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ABSTRACT: Research on sodium batteries has made a comeback because of
concern regarding the limited resources and cost of lithium for Li-ion batteries.
From the standpoint of electrochemistry and economics, Mn- or Fe-based
layered transition metal oxides should be the most suitable cathode candidates
for affordable sodium batteries. Herein, this paper reports a novel cathode
material, layered Na,; +x(Fey/zNi},/zMnl_y) 10, (x = 0.1-0.5), synthesized
through a facile coprecipitation process combined with subsequent calcination.
For such cathode material calcined at 800 °C for 20 h, the Na/
Na,,,(Fe,,Ni,,Mn;_,);_,0, (x = 0.4) electrode exhibited a good capacity of
99.1 mAh g~" (cycled at 1.5-4.0 V) and capacity retention over 87% after SO
cycles. Optimization of this material would make layered transition metal oxides
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1. INTRODUCTION

There has been a resurgence of research in Na-ion battery
chemistry in recent years because of its abundant reserves and
potential cost advantages.' > To date, inspired by the similar
intercalation chemistry for Na- and Li-ion batteries, researchers
have explored many compounds as candidate cathodes for
sodium-ion batteries.® Among these candidates, layered
NaMO, (M = Ni, Mn, Cr, Co, V, etc.) compounds are
promising due to the similar attractive features to Li-ion
batteries, that is, material cost, wide distribution of transition
metals, high capacity, and valence state.””'' Although both
secondary battery systems share these common characteristics,
the Na-ion battery exhibits different electrochemical perform-
ance. The main difference is that the ionic radius of Na* (0.98
A) is greater than that of Li* (0.68 A), resulting in a tendency
for Na compounds to form in a layered structure.'”> Moreover,
unlike their Li analogues, most NaMO, compounds present
complicated voltage profiles due to the corresponding phase
transformation upon cycling.''

Types of insertion compounds studied for the Na-ion battery
system include P2-Na,Co0O,,*'*'* 03-NaNiO,,"> 0'3-
NavO,,'® and Na MnO,.'”"® In addition, O3-type a-
NaFeO," is surprisingly electrochemically active (90 mAh
g™"). Recently, Ti-based materials (Na (M, Ti*")O,, where M =
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Ni, Co, etc.) have been tested as cathodes for sodium-ion
batteries.”® Sodium transition metal oxides with appropriate
stoichiometry are capable of reversible Na intercalation but
with limited capacity and rate performance.'” Several strategies
have been employed to overcome these problems. For example,
solid solutions of NaMO, phases such as O3-type
Na,_,NisMn,0,”" and O3—Naan1_yFey0222 are known to
exhibit better electrochemical performance. Yabuuchi et al.*?
reported the electrochemical performance of layered Na
insertion hosts of P2- and O3-Na,[Fe,/;;Mn,,,]O, and found
that O3-type delivered 100—110 mAh g~" in the voltage range
of 1.5—4.2 V at C/20, while P2-type delivered a higher capacity
of 190 mAh ¢! at the same condition. In addition, in a study of
the electrochemical properties of Na[Ni, ;;Fe; ;Mn, ;]0,,>* the
R3m layered structure was stable after extensive cycling, as
revealed by the X-ray diffraction (XRD) pattern of the cathode
material after 123 cycles. On the basis of the experimental
evidence, Li-substituted Na, oLiy,Nig,sMny-sOs>> oxide has
been reported to have reversible Na intercalation and display
smoothed charge—discharge profiles. This Li-incorporated
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Figure 1. Schematic illustration of the synthetic route used to prepare cathode materials.

cathode material delivered 95—100 mAh g~' in the voltage
range of 2.0—4.2 V and exhibited good battery performance. It
should be noted that this compound can be regarded as in the
family of “alkali-excess” materials such as Li, ,Nig,Mn, 40,.2%*’

Because of the elemental abundance and high capacity, the
Ni-incorporated Na,Mn,_,Ni O, is considered to be one of the
most attractive cathode materials for the sodium battery. A
small amount of added Ni could decrease the content of
Mn(III) in order to alleviate the Jahn—Teller distortion of Mn
and stabilize the phase structure. Herein, we discuss the
relationship between calcination temperature and the electro-
chemical properties of Na1+x(Fey/2Niy/2Mn1_y)l_x()z as an O3-
type electrode in Na-ion cells. Because the detailed structure of
the NaHx(Fe},/zNiy/zMnl_y)l_xOZ material has not been
described previously, we do so here to provide a starting
point for investigating the evolution of the structure and
electrochemical performance of this alkali-excess material in the
sodium-ion battery.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. The sodium cathode compounds were
synthesized using a coprecipitation-calcination process (Figure 1) that
was reported earlier.'"***® Coprecipitated M(OH), precursors were
synthesized by titrating stoichiometric amounts of Fe(NO;);-9H,0
(99%, AR), Ni(NO;),-4H,0 (98%, AR), and MnCl,-4H,0 (99%, AR)
into a NaOH (96%, AR) solution. Then, the precursors were filtered,
washed three times with ionized water, and dried at 100 °C for 12 h.
The dried M(OH), precursors were ground with a stoichiometric
amount of Na,C,0,, and the powder mixture was pressed into pellets.
The calcination was performed in a muffle furnace under a wide range
of thermal conditions: 700—900 °C with holding times of 12—24 h.*®
The as-prepared cathode powders were stable in air, and the
coprecipitation process was a facile synthesis route.

2.2. Characterization and Electrochemical Measurements.
The morphologies of the as-prepared materials were examined by
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX). X-ray diffraction (XRD) was performed with a
diffractometer (Rigaku Ultima IV) using Cu Ka radiation. Raman
spectra were obtained on a Raman spectrometer (JY Labram HR 800).
Electrochemical measurement was carried out using coin-type cells.
The cathodes were prepared by pasting a mixture of 80 wt % active
materials, 10 wt % acetylene black, and 10 wt % polyvinylidene
fluoride (PVDF) onto an aluminum foil current collector. The
thickness of the cathode electrodes was controlled at 200 gm. Sodium
metal was used as the counter electrode. The electrolyte consisted of 1
M NaClO, dissolved in ethyl carbonate (EC) and dimethyl carbonate
(DMC) (1:1 by volume). The cells were assembled in an argon-filled
glovebox and then aged for 24 h before electrochemical testing. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were performed using an electrochemical workstation
(Chi 604D). Galvanostatic charge—discharge experiments were carried
out between 1.5 and 4.0 V using a battery tester (Land CT2001A).

3. RESULTS AND DISCUSSION

3.1. Morphology and Composition of As-Prepared
Materials. The SEM images of the as-prepared
Na, ﬁc(Fey/zNiy/zMnl_y)I_sz are shown in Figure 2. The
micrographs reveal that the material particles consist of many
amorphous primary grains, which exhibited agglomeration to
varying degrees as a function of the x values. As shown in
Figure 2, the agglomerated particles become smaller with
increased x values. For the material with x = 0.4 in Figure 2D,
the as-prepared primary particles are seen to be dispersed and
generally homogeneous with an obvious cliff structure at the
edges and corners, indicating improved crystallization. Such
uniform crystal morphology with small particle size is beneficial
to providing sufficient contact between the cathode material
and the electrolyte to promote electrochemical reactions. In
contrast, the material with x = 0.5, as shown in Figure 2E,
reveals agglomeration to a small degree and a bigger particle
size than the x = 0.4 material. As is well-known, the particle size
and surface morphological properties can greatly affect
electrochemical and physical properties such as electrolyte
wetting, surface resistance, and rate properties. This impact will
be discussed later. Figure 2F presents the corresponding EDX
elemental analysis result of the x = 0.4 material, which indicates
uniform elemental distribution on the material surface.

The XRD patterns of the as-prepared
Nay,,(Fe,,)Ni,,Mn;_,);_,0, with different x values are
shown in Figure 3A. As can be seen, the patterns of samples
for x = 0.1, 0.2, and 0.3 followed a similar shape: sharp peaks in
the vicinity of 26 = 16° but without obvious diffraction peaks,
indicating a poorly crystalline structure. The samples of x = 0.4
and 0.5 also have similar patterns with characteristic peaks in
the vicinity of 20 = 42° and 16°. The narrow diffraction peaks
indicate high crystallinity. The diffraction patterns of the x = 0.4
and 0.5 materials are indexed to a rhombohedral lattice
belonging to space group R3m, which is iso-structural with O3-
NaCrO,. Lattice parameters are calculated to be a = 2.974 A
and ¢ = 15.968 A, and the crystallographic unit-cell volume is
122.3 A%, The high c¢/a ratio of 5.369 (greater than 4.899) and
well-resolved splitting of the XRD lines assigned to the pairs of
Miller indices (006, 102) and (108, 110) are a very good
indication of pure layered structure. This is also consistent with
the observed ratio of relative intensities of the peaks due to
(003) and (104) which is >1.0 for the pure samples (x = 0.4,
0.5).We further investigated the crystallized state of
Na,,,(Fe,,Ni,,Mn,_,),_,O, for the composition x = 0.4.
Raman spectra have been widely used as a complementary tool
to substantiate XRD results for layered compounds.” As can be
deduced from Figure 3B, the A}, and E, active modes for the x
= 0.4 material originate from M—O symmetrical stretching and
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Figure 2. SEM images of as-prepared Nal+x(Fey/2Niy/2Mnl—y)l—xOZ materials with different x values: (A) 0.1, (B) 0.2, (C) 0.3, (D) 0.4, and (E) 0.5.
Bottom panel: corresponding EDX elemental analysis of x = 0.4. The sample magnification was selected for direct comparison.
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Figure 3. (A) XRD patterns of as-prepared NaHx(Fey /2Ni, /ZMnl—y)l—xOZ electrode materials with different x values and (B) Raman spectrum for the
selected composition of x = 0.4. All electrode materials were calcined at 850 °C for 16 h.

O—M-0 bending vibrations. The Raman spectrum for the
sample powder shows three obvious scattering bands at 369,
488, and 595 cm™! for M = Fe, Ni, and Mn, respectively. This
finding shows that the sample is well crystallized.

3.2, Electrochemical Testing of Half Cells. The
performance of the electrode materials in coin-type half-cells
was characterized by galvanostatic charge—discharge cycling
and CV, as shown in Figure 4. Figure 4A shows that the
discharge capacities of all tested electrodes (x = 0.1—0.5)
gradually increase with increased x, and their capacity fading
tendencies are different. Obviously, the x = 0.4 electrode
delivers the highest initial discharge capacity of 76.3 mAh g™*,
which after SO cycles fades slightly to 70.5 mAh g~". The x = 0.5
electrode exhibits almost as good performance. The relatively
high discharge capacities and good capacity retentions of these
two electrodes, compared to samples with x = 0.1, 0.2, and 0.3,
which contain impurities according to XRD patterns shown in
Figure 3A, could be attributed to the enhanced crystallinity,*
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which is evident by clear separation of the (006)/(102) and
(108)/(110) peaks (Figure 3A) and the well distributed
particle morphology (Figure 2D,E). All five electrodes showed
different first-cycle irreversible capacity. These differences may
be attributed to the structural rearrangement of the cathode
material during the first cycle, which could be related to Na-
vacancy ordering or layer gliding to a new O  stacking
sequence and possibly a Na coordination change.’" Another
possibility is the formation of a passive film at the solid-
electrolyte interface (SEI) that counts for the irreversible
capacity. In contrast, Li-subsituted Na,gLiy,,Nig,5Mng-5sOs
showed good reversibility and improved Coulombic efficiency
during cycling.”> We believe that the larger size of Na*
compared with Li" leads to a structural rearrangement during
the galvanostatically driven (de)intercalation of sodium.

To explore the reason behind this irreversible capacity loss,
we obtained voltage profiles for the x = 0.4 electrode on the
first, second, third, and 20th cycle for a current density of 20
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Figure 4. Electrochemical performance of coin-type half-cells tested in the voltage range of 1.5-4.0 V: (A) capacity versus cycle number for
electrodes with x = 0.1-0.5, (B) rate performance versus cycle number for x = 0.4 electrode, (C) charge—discharge profiles for x = 0.4 electrode at a
constant current density of 20 mA g~ in st, 2nd, 10th, and 20th cycle, and (D) the 1st, 2nd, and 3rd cyclic voltammograms for x = 0.4 electrode. All

electrode materials were calcined at 850 °C for 16 h.

mA g~' (0.1 C rate) between 1.5 and 4.0 V. The voltage profiles
in Figure 4C are consistent with earlier studies of layered
Na[Ni, /;Fe;sMn, /3]0, as the cathode, which intercalates Na
within a single phase.”* The first charge curve shows a relatively
different shape compared with the others. This appearance
could be ascribed to a chemical reaction in the first charge, as
indicated by the CV curves shown in Figure 4D. The CV curves
show three anodic peaks (3.43, 2.98, and 2.75 V) and three
cathodic peaks (1.91, 2.43, and 3.17 V), which are indicative of
a reversible sodium insertion-deinsertion process. For
NaNi, ,Mn, ;,0, cathode material, Zhao et al.** reported that
the capacity originates from the Ni**/Ni** redox couple and the
high capacity of NMC due to the sequential oxidation sequence
Ni** = Ni** — Ni*. Also, Yabuuchi et al.*® reported on the
electrochemical activity in sodium cells based on the Fe*/Bett
redox in P2-Na,[Fe, ,Mn, ,,]0,. We concluded that, within the
explored potential window, the measured capacity in our
cathode material originates from the Ni*'/Ni**and Fe'/Fe**
redox couple.

3.3. Effect of Calcination. Studies on calcination after
coprecipitation are rare, although the former has a significant
impact on the microstructural and electrochemical properties of
the cathode oxides. We selected the x = 0.4 electrode to
optimize the calcination conditions.

Figure 5 shows SEM images of the x = 0.4 electrode material
calcined at different temperatures (700—900 °C) with a holding
time of 16 h. In these images, the as-prepared particles show
relatively uniform particle size, surface morphology, and specific
surface area at a temperature up to 800 °C. There is a distinct
difference in the microstructure of the particles obtained at 900
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°C, which showed severe particle agglomerates (~20—50 ym)
grown from grains less than 1 ym.

Figure 6 shows the XRD patterns of the x = 0.4 electrode
material calcined at different temperatures for 16 h. Samples
heat-treated at 700 and 750 °C do not show clear diffraction
peaks, except in the vicinity of 26 = 16°, indicating a mixture
with impurities during calcination, and further analysis indicates
that the materials do not have a well-developed crystal
structure. At higher calcination temperature, the cathode
materials exhibit sharp diffraction peaks and can be indexed
to a rhombohedral lattice structure with space group R3m.
Moreover, the higher temperature did not change the lattice
structure. It should be noted that the well-developed peak at 26
= 16° strongly indicates crystalline grains at 800 °C.

Figure 7 shows the electrochemical performance of x = 0.4
electrode material calcined at different temperatures for 16 h.
The initial charge—discharge curves between 1.5 and 4.0 V at a
current density of 20 mA g~' are plotted in Figure 7A. The
material calcined at 700 °C delivers a relatively low initial
discharge capacity of 86.3 mAh g ', a result of the impurity
lattice structure apparent in the XRD pattern of Figure 6. The
capacity increases with increasing calcination temperature up to
800 °C and reaches the highest value, 99.1 mAh g~', and then
decreases when the temperature is over 800 °C. As can be seen
from Figure 7A, all cells exhibit a sloping voltage plateau at
around 3.0 V, and electrodes calcined at different temperatures
exhibit similarly smoothed voltage curves. Although the origin
of the plateau remains unknown, the discharge curve shapes
resemble that of Na(Ni,Fe;;Mn;;3)0,.>> This finding
suggests that a phase transition occurred during the charge—
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Figure S. SEM images of x = 0.4 electrode materials calcined at (A) 700 °C, (B) 750 °C, (C) 800 °C, (D) 850 °C, and (E) 900 °C for 16 h. (F)

EDX spectra of corresponding sample calcined at 800 °C.

discharge cycles, resulting in an unknown layered-type phase in
the structure due to layer gliding. This phenomenon has been
observed in other Na layered oxide materials, particularly
Na, 3[Ni, 3Mn, /3]0, in Na-ion cells.”

Figure 7B shows the capacity over 50 cycles for the x = 0.4
electrode materials calcined at different temperatures for 16 h.
Although the 850 °C-calcined electrode has the highest capacity
retention (shown in Figure 7B inset), it exhibits relatively low
discharge capacities. The 800 °C-calcined electrode delivered
the highest discharge capacity and exhibited reasonably good
cycle stability.

Electrochemical impedance spectra (EIS) of the cathodes
obtained at different calcination temperatures are shown in
Figure 7C,D to investigate differences in the electrochemical
kinetics. The EIS plots under open-circuit voltage are
composed of a semicircle in the high frequency region related
to the charge transfer process (Ry) and an inclined line in the
low frequency region corresponding to Warburg impedance
(2,,) associated with sodium-ion diffusion. The combination of
R, and Z,, is called “faradaic impedance”.*® Note that the initial
Nyquist plot at the open circuit potential consists of a
semicircle and an inclined line. The initial R value for the 700
°C-calcined electrode is about 460 €2 and decreases to 230 €
for a calcination temperature of 800 °C but increases as the
calcination temperature increases. The smaller R, value of the
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Figure 6. XRD patterns of x = 0.4 electrode materials calcined at
different temperatures with a holding time of 16 h.

800 °C sample suggests that the charge transfer is more facile at
the electrode/electrolyte interface. This process is related to the
electrochemical activation of the electrode, which facilitates
sodium ion and electron transfer at the surface and penetration
of liquid electrolyte into the electrode.

We also studied the effect of calcination holding time on the
structural and electrochemical properties of layered cathode
materials. Figure 8 shows the SEM images of the x = 0.4
electrode material calcined at 800 °C for holding times of 12—
24 h. When the holding time was 12 h, the sample did not form
smooth-surfaced particles, and as time increased to 20 h, the
particles gradually grew into a relatively uniform particle size of
~3—8 um and were well-distributed. The surface structure of
the particles obtained for 24 h showed severe particle
agglomeration of the finer primary particles less than 3 pm.
Note that the longer calcination holding time introduced a
deteriorated particle surface structure, suggesting an optimiza-
tion time for calcination.

To further investigate the effect of calcination holding time
on the crystalline structure, X-ray diffraction patterns were
obtained for the x = 0.4 electrode material calcined at 800 °C
for holding times of 12—24 h (Figure 9). Particles obtained
from 12 h holding time do not show clear diffraction peaks,
except in the vicinity of 20 = 16°, indicating that the materials
do not have a well-developed crystal structure. With the
holding time increased to 16 h or longer, a well-developed
crystalline structure formed on the basis of O3-NaCrO, with
space group R3m. The position of the peaks for the samples of
20 and 24 h reveal no differences. However, for the 24 h
calcined sample, the peak in the vicinity of 20° decreased and
split into two smaller peaks. The effect of this difference was
evident in terms of the delivered capacity of the cathode
materials.

Initial charge—discharge curves are shown in Figure 10A for
the x = 0.4 electrode material calcined at 800 °C for holding
times of 12—24 h. The initial discharge capacity gradually
increased with calcination time to 20 h, which showed the
highest discharge capacity of 97.4 mAh g' and a modest
capacity fading, as evident in Figure 10B. The 24 h calcined
electrode delivered a relatively low capacity. The 12 h and 16 h
calcined materials showed lower initial discharge capacities but
slightly rebounded in later cycles. This could be related to their
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Figure 7. Electrochemical performance of x = 0.4 electrode materials calcined at different temperatures for 16 h: (A) charge—discharge profiles, (B)
capacity versus cycle number, (C) EIS at open circuit potential before charge/discharge tests, and (D) corresponding equivalent circuit and initial
Nyquist plot. Half-cells cycled at a constant current density of 20 mA g~ between 1.5 and 4.0 V.

Figure 8. SEM images of x = 0.4 electrode powders calcined at 800 °C
for (A) 12 h, (B) 16 h, (C) 20 h, and (D) 24 h.

development of a crystalline structure, as depicted in Figure 9.
Figure 10C shows the Nyquist plots of the cathodes for the
different holding times. Note that the diameter of the semicircle
corresponds to the charge transfer resistance at the film
cathode/electrolyte interface. The diameter decreases as time
increases to 20 h but increases as time reaches 24 h. The
electrode calcined for 20 h exhibits a smaller R, than others;
thus, its good electrochemical performance is probably related
to its considerably smaller resistance. Figure 10D displays the
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Figure 9. XRD patterns of x = 0.4 electrode powders calcined at 800
°C for different holding times.

variation of average capacity for 50 cycles of materials calcined
for different holding times, where the material calcined for 20 h
indicates the highest value. The crystallinity structure coupled
with electrochemical properties shows an optimal calcination
temperature (800 °C) and time (20 h) for the Na-based
cathode materials.

4. CONCLUSION

Cathode materials of Na1+x(Fey/2Niy/2Mn1_y)I_XOZ (x = 0.1—-
0.5) were prepared by coprecipitation combined with
calcination. The as-prepared material calcined at 800 °C for
20 h showed excellent specific capacity and capacity retention
after SO cycles. This alkali-excess material can serve as a
benchmark for rechargeable sodium batteries and a candidate

for possible low-cost energy storage applications.
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