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Abstract: The P2-type Na,;Fe;,Mn;,0, materials were synthesized by an ultrasonic spray pyrolysis followed by
solid-state sintering method. The structures, morphologies and electrochemical performances of Nay;Fe;,Mn;,0,
materials were characterized thoroughly by means of X-ray diffractometer, scanning electron microscope and
electrochemical charge/discharge instruments. Moreover, a thin layer of Al,O;, which was formed on the surface of
Nay;sFe pMn;,0,, can enhance the storage performance by preventing the formation of Na,CO;-H,0O, which is believed
to enhance the electrochemical performances of Na,;Fe;,Mn;,0, materials. This facile surface modification method
may pave a way to synthesize advanced cathode materials for sodium-ion batteries.
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1 Introduction

Although the research on sodium-ion batteries
and lithium-ion batteries almost simultaneously
began in 1970s, sodium-ion batteries gradually
faded out of sight due to the rapid growth and
improved performance of lithium-ion batteries.
After being commercially applied by Sony
Company in 1990s, lithium-ion batteries are widely
used in portable electronic devices and electric
vehicles due to their high energy density and
operating voltage [1—7]. In recent years, we have
witnessed the demand for renewable large-
scale electrochemical energy storage systems,
which makes the sodium-ion batteries regain
attention [8—10]. Because of the widespread
distribution of sodium resources and low cost,
sodium-ion batteries have become an advantageous
candidate to replace lithium-ion batteries in large-
scale electrochemical energy storage systems [11,12].

In addition, sodium ions have larger radius (1.02 A)
when compared with lithium ions (0.76 A) [13],
thus the problem of mixing alkali metal ions and
transition metal ions can be effectively avoided to
achieve a better long-cycling performance [14—17].

As far as we know, research on cathodes for
sodium-ion batteries is mainly focused on sodium
layered oxides and polyanionic compounds (e.g.,
NazV,(PO,),F;) [18,19]. Layered transition metal
oxide material, which can be divided into P2 and
O3 phases (P represents prismatic, and O represents
octahedral) according to the coordination
polyhedrons where sodium ions are located and
different stacking ways of transition metal oxide
layers, is considered as the most promising
candidate due to its high theoretical specific
capacities [20—23]. In NaMeO, (Me=Ni [24],
Co [25,26], Mn [27-29], Fe [30,31], Cr [32] etc.
and their combinations), x is usually between 0.6
and 0.7 within P2 phase structure, and sodium
ions are in prismatic coordination that is relatively
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stable. Nevertheless, the layered transition metal
oxide cathode materials show poor air stability.
After contacting with moisture and carbon dioxide,
side reactions will happen, which deteriorate the
electrochemical performance of the material [33,34].
The poor air-storage performance substantially
increases the cost of material preparation, storage
and transportation, which limits the commercial
application of layered transition metal oxide
cathode materials. To solve this problem, some
modified strategies have been adopted. LI et al [35]
entirely substituted Ni with Cu and introduced Fe
into the Na,;3Ni;3Mn,;0, by a solid-state method,
ultimately succeeded in synthesizing air-stable
P2-Na7CuyFeoMn, 30, materials. A combined
structural modulation via Cu/Ti co-doping was
adopted, and the results showed impactful
effect on enhancing the air stability of O3-phase
NaNigsMnysO, cathodes [36]. Additionally, a
novel ethanol washing way was used to remove
the residual sodium salts on the surface of
NaNigsMnysO, materials, which improved air
stability [37].

As P2-type iron—manganese oxide materials
like Na,;Fe;,Mn;,0, show higher specific capacity,
we synthesized P2-type Na,;Fe;,Mn;,0O, material
via an ultrasonic spray pyrolysis followed by
solid-state sintering method, and studied the
transformation of materials under inert and air
conditions (a relative humidity of ~55%). P2-
Na,;Fe; ,Mn;»,0, delivers a reversible initial
discharge capacity of 156.6 mA-h/g at a current rate
of 0.1C (1C=260 mA/g). As the materials are
unstable in air, Al,O; coating layer was introduced
onto the surface of Na,sFe;nMn;»0O, material,
which can effectively improve the electrochemical
performance of the materials after being stored in
air.

2 Experimental

2.1 Materials synthesis

The Na,;sFe2Mn; 0, (hereafter denoted as
NFMO) samples were prepared by an ultrasonic
spray pyrolysis followed by solid-state sintering
method. The precursor solution was prepared
by dissolving ferric(Ill) nitrate nonahydrate and
manganese(Il) nitrate tetrahydrate with deionized
water under stirring, in which the molar ratio of
metal component (Fe to Mn) was 1:1. The mixed

solution was atomized by ultrasonic atomizer to
form small droplets. With the carrier gas (high
purity O,) at a flow rate of 5 L/min, the droplets
were loaded into the spray pyrolysis furnace and
pyrolyzed at 800 °C to obtain the precursor of
ferric and manganese oxide (Fe;,Mn;,0,) with
waxberry-like spherical morphology (see Fig. 1(a))
and Fe, Mn, and O elements distribute uniformly
(see Fig. 1(b)). After measuring the element
contents of Fe and Mn in Fe;,Mn;,0, precursor
by inductive coupled plasma (ICP) emission
spectrometer (see Table 1), the precursors were
mixed with the sodium source (Na,O,, 3 wt.%
excess of sodium) in the glove box and were fully
ground for 1 h to make the raw materials evenly
mixed. Then, the mixed raw materials were sintered
in a tubular furnace in the air atmosphere at a
temperature of 900 °C for 9 h and the heating rate is
5 L/min. Afterwards, the products were naturally
cooled down to about 200 °C, and the as-synthesized
NFMO powders were quickly sealed and preserved
to avoid the contact with water and CO, in air.

1 um

Fig. 1 SEM image (a) and EDS elemental mapping
results (b) of Fe,,Mn,,0, precursor samples

Table 1 Metal contents of Fe;,Mn;,0, precursor

measured by ICP
Element Content/at.% Content/wt.%
Fe 17.85 33.04
Mn 18.15 33.11
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To prepare the Al,Os;-coated NFMO material,
0.3678 g AI(NOs);9H,O was dissolved in
200 mL deionized water, and was stirred at
room temperature for 1 h. 5 g NFMO material was
dispersed in the solution and stirred for 2h to
obtain evenly dispersed suspension. The suspension
was transferred to a water bath at 80 °C for heating
and stirring simultaneously. After the solution was
completely steamed and dried, the powder material
was taken out and dried in a blast drying oven at
80 °C. After that, the samples were heat-treated in a
tubular furnace at 500 °C to decompose AI(NO;);
completely. Eventually, Al,O; was coated on the
surface of NFMO material, which was labeled as
NFMO-AL,O;. The chemical composition of the
NFMO-AIL O3 materials was measured via ICP (see
Table 2).

Table 2 Contents of NFMO-Al,0O; materials measured

by ICP
Element Content/at.% Content/wt.%
Na 18.26 14.862
Fe 13.76 27.164
Mn 13.46 26.507
Al 0.73 0.918

2.2 Materials characterization

The chemical composition of all the samples
was measured via ICP (Thermo Fisher Scientific
ICAP 7400 Radial). 30 mg of the precursor material
prepared was dissolved in hydrochloric acid with a
concentration of 1 mol/L and diluted to a constant
volume of 1 L. A small amount of dilute solution
with constant volume was used for ICP analysis to
obtain the concentration of metal ions in the
solution. The crystal phases of the obtained
products were identified by powder X-ray diffraction
in a 26 range of 10°-60° (XRD, Rigaku TTRIII)
with CuK, radiation (1=1.54184 A). Scanning
electron microscope (SEM, JEOL JSM—7900F) was
used to analyze the morphology of the samples.
Energy dispersive X-ray spectroscopy (EDS)
elemental mapping was collected on a JEOL
JSM—-7900F instrument. Transmission electron
microscopy (TEM, FEI Tecnai G2 F20 S-TWIN
TMP) images and high-resolution TEM images
were recorded to analyze the AlL,O; coating layer.
Fourier transform infrared spectroscope (FTIR,
Nicolet AVATAR 360) was used to analyze the

functional groups on the surface of materials.

2.3 Electrochemical measurements

The electrochemical measurements were
conducted using coin-type cells (CR 2025). The
active material, conductive carbon (Keqin black)
and polyvinylidene fluoride (PVDF) binder with the
mass ratio of 8:1:1 were fully ground in an agate
mortar for 15 min. Then, appropriate amount of
N-methyl-2-pyrrolidone (NMP) was added and
continuously ground until it became slurry with
moderate viscosity. The gained slurry was coated on
Al foil and dried at 120 °C for 6 h. The fabricated
cathodes were cut into 14 mm circular electrodes,
which were dried in an vacuum oven (60 °C)
together with the prepared glass fiber separator
(Whatman GF/A, 18 mm), nickel mesh, anode and
cathode battery shell for 6 h. 1 mol/L NaClO, in
propylene carbonate with 5% fluoroethylene
carbonate (Kishida chemical) and sodium foil with
a diameter of 16 mm were used as the electrolyte
and the anode, respectively. Coin-type cells (CR
2025) were assembled in a dry argon-filled glove
box. The reversible specific capacity and cycle
stability were measured on a NEWARE charge—
discharge tester at a voltage of 1.5-4.0V (vs
Na/Na").

3 Results and discussion

3.1 Structure and morphology of P2-type NFMO

As evidenced by the XRD results (see Fig. 2),
the pure NFMO was synthesized by an ultrasonic
spray pyrolysis followed by solid-state sintering
method, which shows a plate-like morphology

(Fig. 3).
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Fig. 2 XRD pattern of P2-type NFMO samples
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3.2 Storage performance of P2-type NFMO of NFMO, in which sodium ions have two kinds of
As depicted in Fig. 4(a), NaOg prims share occupied sites, namely Nag and Na.. Due to the long
faces or edges with MeOg octahedra in the structure distance between sodium ions and transition metal
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Fig. 4 Schematic diagram of crystal structure for P2-type NFMO materials (a), XRD patterns of NFMO materials
before and after storage in air (b) and argon (c), and FTIR spectra of Na,CO;-H,0, fresh NFMO and NFMO stored in

air for 30 d
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ions, which can reduce the cation repulsion, the Na,
site is more stable than Na; site. Therefore, a part of
sodium ions tend to diffuse out of the crystal lattice
and react with moisture and carbon dioxide. We
carried out an investigation on air-storage properties
of the P2-type NFMO material. The as-synthesized
NFMO samples were stored in inert (argon) and
ambient air (relative humidity of ~55%) for 7, 15
and 30 d, respectively. As shown in Fig. 4(b), the
pristine NFMO has an ideal P2 structure. After
being exposed to air for 7 d, the XRD patterns show
impurity peaks at 26 of 30.18° and 37.99° (enlarged
XRD patterns of NFMO-exposed series in
Fig. 4(b)), which can be indexed to Na,CO; H,0.
After extending the storage time to 15 and 30 d, the
peak intensity increased obviously. Figure 4(c)
shows that NFMO-fresh material was stored in
inert atmosphere and the diffraction peaks of
argon-storage samples were completely consistent
with those of the fresh material. Even the storage
time was extended to 15 and 30 d, the intensity of
the diffraction peak was almost unchanged, which
indicates that the NFMO material does not generate
impurities when stored in the inert atmosphere, and
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the crystalline structure of the material is well
maintained. In order to confirm the impurities on
the air-exposed NFMO samples, we employed
FTIR to characterize the as-synthesized NFMO
powders, air-exposed NFMO powders and
Na,CO5-H,0O (Fig. 4(d)). Within the wavenumber
range from 500 to 2000 cm ', the characteristic
peak of Na,COs5-H,O at 874.4 cm ' is observed in
NFMO-air-30 d sample, which corresponds to CO32_
vibrations. Compared with the freshly prepared
samples, the characteristic peak becomes intense
after air exposure, suggesting that the exposing
process is accompanied by the generation of
Na,CO;-H,0. The proposed reactions are given
below:

2N8.2/3F61/2Mn1/202+xC02+ 1 /2X02—>
xNa,CO3+2Nay;3-Fe;,Mn,; ,0,

N32CO3+H20—>N32CO3'H20

(1)
()

The galvanostatic charge—discharge (GCD)
curves of NFMO pristine materials in ambient air
with different storage time cycled at 0.1C and

1.5-4.0 V are presented in Figs. 5(a) and (b). The
initial charge and discharge specific capacities are
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Fig. 5 Electrochemical properties of NFMO samples before and after storage in air: (a) Initial charge process at 0.1C;

(b) Discharge process in the first cycle and charge process in the second cycle at 0.1C; (c) dQ/dV vs voltage curves in

the second cycle; (d) Electrochemical cycling performance at 0.1C
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66.9 and 156.6 mA-h/g of the freshly prepared
NFMO materials, respectively (see Fig. 6(a)), and
they decline to 63.5 and 146.3 mA-h/g after 30 d of
air exposure (Figs. 5(a) and (b)). The initial charge
and discharge specific capacities decrease notably
with the extension of the exposure time, owing to
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Fig. 6 Electrochemical properties of P2-type NFMO
material: (a) Galvanostatic charge—discharge curves of
the first three cycles at 1.5-4.0 V and 0.1C; (b) dQ/dV vs
voltage curves for the first, second, and third cycles;
(c) Electrochemical cycling performance at 0.1C

the spontaneous movement of sodium ions from the
bulk structure to the particle surface due to the side
reactions with H,O and CO,. The resultant residual
sodium compounds (such as Na,CO; and their
hydrates) contribute to sodium depletion, increasing
polarization and capacity decay. Obviously, the
deterioration exhibits a positive correlation with the
extended air-storage time. As shown in Figs. 5(c)
and 6(b), the NFMO-fresh materials show smaller
difference between the anodic and cathodic peak
(AV) than the air-exposed NFMO materials,
indicating that the side reactions brought higher
polarization during charge—discharge process. The
derivate plot of GCD curves is consistent with the
results in Figs. 5(a) and (b). After being exposed in
air for a period of time, the electrochemically
insulated Na,CO3-H,O emerges on the surface of
the NFMO particles, resulting in poor sodium-ion
diffusion kinetics and aggravated polarization.
Figure 5(d) exhibits the cycle performance of
NFMO-fresh and NFMO-air samples at 0.1C.
Freshly prepared NFMO materials deliver a
discharge specific capacity of 156.6 mA-h/g at the
first cycle, the capacity retention reaches nearly
82.1% after 40 cycles (see Fig. 6(c)). However, the
capacity retention of materials decreases to 78.0%
after being exposed in air for 30 d. The autogenous
diffusion of sodium ions from the bulk and the
consuming reaction between NFMO cathodes and
air cause the depletion of sodium ions and the
collapse of the crystal structure, which will have an
adverse effect on the cycle performance of the
electrode material.

3.3 Storage performance of Al,O;-coated NFMO

As NFMO materials are easily deteriorated in
ambient atmosphere, we modified the surface of
NFMO particles with an inert Al,O5 to improve the
air-storage performance of the materials. Surface
energy dispersive spectrometry (EDS, Fig. 7(a)),
transmission electron microscopy (TEM, Fig. 7(b))
image and high-resolution transmission electron
microscopy (HRTEM, Fig. 7(c)) image confirm the
existence of Al,O; coating layer. It is notable that a
small amount of Al element is detected on the
surface of the NFMO particles, as presented in
Fig. 7(a), meanwhile Na, Fe, Mn and O elements
of the particles are evenly distributed. The TEM
image shows that the Al,O; modifying layer is
inhomogeneously coated onto the surface of NFMO
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Fig. 7 EDS mapping results (a), TEM image (b) and HRTEM image and corresponding FFT images of Regions 1 and 2

(¢) of NFMO-AIL,0O; samples

materials, and the thickness of which ranges from
~2 to ~20nm. Figure 7(c) shows the HRTEM
image of Al,O;-coated NFMO materials. Two kinds
of disparate crystal lattices occur from the bulk to
the surface, the interplanar spacing value of 2.10 A
belongs to (103) plane of NFMO materials, and
amorphous crystal lattices (Region 2) can be
assigned to the AlL,O; coating layer. Fast Fourier
transform (FFT) images of Regions 1 and 2 clearly
distinguish the two distinct structures in the dotted
yellow and red boxes, respectively.

To evaluate the effect of Al,O; coating layer on
the air-storage performance of the materials, the
as-synthesized NFMO and NFMO-AI,O; samples
were exposed in air, simultaneously another
equal amount of freshly prepared NFMO sample
was stored in Ar-filled glovebox as a contrast.
Concentrations of the residual sodium ions on the
surfaces of NFMO and NFMO-Al,0O; materials

under different storage conditions are shown in
Fig. 8, which was determined through ICP analysis
by immersing the exposed powder in deionized
water for 12 h to dissolve residual sodium species
(Na,CO; and Na,CO;-H,O). Even being stored
in inert atmosphere, the residual sodium salt
concentrations increased slightly with the extension
of storage time (4.15, 5.01 and 5.86 mg/L at 7, 15
and 30 d, respectively), which may arise from the
excess Na sources in solid-state sintering process.
In addition, the concentration of residual sodium
salts underwent an abrupt growth along with the
air-storage time increasing (10.52, 17.22 and
2191 mg/L at 7, 15 and 30d, respectively).
Furthermore, the concentration of residual sodium
salts is much higher than that of the samples stored
in inert atmosphere, ascribing to the deterioration of
materials stored in air and the chemical reactions
between air and materials producing soluble sodium
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Fig. 8 Concentrations of residual sodium ions on NFMO
surfaces after storage in air and argon, and NFMO-AL,0O3
after storage in air

salts. Small quantities of sodium ions (5.23 mg/L)
are detected in the NFMO-AL,O; materials exposed
to air for 7 d. This may originate from the excess
sodium sources on the particle surfaces during the
solid-state sintering process and weak reaction
with air. With the extension of storage time, the
concentration of sodium ions increased slightly
(8.19 and 9.27 mg/L at 15 and 30 d, respectively).
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Compared with samples stored in argon atmosphere,
the sodium ion concentration of Al,Os-coated
materials is higher, ascribing to the unevenly
coating and the intricate side reactions with air.
However, we find that the concentration of the
residual sodium species on the Al,Os;-modified
materials is obviously lower than that of the
air-exposed NFMO materials. Even storage in air
for 30d, the concentration of sodium ions in
the filtrate of NFMO-ALO; materials is only
9.27 mg/L, which is far less than the concentration
of NFMO-air-30 d materials (21.91 mg/L). This
confirms that the Al,O; coating layer on the surface
of NFMO particles inhibits the deterioration of the
materials when stored in air, which isolates air and
protects sodium ions from directly contacting with
CO; and H,O 1in air.

Figure 9(a) shows the XRD patterns of
AlLOs-coated NFMO materials after being exposed
in air for various time. All XRD peaks are well
indexed to the ideal P2-type crystal structure (space
group: P63/mmc). After 30d of exposure, the
position and intensity of diffraction peaks of the
coated materials exhibit negligible change, which
indicates that coated materials maintain original
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Fig. 9 XRD patterns and electrochemical results of NFMO-AI,O; materials before and after storage in air: (a) XRD

patterns; (b) Discharge process in the first cycle and charge

process in the second cycle at voltage of 1.5-4.0 V and

0.1C; (c) dQ/dV vs voltage curves in the second cycle; (d) Electrochemical cycling performance at 0.1C
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crystal structure, and no impurities are formed
during exposure. The galvanostatic charge—
discharge (GCD) profiles of air-exposed Al,Os-
coated NFMO materials are shown in Fig. 9(b).
In comparison with the uncoated pristine materials,
the coated pristine materials show discharge
specific capacity of 146.7 mA-h/g in the first cycle.
However, after 40 cycles, NFMO-AI,O; materials
exhibit higher capacity retention of 84.7%
(Fig. 9(d)) as compared with that of NFMO-fresh
materials (82.1%). Although parts of the specific
capacities are sacrificed, the Al,O; coating layer
improves the cyclic stability of the materials. With
the storage time extending to 30 d, the capacity
retention of coated materials only decreases to
80.8% (Fig. 9(d)), which is higher than that of
air-exposed NFMO pristine materials with the same
storage time (78.0%, Fig.5(d)). As shown in
Fig. 9(c), Al,O;-coated NFMO materials exhibit
negligible polarization with the extension of
air-storage time compared with that of uncoated
counterparts. Similarly, no obvious polarizations are
observed in the GCD profiles. Compared with
uncycled NFMO-AL,O; samples, the NFMO-AL,O;
materials after 40 cycles exhibit tiny polarization
and capacity loss, while the NFMO-fresh materials
exhibit huge capacity attenuation after cycling.
Even exposed in air for 30d, the changes of
NFMO-ALLO; samples are also minimal (see
Fig. 10). The above results confirmed that Al,O;
coating layer can effectively improve the air-storage
performance of NFMO materials, thus enhancing

the cycle stability of NFMO materials after being
exposed in air.

4 Conclusions

(1) P2-type Na,;sFe;»Mn;,0, materials were
prepared by an ultrasonic spray pyrolysis followed
by solid-state sintering method.

(2) After being exposed for a period of time in
air, a small part of sodium ions in the
Nay;sFe,Mn;,0, spontaneously diffuse out of the
crystal lattice to the surface, reacting with the
carbon dioxide and moisture, thus generating
Na,CO; and Na,CO;-H,O on the surface of
particles.

(3) The instability of Na,;sFe;,Mn;,0, against
air can be optimized by modifying its surface with
Al,O; coating layer. The enhanced cyclic stability
and reduced residual sodium ions concentration
confirm that Al,O; coating layer can protect
Nay;sFe,Mn;,0, from contacting with air and
suppress the adverse side reactions when
experiencing air exposure. This strategy can also be
applied to other air-sensitive materials.
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