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Electrochemical Properties of Layered Na,Ni,,,Mn,_,,,0,
(0.5 < x< 1.1) with P3 Structure as Cathode for Sodium-

lon Batteries

Liangtao Yang,* Yanan Sun, and Philipp Adelhelm*

The Na properties of Ni and Mn containing layered oxides of the type
Na,Ni,,,Mn;_,,0, are explored between Na contents of 0.5<x<1.1. Charge
balance is maintained by adjusting the Ni/Mn ratio. X-ray diffraction and scanning
electron microscopy are used to characterize the structure and morphology. The
primary phase for all as-synthesized materials is P3, especially at Na contents
below x < 0.8. Samples with a Na content of x> 0.9 lead to the formation of Na
and Ni secondary phases. The Na storage propetties are studied in half cells with
two different voltage windows between 1.5-4.0V and 2.2-4.5V (vs Na"/Na). Ni
and Mn redox are active between 1.5 and 4.0 V accompanying three voltage
plateaus at 3.7, 3.0, and 2.1V, respectively. An additional high-voltage plateau
(>4.0V) is observed when increasing the cutoff voltage to 4.5 V. The initial Na
content has a strong influence on the discharge capacity which ranges from
90mAhg ' (x=1.1)to 210 mAh g~ ' (x= 0.6). C-rate tests up to 2C and cycle life
over 150 cycles are discussed. Overall, the composition Nag gNig3Mng 70, shows
the most favorable properties with respect to capacity retention, rate capability, and

batteries (SIBs). TM represents one or
more redox active 3d transition metals."
Some redox inactive elements, such as
Mg or Al, may also be added in smaller
amounts to tune the properties of the
material. Compared to their well-known
Li counterparts, Na,TMO, are chemically
much more diverse, which enriches the
possibilities to design new materials with
tailored properties.”) At the same time,
the larger Na ion leads to a more complex
phase behavior which is why the composi-
tion of Na,TMO, needs to be very carefully
adjusted. Depending on the Na coordina-
tion and the number of TMO, slab in
the unit cell, Na,TMO, are categorized as
P2, P3, 02, O3 structures, where P and
O represent the prismatic (P) and octahe-

initial Coulomb efficiency.

1. Introduction

Sodium-layered oxides (Na,IMO,) are the most promising and
diverse class of materials for the positive electrode in sodium-ion
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dral (O) coordination of Na ions, respec-
tively.®?! The structure of these materials
is determined by the TMO, and NaOg
interlayer electrostatic repulsion. P2 phase
has two Na sites (namely, Na. and Nay)
which are destabilized by the TMO,—Na.O¢ and Nar—Nas repul-
sions. O3 phase with x=1 and P3 phase with x=0.5 have
reduced repulsion compared to P2 phase, owing to the ordering
of Na ions that minimized Na—Na repulsion.[*) Thus, P3 and O3
are rather the more stable structures (with reduced repulsion). In
terms of electrochemical properties, the O3 phase, in general,
shows better cycling stability and the P2 phase possesses a rela-
tively higher specific capacity (discharge capacity). Since the 02
phase is difficult to be synthesized directly by a simple chemical
method (electrochemical ion exchange is possible), it
is seldom applied in SIBs. In contrast, the P3 phase exhibits a
comparable discharge capacity and is easy to prepare. An exam-
ple is Nag sNig2sMng 750,41 however, the initial charge
capacity is low due to the low Na content. Recently,
strategies were explored to further improve the electrochemical
performances.!” Zou et al. reported that the anion (ClO})
from the electrolyte also participates the electrochemical process
in P3-NaysNip,sMng 750, In this way, the electrochemical
performance is enhanced.”) Hasa et al. also explored the
electrochemical properties of Ti-substituted P3 materials.®!
Recently, Zhao et al. synthesized the LaNag05C0¢.06Mn 8503/
Nag 56C00.17Mng gLag 030, that showed good rate performance
and cycling life) They also studied the electrochemical
performance of the Nagg;Nig,C0p,Mng0, electrode.'”)
However, improving the initial charge capacity of this low initial
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Na content material is still necessary. P3 materials with higher
Na content were recently reported by varying the composition,
for example, Nay;3Nij4Mgi/12Mn,/30,, NagoNipsMng 5O,
Nao_6Lio.2Mn0,802.[“{ There is also evidence showing that adding
the Na sacrificial salts (e.g., Na,CO3, Na,C30s) also plays a role in
Na storage in Na,TMO,.**'? Instead of focusing on single
composition, we herein systematically explore the electrochemi-
cal properties of Na,Ni,,Mn;_,/,0, for various compositions
(x ranging from 0.5 to 1.1.). The structure and morphology
are characterized by XRD and SEM. The Na storage properties
are studied by galvanostatic cycling over 150 cycles and rate tests
up to 2C (1C corresponds to 200 mA g™ ).

2. NaXNixlen-| ,Xlzoz

The compositions of the Ni/Mn-based materials were chosen
according to a simplified ternary composition diagram, see
Figure 1. All Ni/Mn-based Na,TMO, Na,TM, 0, formally consist
of Na, Ni, and Mn. For Na,TM,0,, the crystal structure after cal-
cination depends on the calcination temperature. Generally,
lower temperatures lead to the P3 phase while higher tempera-
tures lead to the P2 phase. It is claimed that the P3 to P2 transi-
tion requires the breaking of TM—O bonds which require a
sufficiently high temperature.'! To avoid temperature effects,
all samples in this study were calcined at the same temperature
(750 °C). The composition diagram is separated by dotted lines
and some materials are marked by stars. NagsTMO; is the start-
ing material in our case. Materials with lower Na content were
also studied, for example, Nag 44TMO, with orthorhombic struc-
ture."* Although such materials can provide sufficient capacity
in half cells (by incorporating excess Na from the Na counter elec-
trode during cycling), the low initial Na content is unattractive for
application. In the diagram, Na-poor compounds are found in the
dark gray region. In lithium layered oxides, excess lithium ions
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0.75

Nao sNiO,

NaNiO,

. ’
Nag sNipsMn, 50, % 7
e 59 7
4 \Q’O
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Figure 1. Ternary composition diagram for Ni/Mn-based layered oxides.
The triangle is divided into four different regions, namely Na-poor, Mn-
rich, Ni-rich, and Na-rich. The stars marked the selected compounds of
NagsMnO,, NaMnO,, NagsNigsMngsO,, NaNigsMngsO,, NagsNiO,,
and NaNiO,. The blue dot-circles indicate the compositions that will
be discussed in this report.
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(0.76 A, CN = 6) can easily occupy TM sites in the TMO, layers,
owing to the similar ionic sizes between lithium ions and
many transition metal ions, e.g., Li(Li,Ni,Co,Mn;_,_, -)O,
(0<x<02 compounds.’ The sodium ion (r=1.024A,
CN =6) is generally too large to occupy transition metal sites,
except for Ru, Ir.’® The light gray area in the composition
diagram indicates the region when excess Na source is added
(>1.0, per unit formulae), denoted as Na-rich region. Based
on that, we, therefore, chose a range between 0.5 <Na<1.1 in
this study, which is marked as an arrow in the composition
diagram. According to the Ni/Mn ratio, the diagram is also
divided into Ni-rich (orange) and Mn-rich (blue) materials.
Both Ni and Mn have multiple valence states. But Mn®" causes
a strong Jahn-Teller distortion, which causes undesired voltage
fading and electrode degradation.!*”!In contrast, Ni** can provide
a higher average potential. Considering these factors, we chose
Ni**- and Mn*"-based compositions in this study. For charge
neutrality, the formula of the compounds can be given as

Na;ITMlgnTMzﬂgoz (1)

Na and O valence states are +1 and —2, respectively. TM only
corresponds to Ni or Mn in this report, but this formula fits all
compounds consisting of divalent and tetravalent ions. All other
divalent substituted materials can be designed according to this
formula.'® In this study, the Na,Ni,,Mn;_,,0, in which xin a
range of 0.5-1.1 with the increment of 0.1 are investigated
including the synthesis, morphology, and Na storage properties.
Overall, Na,TM, 0, are complex as the transition metal ions are
multivalent cations and various oxidation states can occur during
cycling. The combination of Mn and Ni is particularly of interest
because Mn is abundant while Ni can provide a higher voltage.

3. Structural and Morphological Studies

All materials were synthesized using the same protocol with a
series of stoichiometry ratios of reactants calculated by formula
(1). The annealing temperature was set to 750°C for all the
compositions. Figure 2 shows XRD patterns of all the resulting
materials. The main diffractions of all materials can be assigned
to a P3 phase with R3m symmetry. At low Na contents (x = 0.5),
the reflections are sharp and well defined indicating a high purity
P3 phase. No impurity is found for these compositions. For
x=0.6, 0.7, P2 and P3 phases are coexistent. The diffraction
of the P2 phase in the material of x =0.7 is more visible com-
pared to the material with x =0.6. The space group of the P2
phase is P63/mmc. Whether P2 or P3 forms, depends on the
Na content and the synthesis conditions!"” Biphasic materials
can be obtained for intermediate conditions.”” As mentioned,
the transition from P3 to P2 requires the breaking of TM—O
bonds requires a higher temperature. At room temperature in
electrochemical cells, a phase transformation from P3 to P2
and vice versa is energetically unlikely. As all materials were cal-
cined at the same temperature (750 °C) the main driver for the
different phases is the Na content. By increasing the Na content,
the P3 phase is formed when the Na content is continuously
increased to 0.8. However, a series of very weak diffractions from
Na,COj; can also be seen. The diffraction intensity of Na,CO;
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Figure 2. XRD patterns of Na,N iy;2Mn; 20, (x=0.5,0.6,0.7,0.8,0.9, 1.0,
1.1) materials. The black vertical bars at the bottom indicate diffractions of
the P3 phase (R3m). The black lozenges are diffractions of the P2 phase

(P63/mmc) formed at x = 0.6-0.7. The circles, heart symbols, and plus signs
are indications of Na,COj3, NiO, and NaNiO, impurities, respectively.

increases with increasing Na content. The Ni-containing species
(NaNiO,, NiO,) are also present in the high Na content (x = 0.9,
1.0, 1.1) materials. Figure 3 shows SEM images for various
Na,Ni,;,Mn;_,,,0, compositions (x=0.5, 0.7, 0.9, 1.1).
Generally, the primary particles in all samples are below
1 pm, which form larger agglomerates. This small particle size
is likely due to the relatively low calcination temperature.**
For x = 0.7, a secondary phase was visible in line with the appear-
ance of secondary phases at increased Na contents. The SEM
images, however, did not allow a clearer identification of the
main and secondary phases.

(a)g

www.entechnol.de

4. Electrochemical Properties

The electrochemical properties of the different Na,Ni,,
Mn;_,,0, (x=0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1) electrodes have
been studied in half cells with sodium as a counter electrode with
two potential windows between 1.5-4.0V and 2.2-4.5V. After
assembly, all cells showed an OCV of around 2.5 V. Figure 4a,
d shows the initial charge/discharge voltage profiles for all the
electrodes at C/10 rate (C =200 mA g~) and C/20 in the poten-
tial window of 1.5-4.0V and 2.2-4.5V, respectively. In both
potential ranges, the electrodes with pure P3 phase (x=0.5,
0.8) exhibited relatively higher initial discharge capacity com-
pared to others. The highest discharge capacity of 208 mAh g™
was delivered by the Nag ¢Nij 3;Mn, 70, electrode, while the low-
est capacity is found for Na; 1NigssMng 450, (99 mAh gfl). As
expected, during charge, the material with the lowest Na content
(x=0.5) showed the lowest charge capacity under both potential
windows. Moreover, this material possesses the Ni*™— Ni*"
redox reaction under 4.0 V,2!l while the other materials exhibit
a two-stage reaction of Ni*'—Ni’* —Ni*" accompanying two
plateaus at 3.2 and 3.6 V."**?) When the cutoff voltage extends
to 4.5V, a high-voltage plateau is found for all compositions
which are commonly found for many layered oxides. Several pro-
cesses can contribute to this plateau, e.g., a P/O transition, >3
the formation of new phases (OP4 and/or Z phase),* contribu-
tions from anionic redox of lattice oxygen (0>~ — 05)/** or
the decomposition of sodium carbonate.**! During discharge,
there is a new plateau in all samples appearing below 2.2 V that
is associated with the Mn**—Mn’*" reduction. The lower
sodium content materials show a relatively higher Mn redox
activity. This might be caused by the larger number of Na
vacancies.”® During discharge, the sodium ions from the
counter electrode can occupy these free sites leading to an extra

(b)

Figure 3. SEM images for Na,Ni,;,Mn,_,,,0, (x=a) 0.5, b) 0.7, ¢) 0.9, and d) 1.1) materials.
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Figure 4. Galvanostatic charge—discharge voltage profiles at: a) C/10 in the voltage range 1.5-4.0 V and d) at C/20 in the voltage range 2.2-4.5 V, and b,e)
the normalized charge and ,f) discharge curves for Na,Ni,,Mn;_,,0, (x=0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1) electrodes. b), c), e), and f) were normalized
with their own charge (b,e)/discharge (c,f) capacity. 1C corresponds to 200 mAg™".

capacity. As a result, the Nag 5Nip,5sMng 750, shows the largest
initial Coulomb efficiency within 1.5-4.0 V, and the Na, ;Nig ss
Mny 450, shows the lowest initial Coulomb efficiency within
2.2-45V.

Figure 4b,c,e,f shows the normalized charge and discharge volt-
age curves. Since the Nay sNig sMng 750, material shows a unique
redox behavior as well as a different capacity contribution, it is hard
to directly compare the capacity contributions of this electrode with
other studied compositions. When the voltage window is between
1.5 and 4.0V, the charge capacity contributions are similar with
almost half capacity for each stage, indicating that the
Ni?* —Ni**—Ni*" oxidation is not affected by the impurity and
the sodium content. During discharge, the Ni capacity contribution
for all samples is nearly the same. Whereas, the Mn*™*" reduc-
tion contribution is varied. Samples with less sodium content show
higher values, while the Mn**—Mn*" reduction is less in these
materials with higher sodium content. When the voltage window
changed to 2.2-4.5V, the materials with a sodium content of
x=0.6, 0.7, 0.8) contribute half capacity over 4.0 V. The materials
with a sodium content of x = 0.9, 1.0, 1.1 have higher high-voltage
(<4.0V) capacity contribution, which is likely due to the excess
sodium ions and decomposition of impurities, e.g., sodium carbo-
nate.*¥ During discharge, high-voltage capacity contributions are
less than 40%. The high-voltage discharge capacity decreases with
the increase in Na content, implying poor reversibility of high-volt-
age redox reactions.

Rate capability tests were done at various current rates of C/10,
C/4, C/2, C, 2C between 1.5 and 4.0V and C/20, C/10, C/4, C/2,
C between 2.2 and 4.5V, as shown in Figure 5a,b. In the voltage

Energy Technol. 2022, 10, 2101121 2101121 (4 of 7)

range of 1.5-4.0V, NaygNip3Mng,0, shows the highest
discharge capacity at the lowest C rate (C/10), while
Nag 7Nig 35Mng 50, displays the lowest capacity at the highest
2C rate around 50 mAh g~*. When the operation voltage window
was changed to 2.2-4.5 V, Nag ¢Nij ;Mny ;0, still shows the high-
est capacities both at the lowest rate (C/20) and highest rate (C).
Nevertheless, the capacities at some rates (C/10, C/4, C/2) are
lower than that of the NagsNip,sMng 750, electrode. The
Na; 1Nis sMn, 50, material shows the lowest capacities at all
rates. The capacity retention over 150 cycles at C/4 within
different voltage windows is shown in Figure 5c,d. The highest
capacity retention is 49.2% which is found for the
Nag ¢Nip ;M1 70, electrode which was cycled between 1.5 and
4.0V. Generally, cycling the electrodes between 2.2 and 4.5V
leads to faster capacity fade compared to the 1.5-4.0 V window.
This indicates that the reversibility of high-voltage plateau is
lower than that of the Mn**/3* redox at low voltage. The electro-
chemical properties for all samples are listed in Table 1. Overall,
Ni (Ni*"—Ni*"), Ni*T =Ni*T=Ni*"), Mn (Mn*T—Mn*"), and
high-voltage redox are coexistent in all materials which are not
related to the Na content. As expected, the initial charge capacity
is negatively correlated to the Na content. As a general trend,
the more well-defined the crystallinity of the material, the better
the discharge capacity and capacity retention.

5. Conclusion
P3-Ni/Mn-based layered oxides (Na,Ni,, ;Mn;_,,0,) with Na

contents between x=0.5 and 1.1 were synthesized to study

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 5. a,b) Rate capability for Na,Ni,,,Mn; _,,,0, (x=0.5, 0.6, 0.7,0.8, 0.9, 1.0, 1.1) materials. c,d) Capacity retention of all materials cycled at C/4 rate

over 150 cycles. For the diagram, 1C corresponds to 200 mAg™".

Table 1. Summary of the electrochemical properties of Na,Ni,,;Mn;_,,0,.

Na,Ni,;,Mn; 20,

X= 0.5

1.5-4.0V First charge (C/10) [mAhg™ ] 53.2
First discharge (C/10) [mAhg™'] 179.7

Discharge capacity at 2C rate [nAh g™ '] 69.3

Capacity retention (C/4 over 150 cycles) [%)] 42.1
2.2-45V First charge (C/20) [mAhg™"] 144.7
First discharge (C/20) [mAhg ] 1711

Discharge capacity at C rate [mAhg '] 94.7

Capacity retention (C/4 over 150 cycles) [%)] 19.3

0.6 0.7 0.8 0.9 1.0 1.1
177.0 76.2 102.4 104.8 80.6 66.0
208.7 131.6 155.6 139.8 121.2 99.1
87.6 50.6 71.8 63.4 67.9 58.5
49.2 39.6 48.8 43.2 48.2 45.8
174.6 180.1 236.1 206.6 221.3 226.3
1743 149.4 174.0 139.7 125.9 105.0
95.8 74.7 67.8 59.6 58.1 483
25.1 26.8 18.0 25.1 17.4 23.4

the influence of the initial sodium content on the structure,
morphology, and Na storage properties. It was found that low
Na contents (x = 0.5) favor a phase pure P3 structure. For com-
positions with higher Na content, the P3 phase is still the domi-
nant phase, however, secondary phases form. For x=0.7, a
biphasic P2/P3 material was obtained and at contents of contents
of x> 0.8, sodium carbonate, and nickel oxides (NiO, NaNiO,)
were formed too. The electrochemical properties were investi-
gated with respect to the rate capability and cycling stability in
half cells with Na as a counter electrode. Two different voltage
windows (1.5-4.0V and 2.2-4.5 V) were applied. The materials
(x=0.5, 0.6, 0.8) with a high degree of crystallinity delivered rel-
atively higher specific capacity and showed better cycle life. The
highest discharge capacity was delivered by Na ¢Nip 3Mn, 70, at

Energy Technol. 2022, 10, 2101121 2101121 (5 of 7)

C/10 (209 mAh g ') and at 2C (88 mAh g ) in the voltage range
of 1.5-4.0 V. The best capacity retention was also obtained for
this material reaching 49.2% at C/4 rate over 150 cycles. The cells
cycled between 1.5 and 4.0 V had a low charge capacity but a high
discharge capacity compared to the cells cycled between 2.2 and
4.5V. This means the Mn*">"redox at low voltage (<2.2 V) is
more reversible than the high-voltage redox. It is also found that
the initial charge capacity surprisingly decreases with increasing
Na content which indicates that other measures such as sacrifi-
cial salts are necessary to compensate for the Na deficiency in
these materials.””) For all compositions, the capacity retention
needs to be improved. This may be also reached by tests in full
cells which avoid crosstalk between the Na counter electrode and
Na,Ni,,Mn;_,,,0,. In contrast, this complicates the analysis of

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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the voltage profiles as the counter electrode does not provide a
stable reference potential anymore. As general trends, the
discharge capacity and retention are positively correlated to
the degree of crystallinity. It is believed this finding will
be helpful to design high-performance positive materials
for SIBs.

6. Experimental Section

Materials Synthesis: The series of layered sodium oxides Na,Ni,;,Mn,_,,
20, (x=0.5,0.6,0.7,0.8,0.9, 1.0, 1.1) were synthesized by sol-gel method
followed high-temperature calcination, the same conditions have been
reported in our previous work.?® Stoichiometric amounts of NaNO;,
Sigma-Aldrich, >99%, LiNO;, Alfa Aesar, >99%, Ni(NO3),6H,0, Alfa
Aesar, >99%, and (CH;3;CO;);Mn-4H,0, Sigma-Aldrich, >99%, were
mixed in deionized water (0.07 pS cm?) and then stirred for 2 h before
adding the chelating agent—citric acid. The solution was then kept at
100°C under constant stirring in air until a homogeneous gel was
obtained. The as-prepared gel was then dried at 500 °C for 3 h followed
by annealing at 750°C for 24 h in a Muffle oven under air. The final
products were transferred into Arfilled glovebox (MBraun,
H,0 <0.1 ppm, O, <0.1ppm) immediately to avoid contact with
moisture in the air.

Material Characterization: Chemical compositions of all the layered
oxide cathodes were determined by inductively coupled plasma optical
emission spectrometry technique (ICP-OES, spectrometer Ultima-2 from
JobinYvon Horiba). The crystalline phases of the synthesized materials
were identified by powder XRD, Bruker, D2-phaser, using Cu-Ka radiation
(A =1.54056 A). XRD data were obtained in the 26 range between 10° and
70° with a step width of 0.02°. The special airtight sample holder was used
for the air-sensitive samples. The results were analyzed by the EVA
software. The morphology of the as-prepared samples was characterized
by a Sigma VP field emission scanning electron microscope (Carl-Zeiss
AG, Germany).

Electrochemical Experiments: The positive electrodes were prepared by
coating a slurry mixing active materials, carbon black, and polyvinylidene
fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) in the weight
ratio 8:1:1, onto the carbon-coated Al current collector (MTI corp.). The
electrodes were dried overnight at 70 °C to evaporate the solvent. The
electrodes were punched into a 12 mm @ disc and then dried overnight
at 120°C under vacuum. The active materials loading of the electrodes
were in the range of 2.2-4.5 mgcm ™% Sodium (BASF) was used as the
negative electrode. The electrolyte solution was 1M NaClO, in PC/FEC
(98:2) and a Whatman filter paper (CAT No. 1820-090, Whatman
Corp.) as a separator. The CR2032 coin-type cells were assembled in
an Ar-filled glovebox to evaluate the performance of the layered oxides.
Galvanostatic charge-discharge experiments were carried out at various
current densities using Bio-Logic BCS 805 multichannel battery cycler.
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