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Abstract: P-type layered oxides recently became promising candidates for Sodium-ion batteries
(NIBs) for their high specific capacity and rate capability. This work elucidated the structure and
electrochemical performance of the layered cathode material Na,Mng5Co 50, (NMC) with x~1
calcined at 650, 800 and 900 °C. XRD diffraction indicated that the NMC material possessed a phase
transition from P3- to P2-type layered structure with bi-phasic P3/P2 at medium temperature. The
sodium storage behavior of different phases was evaluated. The results showed that the increased
temperature improved the specific capacity and cycling stability. P2-NMC exhibited the highest initial
capacity of 156.9 mAh-g~! with capacity retention of 76.2% after 100 cycles, which was superior to
the initial discharge capacity of only 149.3 mAh-g~! and severe capacity fading per cycle of P3-NMC,
indicating high robust structure stability by applying higher calcination temperature. The less stable
structure also contributed to the fast degradation of the P3 phase at high current density. Thus,
the high temperature P2 phase was still the best in sodium storage performance. Additionally, the
sodium diffusion coefficient was calculated by cyclic voltammetry (CV) and demonstrated that the
synergic effect of the two phases facile the sodium ion migration. Hard carbon | | P2-NMC delivered
a capacity of 80.9 mAh-g~! and 63.3% capacity retention after 25 cycles.

Keywords: sodium-ion Dbatteries;
NayxMn 5Cog 50,; P-type layered structure

calcinated temperature; electrochemical performance;

1. Introduction

The planet warming due to the greenhouse gases exhausted from burning fossil fuels
is the primary motivation for switching to renewable energy sources and electricity. In
this context, electrochemical energy storage technologies such as rechargeable batteries,
which are large storage capacity, easy to install and low cost, are crucial to adapt to the
interruption of energy sources. For a long time, lithium-ion batteries (LIBs) have been the
dominant power sources for various electronic and electric devices serving every aspect of
modern life. Recently, the expansion of the electric vehicles market required more lithium-
ion cells to produce enormous energy to ensure proper travel distance. Despite the large
number of lithium-ion cells consumed worldwide and growing steadily every year, the
predicted shortfall of lithium resources is still a massive challenge for the stability of LIBs
uses and the downfall of its price [1]. Therefore, alternative power sources that lower costs
and use more abundant and sustainable elements are ever needed. Many researchers were
interested in LIB analogs using alkaline and earth elements such as sodium, potassium,
aluminum and magnesium. Among them, sodium-ion batteries (SIBs) gained high maturity
and were poised to commercial. Sodium-ion batteries” price will be lower than their lithium
counterparts because of the abundance of raw materials, including sodium and metal
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elements [2]. However, the batteries” currently low energy density, about half of LIBs, limits
their applications primarily to household and stationary markets.

Improvement in component engineering, especially cathode electrodes, is expected to
improve the energy density of SIB. The aim of achieving high energy density SIBs could be
gained by using layered structure oxides that conventionally possess high specific capacity.
Sodium transition oxides typically crystallize in O3-type and P2-type layered structures,
as named by Delmas and co-workers [3], in which the sodium ions were accommodated
at octahedral and prismatic sites, respectively. P2-type materials give good reversible
capacity, rate performance and longer cycle life compared to O3-type ones due to higher
sodium diffusibility [4-10]. The unitary compounds such as Na,MnQO, and Nay,CoO,
containing only one transition metal in the repeating (MO;), sheets were intensively
investigated [11,12], but their poor performance prevented them from being considered
as cathode materials for SIBs. Introducing extra ions through substitution and doping
was verified to improve the electrochemical properties via synergistic effect. Up to now,
abundant multicomponent materials with P2-type layered structures were evaluated during
the development of cathode materials for SIBs [4-10].

Among several combinations built for sodium insertion cathode such as Fe-Mn, Ni-
Mn, Ni-Mn-Co, Fe-Ni-Mn, Mn-Co incorporation is attractive for its specific capacity and
rate capability [13-21]. For instance, P2-Naj, /3[Mng gCo0 2]O; illustrated excellent electro-
chemical performance with a capacity of about 175 mAh-g~! at 0.1C, and over 90% of
its initial capacity remained after 300 cycles at 0.1C and 10C [22]. For sodium-deficient
layered cathodes, P3 and P2 were low and high-temperature phases, respectively [23].
Typically, Chen and co-workers reported the preparation of P2-Nag ¢7Cop5Mng50; and
P3/P2-Nag 46Cop5Mng 50, at 950 °C and 800 °C, respectively, through a facile and straight-
forward sol-gel route [19,24]. The P2-phase material delivered a high discharge capacity of
147 mAh-g~! at 0.1C rate and excellent cyclic stability with nearly 100% capacity retention
over at least 100 cycles at 1C [19]. The P2/P3-phase material exhibited an impressively
higher discharge capacity of 156.1 mAh-g~! at 1C in the voltage range of 1.5-4.3 V [24]. Tt
was noticed that a change in synthesis temperatures affected the macro and nanostructure
of the cathode materials related to the electrochemical properties. The two phases inter-
growth cathodes showed the improvement in electrochemical performance but the proper
ratio of the two phases was not considered.

In this work, we evaluated the structure and the electrochemical properties rela-
tionship of NayMng5Co 50, (NMC) obtained at 650, 800 and 900 °C. We started from a
sodium/transition element ratio of unity that was the same as the O3-type phases to lower
the mixture’s temperature and improve the diffusion in solid state reaction. XRD analysis
of the samples indicated that the phase transformation from P3 to P2 phase with interme-
diate P3/P2 phase coexist as the calcination temperature increased. The electrochemical
evaluation suggested that high temperature was better for this material to maximize per-
formance in SIBs due to its own structure stability. Additionally, the synergic effect of
two-phase coexist in the P3/P2-NMC enhanced the sodium migration. Full-cell was made
using P2-NMC, as the cathode delivered the initial discharge capacity of 80.9 mAh-g~! and
remained 63.3% of that value after 25 cycles.

2. Materials and Methods

NaMny 5Cop 50, (NMC) was prepared by the conventional solid-state reaction. The
starting precursor mixture including Na,CO3 (Merck, >99%), MnCOs (Sigma-Aldrich,
>99%) and Co(NO3),-6H,0O (Sigma-Aldrich, >99%) in a Na/Mn/Co ratio of 2.1:1:1, respec-
tively, was mixed with 1 mL distilled water to make a homogeneous slurry. The slurry
was stored for about 30 min to stable and was then heated at 500 °C for 12 h in the air to
decompose before being grounded to obtain precursor powder. The next heat treatment
step was calcinating the precursor bronze between 650 °C and 900 °C for 12 h in the Ar
atmosphere to gain the final materials. In this step, the materials were removed from the
furnace at calcinated temperature to cool rapidly in the air and, then, transferred to an
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Ar-filled glovebox (GP-Campus, Jacomex). The final samples were named after the calcined
temperatures, which were NMC-650, NMC-800 and NMC-900.

The crystal structure of the synthesized NMC samples was examined using X-ray
diffraction performed on D8 Advanced (Bruker) diffractometer equipped with a CuKw
X-ray source (A = 0.15418 nm). The measurement was conducted in a 26 angle range from
10° to 70° with 0.02° /step/0.25 s scan rate. In addition, the lattice parameters were obtained
from Rietveld refinement using Material Studio (version 2017).

The Raman spectrum was collected on Xplora One Raman Spectrometer (Horiba)
equipped with Ar* laser with a wavelength of 532 nm. The morphologies of NMC mate-
rials were evaluated using FE-SEM S-4800 (Hitachi) scanning electron microscope with
energy-dispersive X-ray spectroscopy (EDS) coupled optionally to explore the chemical
composition and elements distribution.

The cathode electrode was prepared in the Ar-filled glovebox. The as-prepared NMC
material, conducting carbon C65 and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) binder in a weight ratio of 80:15:5, respectively, was mixed with N-methy1-2-
pyrrolidone (NMP) solvent under magnetic stirring for at least 2 h to make a slurry. Then,
the slurry was coated onto technical Al foil, dried at 80 °C in the glovebox before being
placed in a vacuum oven at 100 °C for 12 h. Finally, the foil was moved to the glovebox
and was punched into round pieces with a diameter of 12.7 mm and mass loading of
2-3 mg-cm 2.

For the anode, commercial hard carbon (Kureha Battery Materials, Tokyo, Japan)
(90%), carbon C65 (5%) and carboxylmethyl cellulose (CMC) (10% solution in water) were
mixed under magnetic stirring for at least 2 h to obtain a homogeneous slurry. The slurry
was coated on a Cu foil, dried at 100 °C for 12 h in the vacuum oven and was then punched
into round electrodes with 12.7 mm-diameter and mass loading of 1 mg-cm 2.

Coin cells CR2032 were used in electrochemical properties characterization. The cells
were assembled in the Ar-filled glovebox with the cathode film as working electrode, a
circular Na foil as reference and counter electrodes, two Whatman glass fibers (GF/F)
as separator, and the electrolyte was a solution of 1 M NaClOy in propylene carbonate
(PC) with 2% fluoroethylene carbonate (FEC) additive. The full-cell was assembled using
coin cell CR2032 with the same structure as above, but hard carbon was used as the
counter electrode.

Electrochemical testing was controlled by multi-channel MPG-2 and VSP battery
cycler (Biologic, France). Cyclic voltammetry (CV) was conducted with a scan rate of
20-100 pV-s~! between 1.5 and 4.5 V. Charge-discharge performance was processed in
Galvanostatic mode with different C-rate (1C corresponding to a nominal specific capacity
of 150 mAh-g~1). Full-cell was cycled with a current density of 1C (that was calculated
based on the cathode) between 0.1 and 4.5 V. Electrochemical impedance spectroscopy (EIS)
was measured by applying an alternating potential with an amplitude of 10 mV in the
frequency range from 1 MHz to 100 mHz at equilibrium potential.

For the XRD analysis to evaluate the structure during charging, the cells were charged
by a current density of C/20 for 5 cycles and were then rested for at least 3 h before being
opened in the glovebox to obtain the cathode films. The cathode films were washed in
dimethyl carbonate (DMC) at least three times before being dried in a hot plate at 100 °C
and sealed. The, they were subjected to XRD analysis on D8 Advance (Bruker) coupled
with a CuK« source (A = 1.5814 A) and the scan rate was 0.02°/step/0.25 s.

3. Results

Figure 1 shows the thermal behavior of the precursor between room temperature
and 1000 °C in the dry air. It was observed in the TGA curve that the precursor exhibited
several mass losses, which started from about 80 °C and lasted until the end of the investi-
gated temperature range. The DSC curve displayed a sloping curve, which demonstrated
endothermal reactions. The first mass loss of about 2% with a slope at roughly 83 °C in
the TGA curve was of water desorption, corresponding to the first peak in the DSC curve.



ChemEngineering 2023, 7, 33

40f17

Additionally, the acceleration of mass loss was observed as starting from roughly 200, 550
and 750 °C, corresponding to the continued decomposition of residual anions/metal salts,
oxygen removal, and sodium evaporation under an oxidation atmosphere. During this
time, the solid-state reaction between the components was also activated, and the recon-
struction of the precursor happened. It was noticed in the TGA that the decomposition
seemed to finish at around 800 °C, where no significant mass loss was observed.
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Figure 1. TG/DSC curves of the precursors.

The XRD of the samples at 650 °C, 800 °C and 900 °C (Figure 2a—c) revealed the
structure evolution from P3 to P2 during the temperature increase and that the mass loss
on TGA might have come with structure reconstruction. For instance, the P3-type layered
structure was observed in the sample at 650 °C, while the second phase P2 was seen in
the samples above 800 °C. The formation of P3 phase was at a lower temperature than the
previously studied P3-phase cathodes that calcined at 700/750 °C [25-27]. The P3 structure
obtained Cm space group (PDF#00-054-0839). On the other hand, the P2-type layered
structure with P63 /mmc space group (PDF#01-070-3726) was gained in the sample NMC-
900. The presence of P2 phase at a high temperature of 900 °C coincided with previous
studies because the phase was more stable at high temperatures than P3 phase [23,28,29].

The Rietveld refinement results for structure analysis of the materials shown in
Figure 2a—c revealed a good match between the simulation and the experiment patterns
with a depleted different curve. The reasonably low Ry, (11.23, 9.38, and 6.64% for the
calcinated temperature of 650, 800 and 900 °C, respectively) showed that the higher tem-
perature exhibited less mismatch due to higher crystallinity. In addition, it was observed
that almost all the samples were high purity because of the absence of unidentified peaks.
The Rietveld refinement results also indicated that the percentage of the P2 phase was
slightly higher compared to the P3 phase when calcined at 800 °C. Table 1 lists the lattice
parameters of different phases in the materials. The calculated results of a, c axes and the
volume V did not possess significant differences in the same phases.

The Raman spectra for the three samples with different temperatures shown in
Figure 2d were similar to those obtained from Na;,3Co0;,3Mny /30, [30], but the peaks
shifted forward due to the difference in sodium concentration and element composition.
The spectra presented two peaks at 630 and 581 cm !, which were attributed to the defor-
mation and symmetric stretching vibrations (A1g and Eg, respectively) of metal-oxygen
(Mn/Co-0) bonds of Mn/CoQg octahedral in layered Na-metal transition oxides [30,31].
The peaks at 488 and around 800 cm ™! could be explained by impurity (other phase struc-
ture and metal oxides) or sublattice. It was induced that the P3 and P2 layered structure of
NMC material were probably distinguishable by Raman spectra, because of the different
between the spectra of the samples calcined at 650 and 900 °C. Namely, the peak splitting at
488 cm~! and the peak shifting from 800 cm ™! to high wavelength were seen in the spectra
of the 900 °C sample, which were expected to differ the P2 phase from the P3 phase.
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Figure 2. Rietveld refinement results of the NMC materials obtained at various calcined temperatures
(a) NMC-650, (b) NMC-800 and (c) NMC-900, (d) Raman spectra of the synthesized materials. Inset
of (a,c) shows the schematic of crystal structures of P3 and P2-type layered oxide, respectively.
Table 1. Crystallographic parameters of NayMng 5Cog 50, materials prepared at different calcination
temperatures of 650, 800 and 900 °C.
Lattice Parameters :
Sample ID Notation Space Group _ - i Weight Percentage
a(A) c(A) V (A3) (Rietveld)
NMC-650 P3 Cm 2.831 16.530 114.730 100.00
P2 P63/mmc 2.823 11.192 77.258 58.60
NMC-800 P3 Cm 2.827 16.735 115.799 41.40
NMC-900 P2 P63/mmc 2.825 11.178 77.279 100.00

SEM images of P2- and P3-NMC (Figure 3) showed irregular-shaped polygonal par-
ticles with a size of a few micrometers made up of the aggregation of flaky particles
with smaller dimensions. The sample morphologies were almost similar, but the particle
size of P2-NMC was relatively larger than P3-NMC due to higher calcined temperature.
EDS images of element contribution confirmed the presence of all essential elements in

the samples.
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Figure 3. (a—c) SEM images of NMC material calcined at 650 °C and (d-g) EDX mapping results of
area in the SEM image (c); (h—j) SEM images of NMC material calcined at 800 °C and (k-n) EDX
mapping results of area in the SEM image (j).

The electrochemical properties characterization of the materials is presented hereafter.
CV curves of the synthesized samples are given in Figure 4a. Typically, the CV curves
showed many peak couples corresponding to several successive phase transitions and
structure evolution during sodiation/desodiation. For the voltage range 1.5 to 4.5V, the
CV curves could be divided into three regions at about 2.7 and 4.3 V knots. The first
and the second regions had peaks that mainly contributed to Mn* /Mn3* and Co**/Co3*
redox couples, respectively, while the last one contributed by Co** /Co3* redox reaction and
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decomposition of the electrolyte when being charged up to 4.5 V. Additionally, the CV curve
of the sample calcined at 900 °C was smoother, and the peak couples were rather more
reversible. It could be noticed that the CV curve of NMC-800 was a superposition of the
others because both P3 and P2 phases existed. In general, the CV feature of P-type layered
NMC was almost the same, regardless of the difference in the crystal lattice, probably

because they had the same redox species and composition.
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Figure 4. (a) Cyclic voltammogram of NMC materials in 1.5-4.5 V voltage windows at a scan rate of
100 wV-s~1. (b) The first charge-discharge voltage profiles, (c) evolution of capacity and Coulombic
efficiency with cycle number of the material cycled in a voltage range of 1.5-4.5 V and (d) rate
capability in the same voltage limit.

The galvanostatic charge/discharge curves of the initial cycle are shown in Figure 4b.
All the samples showed characteristic voltage profiles that were rather alike with relatively
high discharge capacities, coinciding with the electrochemical behavior shown in CV curves.
However, the samples NMC-650 and NMC-800 exhibited high irreversible capacity in the
first cycle, resulting in low Coulombic efficiency with the value of about 74.2% and 68.5%
for NMC-650 and NMC-800, respectively. It could be noticed that NMC-800, with a complex
composition including P3 and P2 phase, presented an even higher irreversible capacity than
the P3 phase and P2 phase components. Meanwhile, the sample NMC-900 exceptionally
displayed a nearly reversible charge/discharge cycle with Coulombic efficiency of about
96.6%. In general, the P-phases with sodium deficiency typically displayed high Coulombic
efficiency above 100% [4,8,19]. Thus, the materials obtaining P2 phase with a high sodium
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content of 1, such as the O3 phase, gained high Coulombic efficiency due to the excess Na*
ions that were possible due to the electrolyte.

Moreover, the redox couple Co** /Co®* was activated when charged to a high cutoff
voltage and contributed to the large irreversible charge capacity of the samples NMC-
650 and NMC-800. For the sample NMC-900, the huge sodium loss via evaporation due
to high calcined temperature reduced the Coulombic efficiency. As a result, the initial
discharge capacity of 149.3, 106.2 and 156.9 mAh-g~! were obtained for the sample NMC-
650, NMC-800 and NMC-900, respectively; hence, the Coulombic efficiency were 74.6, 68.4
and 89.8%, respectively.

Figure 4c shows the capacity and Coulombic efficiency of the samples during long-term
charge—discharge. It was observed that the samples NMC-800 and NMC-900 attained stable
cycling that slightly changed in capacity for each cycle. The sample NMC-900 remained
a capacity higher than the others, with a capacity retention of 76.2% after 100 cycles. On
the other hand, the capacity of NMC-650 reduced gradually and the capacity retention
was about 56.2% after 100 cycles. The sample NMC-800 had a two-phase component,
but capacity retention was the best of the three, with a value of 86.2% after 100 cycles.
Additionally, the NMC-800 and NMC-900 samples possessed a slightly capacity increase in
the first dozen cycles that could be assigned to the increase in active surface and active site
of sodium that were mentioned elsewhere [32,33] and obviously contributed to the higher
capacity retention of these materials. This could be related to the enhanced electrolyte
permeability and the reconstruction of the electrode and the interface.

The rate capability of the samples is illustrated in Figure 4d. It was observed that the
three samples displayed acceptable rate capability. Of the three, the samples NMC-650
and NMC-800 exhibited good capacity retention in which the capacities dropped steadily
and were negligible when the current density increased from C/10 to 10C. Meanwhile, the
capacity of NMC-900 fell significantly at the high current density of above 5C. However,
when the current density returned to C/10, only NMC-650 showed a sharp decrease in
capacity compared to the initial value at the same current density. Furthermore, both
NMC-900 and NMC-800 possessed the capacity increase in the first few cycles at different
C-rates. The extended capacity could contribute to the high capacity recovery that was
even higher than the capacity at C/10 at the beginning when the current returned to C/10
after cycling at different C-rates.

The long-term charge-discharge at higher current density was applied to characterize
the stability of electrodes (Figure 5). Generally, the capacities of the three samples were
stable during the cycle with low-capacity decay that coincided with the rate capability
test. It was observed that the capacity retention at the high rate was better because of
shortened retention time in high voltage regions and the contribution of capacity from
the high voltage redox couple [21]. NMC-650 displayed insufficient capacity and capacity
retention compared to the other two in all the test conditions, while NMC-900 performed
the best. Additionally, the Coulombic efficiency of approximately 100% was gained by all
the samples at various rates.

Figure 6a,b show the XRD patterns of the bare electrodes NMC-650 and NMC-800 and
the electrodes at the fifth cycle. Compared with the XRD of the bare NMC-650 and NMC-
800 shown in Figure 2a,b, respectively, it could be seen that the samples retained the original
structure and phase component, revealing the good structure stability. Furthermore, the
fading of high redox couples during the first several cycles seemed not to be correlated with
the appearance of a new phase or structure changes. Thus, the results demonstrated that P-
type layers displayed high structural stability. Our previous work also indicated that NMC-
900 could remain a P2-type layered structure after 50 cycles of charging-discharging [21].
Typically, P3 phase exhibits phase transformation P3-O3 near the end of discharge [34-36],
while P2 phase remains its structure during the cycling [19,37]. Further work will be carried
out to analyze the phase transition of the different phases during the cycling.
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Figure 5. Electrochemical performances of NMC cathodes upon cycle tests in the range of 1.5-4.5V
at (a) 1C, (b) 2C and (c) 5C, respectively.

EIS spectra of the electrodes were also collected at the beginning of the cycling test
and at the fifth cycle as shown in Figure 6¢,d. The EIS spectra showed a semicircle at
high and medium frequencies of the charge transfer resistance and one huge semicircle
at low frequency due to ion diffusion in the porous electrode [38]. Typically, the high
frequency charge transfer process could be simulated by a single Randles circuit including
a capacitance and a resistance in series, while the low frequency semicircle could be
simulated by a series combination of capacitances and resistors [39]. The equivalent circuit
used to simulate the charge transfer resistance is shown in Figure 6e, showing two charge
transfer processes which, in turn, occurred on the cathode interface film (R;) and cathode
electrolyte interface (R;). Table 2 provides the value of resistance parameters obtained
after simulation.
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Figure 6. XRD patterns of the electrodes obtained (a) before and (b) after cycling. EIS spectra of
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(e) Equivalent circuit that use to fit the EIS results and (f) Nyquist plot for the electrodes with a
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Table 2. Resistance parameters obtained from EIS fitting.
Sample ID Rq Rq R, Total Charge Transfer Resistance
Ist 7.995 53.07 297.1 350.2
NMC-650 5th 5.605 69.17 490.8 560.0
1st 5.053 65.02 657.2 722.2
NMC-800 5th 4.809 23.75 543.6 567.4
Ist 5.364 82.32 498.6 580.2
NMC-900 5th 6.526 50.11 226.3 276.4

As seen in Table 2, the R values did not change too much, while the charge transfer
resistance R; and R, changed in a similar trend. The sum of R; and Ry, the total resistance
for the high and medium frequency, showed different changes in the three electrodes and
tended to decrease, in turn, (NMC-650 > NMC-800 > NMC-900) after five cycles. The change
in the electrode interface such as the electrolyte decomposition to form cathode thin film,
the reconstruction of the electrodes” morphology and the change in the electrodes’ electronic
and electrochemical properties reflected the charge transfer process. In general, the change
of charge transfer resistances was consistent with the cycling stability of the electrodes.
Specifically, the increase in charge transfer resistance and the resulting poor performance
of the NMC-650 electrode suggested that the capacity degradation was consistent with the
fast impedance buildup. Oppositely, the tendency of decrease in charge transfer resistances
at the fifth cycle revealed an improvement in the kinetic of charge transfer at the NMC-800
and NMC-900 electrodes’ interfaces.

The kinetic of sodium ion intercalation/deintercalation in the structure that correlates
to the performance of the electrode could be evaluated by CV conducted at various scan
rates. Figure 7a—c shows that the CV curves of the electrodes at the scan rate varied from
10 to 250 uV-s~ 1. Several redox peaks on the CV could be assigned to Mn*"/Mn3* and
Co**/Co%* redox couples together with phase transition and evolutions during sodium
intercalation/deintercalation [5,40]. As one can see, with the scan rate increases, the redox
peaks’ intensity increased but the CV profiles were almost unchanged, indicating high
redox reversibility and coinciding to the prominent rate capability of the electrodes.

The plot of peak current intensity versus square root of scan rate was used to determine
whether the redox reaction was diffusion controlled [41]. The peak intensity of the oxidation
peak and reduction peak located at around 4 V were plotted versus the square root of
the scan rate and illustrated in Figure 7d, for instance. The fitted lines indicated that the
linear relationship was satisfied, and so, the forward and reverse reactions were diffusion
controlled. The feature was also recognized using the fitting way with other peaks in
the CV profiles. Therefore, the diffusion coefficients can be calculated according to the
Randles—Sevcik equation [41]:

I, = (2.69 x 10°)n*/3AC, D/ *v!/? (1)

where I, is the peak current (A), n is the number of exchange electron, A is the electrode
area (cm?), D is Na™* diffusion coefficient (cm?-s~1) and C, is the initial concentration of
Na* ion (mol-cm~3).

The calculated D values of oxidation peaks and reduction peaks observed in CV
profiles were plotted versus the peak position presented in Figure 7e f, respectively. From
the D values, one could elucidate that NMC-900 possessed the lowest diffusion coefficients,
which was around 107128-107120 ¢m2.5~1, and so, the migration of Na* ions was not as
favorable compared to the others. Meanwhile, the D values of the samples NMC-800 and
NMC-650 were higher, which was around 10712210114 ¢m?2.s71, and so, the migration
of Na* ion was probably more favorable by the integration of P3/P2 bi-phase than the
P2 phase solely. The diffusion coefficient of the P3/P2 bi-phase NMC-800 coincided with
the previous study [42]. To explain the notable higher diffusivity of P3/P2 bi-phase, one
could agree that the diffusion of Na* ion in the P3 structure is higher than P2 and O3 in
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some cases [25,27]. Furthermore, for the sample NMC-800 that exhibited P3/P2 bi-phase
integration, the P2 component probably maintained the structure but was electrochemically
inactive; so, the NMC-800 performance was not the best of the three, as expected.
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Figure 7. Cyclic voltammogram scanned at various scan rates of (a) NMC-900, (b) NMC-800 and
(c) NMC-650. (d) The plot of current intensity at a pair of oxidation/reduction peaks is located at
about 4 V versus the square root of the scan rate of the samples; The plot of diffusion coefficients
calculated at (e) oxidation and (f) reduction peaks.
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The performance of P2-NMC was also evaluated in full-cell configuration using hard
carbon as the anode (Figure 8). The mass ratio between the cathode and the anode of 1.4
was chosen for the highest capacity. As displayed in Figure 8a, the voltage profile of the
full-cell was the combination of the voltage profile of the cathode and the anode. The
first charge capacity of about 151.4 mAh-g~! was obtained and was comparable to the
corresponding value of the material delivered in the half-cell on the first cycle and was
much higher than the discharge capacity of only 80.9 mAh-g~!. This resulted in the low
Coulombic efficiency of 51.9%. The irreversible capacity of hard carbon anode leads to the
low Coulombic efficiency, so that presodiation techniques were widely used to optimize
the performance of full-cells [43-45]. For the following cycles, the Coulombic efficiency
varied around 92% and the capacity gradually declines were seen as the results of side
reactions of the electrolyte on the electrodes due to wide operation voltage. The capacity
retention at 25th cycle was 63.3%.
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Figure 8. Cycling performance of hard carbon| INMC-900 full-cell. (a) The voltage profile and
(b) evolution of capacity and Coulombic efficiency with cycle number.

4. Discussion

The P-type layered structures exist within 650-900 °C, given the high thermal stability
of the P-phase in the Na-Mn-Co system. Several mechanisms were explored considering the
capacity fading of high voltage materials, including intragranular and lattice fracture caused
by lattice change during phase transition, surface structural change and irreversible lattice
oxygen release [46]. The results indicated that the phase structure had tie connection to the
cycling stability that was observed to be improved by elevated temperature. Figure 7e,f
show that the P3 phase could have a facile environment for sodium ion conductivity, but
poor capacity retention compared to the P2 phase. Additionally, as could be seen on the
first cycle (Figure 4b), the sample at low temperature NMC-650 and NMC-800 exhibited a
severe side reaction on charge at high voltage plateaus that contributed mainly from the
decomposition of the electrolyte and may be assisted by the high active surface and the
stability of the electrode surface in the electrolyte. This occurred repeatedly in consecutive
cycles, leading to the low Coulombic efficiency of the NMC-650 sample (Figure 4c). The
performance of the hard carbon | | P2-NMC full-cell was still far below to the half-cell,
emphasizing the important role of presodiation techniques of the anode.

For comparison, the electrochemical performance of some electrode materials at high
voltage range are listed in Table 3. The Mn-Co system delivered lower specific capacity
than other Mn-based systems, but good cycling stability. This demonstrated the role of Co
in stabilizing the structure and enhancing the electrochemical performance of the electrode
materials as previously reported [47,48].

The two-phase intergrowth cathodes were reported to improve the rate capability
and specific capacity contributed by the synergic effect of both components [24,41,49-51].
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This work revealed that the P3/P2 integration in NMC-800 was beneficial to capacity
retention, but the capacity was lower than the single-phase components, which could be
associated, respectively, with the robust intrinsic structure and the severe side reaction of
the electrolyte that induced more sodium lost during the solid electrolyte interface (SEI)
formation, resulting in relatively higher SEI and charge transfer resistance over others
(Figure 6¢c—e). Further works should be taken to understand the microstructure and surface
structure of the bi-phasic electrode to better understand the sodium storage performance.

Table 3. Comparison of the electrochemical performance of electrode materials at high cutoff voltage.

Specific Capacit Capacity Retention/Cycle
Voltage Range (mah';*l)/Currerr,lt DZnsity b yNumber Y Refs
P2-Nag 7CugFeg,Mng ¢O» 1.5-45V ~190 (C/10) ~69% (30) [52]
P2—NaMn0.5Fe0_5OZ 2043V 185 (C/lO) 60% (50) [53]
P2-Naj; /3Ni; /3Mnj; 30, 2045V 133 (~C/10) 42% (50) [54]
P2-Nao,66Mn0,9MgO.1OZ 2045V 152 (~C/5) 71% (100) [55]
P3-Na0_9Ni0_5Mn0.502 1.5-45V 102 (1C) 78% (500) [56]

P2-NaCog 5Mng 50, (This work) 1545V 149 (C/10) 76% (100)

5. Conclusions

In summary, NayMng 5Co( 50, possessed phase transition from P3- to P2-type layered
structure when calcinated at 650 and 900 °C with bi-phasic P3/P2 coexisted in a medium
temperature of 800 °C. The electrochemical properties examinations indicated that the
higher calcinated temperature improved the crystallinity and strongly contributed to
the cycling stability and performance. For instance, the sample NMC-900 exhibited the
highest specific capacity and capacity retention at high rates that were superior to the
others. Meanwhile, the bi-phase P3/P2 NMC-800 delivered the lowest specific capacity,
but showed the highest diffusion coefficient, contributing to the high-rate capability and
structure stability during sodium intercalation/deintercalation. The results demonstrated
that single phases were better for Na,Mng 5Co 50, material and P2 phase was preferred in
terms of electrochemical performance. Further works should be conducted to understand
the electrochemical performance of the bi-phasic P3/P2 NMC-800 that probably benefits
and improves the performance of Na-Mn-Co electrode system.
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