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ABSTRACT: Though layered sodium oxide materials are identified as promising 160 4
cathodes in sodium-ion batteries, biphasic P3/0O3 depicts improved electrochemical 140+ o 230-67;‘0«07“(";"0~5§°0«5°2-xe
performance and structural stability. Herein, a coexistent P3/03 biphasic cathode 2454 & Baainstasts
material was synthesized with “LiF” integration, verified with X-ray diffraction and §

. . . £ 100
Rietveld refinement analysis. Furthermore, the presence of Li and F was deduced by >
inductively coupled plasma-optical emission spectrometry (ICP-OES) and energy &
dispersive X-ray spectroscopy (EDS). The biphasic P3/03 cathode displayed an &
excellent capacity retention of 85% after 100 cycles (0.2C/30 mA g~') at room % LiF
temperature and 94% at —20 °C after 100 cycles (0.1C/15 mA g~') with superior & Sl

10 o n 20 Moo

rate capability as compared to the pristine cathode. Furthermore, a full cell (o0 03
comprising a hard carbon anode and a biphasic cathode with 1 M NaPF; electrolyte =3

displayed excellent cyclic stabilities at a wider temperature range of —20 to 50 °C 100 200
a g =il i Number of Cycles

(with the energy density of 151.48 Wh kg™') due to the enhanced structural stability,

alleviated Jahn—Teller distortions, and rapid Na* kinetics facilitating Na* motion at

various temperatures in sodium-ion batteries. The detailed post-characterization studies revealed that the incorporation of LiF

accounts for facile Na* kinetics, boosting the overall Na storage.

KEYWORDS: LiF incorporation, sodium storage, layered oxide, biphasic cathode, wide temperature

B INTRODUCTION

The quest for efficient alternative energy storage systems is
obligatory due to the intermittent nature of current energy

cell. In general, the P- and O-type structures represent
prismatic and octahedral coordination around the Na ion,
respectively. The adjoining numbers 2 and 3 indicate different

storage systems such as lithium.' ™ Earth-abundant sodium is
considered as the next sodium-ion battery (SIB) technology
not only for its lower cost but also for the ease of recyclability
and enhanced extreme temperature performance compared to
its lithium-ion counterparts.”~" Designing novel host structures
plays a pivotal role in developing high-performance SIBs with
high capacity and longer cyclic stability.”'® Furthermore,
considering the sustainable solar and wind storage in SIBs, it
shall be operational at lower temperatures.'"”'> However, due
to the larger size of the Na* (1.02 A) ion, the extraction and
insertion of the Na" ion during the charge and discharge
processes result in structural changes, thus affecting the cyclic
stability and rate performances of the cathode materials.'"*
Among the different reported cathode materials, layered
transition-metal oxide (Na,TMO,; 0 < x < 1, TM——transition
metal)-based materials are the state-of-the-art cathodes for
SIBs, providing stable cycling and rate performance, incorpo-
rating large Na* (1.02 A) during charge/ dischargoe,.ls’16

The layered oxides can be majorly classified into P2, P3, and
O3 based on the coordination environment with the content of
the alkali metal and the number of TMO, layers in the unit
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arrangements of transition-metal layers in a single unit cell.'”
Among these, P2- and O3- layered oxides are widely studied
cathodes due to easy synthesis protocols like controlling the
stoichiometry and reaction conditions.'> P2-type cathodes
provide good rate capability and cycle life, whereas O3 delivers
a higher initial capacity. However, all these layered structures
suffer from multiple phase transitions and decreased capacity
during long-term cycling."*'” Consequently, it is highly desired
to develop cathodes with optimized composition for improved
cycle life and higher capacities.'" Several techniques like the
integration of multiple phases and tuning the metal
composition or incorporation of structure-stabilizing elements
had already been proved to be very effective in improving the
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electrochemical performance.””~** For instance, Feng et al.
explored the performance of a P2/0O3 composite cathode
(Nay gLig 13Nig,Feq ;Mny s,0,), which delivered a capacity of
133.4 mAh g at a high rate of 1C and a capacity retention of
88.6% after 100 cycles.23 Additionally, the inexpensive, low-
toxic manganese-based cathodes are highly advisable, but the
Jahn—Teller distortion caused by the Mn*" ions results in the
appearance of multiple voltage steps in the discharge curve,
and the eventual capacity fade leads to further optimization of
cathode compositions.”*

Recently, synergistic effects on biphasic cathodes which can
be synthesized by controlling the reaction conditions, doping
elements like Li, Mg, Al, Ti, Mn, Co, Fe, etc, have been
demonstrated with improved electrochemical perform-
ance.”””?% An integrated P2/03
Nag 46Lig1sMng 71 Nig,;C0030,,5 cathode was reported by
Guo et al, demonstrating superior sodium storage ability.”
It is important to regulate the Mn valence to suppress the
Jahn—Teller effect in layered manganese-based cathodes. Li
inclusion into Mn-based layered oxide cathodes is reported to
suppress the Jahn—Teller effect by regulating the Mn valence
and delaying the phase transformations, resulting in prolonged
cycling life.”® The substitution of Li can potentially help to
suppress the Jahn—Teller effect by oxidizing Mn®** to Mn*" A
recent study by Li et al. with the NajosLiy;sNij,sMng 0,
cathode manifests improved electrochemical performance
compared to the pristine material.”’ Furthermore, Liu et al,,
using a Li/F codoping route, established a mixed P2/03
cathode which possesses better electrochemical performance
than the individual P2 and O3 phases.>* Fluorine substitution
has been reported to be effective in addressing the oxygen loss
issue in Na-based transition-metal oxides for improved cyclic
stability.”** Additionally, doping with more electronegative
F~ ions accounts for stronger TM-O(F), which can minimize
the gliding of the TMO, layers, thus making the layered
structure more stable.

Currently, major research on cathode materials is focused on
ambient temperature, but very few reports are on SIB operable
extreme conditions, specifically low temperature. The specific
capacities and rate capabilities greatly reduce with the
transition from room temperature to low temperatures due
to the sluggish Na" diffusion processes at subzero temper-
atures.””> Wang et al. performed structural modifications to
layered Nag ¢,Nij33Mny 4,0, (specific capacity of 173 mAh g™
at 0.2 C) by cobalt substitution, resulting in
Nag 6,Nig,C0g,Mng 0, with 1322 mA h g™ capacity at
—40 ° C (80% retainment in the initial room-temperature
capacity).”® A similar strategy with electrochemically active
Fe** ions in the Mn site of the P2 layer oxide cathode
optimized as Na,,3Ni, ;;Mn,/,Fe;,,0, exhibits a better low-
temperature performance with a capacity retention of 94%
after 80 cycles at —25 °C.”” Recently, lithium-composed
layered oxide cathodes with stable structures have been
employed at 0 °C for sodium storage.’ The strategic inclusion
of foreign elements into layered oxide cathodes resulted in
faster Na* transfer kinetics and ameliorated sodium storage
properties at low temperatures. Therefore, it is highly
envisaged to develop structurally stable and high-performance
electrodes operable in extreme conditions, specifically subzero
temperature.

In this work, we have synthesized a new P3/03 biphasic
cathode by facile LiF codoping into Nay4MngsCoysO, as
Nay ;Lig 0;Mng 5Coy 5O, _,F, and Nay g7Lig,13Mng 5C0y 5O, F,

through sol—gel synthesis, followed by a high-temperature
calcination step. The LiF integration into Na4,Mn,sCoq5O,
has led to the growth of a biphasic P3/03 cathode, which is
confirmed by XRD and Rietveld analyses. Moreover, the Jahn—
Teller distortion from Mn’" is greatly suppressed with an
increased Mn**/Mn®* ratio, as confirmed by XPS analysis. At
ambient temperature, the optimized cathode exhibits a capacity
retention of ~85% after 100 cycles at 0.2 C (30 mA g~ ') rate
compared to the 54% retention of the pristine cathode.
Moreover, low-temperature performance at —20 °C gave 70%
(92 mAh g™' at 0.1 C/15S mA g') of the room-temperature
capacity, with 94% capacity retention after 100 cycles. Further,
excellent capacity retention in a full-cell configuration, with
hard carbon as an anode, has been demonstrated at a wider
temperature range of —20 to 50 °C (with an energy density of
151.48 Wh kg™'). The Na* kinetic and postcharacterization
studies reveal that the incorporation of LiF accounts for
boosting the electrochemical performance.

B EXPERIMENTAL SECTION

Materials. The chemicals sodium acetate and lithium fluoride are
procured from Alfa Aesar, and anhydrous manganese(II) acetate and
cobalt(II) acetate are obtained from Fisher Chemicals. Sodium
hexafluorophosphate (NaPF, Alfa Aesar) was dissolved in propylene
carbonate (PC, Sigma) as the electrolyte.

Synthesis of NMC and LiF-Incorporated NMC Cathode
Materials. The Na,,Co,sMn, O, material was synthesized using a
simple sol—gel method, followed by high-temperature calcination.
Initially, stoichiometric amounts of metal (Na, Co, and Mn) acetates
were dissolved in DI water along with citric acid and heated at 90 °C
for 12 h to obtain a gel-like compound. Subsequently, the gel was
dried at 120 °C to obtain the precursor material. Further, the
precursor was sintered at 500 °C for 6 h. Finally, the precalcined
material was further annealed at 800 °C for 15 h to obtain the final
product. A similar procedure was used to obtain Li—F-incorporated
samples Nay 4,Lig ¢;Mng sCo0y.50,_,F, and
Nag 67Lig13Mng sC0osO,_,F, by additionally taking LiF in the first
step, 10 and 20% moles of Na source were used for NMC-L1 and L2
samples, respectively. Both Na and Li precursors were taken in 5%
excess quantity to account for the mass loss during high-temperature
annealing. The obtained final products were used for further
characterization.

Structural Characterization. The elemental composition was
determined using an inductively coupled plasma optical emission
spectrometer. The PXRD patterns of the layered oxide cathodes were
collected using a Rigaku Smart Lab X-ray diffractometer with a tube
voltage of 40 kV and current of 44 mA. Cu Ka radiation source was
used with a wavelength of 0.154 nm, and the scan range was set from
2-theta values of 10—70°. Further, for morphology analysis, an FEI
Tecnai F20 S/transmission electron microscope and an FEI Nova
NanoSEM field emission spectroscope were employed. XPS
acquisition was done using a Kratos Axis ultra-DLD imaging XPS
instrument. The XPS analysis was performed using CASA XPS fitting
software, with the C 1s reference set at 284.6 eV and Shirley
background. Majority of graphs were plotted using the Origin Pro
2022 software.

Electrochemical Testing. The active materials (80%), super P
carbon (10%), and PVDF (10%) were taken with an appropriate
amount of N-methyl-2-pyrrolidone (NMP) and mechanically mixed
to obtain a uniform slurry. The slurry was further coated on the top of
the aluminum current collector using the doctor blade technique and
dried overnight at 100 °C in a vacuum oven. The dried foil was then
punched into circular disks of diameter 12 mm with a mass loading of
2—-3 mg cm ™2 and further used as cathodes. For the half-cells, the
sodium metal foils rolled and cut into disks were used as anodes, and
1 M NaPF; in propylene carbonate (PC) was used as the electrolyte,
while glass microfiber filters (VVhatman—grade GF/D) served as the
separator. The full cells were assembled with hard carbon (Kuranode
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Figure 1. (A) PXRD patterns and (B—D) Rietveld refinement analyses of NMC and NMC-L1 and L2 samples, respectively.

hard carbon powder, Kuraray). To prepare the negative carbon
electrodes, a slurry of 80 wt % HC and 10 wt % each of super P
carbon and PVDF in NMP was cast onto a copper current collector.
The mass of the cathode and anode was taken in 10:8 ratio. CR 2032-
type coin cells were subsequently assembled with the above
components in an Ar-filled glovebox and tested with MTI and
Arbin battery cyclers. The electrolyte composition remained
unchanged for both room-temperature and low-temperature studies.
The galvanostatic charge discharge (GCD) values of the electrodes
were recorded in the potential range of 1.5—4.3 V at different specific
currents of 0.1, 0.2 0.5, 1, 2, and SC. The cycling studies were
performed with the following C rate (1 C = 136 mA g™') at various
temperatures (0.2 C for RT, and 0.1 C for LT of —20 °C). Similarly,
the cyclic voltammetry (CV) profiles were obtained in the same
voltage window with varying scan rates of 0.2, 0.4, 0.6, 0.8, and 1 mV
s™'. The electrochemical impedance spectroscopy (EIS) measure-
ments were recorded to measure the cell impedance in the range of 1
MHz—0.1 Hz with a voltage perturbation of 0.01 V.

The Na* diffusion coefficients (Dy,*) are calculated according to
the following equation:

]2

]2[
where 7 is the time interval for the galvanostatic current applied. My
and myp are the molecular weight and the active material mass,
respectively. V, represents the molar volume, and S is the surface area
of the electrode. AEg and AE, are the steady-state voltage and the

total change of the cell voltage E during the current pulse,
respectively.

4

=

mgVir
MgS

AEg
AE,

Dy

B RESULTS AND DISCUSSION

The pristine and LiF-incorporated samples were synthesized
using a facile sol—gel process, followed by high-temperature
calcination, as described in the Synthesis of NMC and LiF-
Incorporated NMC Cathode Materials section. The successful
incorporation of lithium was confirmed by the ICP-OES
analysis, and the presence of fluorine was determined through
energy-dispersive X-ray spectroscopy (EDS). The exact ratio of
the metal components in the obtained products is provided in
Table S1. For ease of reference, the samples
Na, ¢;Mng 5Co05O,, Nagg7Lig 07MngsC0 50, F, and
Nag 67Lip13Mng sCoosO,_,F, will be, respectively, marked as
NMC, NMC-L1, and NMC-L2. The pristine and LiF-

32293

incorporated NMC samples were subjected to powder X-ray
diffraction (PXRD) for phase analysis. The resulting XRD
patterns and the corresponding Rietveld analysis are shown in
Figure 1. The refined XRD patterns indicate the formation of a
P3-type cathode (a = b = 2.826 A, ¢ = 16.876 A, space group
R3m) for the NMC material. Upon Li integration, the
diffraction patterns remain the same, except for the additional
peak at 20 of 18.5° which is designated to the (003) plane of
the O3 phase.”® The Rietveld-refined lattice parameters are
shown in Table S2 for all the samples. The results indicate that
the obtained materials are biphasic in nature. The calculated
P3/03 mass percentages from the Rietveld analysis are ~95/5
and ~91/9 in NMC-L1 and NMC-L2, respectively.’**” The
mixed P/O cathodes displayed lattice parameters a = b = 2.830
A, ¢ = 16.786 for the P3 component and a = b = 2.855, ¢ =
14.2336 for O3 for NMC-L1 and a = b = 2.833, ¢ = 16.718 for
the P3 component and a = b = 2.851, ¢ = 14.176 for O3 for
NMC-L2. Li ions can either occupy the transition-metal sites
or sodium-ion sites. According to the obtained Rietveld-refined
results and previous literature, we believe that the majority of
Li ions occupy the alkali sites, yielding the O3 phase.””*!
Recently, Zheng et al. reported enhancement in the O3 phase
with Li incorporation into a series of biphasic P2/03
cathodes.”® However, upon Li integration, the percentage of
the O3 phase increased along with a slight positive shift in the
(003) plane, indicating a shrinkage in the lattice size owing to
the difference in the size of Li and Na ions (see Figure S1). A
recent report by Stansby et al. suggests that the O3 phase is
stabilized by a high alkali site occupancy.”” Moreover, the
slightly increased O3 percentage with Li incorporation
corroborates the presence of Li in the alkali site. Compared
to NMC, NMC-L1 and NMC-L2 samples exhibit a reduced
lattice parameter ‘c’ and unit cell volume, further indicating the
shrinkage of the unit cell upon LiF addition. This confirms the
successful incorporation of Li and F ions into the sodium and
oxygen sites of NMC, respectively. The lattice parameters and
more detailed analyses are given in Table S2 of the Supporting
Information.

The shape and size of the cathode materials were analyzed
using TEM and FESEM techniques. The NMC material
exhibited agglomerated structures with a nonuniform size of

https://doi.org/10.1021/acsami.3c03386
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200—600 nm and hexagonal morphology, with the diagonal
length ranging from ~0.5 to 3 ym, and the images are shown
in Figure 2. Upon an increase in the O3 phase, for both

% 0.24 nm

=0.545 nm (003)
03

Figure 2. SEM, TEM, and HRTEM analyses of (A—C) NMC, (D—F)
NMC-L1, and (G—I) NCM-L2.

samples NMC-L1 and NMC-L2, the hexagonal morphology
became more uniform with a very smooth surface, and a
slightly increased diagonal length of ~0.6—3.5 um is noted.
The observed morphological features have been reported for a
few Li-integrated cathodes which result in an increased contact
area of the electrode—electrolyte interface.”** These features
inculcate faster Na* transport kinetics and improve the overall
cyclic stability and rate performance.”* The calculated
interlayer spacing value from the HRTEM analysis is d =
~0.240 nm, which corresponds to the (100) plane of P3 in all
the samples. Additionally, in the biphasic cathodes, lattice
fringes with the d-spacing value of 5.45 A, corresponding to the
(003) plane of the O3 phase, were observed (Figure 2I and
S2A).*" Moreover, the EDS mapping confirms the presence of
fluorine in the system. The F element composition deduced

from EDS is 0.054 and 0.087 in NMC-L1 and NMC-L2
samples, respectively. Further, the elemental mappings confirm
the uniform distribution of sodium, manganese, cobalt, oxygen,
and fluorine elements in the corresponding samples (Figures
S2 and S3).

The chemical states of the transition metals in the cathode
materials were characterized using the XPS analysis (Figures 3
and S4). In the Na s spectrum shown in Figure S4, the peak
evident at 1070 €V is from Na*. Both the pristine and NCM-
L1 cathodes display similar peaks of Co 2p and Mn 2p spectra.

The Co 2p spectra given in Figure 3B,D display peaks at
795.1 and 780 eV corresponding to Co 2p;/, and Co 2p;,,
confirming the presence of trivalent cobalt species.*”*” The
Mn 2p spectrum shows two major peaks at 642 and 654 eV
attributed to Mn 2P;,, and Mn 2p,,, which can be further
deconvoluted into four major peaks. The peaks located at
641.7 and 644 eV can be ascribed to Mn* and Mn*,
respectively, (Figure 3A,C).* The results are in accordance
with the previously reported layered oxide materials.”"*"
Additionally, the tetravalent-to-trivalent manganese ion ratio
(Mn*:Mn*") is found to be 0.62 and 1.06 in the pristine and
NMC-L1 samples. The high-spin Mn®" causes the Jahn—Teller
effect which can lead to structural deformation, thus reducing
the electrochemical performances. The Li incorporation has
led to increased Mn** content, which we believe alleviates the
Jahn—Teller effect and stabilizes the structures to improve the
cyclic stability and rate capability.**

The electrochemical performance of the NMC cathodes is
evaluated in a half-cell configuration. The CV curves of the
NMC and NMC-L1 samples obtained in the voltage window
1.5—4.3 V at a scan rate of 0.2 mV s™' are shown in Figure
4A,B. The CV profiles of samples displayed the Mn oxidation
and reduction peaks at lower voltage regions of 2 and 1.8 V,
respectively.49 Further, the sharp oxidation peaks observed at
3.4, 3.7, and 4.02 V and the reduction peaks at 3.34, 3.6, and
3.98 V can be ascribed to the Co>*/Co** redox couple.”® The
peak below the low voltage 2.0 V indicates that Mn*' is
activated after the Na insertion.”" In the pristine cathode, the
CV curve in the low-voltage region of 2.3—1.9 V shows
multiple peaks, which is absent in NMC-L1, and the observed
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Figure 3. XPS spectra of Mn 2p and Co 2p in (A, B) NMC and (C, D) NMC-LI cathodes, respectively.
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Figure S. GITT plots for (A) charge and (B) discharge. (C) Diffusion coefficients and (D) EIS.

peaks become sharper, indicating feasible sodiation and
desodiation.”® The consecutive cycles after the first cycle of
NMC-L1 displayed barely any change in the peak position,
illustrating higher stability and excellent reversibility. The CV
and GCD profiles of the NCM-L2 cathode are shown in Figure
SS. The galvanostatic charge—discharge curves of the pristine
and NCM-L1 cathodes for the first two cycles in the voltage
window 1.5—4.3 V are shown in Figure 4C,D, recorded at 0.1
C (1 C =136 mAh g'). The GCD curves mirror the features
observed in the CV profiles. It can be clearly elucidated that

the multiple-phase transformations are suppressed in the
NMC-L1 sample during discharge as it possesses only one
plateau in the lower voltage region, while the pristine sample
has two plateaus. The voltage profiles display two plateaus
corresponding to Co’**/Co* and Mn*"/Mn*" redox reactions,
respectively. The lower initial charge capacity given in the first
cycle was from Na* extraction from the cathode, when charged
to 4.3 V, solely to Co>*/** oxidation.

The pristine cathode demonstrates a high initial discharge
capacity of 152 mAhg™' at a 0.1 C (15 mA g™') rate, with
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simultaneous reduction of Mn*"/3* and Co*"/3" in the region
1.5—4.3 V vs Na.>” Similarly, slightly reduced capacities of 149
and 148 mAhg ™' are observed in the NMC-L1 and NMC-L2
cathodes, respectively. The slight drop in specific capacity may
be attributed to the incorporation of inactive Li* species.”
Though there is an initial drop in the capacity value, the overall
cyclic stability increased in LiF-incorporated cathodes. It is
noted that the NMC-L1 cathode is the optimized cathode due
to 85% capacity retention after 100 cycles with a high
Coulombic efficiency of 99% at 0.2C rate (Figure 4F), whereas
capacity retention of 74 and 58% was obtained for NMC-L2
and pristine cathodes, respectively. Recently, Guo et al
demonstrated a mixed P2—O3 cathode with Li doping for
1mproved capacity retention, cyclic stability, and high energy
density.”” The multistep plateau profile in the GCD curves of
cathodes is inevitable due to the usage of redox active
transition metals. Though, this phenomenon leads to structural
changes and capacity fade, the optimized cathode NMC-L1
possesses long cyclic stability and better rate performance,
making it a better candidate for general applications.”

The above results suggest that Li integration greatly
enhances the structural stability. Although the pristine cathode
possesses a slightly higher initial capacity, the noted larger
capacity fade in the pristine cathode can be attributed to the
structural instability and Jahn—Teller distortions associated
with the Mn>" ions. Further, the rate capability analysis was
performed for the cathodes with different current densities in
the 1.5—4.3 V range. The specific capacity values gradually
decrease with increasing scan rates due to the limitations of
diffusion kinetics of the electrode materials. Further, the rate
performance of the cathode was evaluated at different C rates,
and the results are shown in Figure 4E. The pristine NMC
cathode reveals a specific capacitance of 152, 141, 122, 107, 91,
and 59 mAh g™! at 0.1 (15), 0.2 (30), 0.5 (75), 1 (150), 2
(300), and SC (750 mA g™'). The NMC-L1 samples delivered
149, 129, 119, 110, 101, and 69 mAh g~', whereas the NMC-
L2 displayed 148, 127, 116, 104, 92, and 58 mAh g
capacitances at 0.1 (15), 0.2 (30), 0. 5(75), 1 (150), 2
(300), and SC (750 mA g') rates. At higher specific currents
(0.5-5C), the biphasic cathode NMC-L1 displays higher
specific capacities. These results clearly indicate that the
optimized LiF incorporation in pristine NMC cathode
enhances the rate capability at higher current densities.

The Na® transportation kinetics of the cathodes were
evaluated at an equilibrium state using the galvanostatic
intermittent titration technique (GITT), as shown in Figure
5A,B.>%** The cells were charged at 0.1 C rate for 10 min and
then allowed to be relaxed for 30 min for attaining an
equilibrium voltage. The experimental parameters and other
details are given in the Supporting Information. The calculated
diffusion coefficient (Dy,*) values are in the range of 107" to
107" for both P3(NMC) and P3/03 (NMC-L1) cathodes.

The Dy, values are slightly higher for the NMC-L1 sample
(1.35-2.13 >< 107" cm® s7' during charge and 2.84—1.63 X
107" cm?® s in discharge) compared to the pristine NMC
cathode (1.15—1.70 X 107" cm? s™! during charge and 2.16—
0.75 X 107 cm® s7' in discharge) during sodiation and
desodiation processes (Figure SC). A higher Dy, value
indicates faster sodium diffusion kinetics, leading to a better
rate capability in the NMC-L1 cathode. During the discharge
process, there was a reduction in the Dy, values in both
samples, indicating that the sluggish Na* diffusion can be
ascribed to the Jahn—Teller effect and increased Na"'—Na*

electrochemical interactions.”> However, it can be clearly
noted that the rapid dip in the Dy,* value of the pristine sample
is due to sluggish kinetics and the Jahn—Teller distortions,
which are alleviated in the case of LiF-integrated NMC-L1
cathode.

The CV curves of the as-synthesized cathodes obtained at
different scan rates from 0.2 to 1 mV s~ show increased peak
currents (Figure S6). The Na' kinetics is further analyzed
using the Randles—Sevcik equation i = a’ (log (i) = blog (v) +
log (a), where i is the current, v is the scan rate, and a and b are
empirical parameters, respectively). A b value closer to 1
represents a surface capacitance process, whereas a b value of
0.5 indicates a diffusion-controlled process. To evaluate the b
value, the CV curves of the half-cells were recorded at varying
scan rates, and logarithmic plots were constructed by plotting
the scan rate versus current. The obtained averaged b values
for different peaks are 0.85 and 0.93 for NMC and NMC-L1
samples, respectively. The obtained values are closer to 1,
suggesting a higher capacitance contribution involving rapid

* diffusion kinetics. Furthermore, the mechanism can be
dlstlngulshed from a surface- controlled or Faradaic intercala-
tion from the following equations >’

i=ky+ kzv

i/ = k' + k,

where k; and k, are constants, the k;v component is the
capacitance contribution, and k,v'/? represents the diffusion-
controlled mechanism. Figure S6 represents the bar diagram
distinguishing the pseudocapacitance and diffusion contribu-
tions with varying scan rates. For the NMC-L1 cathode, even
at the lower scan rate of 0.2 mV s!, the capacitance
contribution is very high, 75%. On further increasing the
scan rate to 1 mV s~/ the capacitance contribution increases to
87%, indicating the faster sodium transfer kinetics. The
diffusion of Na* into the bulk is the major bottleneck for
most of the conventional sodium cathodes, thereby leading to
poor rate performance. In the case of the NMC-L1 cathode,
the observed dominant surface capacitance enables shorter
diffusion paths resulting in facilitated sodiation and desodia-
tion. Additionally, the EIS studies performed in the frequency
range between 0.1 Hz and 100 kHz illustrate the lower
impedance for the NMC-L1 sample compared to Li-free P3-
NMC with a lower charge-transfer resistance, indicating better
Na* diffusion kinetics (Figure SD). In the Nyquist plots, the
radius of the semicircle can be considered as the charge-
transfer resistance (R), and the R, values are determined as
825, 380, and 620 Ohms for NMC, NMC-L1, and NMC-L2
cathodes, respectively, indicating higher conductivity in LiF-
incorporated cathodes. Warburg impedance that appears as a
diagonal line in the Nyquist plot represents the diffusion
behavior, and from Figure 5D, the improved Warburg
impedance can be observed in the sample NMC-L1. These
results suggest that LiF integration can promote the Na®
kinetics in the biphasic cathode and consequently improve
the electrochemical properties of the cathodes.

Additionally, the excellent structural stabilization by LiF
incorporation in the NMC-L1 cathode is further corroborated
by the coexistence of P3/0O3 phases after 100 cycles at 0.1 C
using ex situ X-ray diffraction analysis, Figure S7. The LiF
integration helps in improving the morphological features for
better electrolyte—electrode interactions. The Jahn—Teller
effect has been alleviated to some extent by Li incorporation.
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Besides the Jahn—Teller effect, the layered oxide cathodes
suffer from capacity fading and voltage drop at high charging
voltages as the lattice oxygen escapes due to the anionic redox
reaction.”® The F ion aided in stronger TM—O(F) bonds,
which resulted in the structural stabilization of the cathodes. In
this regard, replacement of O~ ions with F~ ions is found to
improve the cycle life of both Li- and Na-ion batteries.”” The
incorporation of more electronegative F~ ions results in the
formation of stronger TM—F bond which significantly reduces
the electrostatic repulsion between the oxygen layers.’”
Consequently, the gliding of TMO, layers can be restricted
such that the layered oxide cathodes could achieve improved
structural stability and cyclic performance even at high
charging voltages. The cathode with 7% Li incorporation
displayed excellent Na storage ability with improved cyclic
stability and rate performance. However, with an increase in
the Li concentration to 13% in NMC-L2, there is a reduction
in capacity value, though it displayed good stability. The noted
slightly declined performance relative to the NCM-L1 sample
may be attributed to the increased O3 phase and the relatively
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higher charge-transfer resistance, as evident from the EIS
studies.”’

Low-Temperature Performance. The majority of the
stable P-type, O-type, or biphasic cathodes are well studied for
SIBs at room temperatures, but there are few reports on low-
temperature applications.”’ Additionally, after 200 cycles of
charge—discharge at 0.2 C (30 mA g ') for the cathodes at
room temperature, a capacity retention of 73.18% is observed
for NMC-L1, which is far superior to that of NMC (27.53%),
as shown in Figure S8A. Further, at subzero temperature, the
cyclic stability of NMC-L1 was better than that of pristine
cathode at 0.5 C (75 mA g') rate (Figure S8B).

Hence, we studied the best-performing P3/03 NMC-L1
cathode and evaluated its performance at a subzero temper-
ature of —20 °C. The GCD curves of the cathode are
presented in the inset of Figure 6A, and the specific capacity
values are found to be 97, 85, 63, 48, and 32 mAhg ™" at C rates
of 0.1 (15), 0.2 (30), 0.5 (75), 1 (150), and 2 (300 mA g~ '),
respectively. The capacity value at 0.1 C (15 mA g™') is ~65%
of that of the room-temperature value, and the observed
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capacity retention values are comparable to few layered oxide
cathodes reported previously (Figure S8C and Table S3).
Further, the cathode possesses superior long-term cycling
stability, as shown in Figure 6A, even after 100 cycles at 0.1 C
(15 mA g™'), with excellent retention, of 94% of the initial
capacity and nearly 99% Coulombic efficiency. Additionally,
the rate studies were examined at various current rates, and the
cathode delivered reversible discharge capacities, elucidating
better rate capability than that at room temperature, as
depicted in Figure 6B.

Further, a full cell was constructed to check the extreme
temperature performance with an optimized NMC-L1 cathode
and a hard carbon anode (without presodiation for practical
applications) using 1 M NaPFy in PC as the electrolyte, as
shown in Figure 7A.°* Prior to the full cell assembly, the hard
carbon Na-ion storage properties are measured at room
temperature at 20 mA g~ current density, showing a capacity
of 183 mAh ¢! in the second discharge cycle (Figure S9). It is
noted that the full cell delivered an initial discharge capacity of
45 mAh g~ (specific energy of 151.48 Wh kg™'), with ~94%
retention after 35 cycles at room temperature, calculated based
on the cathode mass, as shown in Figure 7B. The full cell
capacity was recorded at different current rates, 0.5 C (75 mA
g™') and 1 C (150 mA g™'), where discharge capacities of
30.26 mAh g™ and 24.02 mAh g™ are obtained (Figure 7C).
Further, the NMC-L1IIHC full cell was operated at a subzero
temperature of —20 °C. The full cell delivered an initial
capacity of 13.54 mAh g™' at 0.1 C (15 mA g™') rate with the
capacity retention of 92% after 30 cycles and excellent
Coulombic efficiency of 99.5%, as depicted in Figure 7D.

Additionally, the full cell performance was recorded at 0.1 C
(15 mA g_l) at various temperatures ranging from — 20 to +50
°C, and excellent capacity retention was noted at different
temperatures (Figure S10). The initial capacity was regained
during the transition from low temperature (—20 °C) to room
temperature (25 °C). At a high temperature (50 °C), the
capacity slightly improved with very good cycling stability,
demonstrating excellent cyclic stabilities of the full cell at a
wider temperature range of —20 to 50 °C.

Bl CONCLUSIONS

To summarize, a stable P3/03 biphasic sodium-layered oxide
cathode was developed through a facile LiF incorporation
strategy for applications at low temperatures. The optimized
cathode displayed excellent sodium storage capabilities at both
room temperature and subzero temperatures. It delivered an
initial capacity of 148 mAh g ' at 0.1 C (15 mA ¢™') and good
cyclic stability with 85% retention in capacity at 0.2 C (30 mA
g~') rate after 100 cycles within a potential window of 1.5—4.3
V. The incorporation of LiF improved the performance by
alleviating the Jahn—Teller effect through Li, and the presence
of fluorine atoms resulted in more stable TM—O(F) bonds.
The cathode material displayed excellent structural stability
with a well-matched crystal structure after cyclic stability.
Majority of the layered oxide cathodes or their composites are
reported for SIB applications at room temperature but seldom
studied at low temperatures. Even at low temperatures, the
capacity retention was 94% of the initial capacity. Further, a
full cell comprising a hard carbon anode and a biphasic
cathode with 1 M NaPF; electrolyte displayed excellent cyclic
stabilities at a wider temperature range of —20 to 50 °C (with
the energy density of 15148 Wh kg™') due to enhanced

structural stability, alleviated Jahn—Teller distortions, and

rapid Na* kinetics facilitating Na* motion at various temper-
atures in SIBs. This strategy to engineer multiphasic cathodes
will enable the exploration of new materials to push the
boarders toward ultralow-temperature SIB applications.
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