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P2-type Na0.67Mg0.28Mn0.72O2 based cathode materials for sodium-ion batteries were prepared using combustion synthesis. The
effect of microwave irradiation and fluorination was investigated with the aim to improve the electrochemical performance. Four
samples were considered: samples were prepared by the combustion method (NaMgMnO-a) and then either microwave-irradiated
or fluorinated (NaMgMnO-ma and NaMgMnO-af, respectively) or both microwave-irradiated and fluorinated (NaMgMnO-maf).
The powder XRD analyses showed that pure single phase P2-type powders were successfully prepared. SEM analyses revealed an
impact of microwave irradiation and fluorination on the morphology of the materials, suggesting a change in the electrochemical
performance. The galvanostatic charge-discharge studies revealed that both microwave irradiation and fluorination improved the
capacity and cycle performance. The electrochemical data (from first discharge capacity to coulombic efficiency, capacity retention,
cyclability and impedance) show that microwave- and fluorine-treated samples performed better. The key finding clearly shows
the impact of microwave irradiation and fluorination processes in suppressing the P2-O2 phase transformation process and the
Mn3+-induced Jahn-Teller distortion effect.
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The extensive use of lithium-ion batteries (LIBs) in portable elec-
tronic devices such as cellphones, laptops, and electric vehicles will
eventually increase the cost and the demand of LIBs.1 Sodium-ion
batteries (SIBs) have currently drawn wide attention as the most at-
tractive alternative for LIBs for smart grid applications.2–4 This is
because sodium is cheap and abundant as it is the 4th most abundant
element in the earth’s crust and is uniformly distributed around the
world.5 SIBs also have high voltage, high energy density and long
cycle life.6–8

The cathode materials for SIBs include layered oxides, olivines,
NASICONs, etc. Among them, layered P2-type manganese oxide
(MnO2)-based materials have been widely studied and continued to
attract major research interests as promising cathode materials for
SIBs.9–17 This is due to the abundance of manganese, importantly P2-
type MnO2-based materials offer larger tunnels for the intercalation
and de-intercalation of the sodium-ion and have been reported to have
high capacities.18–20 A sodium-ion layered oxide material crystallizes
into either P2-type or O3-type structural phases or mixture of both.
In the P2-type phase, the sodium-ion is coordinated in the prismatic
sites between the TMO2 (TM = transition metal) sheets and there are
two repeating TMO2 layers in the unit cell (Fig. 1).2,21,22 In O3-type
the sodium-ion is coordinated in the octahedral site and there are three
repeating MO2 layers in the unit cell. P2-type phase is advantageous
compared to O3-type phases as it allows easy intercalation and de-
intercalation of Na ions and increases the number of the ions that can
be intercalated and de-intercalated.2,23

Sodium magnesium manganese oxide, Na0.67Mg0.28Mn0.72O2,
abbreviated herein simply as NaMgMnO, is well known as
high-volumetric capacity/energy cathode material for sodium-ion
batteries.24 It is an important material due to the huge natural abun-
dance of its precursor materials, thus favorable for stationary or grid-
scale storage where high energy density and low costs are very critical.
But NaMgMnO exhibits capacity fade during electrochemical cycling
which would limit its application in grid-scale storage.

This work is aimed at improving the cycle performance of
NaMgMnO and, for the first time, the preparation of NaMgMnO cath-
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Figure 1. Structural diagram of a typical P2 -type layered material. The dia-
gram was drawn using the VESTA program.25

ode material using urea-combustion method is reported. Combustion
method of synthesis is regarded an effective and fast method of prepar-
ing electrode materials.26–29 To improve the cycle performance of this
material, microwave irradiation and fluorination of this material have
been investigated. Our group has shown that microwave irradiation
has the ability to improve the morphology and tune the concentra-
tion of the Mn3+ that causes Jahn-Teller distortion and capacity fade
in manganese oxide-based lithium-ion batteries.30–32 Fluorination, on
the other hand, has been found to improve the stability of electrode
materials.33–36 This work interrogates and clearly confirms the syner-
gistic effect of the redox property-enhancing features of microwave
irradiation and fluorination toward P2-type NaMgMnO material.

Experimental

Materials.—Sodium carbonate (Na2CO3), manganese (II, III) ox-
ide (Mn3O4), magnesium oxide (MgO) and urea (CO(NH2)2) were
purchased from Sigma-Aldrich and used without further purification.
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Figure 2. Schematic representation of the general synthesis procedure for the electrode materials.

Synthesis.—Stoichiometric amounts of Na2CO3, Mn3O4 and MgO
were thoroughly mixed using ball milling for 12 h under wet
conditions with acetone. The mixture was then properly ground using
pestle and mortar and dried in air for 30 min. The resultant mixture
was mixed with the appropriate amount of urea, ground and dispersed
in de-ionized water, ignited at 500◦C in air for ca. 10 min and then
left to cool naturally at room temperature. The resultant product was
ground into a very fine precursor powder, which was then divided into
two batches. One batch was directly annealed at 900◦C for 12 h (ab-
breviated herein as NaMgMnO-a) while the other was first subjected
to microwave irradiation (Anton Paar Multiwave 3000 system, λ =
0.12236 m) for 10 min at 600 W before annealing at 900◦C for 12 h
(product abbreviated herein as NaMgMnO-ma). Portions of each of
the NaMgMnO-a and NaMgMnO-ma were fluorinated by calcining
the powders with the required amount of NH4F at 450◦C for 5 h,
and the resultant products abbreviated herein as NaMgMnO-af and
NaMgMnO-maf, respectively. The general scheme for the synthesis
is given in Fig. 2.

Characterization.—The prepared powders were analyzed using
a PANalytical X’Pert Pro X-ray diffractometer with CuKα radiation
(λ = 1.5046 Å) operating at 45 kV and 40 mA. The powder XRD
(PXRD) patterns were obtained in a scan range between 5 and 90◦.
A LEO 1525 field emission scanning electron microscope (FE-SEM)
with energy dispersive X-ray (EDX) analysis was used to determine
the morphology and confirm the elements present in the materials. An
acceleration voltage of 2.00 kV was used and the samples were pre-
pared by putting approximately 0.1 mg of the sample on a carbon tape
and coated to prevent charging. The X-ray photoelectron spectroscopy
(XPS) using an AXIS ultra DLD spectrometer (KratosAnalytica) and
a monochromatic Al Kα excitation source (1486.6 eV) was used to
determine the oxidation states of the elements in the samples. The
binding energy (BE) scale was calibrated using a C 1s (BE = 284.6
eV) as the reference.

Electrode fabrication.—The electrochemical performance of the
prepared powders was investigated using two-electrode type coin

cells. The prepared powders were used as the cathode and sodium
chunks were cut into appropriate electrode sizes and used as the anode.
The cathode slurry was made by mixing the NaMgMnO powders, car-
bon black and PVDF binder in a weight ratio of 80:10:10 and ground
into a fine powder to mix well. N-methyl-2-pyrrolidone (NMP) solvent
was added to the mixture to form a slurry which was stirred overnight
at room temperature. The slurry was then coated onto an aluminum
foil current collector and dried under vacuum at 110◦C for 12 h. The
coated aluminum foils were punched and used as the cathode. A 1 M
NaClO4 in polycarbonate (PC) served as the electrolyte while a glass
microfiber filter paper was used as the separator. Test cells were fabri-
cated in an argon-filled Mbraun glove box. Cyclic voltammetry (CV)
studies were carried out on a Bio-Logic Science VMP3-based electro-
chemistry workstation in a potential range of 1.5 to 4.4 V (vs. Na+/Na)
at a scan rate of 0.1 mV/s. The galvanostatic charge-discharge mea-
surements were carried out using a MACCOR 4000 battery tester.
Electrochemical impedance spectroscopy (EIS) measurements were
also carried out using the Bio-Logic Science VMP3-based electro-
chemical workstation over a frequency range from 100 kHz to 1 mHz
with an AC signal amplitude of 10 mV. The data acquisition and
analysis were done using the EC-Lab V10.32 software.

Results and Discussion

XRD, XPS, SEM and EDX characterization.—Fig. 3 reports the
XRD results of the prepared materials NaMgMnO-a, NaMgMnO-ma,
NaMgMnO-af and NaMgMnO-maf. The XRD patterns were indexed
as a P2-type hexagonal structure with the space group P63/mcm.24

The patterns also show an expected diffraction peak at ca. 21 degrees
due to the presence of stacking faults of the superlattice layers along
the c-axis direction. This is a (1/3, 1/3, 0) peak of superstructure due
to the formation of (

√
3)a by (

√
3)a in-plane ordering between (Mg2+

and Mn3+) and Mn4+.24

The lattice parameters (a and c), crystal density and cell vol-
ume were calculated using Rietveld refinement. For layered mate-
rials, lattice parameter a represents the interlayer metal-metal dis-
tance and lattice parameter c represents the inter-slab distance. The
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Figure 3. XRD patterns with Rietveld Analysis for (a) NaMgMnO-a, (b) NaMgMnO-af, (c) NaMgMnO-ma and (d) NaMgMnO-maf samples.

crystallographic data summarized in Table I. Within limits of error,
the lattice parameters a and c of the fluorinated and unfluorinated
materials are essentially the same. The values of the lattice parame-
ters obtained are comparable to those obtained in literature37,38 which
correspond to Na0.64Mg0.28Mn0.72O2 with A1A1A1A1 cation ordering,
i.e the material has the A1A1A1A1 stacking of ordered Mg-Mn layers
(MgxMn1-xO2 sheets). This ordering of Mg-Mn sheets is confirmed
by the presence of the (1/3, 1/3, 0) peak. Importantly, it is clear that
the crystal density of the fluorinated materials are higher than those
of the unfluorinated complexes, decreasing as follows: NaMgMnO-
maf (∼84 g cm−3) > NaMgMnO-af (∼78 g cm−3) > NaMgMnO-ma
(∼69 g cm−3) > NaMgMnO-a (∼68 g cm−3). The crystal density
values suggest that the combination of microwave irradiation with
fluorination leads to high molecular packing arrangement of the ma-
terials. It confirms that fluorine has been successfully integrated into
the structure, resulting in partial replacement of oxygen ions; note that
the atomic radius of the fluorine (0.71 nm) is slightly smaller than that
of oxygen (0.73 nm). Also, the increased crystal density upon fluo-
rination may be related to fluorine atoms being heavier than oxygen
atoms.

Fig. 4 compares the XPS of the deconvoluted peaks of the Mn
2p3/2 of the four samples, (a) NaMgMnO-a, (b) NaMgMnO-ma, (c)
NaMgMnO-af and (d) NaMgMnO-maf. Each of the four X-ray pho-
toelectron spectra yields two binding energy values, with peaks oc-
curring at the expected positions for Mn3+ and Mn4+ redox states
(see Table II). From Table II, it is interesting to observe some unique
changes in the percentage concentrations of the Mn3+/Mn4+ ratio:
upon irradiation with microwave, the ratio decreases by about 25%
(compared to that for NaMgMnO-a and NaMgMnO-ma) but dramati-
cally increases when microwave irradiation is followed by fluorination
(compare the ratio of 2.24 for NaMgMnO-ma with the ratio of 3.03
for the NaMgMnO-maf). In all cases, however, the Mn3+ content is
much higher than that of its Mn4+ counterpart, resulting in an average
valence state of Mn atoms (nMn) of ca. 3.3+ for each sample (this
value would be 3.5+ for a 50:50 ratio of Mn3+ and Mn4+). This value
is lower than 3.74+ obtained for Na0.53MnO2 by Li et al.39 which
may be related to the substitution of some Mn atoms by Mg in our
work. In summary, this result suggests that microwave irradiation and
fluorination can increase the amount of the redox-active Mn3+, but
without affecting the average valence state of the manganese.

Table I. Summary of refined crystallographic parameters for the prepared NaMgMnO samples.

Material a parameter ± 0.002 (Å) b parameter ± 0.002 (Å) c parameter ± 0.002(Å) Crystal density ± 0.002 (g cm−3)

NaMgMnO-a 5.014 5.014 11.247 67.894
NaMgMnO-ma 5.013 5.013 11.240 68.931
NaMgMnO-af 5.008 5.008 11.274 77.606

NaMgMnO-maf 5.000 5.000 11.224 83.882
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Figure 4. XPS spectra for the (a) NaMgMnO-a, (b) NaMgMnO-ma, (c) NaMgMnO-af and (d) NaMgMnO-maf samples.

The SEM images (Fig. 5) show all the materials as hexagonal
plate-like shaped micron-sized particles (1–3 μm diameters). The mi-
crowave irradiated material (Figs. 5d, 5e) exhibits clean and smooth
surface facets, confirming that they are well-crystallized. Coating
of the particles with fluorine leads to surface roughness (Figs. 5g–
5k) indicating that the fluorine-doping is generally surface-confined.
Surface-doping is expected to improve the electrochemical proper-
ties because the transport of Na-ions and electrons during charge and
discharge occurs on the surface of the electrodes. Fluorine surface-
doping is known to enhance the surface electric conductivity, protect
the cathode materials from HF attack, reduce electrolyte oxidation
and stabilize the structure of the cathode materials.40 Figs. 5c, 5f, 5i,
5l also shows the EDX mapping images of the samples confirming
the elemental composition of the samples with the fluorine content
within the expected 3%. Fig. 6 shows typical EDX mapping of a fluo-

rinated sample (NaMgMnO-af), revealing the expected elements and
confirming the presence of fluorine in the sample.

Electrochemical studies.—Fig. 7 compares the cyclic voltammet-
ric evolutions of the four coin cells (made using the synthesized cath-
ode materials) for the fresh cell and after the 100th cycle. The cyclic
voltammograms show pairs of ill-defined and broad redox peaks sug-
gesting multi-step reversible reaction processes. Peak broadness is
usually indicative of multi-step reaction processes that occur close
to one another. Unlike the other materials (Figs. 7b–7d), the pristine
material (Fig. 7a) displays redox couples that are broad and nearly
indistinguishable indicating that the reactions occur very close to
each other in this sample. There are three prominent pairs of redox
peaks: (I) at half-wave potential (E1/2) of ca. 2.7 V vs. Na/Na+ is
ascribed to the Mn3+/Mn4+ redox couple, (II) gives broad peaks in

Table II. XPS (Mn-2p3/2 spectra) data of the NaMgMnO-a, NaMgMnO-ma, NaMgMnO-af and NaMgMnO-maf samples.

Binding energy
position (eV) Cation distribution

Sample Mn4+ Mn3+ Mn4+ (%) Mn3+ (%) Mn3+/Mn4+ Mn valence (average redox state)

NaMgMnO-a 640.1 638.5 30.9 69.1 2.24 3.31
NaMgMnO-af 643.2 641.9 33.3 66.7 2.00 3.33
NaMgMnO-ma 639.8 638.2 38.8 61.2 1.58 3.39
NaMgMnO-maf 643.0 641.9 24.8 75.2 3.03 3.25
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Figure 5. SEM and EDX analysis of NaMgMnO-a (a, b,c), NaMgMnO-ma (d, e,f), NaMgMnO-af (g,h,i) and NaMgMnO-maf (j, k, l) samples.

the E1/2 range 3.0–3.3 V vs. Na/Na+ and is due to the complicated
de-sodiation/sodiation processes in the crystal lattice structure, and
(III) at ∼4.2 V vs. Na/Na+, observed only in the initial cycle, is due
to the P2 – O2 phase transformation and the resultant gliding and
expansion of the transition metal layers.38

By the 100th cycle, the redox process in the cell with the pris-
tine cathode material as-prepared cell (Fig. 7a) has almost completely
disappeared, indicating degradation (poor cycling performance). It is
evident that Figs. 7c and 7d are too identical, and yet similar to Fig.
7b at the initial cycle. For the pristine state, both treatments clearly
cause a difference in cyclic voltammograms, it seems there is no ad-
ditional effect if both treatments are used, i.e. one or the other, but not
both.

The charge-discharge performances of the materials (1–100 cy-
cles), cycled between 1.5 and 4.4 V at 0.1 C (1C = 260 mA/g) are
summarized in Fig. 8. The first charge cycle to 4.4 V corresponds
to the extraction (de-sodiation or de-intercalation) of small amounts
of sodium ions (low charge capacity). However, upon discharge (so-

diation or intercalation) more sodium ions from the sodium source
(sodium metal anode) are inserted back into the structure giving rise
to higher capacity. The long plateau which appeared around 4.2 V
vs Na/Na+ in the charge curve of all the cells is due to the phase
transition from the P2-type to the O2-type structure, with the resultant
gliding and expansion of the transition metal layers which leads to
irreversible capacity loss, whilst the voltage plateau below 4.0 V is
due to the Na+ and vacancy ordering taking place within the sodium
layer. In the O2-type structure, the Na ions sit in the small octahedral
sites in the lattice structure while in the P2-type they sit in the large
prismatic sites. Therefore, there is a change in the unit cell as the
structure changes from a P2-type to O2-type and this induces capac-
ity fade upon cycling. The microwave irradiation and fluorination are
observed to increase the capacity of the NaMgMnO material. The dis-
charge capacity for the first cycle is ca. 116, 125, 130 and 140 mAh/g
for NaMgMnO-a, NaMgMnO-ma, NaMgMnO-af and NaMgMnO-
maf, respectively. The microwave irradiation increased the capacity
for both the unfluorinated and fluorinated samples due to the improved
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Figure 6. Typical EDX mapping of the samples. These images show the elements present in the NaMgMnO-af sample and confirm the presence of fluorine in the
sample.

Figure 7. Cyclic voltammograms (current density vs. voltage) of the cells containing the following cathode materials (a) NaMgMnO-a, (b) NaMgMnO-ma, (c)
NaMgMnO-af and (d) NaMgMnO-maf. Scan rate: 0.1 mV/s. Voltage range: 1.5–4.4 V vs. Na/Na+.
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Figure 8. Galvanostatic charge-discharge graphs (voltage vs. specific capacity) of the cells containing the following cathode materials (a) NaMgMnO-a, (b)
NaMgMnO-ma, (c) NaMgMnO-af and (d) NaMgMnO-maf.

morphology and crystallinity, as observed in the SEM and XRD anal-
yses. Fluorination increased the capacity because the fluoride-ions are
doped on the surface of the NaMgMnO materials and thus result in in-
creased surface electric conductivity and protect the cathode materials
from HF attack.

Fig. 9a shows the long-term cycling performance as well as the
coulombic efficiency profiles of the NaMgMnO-a, NaMgMnO-ma,
NaMgMnO-af and NaMgMnO-maf materials. The capacity retention
and coulombic efficiency data are summarized in Table III. All the ma-
terials showed similar coulombic efficiency of 100% from about the
5th until the 100th cycle. NaMgMnO-a shows poor capacity retention,
only 50% (i.e., 54 mAh/g) of its initial capacity of 108 mAh/g after
100 cycles. At the end of the 100th cycle, NaMgMnO-ma, NaMgMnO-
maf and NaMgMnO-af gave capacity retention of 71%, 70% and 62%,
respectively. The result clearly shows that microwave and fluorination
are able to stabilize the structure of the materials upon continuous
cycling. Aside from the phase transformation, the reason for the ob-
served capacity fading may be related to the well-known Jahn-Teller
distortion of the high-spin Mn3+.20–22

Fig. 9b also shows the rate capability studies of the materials con-
ducted at different current densities (26, 52, 130, 260 and 780 mA/g)
with 5 charge-discharge cycles for each step in the voltage range from
1.5 to 4.4 V. The discharge capacity decreased as the current density
increased due to the short timescale required for sodiation and de-
sodiation process to occur at the higher current densities. Interestingly,
there appears to be no permanent structural or electrode-electrolyte

interfacial damage caused by increasing the current density, consid-
ering that the final data set returns to a high value as per the initial
discharge capacity.

As shown in Table III, there is a discrepancy between the first dis-
charge capacity (DC) and that reported in literature by the groups of
Manthiram8 and Kobama17 where 220 mAh/g were recorded. While
Manthiram group8 included nickel and cobalt in their material, the
work of Kobama and co-workers17 is similar to the one reported here.
Interestingly, however, it is evident from Table III that this present
work showed better capacity retention compared to literature.8,17 The
discrepancies may be attributed to the differences in the chemical
compositions and synthesis methods adopted. It is common knowl-
edge that synthesis methods and experimental conditions influence the
stoichiometry, crystal structure, morphology, and electrochemistry of
the electrode materials.

Electrochemical impedance spectroscopy (EIS) was conducted to
establish the effects of microwave and fluorination treatments on
the kinetics of these NaMgMnO-based electrode materials. The coin
cells were analyzed before and after long-hour cycling (i.e. at the
end of the 100th cycle) at the open circuit voltage vs. Na/Na+. The
Nyquist plots (Figs. 9c, 9d) were fitted with the electrical equiva-
lent circuit (Fig. 9d, inset) which comprises the expected fitting ele-
ments: the solution ohmic resistance of the electrode system (Re) due
to electric conductivity of the electrolyte, separator and electrodes;
the surface film resistance (Rs1) and capacitance (Qs1), referring to
the resistance and capacitance (as a constant-phase element) due to
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Figure 9. (a) Discharge capacity vs cycle number and coulombic efficiency graphs of the cells containing the NaMgMnO materials, (b) rate performance at
different current densities and (c,d) Nyquist plots (Z′′ vs. Z′) measured before (OCV) and after cycling (100 cycles). The dots and the straight line represent the
experimental and fitted data, respectively. Inset (d) is the electrical equivalent circuit used in the fitting of the experimental data.

Table III. Summary of discharge capacity and capacity retention of NaMgMnO samples.

DC at the 1st CE at the 1st CR at the 20th CR at the 30th CR at the 50th CR at the 100th

Material cycle (mAh/g) cycle (%) cycle (%) cycle (%) cycle (%) cycle (%)

NaMgMnO-a 108 66 81 76 67 50
NaMgMnO-ma 123 57 82 82 78 71
NaMgMnO-af 128 113 81 79 75 62

NaMgMnO-maf 140 53 86 83 79 70
Ref. 8 220 68 80 68 n/a n/a
Ref. 17 220 ∼96 ∼80 ∼68 n/a n/a

Key: DC = Discharge capacity; CE = Coulombic efficiency; CR = Capacity retention; n/a = Not available.

Table IV. Impedimetric data of the various NaMgMnO-based cathode materials obtained by fitting the Nyquist plots acquired prior to and after
the 100th cycle using the equivalent circuit (Fig. 9d, inset).

Material Aging cells Re (±5�) Rs1 (±5�) R(ct)(±5�) Ws (±10�)

NaMgMnO-a Fresh cells 3.50 21.79 516.40 39.50
100th cycle 36.30 3.09 1840.00 182.40

NaMgMnO-ma Fresh cells 3.50 2.18 261.90 1.30
100th cycle 6.20 13.14 494.80 23.40

NaMgMnO-af Fresh cells 19.40 3.83 386.30 37.20
100th cycle 23.80 41.18 256.80 45.20

NaMgMnO-maf Fresh cells 6.20 25.00 166.70 65.70
100th cycle 4.10 31.62 281.60 27.70
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the electrode-electrolyte interface layer formed on the electrode sur-
face; the charge-transfer resistance (Rct) and interfacial capacitance
(Cdl), corresponding to the sodium intercalation/de-intercalation pro-
cess arising at the electrode-electrolyte interface; and the Warburg ele-
ment (Zw) describing the solid-state diffusion of sodium-ions through
the lattice structure of the compound, signified by the straight sloping
line (∼45◦) at the low frequency region. The values obtained from
the fitted EIS data are summarized in Table IV. With the exception
of the NaMgMnO-af, the charge transfer resistance of the other three
compounds obtained after the 100th cycle are larger compared to the
initial cycling, which suggests that NaMgMnO-af cell experienced
slight activation, hence its enhanced conductivity and kinetics of the
Na+ ions during the repetitive cycling. From the total series resis-
tance (Re + Rs1 + Rct), the percentage increase of resistance after the
100th cycle are the NaMgMnO-af (−21%) < NaMgMnO-maf (60%)
NaMgMnO-ma (92%) < NaMgMnO-a (247%), clearly showing that
the best-conducting materials are the fluorinated materials while the
pristine complex is the bad-performer.

The Na-ion diffusion coefficients were obtained after 100 cycles
using EIS data as described in the literature41,42 and were found to be
9.3 × 10−14, 2.6 × 10−12, 1.2 × 10−12 and 4.3 × 10−12 cm2 s−1 for
NaMgMnO-a, NaMgMnO-ma, NaMgMnO-af and NaMgMnO-maf,
respectively. The microwaved and fluorinated complexes gave the
highest values compared to the pristine sample. The differences in the
values may be due to the morphological differences of the samples.
The clean and smooth surface facets due to microwave irradiation ob-
served in NaMgMnO-ma improves the contact of the sample with the
electrolyte and the transport of Na-ions and electrons during charge
and discharge. The surface doping with fluoride-ions in NaMgMnO-
af and NaMgMnO-maf stabilizes the structure and reduces the man-
ganese dissolution reaction and the electrolyte oxidation.

Conclusions

The urea-based combustion method has been utilized to synthesize
P2-type Na0.67Mg0.28Mn0.72O2 sodium-ion battery cathode materials
with well-defined Mg-Mn cation ordering. Surface fluorination con-
tributed to improving the electrochemical performance of the mate-
rials such as discharge capacity, cycling efficiency and cycling sta-
bility. Microwave irradiation for the un-fluorinated sample enhanced
the morphology and crystallinity which, in turn, improved the capac-
ity and capacity retention of the sample. But microwave irradiation
combined with fluorination resulted in even better electrochemical
performance, proving the synergy of these dual treatment methods
to curb the negative P2-O2 phase transformation process and the
Mn3+-induced Jahn-Teller effect.
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