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ABSTRACT. In the current study, we have synthesized Ti-based P2-type Nao.7Nio.2Cuo.1T10.6502
(NNCT) through the sol-gel route and characterized it for its structural, electrical, and
electrochemical properties. The analysis of X-ray diffraction (XRD) data confirmed the existence
of a single P2 phase for the sample calcinated at 950 °C with suppressed Na-ion vacancy
ordering. Impedance studies and chronoamperometric data revealed that NNCT exhibited a poor

conductivity of ~ 1.37 x 107 S ¢m™ at room temperature, with the electronic conductivity
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contribution to the total electrical conduction to be only 0.4%. The sample exhibited specific
capacities of 83 mAh g!, 54 mAh g!, and 42 mAh g! at discharge rates of 0.1C, 0.5C, and 1C,
respectively, with a remarkable cyclic stability of 96% capacity retention after 700 cycles at 0.5C
which makes NNCT an attractive cathode for Na-ion batteries in stationary storage applications.
The ex-situ XRD analysis confirmed that NNCT maintains a single P2 phase during cycling
between 2.0 V to 4.2 V. NNCT also exhibited moisture stability, thus enabling the use of a cost-

effective water-based slurry for cathode layer fabrication.

1. INTRODUCTION

Na-ion batteries (NIBs) are often considered a viable alternative to Li-ion batteries (LIBs).!-
As demand for energy storage systems rises, due to the scarcity of Li deposits, Li-based battery
systems are unlikely to be able to keep up with the demand, which would make them
increasingly expensive.®® This makes the research into alternative energy storage systems
essential for securing future energy needs. Na is a comparatively abundant natural resource, and
batteries based on Na-ions share several communities with LIBs.% 1% ! This would make them
easy to procure and eventually pay the way for their seamless integration of NIBs into the current
battery manufacturing ecosystems.® 1213

Cathodes are the primary source of ions in a full-cell, and the kinetics of ions inside the
cathode determines most of the properties, such as rate performance, cyclability, etc., of the
cell. 1% In NIBs, prospective cathodes are broadly classified into 3 types NASICON, Layered
Oxides, and Prussian Blue Analogues.!* > NASICON-type materials are known for their high
cyclic stability but have a low specific capacity and are difficult to synthesize.® '* Prussian blue
analogues compounds are novel cathodes with a cyanide group. These materials have been
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reported to show specific capacities as high as 150 mAh g! but are constrained by the inherent
toxicity of cyanide ions.!® 17 Layered oxides (LOs) are known for their compositional flexibility,
seamless synthesis, and superior electrochemical performance compared to the other cathodes,?
14 which makes them the most popular option for replacing Li-ion-based cathodes in commercial
Na-ion batteries. In addition, the current Li-ion battery technology also uses cathodes based on
the layered oxide structure and shares many commonalities with Na-ion-based layered oxide
cathodes. This would pave the way for their accelerated growth, as much of the data available on
Li-ion-based cathodes can aid in advancing Na-based LOs, which is an added benefit.

LOs typically have a basic formula of NaxTMO2; 0 < x < 1; TM- transition metal cation or a
mixture of multiple cations, and are known to exist in a variety of phases like P2, P3 O3, O2, etc.
This classification is based on the site configuration of Na-ions and the number of different O
layers in the unit cell.'® O3-type LOs have x ~ 1 while P2 and P3 phases typically have x <
0.75.8-20 With higher Na-ion concentrations, O3 phases usually show higher specific capacitates,
while P2-type LOs fare better in rate and cyclic performance.?! This is due to the comparatively
better open structure and resilience of P2-type LOs to phase transition, which improves Na-ion
conduction dynamics in the material.?!->3

Over the past decade, researchers have been able to exploit the compositional flexibility of
LOs by using different combinations of electrochemically active/inactive elements in the TM site
to obtain better electrochemical properties.> * '® Among these, the combinations based on
NaxMnO: as the parent material have attracted tremendous attraction due to its higher specific
capacity and greater availability.?*2° Recently, P2 type NaxMnO:z with a combination of Mn, Ni,
and Cu in the TM site has shown considerably better cyclic stability with an initial specific

capacity of 110 mAh g'.?’-32 Even though Mn remains largely inactive during cycling, the
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combination of Ni?"#* and Cu?"** redox couples are able to make up for this shortfall. Moreover,
as Ni and Cu ions maintain a 2+ oxidation state within the material, Mn is forced into a 4+
oxidation state, which is beneficial in eliminating the Jahn-teller active Mn**. While Cu?* is also
Jahn-Teller active, Ni*" is not; so, in Cu/Ni co-substituted (for Mn**) materials, overall Jahn-
Teller distortion decreases. The presence of Cu ions in the structure contributes towards better
structural stability at higher voltages and moisture stability of the material.?*-3° In addition, the
presence of 3 different ions at the TM site also prevents the ordering of Na-ions vacancies and
the transition metals, which can induce multiple phase transitions in LO cathode materials.*0-+?
Other substituents in the transition metal site include inactive dopants such as Zn, Ti, Mg, Al,
Zr, etc. These are often referred to as pillar ions, as their sole function is to act as pillars of
support upon the extraction of Na ions.?* 434 Since these ions do not participate in any charge
compensation mechanisms during charging/discharging, the specific capacity of the material
inevitably suffers, but other properties, such as rate performance and cyclability, have shown
tremendous improvements with the inclusion of inactive substituents. This eventually can lead to
these cathodes exhibiting better specific capacities than the parent material at relatively higher
discharge rates, which can sometimes be as low as 0.1C. Several distortions to the crystal
structure and particle morphology of the parent compound caused by introducing inactive
substituents enable such property enhancements. For instance, in the case of Ti*, we had
reported that the presence of a larger ion (such as Ti-ions) in place of Mn*" ions in
Nao.7Nio2Cuo.15Mno.6s02 (NNCM)>> 3¢ led to the expansion of the unit cell and an increase in the
area of the Na ion conduction bottlenecks. Consequently, the Nao.7Nio.2Cuo.1sMno.575T10.07502

(NNCMT)*¢ cathode also showed improvements in its particle morphology (such as the

increased size of the lateral surface through a majority of the ionic conduction occurs) and
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electrical properties which led to a remarkable improvement of 27% in the observed specific
capacity of the parent compound at 0.1C rate which subsequently increased to about 50% at 1C.
Herein we report on the structural, electrical, and electrochemical properties of
Nao.7Nio.2Cuo.15Tio.6s02 (NNCT), which occupies the end member of the series where Ti*" ions
fully replace Mn*" ions. The results obtained have been extensively compared with the parent
material NNCM and NNCMT in hopes of establishing a trend of structural and electrochemical

properties arising from Ti substitution.
2. EXPERIMENTAL SECTION

2.1. Synthesis. The synthesis of P2 type Nao.7Nio2Cuo.15Ti0.6s02 was carried out using the sol-
gel method. Stoichiometric amounts of manganese (II) acetate tetrahydrate, sodium carbonate
(5% excess taken to compensate for losses during calcination), copper (II) nitrate trihydrate,
nickel acetate tetrahydrate, and titanium (IV) bis(ammonium lactato)dihydroxide (50 wt.% aq.)
were mixed in DI water. The solution was then stirred for 8 h, followed by adding ethylene
glycol and citric acid. The resulting mixture was then allowed to stir for another 12 h, followed
by heating to obtain a gel. The obtained gel was dried, ground to powder, and decarburized &
denitrified at 550 °C in air. The resulting mixture was finally calcined at different temperatures
(700 — 950 °C) for 12 h to obtain desired products.

2.2. Characterization. X-ray diffraction technique (XRD) was used to study the crystal
structure using a Malvern Pan analytical diffractometer (Empyrean) with a Cu-Ka source
between a 20 range of 10°- 70° at room temperature. Rietveld refinement was used to analyze
the crystal structure using the software package TOPAS Academic (version 6).°” Morphology
studies and elemental mapping of constituent elements in the powder samples were done using a

field emission scanning electron microscopy (FESEM) (model JEOL-7610) equipped with
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energy-dispersive x-ray spectroscopy (EDS). A Thermofisher Scientific-Naxsa (Al-Ka source)
was used for X-ray photoelectron spectroscopy (XPS) measurements.

Impedance studies were conducted on a pelletized sample sintered at 950 °C. A LCR meter
(model: ZM 2376, NF Corp.) was employed to obtain the complex impedance data by applying a
50 mV ac signal in a frequency range of 1 Hz — 1 MHz. The chronoamperometry was performed
with the help of a Source Meter Unit (model: Keithley 2450-EC) to estimate the transference
number by applying a voltage of 1 V.

The cathodes for electrochemical experiments were fabricated by coating a slurry consisting of
the active material, Ketjen black, and CMC binder in DI water in the wt. ratio of 80:10:10 on an
aluminum current collector, which was then dried and punched into 16 mm disks. These
cathodes were assembled in a CR-2032 coin cell in a half-cell configuration with 1M NaBF4 in
tetraethylene glycol dimethyl ether (tetraglyme) as the electrolyte and a Celgard 2400 membrane
as the separator. Cyclic voltammetry (CV) was performed using the Source Meter Unit (model:
Keithley 2450-EC) between 2.00 V to 4.20 V at a scan rate of 0.1 mV s!, and a Landt LANHE
CT, 2001A tester was employed for conducting galvanometric charge-discharge (GCD) tests. All
C-rates were calculated by assuming a specific capacity of 120 mAh g!, and the active mass

loading of the cathode was around 2 mg cm™.
3. RESULTS AND DISCUSSION

3.1. XRD. Figure 1(a) displays the XRD patterns of NNCT at different calcination temperatures
between 700 °C — 950 °C. The figure shows the emergence of O3 and P3 type phases (along with
impurity peaks related to other unreacted phases) at 850 °C and 900 °C which is concurrent with
the findings in NNCMT samples where a minor O3 phase (JCPDS:09- 0063) was detected upon

Ti substitution. The total phase fraction of both these phases was estimated to be less than 10%
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of the total sample. Upon increasing the calcination temperature to about 950 °C, O3 and P3
phases disappeared, and a single P2 phase (JCPDS:27- 0751) was obtained. This was confirmed
by Rietveld refinement of the room temperature XRD data of the sample calcinated at 950 °C,
which shows the existence of a single P2 phase in a P63/mmc space group (Figure 1(b)). The
hexagonal unit cell was found to have a volume of 85.142 + 0.004 A3 with lattice parameters a =
2.96573 +£0.00005 A, ¢ =11.1772 £ 0.0002 A. The crystallographic parameters used in Rietveld
refinement are displayed in Table 1. The disappearance of the O3 and P3 phases with
temperature could be related to the volatilization of Na and the conversion of the P3-type
structure to a P2-type structure at higher synthesis temperatures. For the sample synthesized at
950 °C, a minor impurity phase (a small peak at 20 ~ 36° in Fig. 1(a), possibly a CuO phase) was
observed along with the dominant P2 phase. As the fraction of this impurity phase was < 1 wt.%,

it was ignored in further discussion.
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Figure 1. (a) XRD patterns illustrating the phase evolution of NNCT with calcination
temperature recorded at room temperature. (b) Rietveld refinement profile of room temperature

XRD data, for the NNCT powder sample calcinated at 950 °C.

Table. 1. Crystallographic parameters of P2-NNCT sample calcinated at 950 °C.

Atom X y z Occupancy Site
Nal 2/3 1/3 1/4 0.45 2d
Na2 0 0 1/4 0.25 2b

Ti/ Ni/ Cu 0 0 0 0.65/0.20/0.15 2a
(0) 2/3 1/3 0.09 1 4f




Compared to NNCT, NNCM and NNCMT LOs showed lower cell volumes and unit cell
parameters. > 3¢ This is expected as Ti*" ions (0.605 A in 6 coordination) have a higher ionic
radius compared to the Mn*" ions (0.530 A in 6 coordination), which would expand the unit cell,
increasing its volume and is reported in the literature.’®% The Vesta software package ! was
used to generate the 3D image visualization of the NNCT unit cell using the refined parameters
and is displayed in Figure 2. The volume of the TM—Os octahedron and Na—Oe prism in the
layered oxide structure were calculated to be around 10.44 A3 and 13.45 A3 respectively. In
NNMC and NNMCT, however, the TM—Os octahedra showed a lower volume (8.53 A3 and ~
8.45 A3, respectively), while Na—O¢ prism had a higher volume (13.83 A? and 14.09 A3,
respectively). Consequently, the area of the rectangular face of Na—O¢ (10.47 A2?) in NNCT was
about 10-11% lower than the other samples. This face forms one of the primary bottlenecks for
the Na-ion conduction through LOs. The lower area of this plane in NNCT indicates the
possibility of lower Na-ion conduction that could limit its rate performance. Also, contrary to
NNCM, the absence of superlattice peaks in NNCT at ~ 27.2° and 28.3° in the XRD patterns
caused by Na-ion vacancy ordering shows a highly disordered Na-ion structure. Na-ion vacancy
ordering is a known phenomenon that induces various structural transformations of the cathode

40-42 The absence of Na-ion vacancy ordering in

during cycling, severely limiting its cyclability.
NNCT could enhance the structural stability of the NNCT unit cell during cycling, leading to

better cyclic stability and Na-ion conduction through the material.
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Figure 2. Crystal structure visualization of P2-type NNCT.

3.2. Scanning Electron Microscopy (SEM). Figure 3(a) shows the cross-sectional SEM
image of the NNCT fractured pellet. The SEM micrograph of the powered sample (calcinated at
950 °C) is presented in Figure 3(b). The image of the powder sample shows particles with
irregularly shaped polyhedra, possibly formed due to the agglomeration of individual particles.
This is in sharp contrast to the hexagonal plates observed in NNMC and NNMCT samples,
where an increase in the area of the (100) (010), (010) (100) was observed with an increase in Ti
concentration which was instrumental in improving the rate performance of the parent NNMC
cathode sample. However, the elemental maps of the sample (Figure 3(b1- b5)) do not show any
segregation of the constituent elements in the material. The SEM micrograph showing the cross-
sectional of the sintered pellet indicates tightly packed and randomly oriented particles. The

relative density of the pellet was estimated to be around 90 £ 2 %.
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Figure 3. SEM micrographs of the NNCT (a) fractured pellet sintered at 950 °C (b) powder

sample. (bl) - (b5) elemental maps of NNCT showing the distribution of its constituent elements.

3.3. X-ray photoelectron spectroscopy (XPS). XPS data used to ascertain the oxidation states
of the transition metal elements in the sample obtained spectra of Cu 2p, Ni 2p, and Ti 2p are
depicted in Figure 4. The Ni2p spectrum shows four peaks which belong to Ni 2p3. (~ 855 eV)
and Ni 2p12(~ 872 €V) and their respective satellites, confirming the presence of Ni?*.28 62.63 The
Cu 2p spectrum shows 2 peaks at 933 eV (characteristic of Cu 2p32) and at 953 eV (attributed to
Cu 2p122), indicating Cu?* in the materials.?® 6> 63 The characteristic peaks at 458 and 464 eV in
the Ti 2p spectrum are attributed to Ti 2p32 and Ti 2pi2 which suggest that Ti maintains a 4+

oxidation state in the material.6% 3
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Figure 4. XPS spectra of as-prepared Nao.7Nio.20Cuo.15Ti0.6s02 sample.

3.4. Electrical Properties. To investigate the transport phenomenon through the material,
Complex Impedance Spectroscopy was performed on the pelletized sample sintered at 950 °C for
12 h. Figure 5(a) shows the Nyquist plots depicting the impedance data at different temperatures.
A temperature-independent tail component observed at low frequencies in the Nyquist plot
suggests ion-blocking by the silver electrodes and is indicative of substantial ionic conduction
through the material. A decreasing trend of the overall resistance of the sample with an increase
in temperature is also evident in the figure. Equivalent circuit modelling (Figure 5(a) insert) was
used to analyze the Nyquist plot and estimate the conductivity of the sample. The room

temperature conductivity of the NNCT sample was estimated to be about 1.37 x 1077 S cm!. In
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comparison, NNCM showed a room temperature conductivity of ~ 4.03 x 10 S cm™! and it
increased to 3.07 x 10° S cm! in the Ti substituted NNCMT sample, both of which are
considerably higher than that of the NNCT. Linear fitting of temperature-dependent conductivity
values using the Arrhenius equation (equation 1) was used to estimate the activation energy (Ex)

of the overall sample (Figure 5 (b)).

E
o(T) = o, e~ & )

Here oo is the pre-exponential factor, £ is Boltzmann's constant, and 7" is the absolute
temperature. The activation energy of the sample was calculated to be about 0.41 + 0.02 eV
which is about twice the value reported for the manganese analog Nao.7Nio.2Cuo.1Mno.6502
sample.> This suggests poor ion conduction dynamics of the NNCT cathode, resulting from the
lower area of the conduction bottlenecks and the irregular particle morphology observed earlier.
The diffusion coefficient of the NNCT sample calculated using the Nernst Einstein relation at

310 K (equation 2) was around 1.94 x10710 m? s’

KT
D= Ngz 9DC (2)

N is the number density of charge carriers per unit volume of the unit cell, and g is the
elementary charge. Even though the diffusion coefficient for NNCT is lower than that of NNCM
and NNCMT cathodes, it is comparable to other cathodes such as Nao.c7Mno.6sNi0.2C00.1502,
Nao.67Mno.55Nio.25Li0202, Na2i3NiisMnsoAlioOz, etc. reported in literature.®4 However, the
chronoamperometric data (Figure 5(c)) of the NNCT put the electron transference number (z.) of
the sample at 0.004 and Na™ transference number (#va) at 0.996, which suggests significantly low
electronic conduction through the material. This is typically observed in materials containing d°

ions, such as Ti*', as the ion is relatively stable in the current configuration and does not donate
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its electrons to the conduction band, drastically bringing down the electronic conduction. The

poor electronic conduction coupled with lower ionic conductivity would adversely affect the rate

performance of the NNCT cathode during cycling.

e
[R1 -
T 900K o 310K — Fitted 310K
= { & 315K — Fitted 315K
= > 320 K — Fitted 320 K
N 600k o 325K —— Fitted 325K
300k -
(a)
0 Y T T T T
0 300k 600k 900k 1M
Z' (ohm)
-14.8 90m
e 1 Current
E (] I:(cu) ] 2
inear Fit ~ 60m -
L .152- g o
5 :
£ 5 30m-_
8] ®) ] ©
0
304 312 320 0 200 400 600 800 1k
1000/T (K™) Time (s)

Figure 5. Electrical properties of NNCT. (a) Nyquist plots at different temperatures and their
fitted curves, modeled using the equivalent circuit shown as an inset. (b) Arrhenius plot showing
temperature dependence of electrical conductivity. (¢) Chronoamperometry curve of NNCT

under an applied potential of 1 V.

3.5. Electrochemical Properties. Figure 6(a) depicts the cyclic voltammetric curves of the
NNCT cathode between 2 V to 4.2 V at a scan rate of 0.1 mV s’!. The curve portrays a broad
peak at 3.7 V, which can be attributed to the Ni**" and Cu?"** redox couples.® ¢7 On the other

hand, the NNCT and NNCMT samples showed 2 distinct peaks for Ni?"#* and Cu?"** reactions
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between 3.3 V and 4.0 V, along with some vacancy ordering peaks, particularly in NNCM. This

could be due to a comparatively higher disordering in the NNCT structure that inhibits Na-

vacancy ordering. Ti maintains a 4+ oxidation state within the voltage range and acts like pillar

ions supporting the structure during the extraction/ intercalation of Na-ions. The dQ/dV vs.

voltage graphs are presented in figure 6(b) and show that the peak (at ~ 3.6 V at 1C rate) shifts

toward higher voltages with an increase in the C-rate.
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Figure 6. Cyclic voltammogram of NNCT at a scan rate of 0.1 mV s

Figure 7(a) shows the galvanostatic charge/discharge curves of NNCT at different C rates

between 2 V to 4.2 V. The curve depicts a higher slope between 2 - 3 V compared to 3 - 4.2 V.

This is due to the unavailability of the redox process in the lower voltage regions compared to

the higher voltage ranges where Ni?"*" and Cu?"3" redox processes become active. At a
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comparatively lower discharge rate of 0.1C, the NNCT cathode shows a specific capacity of 83
mAh g, which drops to 54 mAh g! and 42 mAh g! at 0.5C and 1C, respectively. The rate
performance of the cathode at different discharge rates between 0.1C and 2C is displayed in
Figure 7(b). In contrast, the NNMC cathode showed a specific capacity of 99 mAhg™! and 64
mAh g! at 0.1C and 1C discharge rates, which was increased to 127 mAh g! and 96 mAh g’!
upon Ti substitution in the NNMCT sample. Even at a discharge rate of 2C, a specific capacity
of 87 mAh g! could be obtained from the latter. The comparatively high reduction in specific
capacity with an increase in discharge rate in the NNCT cathode sample can be attributed to the
unfavorable structural properties, lower electrical conductivity, and z. values discussed in the
electrical properties section. In terms of cyclability, however, the cathode shows much better
performance, with 96% of the initial capacity retained after 700 cycles at a charge/discharge rate
of 0.5C with a median discharge voltage ~ 3.2 V. (Figure 7(c)). This points to a remarkable
resilience of the NNTC unit cell to distortions induced by repeated extraction/intercalation of Na

ions during each cycle.
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Figure 7. (a) Galvanometric charge-discharge curves. (b) Rate performance of NNCT cathode at

different discharge rates. (c) Cyclic performance of NNCT at 0.5C for 700 cycles.

To investigate the changes in structural parameters during cycling, ex-situ XRD was performed
on the cathodes at different states-of-charge (Figure 8(a)). The data show an expansion of the
unit cell with charging as illustrated by the shifting of the (002) and (004) peaks towards lower
diffraction angles (Figure 8(al, a2)).?”> 4> 68 This trend was also observed in the NNCM and
NNCMT cathodes due to the increased repulsion between oxygen layers in the LO structure after
Na ions are extracted. These peaks return to their original positions upon discharging, implying
the reversibility of the structural changes occurring during GCD cycling. The moisture
sensitivity of the sample was tested by storing the cathode powder in DI water for 1 week. The
XRD patterns of the dried water-treated samples showed no changes compared to that of the
untreated sample (Figure 8(b)). This has allowed the use of CMC as the binder and DI water as

the solvent. In addition, the excellent moisture stability of the cathode also meant that the as-
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synthesized sample could be stored in ambient conditions. Both these factors would considerably

reduce the fabrication cost of cells.

Although the NNCT cathode shows excellent cycle stability, a property highly sought after in
cathodes, its specific capacity at 0.1C is only about 56% of its theoretical capacity (146 mAh g
1. This could be due to its unfavorable structural and electrical properties discussed above, and
this material could show considerably higher specific capacities at lower discharge rates (0.05C
and lower). However, keeping the real-world applications in mind, the specific capacity of
NNCT should be further improved at relevant C-rates (0.2C to 2C). As lower electronic and
ionic conductivities seem to be the limiting factor for observed specific capacities, techniques
such as in-situ carbon coating, tailoring the particle morphology of NNCT particles, etc., could
be explored to address these issues. Nevertheless, excellent cycle stability makes NNCT an

attractive candidate for Na-ion batteries in stationary storage applications.
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Figure 8. (a) Ex-situ XRD patterns of NNCT cathode during charge(ch)/discharge(dis) cycle at
0.1C between 2.0 V to 4.2 V. (al) and (a2) show the enlarged portion of the patterns in the
vicinity of (002) and (004) peaks. The peaks marked by ¢ belong to the Al current collector. (b)

XRD patterns of as-prepared NNCT powder before and after being treated with water.

In summary, P2-type Nao.7Nio2Cuo.15Ti06s02, which is at the extreme end of the
Nao.7Ni02Cuo.15sMno.6sxTixO2 series, was synthesized through the sol-gel route. Rietveld
refinement of XRD data confirmed a single P2 phase for the NNCT sample calcinated at 950 °C
having smaller Na-ion conduction bottlenecks compared to Nao.7Nio2Cuo.1sMnoesO2 and

Nao.7Ni0.2Cu0.1sMno.s75T10.07502 samples, while the SEM micrographs exhibited irregularly




shaped NNCT particles with a uniform elemental distribution. Impedance studies on the
pelletized sample were used to investigate the electrical properties of the material. The electrical
conductivity of the sample was estimated to be around 1.37 x 10”7 S ¢cm™!, while the activation
energy was found to be ~ 0.41 eV. The sample also showed poor electronic conduction with
chronoamperometric data putting the electronic transference number (z.) at 0.004. During
electrochemical testing, the NNCT sample delivered a capacity of 83 mAh g! at a discharge rate
of 0.1C, decreasing to 54 mAh g'! and 42 mAh g at 0.5C and 1C, respectively. The increased
capacity degradation is attributed to the low electrical conductivity and z. values of the NNCT
sample. The sample, however, exhibited excellent cyclic stability with 96% initial capacity
retained after 700 cycles at 0.5C. The cathode maintained a single P2 phase between 2.00 V to

4.20 V during cycling and was also found to be moisture stable.
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