMFA-1
(50.3 Ω) electrodes. In addition, according to the formula (j = RT/nFRct), the higher exchange current
density of the NaNMFA-2 electrode were due to the lower charge transfer resistance (see Table 3) [61].

Table 3
Electrochemical properties of NaNMFA-1, NaNMFA-

2 and NaNMFA-3 materials from EIS.
Sample Rs (Ω) Rct (Ω) i0 (mA/cm− 2)

NaNMFA-1 679.5 50.3 5.1⋅10− 3

NaNMFA-2 302.3 56.1 4.6⋅10− 3

NaNMFA-3 938.1 82.3 3.1⋅10− 4
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The highest exchange current density (j = 5.1 × 10− 3 mA cm2) was obtained with a NaNMFA-1 electrode,
which was about 16 times that of NaNMFA-3 (j = 4.6×10− 4 mA cm2), which was similar to that of
NaNMFA-2 (j = 4.6×10− 3 mA cm2). On the other hand, Al reduces the ohmic resistance of the material,
and the order of ohmic resistance is NaNMFA-3 < NaNMFA-1 < NaNMFA-2. Therefore, NaNMFA-2 can
make the charge transfer on the electrode-electrolyte interface easier, thereby reducing the internal
resistance of the entire battery. In addition, the experimental results are in good agreement with the
recyclability and high capacity of NaNMFA-2.

Based on the above analysis, the best rate performance and cycle stability of NaNMFA-2 samples can be
attributed to the following two reasons: Compared with NaNMFA-1 samples, NaNMFA-2 and NaNMFA-3
samples may have aluminum element due to the increase in con�guration entropy. It has a limiting effect
on the multiphase transformation, and has better rate performance and cycle stability during the working
process; at the same time, in the same cationic con�guration system, with the increase of the amount of
aluminum (NaNMFA-3), the performance will decrease This may be caused by the excessive doping of Al
at the octahedral position, which causes the Na+ diffusion path to occupy the lattice dislocations.
Therefore, for NaNMFA-2, higher sodium ion transfer resistance can be expected.

Conclusion
In summary, a series of P2 layered Na2/3Ni1/3Mn1/3Fe1/3O2 (NaNMF) and Na2/3Ni1/3Mn1/3Fe1/3-xAlxO2

(NaNMFA) materials have been successfully synthesized by one-step co-precipitation method. When used
as a cathode material for SIB, NaNMFA exhibits excellent electrochemical performance in terms of rate
reversibility, cycle stability and capacity. After 60 cycles, the P2 structure of NaMFA-2 remained good. The
experimental results show that the increase in con�guration entropy makes the charge-discharge curve
smoother, and can also make the crystal structure more stable, and inhibit the complex phase transition
of Mn3+ during the continuous Na intercalation/delamination process. The electrochemical performance
test results show that the medium entropy strategy will provide new opportunities for the preparation of
advanced layered cathode materials.
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Figures

Figure 1

The variation trends of the Na2/3Ni1/3Mn1/3Fe1/3O2 initial discharge capacity under different factors
and levels.
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Figure 2

XRD patterns of Na2/3Ni1/3Mn1/3Fe1/3O2 materials prepared at different temperatures.



Page 18/24

Figure 3

(a) X-ray Photoelectron Spectroscopy (XPS) survey spectra and the high-resolution XPS spectra of (b) Fe
2p, (c) Mn 2p and (d) Ni 2p for NaNMF-950.
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Figure 4

(a–c) SEM images with gradually increased magni�cation. (d–f) FE-TEM images with gradually
increased magni�cation. (g) EDS elemental mapping of NaNMF-950.
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Figure 5

The electrochemical performance of half battery: (a) The charge/discharge pro�les between 2.0 and 4.2
V at a rate of 2.0 C. (b) Galvanostatic charge/discharge pro�les of the NaNMF-950 sample at 2.0 C. (c)
Comparison of the rate performance. (d) Cycling performance of NaNMF-900, NaNMF-950, NaNMF-1000.
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Figure 6

XPS spectra for as-prepared NaNMFA-2. (a) Al 2p; (b) Fe 2p; (c) Mn 2p; (d) Ni 2P.
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Figure 7

(a-c) SEM images of NaNMFA-2; (d) EDS mapping of NaNMFA-2, (d1) Ni; (d2) Mn; (d3) Fe; (d4) Al.
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Figure 8

(a–b) FE-TEM images with gradually increased magni�cation, (c-d) HR-TEM image.
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Figure 9

(a) Charge/discharge pro�les of NaNMFA-2 between 2.0 and 4.2 V at 0.5 C. (b) Rate performance of as-
prepared materials; (c) Long-term cycling performance of the materials at 2.0 C in the initial 60 cycles. (d)
Nyquist impedance spectra and equivalent circuit.


