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Unraveling diffusion kinetics of honeycomb structured Na,;Ni,TeOg as a high-potential
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In search of the potential cathode materials for sodium-ion batteries and to understand the
diffusion kinetics, we report the detailed analysis of electrochemical investigation of honeycomb
structured NasNiTeOg material using cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS), galvanostatic charge-discharge (GCD) and galvanostatic intermittent titration tech-
nique (GITT). We found the discharge capacities of 82 and 77 mAhg™! at 0.05 C and 0.1 C current
rates, respectively, and the mid-working potential of 3.9 V at 1 C and high capacity retention
of 80% after 500 cycles at 0.5 C as well as excellent rate capability. The analysis of CV data at
different scan rates reveals the pseudo-capacitive mechanism of sodium-ion storage. Interestingly,
the in-situ EIS measurements show a systematic change in the charge-transfer resistance at dif-
ferent charge/discharge stages as well as after different number of cycles. The diffusion coefficient
extracted using CV, EIS and GITT lies mainly in the range of 107'° to 1072 cm?s™' and the
de-insertion/insertion of Na'-ion concentration during electrochemical cycling is consistent with
the ratio of Ni** /Ni®*T valence state determined by photoemission study. Moreover, the post-cyclic
results of retrieved active material show very stable structure and morphology even after various
charge-discharge cycles. Our detailed electrochemical investigation and diffusion kinetics studies
establish the material as a high working potential and long life electrode for sodium-ion batteries.

I. INTRODUCTION

Since last three decades, rechargeable lithium-ion bat-
teries (LIBs) have been widely used as an efficient power
source for portable devices [IH3]. The high energy/power
density of LIBs also steered their applications toward
electric vehicles and grid scale energy storage systems.
However, the ever-growing dependence on the portable
devices in online world, increasing requirement of elec-
tric vehicles to keep the environment pollution free, as
well as limited and non-uniform geographical distribu-
tion of lithium are the main reasons of high cost of LIBs
[4]. These factors raise a global call to find an alter-
native cost-effective solution for modern/common soci-
ety. In this direction, sodium-ion batteries (SIB) hav-
ing similar electro-chemistry attracted considerable at-
tention due to the low cost as sodium is fifth most abun-
dant element in the earth’s crust, which may also solve
the future geo-political issues related to lithium distribu-
tion [BHE]. In recent years a significant research is be-
ing carried out to develop electrode materials of SIBs
and achieve the electrochemical performance (specially
energy /power density) comparable to the LIB technol-
ogy [S8HII]. However, there are many challenges in the
SIBs for practical applications due to larger ionic ra-
dius of Na-ion (1.02 A for Nat vs. 0.76 A for Lit),
which usually results in sluggish reaction kinetics and af-
fect the energy storage capacity, rate capability, and cy-
cling stability [I2]. Therefore, it is imperative to develop

*

rsdhaka@physics.iitd.ac.in

suitable electrode materials with large interlayer spacing
for efficient Na™ storage and reversible intercalation/de-
intercalation process [I3]. In fact, many oxide materials
have been explored as electrodes for SIBs including lay-
ered and polyanionic structures having high theoretical
capacity and high operating potential, respectively [14-
I7). In order to improve the electrochemical performance
of SIBs for practical use in energy storage devices, one
should focus on to achieve high specific capacity and high
potential simultaneously.

In this context, some layered honeycomb-ordered com-
pounds Na, My M Og (x = 2, 3; M = Co, Ni, Zn, Mg, Fe;
M’ = Sb, Te, Bi) have thrust into the limelight as poten-
tial cathode materials for sodium-ion batteries because of
their significant sodium conductivity, excellent chemical
stability as well as relatively high capacity and operating
potential [I8430]. The honeycomb structure consists of
alternative slabs of edge shared MOg and M’'QOg octa-
hedra forming (M M'Og)*~ - layers with intervening Na-
layers. Moreover, the weak interlayer bonding creates va-
cancies in (M M’'Qg)?~ slabs, providing ease diffusion of
Na-ions within the layers. Interestingly, the NagNisSbOg
cathode, having Ni?* /Sb5T ordering, exhibits a discharge
capacity of 110 mAh g=! at 1 C and around 90 mAh g—!
at very high rate of 30 C with good retention and sta-
bility [I9]. Further, the Zn doped Na3zNizSbOg delivers
the specific capacity (=115 mAh g=! when discharge at
0.1 C) as well as stability, and an average potential of
around 3.3 V along a low polarisation as compared to
the un-doped cathode [23]. The effect of Mgt substi-
tution at Ni site in NagNisSbOg was found to suppress
the P3-O1 phase transition and reduce volume expan-
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sion during sodium intercalation/de-intercalation process
[24]. Also, the Mg?T being slightly larger than Ni*t,
the lattice parameters found to increase, which help in
smoother sodium diffusion and improved kinetics result-
ing in better electrochemical performance at optimized
Mg concentration [24]. Moreover, Yang et al. replaced
one Ni with two sodium to increase its content, which
shows the capacity of around 111 mAh g=! at 0.1 C and
the working potential above 3.5 V due to inductive effect
[31]. Also, the high ionic conductivity of NasMgsTeOg at
room temperature makes it suitable for solid electrolyte
in all solid-state batteries [26]. A top-down synthesis ap-
proach was used to optimize the particle size/shape of
NagNiyBiOg cathode for higher potential and better per-
formance [2I]. Wang et al. studied the electrochemical
performance of NagNij 5My5BiOg (M = Ni, Cu, Mg,
Zn) with the substitution of divalent elements at Ni site,
and found that the NagNi;BiOg composition shows bet-
ter stability as well as rate capability [20]. This Ni based
electrode exhibits a discharge capacity of 106 mAh g—*
at 0.05 C, which was found to be very close to its the-
oretical capacity [25]. In another case, the 0’3 phase
of NagNiySbOg delivers the specific capacity of around
120 mAh g=! at 0.1 C along the high voltage and low
polarization [30]. A very recent review article provides
detailed insights of physical/chemical properties of lay-
ered honeycomb compounds along the discussion about
important factors for various applications [32].

Interestingly, the NayNisTeOg compound having
Ni%*+ /Te®* ordering shows significantly high ionic con-
ductivity and are considered as one of the high-voltage
cathodes for SIBs [27]. In 2013, Gupta et al. first tested
the electrochemical performance of NayNiyTeOg cath-
ode and observe the capacity of around 90 mAh g=! at
0.05 C with high rate capability. Further, photoemis-
sion spectroscopy was used to confirm the valence state
and amount of Na extraction corresponding to the ob-
served voltage plateaus [27]. In fact, a lithium counter-
part was reported to show higher voltage over 4 V due
to the strong Te—O covalent bonding as well as induc-
tive effect in more electronegative (TeOg)~% anion [33].
Recently, Bera et al. have reported increasing trend in
the Na-ion conduction with temperature (0.03 S m~! at
423 K) and its pathways in the honeycomb structured
NasNis TeOg, which make this material suitable as cath-
ode for SIBs [34]. The sodium rich cathodes as well as
effect of Co substitution at Ni site were also investigated
in refs. [28, 29] B1]. However, detailed analysis of electro-
chemical investigation to understand the diffusion kinet-
ics and long stability tests are still need to be explored
for NasNisTeOg cathode in SIBs.

Therefore, in this paper we investigate the electro-
chemical performance and diffusion kinetics of hon-
eycomb structured NagNiyTeOg (NNTO) material for
sodium ion batteries using cyclic voltammogram (CV),
electrochemical impedance spectroscopy (EIS), galvanos-
tatic charge-discharge (GCD) and galvanostatic intermit-
tent titration technique (GITT). Intriguingly, we found

the discharge capacities of 82 and 77 mAhg~! at 0.05 C
and 0.1 C current densities, respectively. The mid-
working potential of around 3.9 V and high capacity re-
tention of 80% after 500 cycles at 0.5 C as well as ex-
cellent rate capability of NasNisTeOg at various current
rates demonstrate its potential as a stable cathode ma-
terial for sodium-ion batteries. The cyclic voltammetry
at different scan rates indicate both diffusion and capac-
itive controlled mechanism of charge storage. Also, us-
ing in-situ EIS we observe a systematic change in the
charge-transfer resistance at different charge/discharge
stages as well as after different number of cycles. More
importantly, the diffusion kinetics study using CV, EIS
as well as GITT analysis showed the value of diffusion
coefficient mainly in the range of 10719 to 107!2 cm?
s~! depending on the experimental parameters like volt-
age. Understanding the change in structure and mor-
phology of active material in electrode is crucial and we
found NayNiyTeOg very stable using ex-situ XRD and
FE-SEM measurements after >500 charge-discharge cy-
cles. The notable outcome of our detailed analysis to
unravel the diffusion kinetics demonstrate the potential
of this material as a high potential and stable electrode
for sodium-ion batteries.

II. EXPERIMENTAL

The honeycomb NasNisTeOg layered material was syn-
thesized in single phase using solid state route. We use
starting materials NagCOs, NiO, and TeOy (all with
99.99% purity) in stoichiometric ratio and heated the
mixture at 950°C in air for 72 h. The detailed proce-
dure and other characterization are given in ref. [34].
Before using the materials for battery applications, the
phase purity of prepared powder was re-checked by X-ray
diffractometer (Panalytical Xpert3) with CuKa radiation
(1.5406 A) at the scan rate of 2°/min in 26 range of 10
to 90°. The Rietveld refinement of XRD patterns were
performed through Fullprof software for general crystal
structure analysis. The morphology of prepared powder
and electrodes after charge-discharge cycles was studied
by field emission electron microscopy (FESEM). The gold
coating was done on electrodes for conductivity before
collecting FE-SEM data. The high resolution transmis-
sion electron microscopy (HR-TEM) measurements were
conducted with Tecnai G2-20 system and analyzed us-
ing Image-J software. The ex-situ XRD pattern at dif-
ferent charged/discharged states were analyzed to eluci-
date the reversibility and stability of the material dur-
ing electrochemical test. The Raman measurement was
carried out with Renishaw invia confocal Raman micro-
scope using 2400 lines/mm grating and 532 nm Argon
laser with 1 mW power on the sample. The core-level
spectra were recorded with an x-ray photoelectron spec-
trometer, PHI 5000 VersaProbe III using Al Ko (hv =
1486.6 €V) monochromatic x-ray source.

For the electrode preparation, we first prepare slurry



by taking NasNisTeOg as active material, carbon black
as conducting source and polyvinylidene fluoride (PVDF)
as binder in the ratio of 70:20:10 (by weight) and mixed in
N-methyl-2 pyrrolidone (NMP) solvent. The slurry was
casted (20 pm thick) on Al foil using doctor blade method
and dried first in air for 12 h, then in vacuum at 120°C for
8 h. The active material weight was taken around 2 mg
cm~? in each cathode. We use 1M NaPFg electrolyte dis-
solved in EC and DEC (50:50 by volume), sodium metal
foil as a reference electrode, glass fibre (GB100R) separa-
tor and 12 mm diameter of active electrode to fabricate
CR2032 type coin cells inside the Argon gas-filled glove
box (UniLab Pro SP from MBraun, Germany) having
02 /H50 level <0.1 ppm. The CV at different scan rates,
EIS, GCD at various current rates and GITT measure-
ments were performed using a Biologic VMP-3 system. A
frequency range between 10 mHZ to 100 kHz is used for
EIS measurement with a maximum voltage of 10 mV. For
long cycling, a Neware battery cycler (BTS400) was used
to collect GCD in the voltage range of 3.0-4.45 V. All the
measurements were done at room temperature. The gal-
vanostatic intermittent titration technique (GITT) mea-
surements were performed with a current density of 0.1 C,
where 5 min of current pulse was applied to the electrode
followed by an open circuit relaxation of 30 min.

III. RESULTS AND DISCUSSION
A. Structural and morphological characterization:

In Fig. 1(a), we show the x-ray diffraction (XRD)
pattern of prepared NaoNisTeOg material with the Ri-
etveld refinement profiles and Bragg’s positions. The re-
finement confirms the hexagonal layered P2-type crys-
tal structure (space group: P63/mcm) having a = b =
5.202 A, ¢ =11.138 A and V = 261.02 A3, other details
and parameters are reported in ref. [34]. In the inset of
Fig. 1(b) we present the hexagonal crystal structure of
NayNiyTeOg using VESTA software. The Raman spec-
trum between 100 to 800 cm ™! wavenumbers is shown in
Fig. 1(b), which shows the symmetric stretching modes
of TeOg octahedra at 677 and 601 cm~'. The bend-
ing modes of TeOg octahedra are centered at 481, 507,
651 and 665 cm~!'. The modes in the far-infrared re-
gion, i.e., 263 and 150 cm~! are due to streching of Na—
O bond. The Raman shift of 560, 593 and 640 cm™!
count the stretching vibrational modes of O-Ni—O bonds
in NiOg octahedra [35]. Further, we checked the mor-
phology and particles size of prepared powder sample
by FE-SEM, as depicted in Fig. 1(c). We observe uni-
form distribution of uneven shaped particles of 3-5 pm
size, which is expected for samples prepared by solid-
state reaction. Interestingly, the high magnification im-
age in the inset of Fig. 1(c) reveals the layered struc-
ture of the material. The layered morphology of the
materials would be very useful for electrolyte penetra-
tion, which also helps easy migration of Na-ions during
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FIG. 1. Characterization of as-prepared NasNizTeOg powder
at room temperature. (a) The XRD pattern (black circles),
the Rietveld refinement (red) and residual of fitting (blue) and
Bragg’s position (vertical green bars). (b) The Raman spec-
trum observed (black circles) and fitted (red line) along with
the de-convoluted peaks corresponding to different modes. In-
set in (b) shows the crystal structure where the Te, Ni and
O atoms are represented by green, blue and red colors. The
Na atoms at three crystallographically different sites are pre-
sented with cyan (Nal), pink (Na2) and yellow (Na3) color
balls. (¢) The FE-SEM image of same powder and the magni-
fied view of a single particle in inset. (d) The HR-TEM image
showing the layered morphology, (e) the SEAD pattern, (f)
and (g) the HR-TEM images showing the interlayer spacing
with corresponding indexed planes.

electrochemical reaction. Moreover, the HR-TEM image
in Fig. 1(d) shows the ridges in the electrode material
and the SAED patterns with bright diffraction spots is
shown Fig. 1(e), which represents the respective planes
and well crystalline behaviour of NayNiyTeOg material.
The HR-TEM images in Figs. 1(f) and (g) depict clear
two-dimensional fringes with interlayer distance of 0.24,



0.35 and 0.45 nm between different crystal planes [cor-
responding to (112/104), (102), (100), respectively] of
NayNis TeOg, which are greater than that of the ionic ra-
dius of Na™ active ions and therefore expected to provide
smooth intercalation/de-intercalation process.

B. Cyeclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) investigation:

In order to understand the sodium insertion and ex-
traction mechanism we first perform CV measurements
in the half-cell configuration against Na/Na* in the volt-
age window of 2.0-4.5 V. Fig. 2(a) shows three cycles of
CV at a scan rate of 0.05 mV s~!, which indicate mul-
tiple redox peaks at different voltages above 3 V [28§].
The main oxidation peaks in the first cycle at around
3.78, 3.96, 4.3 V and the corresponding reduction peaks
at around 3.52, 3.66, 3.94 are observed due to the multi-
electron redox reaction associated with Ni?* to Ni** cou-
ple 29, [36]. Grundish et al. found that the electrochem-
ical reactivity in NagNi; 5TeOg cathode is mainly due to
the Ni?t/3% redox couple as well as small contribution
from Ni**+/4+ [29]. The splitting in some of the oxida-
tion/reduction peaks observed in the CV curves mani-
fests the presence of different sodium ion disordering in
the layered structure [36l 37, 6I]. The appearance of
the minor redox peaks can be attributed to the phase
transformations during Na™ (de)intercalation reactions
[38]. In the honeycomb layered oxides, the multiple phase
transitions have been reported in the voltage profile due
to the Na ordering and transition metal gliding [32, [37].
The electrochemical Na insertion/extraction leads to the
gliding of the honeycomb slabs, also called inter-slab glid-
ing, which brings changes in the crystal structure upon
cycling as Na atoms rearrange their occupying positions
to prevent the structure collapse. These phase transitions
lead to the appearance of the staircase like voltage pro-
files and is often described as the Devil’s staircase [32)].
It is interesting to note that all the major anodic and
cathodic peaks observed in CV are consistent with the
voltage plateaus present in the galvanostatic charge dis-
charge (GCD) profiles measured at 0.05 C current rate
in the voltage range of 3-4.45 V, as shown in Fig. 2(b)
for 10 cycles, which are as expected for materials hav-
ing P2-type framework. We observe high reversibility
in the GCD characteristics (except first charge) of the
NasNipy TeOg cathode material and it shows a maximum
discharge capacity of 82 mAh g—!, which retained around
77 mAh g=! upto 10th cycle. The multi plateau volt-
age vs time profile for 0.05 C current rate is depicted in
Fig. 2(c). This stair case like feature of the profile signi-
fies electrochemically-driven phase transition and multi-
ple plateau also suggests a complicated phase transition
[28, BY] in NayNisTeOg cathode at low current rate, as
also clearly visible in Fig. 2(c).

To differentiate the double phase and single-phase re-
actions in NayNiaTeOg cathode [29], we plot in Fig. 2(d)
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FIG. 2. The electrochemical characterisations of NasNisTeOg
cathode. (a) The cyclic voltammetry at 0.05 mVs™* for 3 cy-
cles depicting the redox peaks in a voltage window between 2—
4.5V, (b) the galvanostatic charge-dicharge profiles at 0.05 C
for first 10 cycles, (c) the voltage versus time curve showing
multiple plateaus for phase transitions at particular voltages,
(d) the voltage versus composition curve during 4*" cycle for
both charging and discharging at 0.05 and 0.1 C current rates.

the voltage-composition curves at the scan rates of 0.05 C
and 0.1 C. According to the profile at 0.05 C, extraction
of 0.67 of Na™ ions occur with a sequential phase transi-
tions at 3.64, 3.76, 3.91, 3.95 and 4.13 V, generating an
ordered phase of Naj 33NisTeOg. This process refrains
the mixing of transition metal ions with the vacant Na™
site and facilitates the oxidation of 1/3 Ni?* to Ni3T per
formula unit (Z = 2). It was shown that the main contri-
bution in electrochemical characteristics comes from the
redox of Ni only as Te does not take part in the reaction.
The inactiveness of Te in the electrochemical process is
due to the fully filled d—orbitals of Tef*, as a result the
hybridization occurs mainly between oxygen and the Ni
atoms [27], [40]. Therefore, the double phase NasNisTeOg
- Naq 33NizTeOg attributes Nat /vacancy ordering during
charging from 3.5 V to 4.13 V. The plateau at 4.25 V ac-
companies 0.8 of Na™t extraction forming a final product
of Naj oNiysTeOg at this voltage. There is a de-insertion
of 1.2 of Na' ion concentration at the end of charge
(4.45 V) forming Nag gNizTeOg, which contains 0.8 Ni+
and 1.2 Ni**. This phase may involve a solid-solution
phase regime owing to the formation of SEI layer. This
regime does not support the formation of any ordered
phase like Naj 33NipTeOg [27), [41]. The discharge curve
of NasNisTeOg exhibits 4 plateaus at 3.54, 3.64, 3.8 and
4.07 V. An initial Na™ insertion shows a sloppy feature
(s-shaped) in the voltage window of 4 V to 3.64 V, indi-
cating the formation of solid-solution regime, which may
be stemmed due to the disordered phase of NasNisTeOg
cathode material upon insertion of Nat. This trend also
matches with CV profile, which shows relatively broad
peaks at 3.94 and 3.84 V causing due to solid-solution
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FIG. 3. The galvanostatic charge—dicharge profiles of NasNiaTeOg cathode in a voltage window of 3-4.45 V (a) at different
current rates, (b) at 0.1 C current rate upto 320 cycles, (c¢) at 0.5 C current rate upto 500 cycles. (d) The rate capability
behavior along the Coulambic efficiency for total 60 cycles at different current rates. (e) The specific capacity and Coulambic
efficiency for the long cycling performance test at 0.1 C and 0.5 C rates upto 321 and 500 cycles, respectively.

state. There is a phase transition at 3.64 V involving the
insertion of 0.42 Na™ in the host structure. This feature
attributes a quite sharp redox peak at 3.66 V than other
cathodic peaks in CV. The repeated profile with similar
redox plateaus/peaks in charge-discharge and CV char-
acteristics show the stability of this cathode material for
sodium-ion batteries [27], 41]. The multi-plateau voltage
profile can be supported by cyclic voltammetry profile
recorded at scan rate of 0.05 mV s~!, defining high re-
versibility of Nas;Ni;TeOg cathode material.

In Fig. 3(a) we show the galvanostatic charge-discharge
profiles at different current rates, exhibiting maximum
capacity at the corresponding C-rates. These results
demonstrate the average mid-working potential variation
with different C-rates from 3.78-3.93 V, which classify
NayNiy TeOg as a high-voltage cathode material for SIBs.
The rate capability at different current rates is presented
in Fig. 3(d). The capacity is decreasing with increasing
current rates (from 0.05 to 1 C) due to rate diffusion phe-
nomenon of the material. However, we observe around
40 mAh g~! capacity and 3.93 V mid-working potential
even at 1 C current rate. The high working potential
is due to the inductive effect of TeOg octahedra owing

to strong covalent nature of Te-O bond, which indicate
the applicability of NasNiy;TeOg material in high power
applications [27, BI]. Finally to check the reversibility of
electrode, we test again at 0.05 C rate, which shows the
capacity similar to the initial value and confirm the high
reversibility of this cathode material. In the rate capa-
bility test, we observe nearly 100% Coulombic efficiency
throughout depicting its stability at high current rates.
Moreover, to check the capacity retention with long cy-
cling we measured the GCD characteristics at 0.1 C and
0.5 C as shown in Figs. 3(b) and (c), respectively. In-
terestingly, we found the material highly stable with a
significant capacity retention of 80% after 500 cycles at
0.5 C and about 65% after 320 cycles at 0.1 C maintain-
ing nearly 100% Coulombic efficiency in both the cases, as
presented in Fig. 3(e). The data presented in Figs. 3(c, e)
are performed on the same cell which was already tested
for 60 cycles at different C values in Fig. 3(d). The stabil-
ity here is found to be better than NayNiTeOg electrode,
which shows 80% retention in 100 cycles at the same cur-
rent rate [3I]. In fact, there is significant capacity fading
within 100 cycles for NagNi; 5TeOg electrode when cy-
cled at low current rate [29).
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C. Analysis of cyclic voltammetry:

The reduction/oxidation characteristics, phase trans-
formations and diffusion coefficient of NagNisTeOg elec-
trode reaction have been investigated by the CV mea-
surements against Na/Na® in half-cell configuration.
Fig. 4(a) shows the CV curves (3rd cycle) at different
scan rates from 0.05-0.3 mV s~! in a voltage range of 2
4.5 V. We can clearly observe the disappearance of some
initial anodic peaks at higher scan rates of 0.2 and 0.3 mV
s~! which indicates absence of some redox reactions due
to lack of time for their completion. Furthermore, the
anodic peak gradually shifts to higher potential and the
respective cathodic peaks move towards lower potential
as the scan rate increases, depicting some irreversibility
features of cathode material due to the faster rate kinet-
ics of the species [42]. For further analysis, in Fig. 4(b)
we plot the peak current i, versus square root of scan

rate (V%) for three anodic and cathodic couples, marked
by (A1, Az, A3) and (Cq, Cy, Cs), respectively. In order
to calculate the sodium ion diffusion coefficient values,
the relationship between i, vs. v? is described by the
Randles-Sevcik equation for the diffusion controlled elec-
trochemical reaction [43], as described below:

ip = (2.69 x 10°)AD*Cn?v3, (1)
here i, is the peak current (mA), A is the area of the
electrode (1.13 ecm?), C is the bulk concentration of the
Na ions in the electrode (0.0014 mol cm™=2), n is the no
of the electrons transferred in an electrochemical reaction
(1.2), v is the scan rate (mV s~!) and D is the diffusion
coefficient of the sodium ions in the cathode (cm? s~1).

-1,
scan rate (mVs ) ent scan rates.

The slope of a linear fit to the plots of 7, vs. v? has been
used to calculate the D values for different peaks. The
estimated values of D for different cathodic and anodic

peaks varies in the range of 2x1071% to 5x107!2 cm?s~ 1.

Further, using the CV at different scan rates, the dif-
ference between the diffusion and surface-controlled reac-
tions can be obtained with the assumption that current
obeys power law relationship as written below [44]:

(2)

here ¢ is the current, v is the scan rate, a and b are
the parameters, where b is calculated from the slope of
the linear plot of log i vs log v, as shown in the inset
of Fig. 4(b) for the anodic and cathodic peaks. The
value of b is crucial here, as b = 0.5 corresponds to the
diffusion controlled reaction and b = 1 corresponds to
the capacitive (surface controlled) reaction mechanism,
whereas the b values in between 0.5 and 1, imply for
the pseudo-capacitive behavior for the sodium ion stor-
age [45]. The obtained b values for Ay, Ay, Az, Cq, Co
and C3 peaks are as 0.81, 0.89, 0.62, 0.76, 0.5 and 0.56,
respectively. These results affirm the mixed behavior of
NasNipTeOg, i.e. both diffusion controlled and pseudo-
capacitive mechanisms exist in the storage process. No-
tably, this type of mixed behavior provides efficient Na*t
storage in the host structure, resulting high capacity re-
tention during long cycling.

It is important to quantify the diffusion controlled and
capacitive controlled charge storage contributions at a
fixed voltage. In this regard the response current can be
expressed as a contributions from both the capacitive and
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The variation of impedance parameter, Rq: values extracted by fitting the EIS data in (e) during cycling.

diffusive process of the material, as given below [46] [47]:

Z(V) = kv + k‘gl/l/Q, (3)

here kv and kov'/2? correspond to the capacitive and
diffusion-controlled contribution, respectively. The lin-
ear relation between i(V)/v'/2 and v'/2 gives the slope
k1 and intercept ko at each voltage. A capacitive con-
tributed area of 38% is shaded in the CV curve at 0.1
mV s~! scan rate in Fig. 4(c) for better representation
of distribution pattern of total current. In Fig. 4(d) we
show the extracted contribution of the capacitive and dif-
fusion behavior in percentage ratio for the NaysNisTeOg
electrode reaction at different scan rates. The diffusion
current contributes 68% of the total current at 0.05 mV
s~! scan rate, whereas this contribution decreases gradu-
ally to 62%, 57% and 53% in case of 0.1, 0.2 and 0.3 mV
s™1, respectively. This percentage of diffusion-controlled
process follows a decreasing trend from lower to higher
scan rates, which affirms the occurrence of more surface-
controlled process at higher scan rates [48]. These results
suggest that the layered structure of NasNiyTeOg cath-
ode material provides more active surface area and open
diffusion path for sodium ions in the square shaped space
between four oxide ions, which attributes for surface con-
trolled reaction with pseudo-capacitive nature [59].

D. In-situ electrochemical impedance spectroscopy:

Now we present the in-situ electrochemical impedance
spectroscopy (EIS) measurements to determine the ef-
fect of charge-discharge voltage and cycling on the charge
transfer resistance as well as on sodium-ion diffusion in
NayNiy TeOg electrode. Figs. 5 (a, b) show the EIS curves
recorded at open circuit voltage (OCV) and at different
charge/discharge potentials, as marked in Fig.  5(d).
The EIS measurements at different number of cycles and
OCV are compared in Fig. 5(e) with the corresponding
equivalent circuit in the inset. Here the impedance spec-
tra include a semi-circle in the high-mid frequency zone
representing the charge transfer resistance (R¢;) and a
low frequency step inclined line to depict the bulk diffu-
sion of Na-ions in the NasNis TeOg cathode material. The
overall impedance of NayNiyTeOg cathode vs. NaT /Na
decreases with the increase in charging potential, and
impedance again increases with decreasing potential dur-
ing discharging, as clearly visible in Figs. 5(a, b). In
case of charging, the decreasing trend of R at higher
voltages implies more reactions between electrode and
electrolyte and providing greater surface stability during
de-sodiation [60]. Owing to this stable structure, this
cathode exhibits significant capacity retention, as shown
in Fig. 3, by reversible accommodation of Na™t ions dur-
ing discharge. Furthermore, the dominance of electron



transfer reaction over the de-sodiation of Na®™ may de-
crease the R.; value at higher charging potentials, i.e.,
at 3.8 V and 4.45 V [49]. This phenomenon results due
to the oxidative decomposition of as-formed SEI layer,
which gradually conducts electron during de-sodiation
at higher voltages. In Fig. 5(b) the gradual increase in
impedance value (R.) during discharging from 4.1 to 3V
is clearly visible. The de-sodiation process involves for-
mation of insulating and thicker SEI layer associated with
progressive volume change. Therefore, the R increases
at lower potentials during discharge due to the blocking
effect of SEI layer, which results in high kinetic barrier
for the infiltration of Na™ ions through the SEI layer. In
the discharge process, there is a gradual movement of the
sloppy line in the low frequency region towards the real
axis and at 3.5 V it becomes straight resulting the low
frequency tail closer to real axis. This type of behavior
clearly indicates the violation of semi-infinite diffusion
theory due to the sluggish mass diffusion condition.

Moreoevr, to understand the diffusion kinetics at dif-
ferent charge states we extract the diffusion coefficient of
Na™ using the equation below [52] [53]:

D =1/2[(R x T)/AF*n*Co)? (4)

here the related parameters are R (gas constant), T' (ab-
solute temperature), A (area of the electrode), n (number
of electrons), F' (Faraday’s constant), and C' (concentra-
tion of Na™), respectively. Also, the Warburg impedance
factor and the Z,.. shows the relation given below:

Z' = Ry + Rey + ow™0° (5)

and here the Ry and w represent the ohmic resistance (or
solution resistance) and angular frequency, respectively.
The value of o can be obtained from the plot between Z,..
and the reciprocal square root of the angular frequency
(w™%5) by using the slope at different charge and dis-
charge states, as shown in Fig. 5(c). The calculated diffu-
sion coefficient of Nat at OCV is found to be 0.54x 1072
cm? s7!, which shows sluggish diffusion of Nat at OCV.
The value of Dy,+ at different charge/discharge states
falls in the range of 0.5-3.6x 10712 cm? s~!. Furtehr, the
EIS study in the frequency range 10 mHz to 100 KHz is
compared at OCV and at different cycles, i.e., at 5, 10,
20, 50 and 100 cycles (at fully discharged state). The
inset of Fig. 5(e) denotes the corresponding equivalent
circuit, where R1 represents the solution resistance or
ohmic resistance, the parallely connected constant phase
element unit (CPE1) and the resistor (R2) attributes the
charge transfer resistance (R.;) and the series connected
CPE2 signifies the capacitive-controlled process [50]. At
OCV, the R is evaluated to be 2269 2, which increases
to 3236 2 after 5th cycle. This increment of R.; value
suggests the continuous growth of SEI layer from OCV
up to 5th cycle [5I]. After that the R.; value decreases to
3021, 2740, 2412 and 1047 Q at 10, 20, 50 and 100 cycles,
respectively, as shown in Fig. 5(f). This reduction in Re;
may be due to the formation of stable surface film leading
to lower over-potential during cycling process [51].

E. Galvanostatic intermittent titration technique:

Note that the predominant process of Na-
intercalation/de-intercalation during cycling involves
Na™ diffusion coefficient, which is a critical dynamic
parameter to measure the migration rate of Na® ions
into the host material [30]. In order to get more insight
of diffusion kinetics we use a chronopotentiometry based
technique, namely GITT under the thermodynamic
equilibrium conditions. In the GITT measurements, a
constant current is applied to the electrode for short
duration, then the electrode is allowed to relax to a
steady state value after reaching OCV [16]. Herein, the
cells were first charged to maximum cut-off voltage with
constant current density of 0.1 C for a duration of 5
min, which was followed by an OCV stand of 30 min
to reach a steady state value (Fj), then the cells were
discharged with the same condition up to the minimum
discharge voltage. Figs. 6(a, b) depict the GITT curves
of NagNiyTeOg, during the 2nd cycle for a cut-off
voltage window of 3-4.45 V and during 502th cycle
in a voltage window of 3.21-4.01 V, respectively. The
curves in Fig. 6(a) follows the multi-plateau behavior
as in galvanostatic charge-discharge profile at 0.1 C,
and gradually disappears in the GITT curves measured
during 502th cycle [see Fig. 6(b)]. The magnification of
single titration curve is represented in Fig. 6(c), which
shows the change in the cell voltage during the 5 min
current pulse from 7 to 794+ (A E;) and the variation of
cell potential during the relaxation period of 30 min (A
E,). The variation of voltages at each step are evaluated
as a function of time and the diffusion coefficient of Na*
in the host material can be calculated from the following
equation, which relies on Fick’s second law [20].

4 [mpVr]? AE, 7? 6
T [MBA} L—(AEt/dﬁ)} (6)
Here, mp(g) and Mp(387 g mol~!) are the mass and
molecular weight of the active materials in the electrode,
Va(78.6 cm® mol~! per formula unit) and A (cm?) are
the molar volume and the total area of the electrode, d is
the diffusion length and 7 is the duration of current pulse
(5 min). When the steady state voltage varies linearly
with 71/2, as shown in the insets of Figs. 6(a, b), then
the eq. 6 can be expressed in simple form as below [54]:
4 mBVM 2 AES 2 7

Sl l5E] @
The above equation considers a stable molar volume dur-
ing sodiation and de-sodiation in the electrode material.
The resulting Na™ diffusion coefficients for 2" cycle and
502" cycle are presented in Figs. 6(d, e) as Log Dy, *
versus cell potential for both charging and discharging
states. The growth profiles of diffusion coefficient show
more minima points for 2% cycle as compared to 502"
cycle, which suggests sluggish diffusion kinetics in case
of the former. The minima points in Log Dy,T ver-
sus potential curves indicate phase transitions owing to

DNa"’ =

l)Na+ =
T
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strong interactions between intercalated Na™ ions and
NayNis TeOg host species or degree of disorderness of host
species during cycling [55]. The diffusion coefficient val-
ues extracted from GITT measurements and using equa-
tion 7 lies in the range of 10719 to 107!2 cm?s~! at dif-
ferent potentials during 502 cycle.

Intriguingly, the values of diffusion coefficient ex-
tracted by CV, EIS and GITT analysis are consistent,
and indicate relatively fast mobility of sodium ions in
NasNis TeOg, which found to be comparable with re-
ported in [30] for NagNisSbOg and in [56] for very fa-
mous NazVy(POy)s polyanionic electrode. Further, the
diffusion kinetics support for the stability and high-
capacity retention of the material during long cycling.
Note that the ion transport pathways were found to
be highly anisotropic by molecular dynamics simulation
57, 58]. In fact, Bera et al. performed detailed neu-
tron powder diffraction measurements and used bond va-
lence sum analysis to find the accessible sites and path-
ways for sodium-ion conduction in NagNis TeOg [34]. The
conduction of Na ions was observed only through two-
dimensional (2D) pathways within the Na layers in the
ab plane. However, the edge sharing (Te/Ni)Og octahe-
dra are so closely packed, so it is impossible for Na ions to
move through these intervening metal-oxide layers along
the c-direction. There are three different crystallographic
sites for sodium occupation and the disorderness in Na-
ion distribution provides such type of high ionic conduc-
tivity [57, 58]. Further, it was found that the conduc-
tions of sodium-ion within the 2D ab plane are through
Nal and Na2 sites in zigzag-like pathways [34]. As no
other ions present within the Na layers, there are no col-

) ear relation between

45 32 34 36 38 /2
voltage and 7°/°.

cell potential (V)

lisions/scattering in the pathways of conduction through
ab plane, which leads to the higher ionic conductivity.
Our results demonstrate high cyclic/structural stability
of this electrode even better at higher current rate, which
plays a vital role for its practical applications in batteries
to power portable devices for long time as well as for fast
charging of the devices.

F. During and post cycle analysis:

Finally, in order to understand the post cycling
changes in the structural and morphology, we disman-
tle the cells after 10 cycles at 0.1 C and after 100 cy-
cles at 0.5 C. The recovered electrode materials were
washed with diethyl carbonate (DEC) twice for remov-
ing unreacted electrolyte, and dried in argon gas filled
glove box for 48 h. In Fig. 7, we present the mor-
phologies of fresh electrode before electrochemical anal-
ysis (a), after 10 cycles at 0.1 C (b) and after 100 cy-
cles at 0.5 C (c), which found to be similar without any
cracks and discontinuity. The results show high stability
of the electrode with electrolyte which can be inferred
for long cycle life of the battery as shown by the ca-
pacity retention in Fig. 3. However, some fibres can be
seen in the images of cycled electrodes stuck from sep-
arator. For the post-mortem structural analysis of the
electrode using ex-situ XRD, we retrieve the materials at
open circuit voltage (OCV), fully charge stage and fully
discharge stage, as shown in Figs. 7(a—c), respectively.
The structural parameters extracted from the Rietveld
refinement of these XRD patterns are found to be during
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after 502 cycles at 0.5 C, the peaks marked by * are from Al.

charge (a = b = 5.201 A and ¢ =11.131 A), discharge
(a=b=5199 A and ¢ =11.123 A) and at OCV a = b =
5.205 A and ¢ =11.139 A). The XRD patterns recorded
in all three stages look similar without significant change
in the lattice parameters, supporting structural stabil-
ity of NasNisTeOg cathode in charge/discharge stages.
Moreover, we perform the ez-situ XRD measurements of
extracted cathode material after 321 cycles at 0.1 C and
500 cycles at 0.5 C, as shown in Figs. 7(g, h), respectively.
There are no significant changes in the XRD patterns ex-
cept the change in the peak intensity, which indicate the
stable and reversible structural geometry of this cathode
after long cycling in Na-half cell configuration.

Further, the electronic properties of NasNisTeOg elec-
trode were investigated using x-ray photoelectron spec-
troscopy (XPS). In Fig. 8, we show the Ni 2p, Te 3d, Na
1s and O 1s core-level spectra of pristine sample (al—
ad), fully discharged (b1-b4) and fully charged (cl-c4)
states. The peak positions are calibrated by consider
the binding energy of C 1s core-level at 284.8 eV. We
use Voigt function having both the Lorentzian and Gaus-
sian broadenings for deconvolution of the core-level peaks
with Tougaard background subtraction [63]. For the pris-
tine sample, the fitted Ni 2p spectrum in Fig. 8(al) con-
sists of two spin-orbit components at 855 eV and 873.2 eV
corresponds to 2ps/o and 2p; /2, respectively, which con-
firm the presence of Ni?T state. In addition, there are two
shake up satellite peaks observed at higher binding ener-
gies of 861.3 eV and 879.1 eV, which are consistent with
reported in refs. [3I]. Interestingly, in case of the fully
charged state the deconvolution of the Ni 2p core-level
reveals the appearance of nearly 60% Ni®* valence state.
This dominant contribution of Ni** is in agreement with
the electrochemical results presented in Fig. 2(d), where
total 1.2 Na™ are de-intercalated from the structure dur-
ing charging. In the fully discharged state, the spec-

FIG. 8. The Ni 2p, Te 3d, Na 1s and O 1s XPS core-level spec-
tra of NagNipTeOg electrode material, (al—a4) for pristine,
(b1-b4) fully discharged, and (c1-c4) fully charged states.

tra contain only Ni?* state elucidating the conversion of
Ni3* to Ni?T due to sodium insertion in the material,
which is expected to be the case [27]. For the Te 3d core-
levels, the peaks at 576 eV and 586.4 eV correspond to
3ds/2 and 3d3/s, respectively, representing the presence
of Tebt state [31]. Moreover, the Na 1s spectrum en-
sures the Nat state, situated at 1071 eV binding energy.
Both the Te 3d and Na 1s spectra show no shift during
charging-discharging process, affirming the inactiveness
of these elements in redox reactions. In case of O 1s, the
core-level spectra attribute three peaks at 530, 531.5 and
534.5 eV for the pristine sample, where the first peak
is ascribed to the O%~ anion in the crystalline domain
and the other peaks determine the weakly adsorbed sur-
face species i.e. hydroxylation and carbonation of the
surface species [64]. For the charged state, there is an
evolution of another peak at 530.8 eV contributing the
O'~ species, which is originated due to the degradation
of lattice oxygen O?~ from the bulk surface [65]. No-
tably, the disappearance of O'~ peak during the course
of discharge, assures the participation of O'~ /0% re-
dox couple in Na-ion insertion/de-insertion process [66].
However, the increment in intensity and shift in the po-
sition of the 534.5 eV peak signifies gradual degradation
of electrolyte during charging/discharging. Also, the Na
KL1Los auger peak is observed at ~535.5 eV for Al Ka
x-ray source [67].

IV. CONCLUSION

In conclusion, we report electrochemical study and dif-
fusion kinetics of honeycomb structured NasNisTeOg as
high voltage and stable cathode material for sodium-ion
batteries. The XRD patterns have confirmed pure phase
of the sample and the structural parameters extracted
by Rietveld refinement are consistent with HR-TEM and
SEAD studies. Interestingly, the discharge capacities of
82 and 77 mAhg~! are observed 0.05 C and 0.1 C cur-
rent rates, respectively. The cathode shows excellent rate



capability performance tested at various current rates
along with mid-working potential of ~3.9 V at 1 C. The
capacity retention was found to be 80% after 500 cy-
cles having nearly 100% Coulombic efficiency at 0.5 C,
which demonstrate the long cyclic stability of this cath-
ode in sodium ion batteries useful for powering portable
devices. The de-insertion/insertion of NaT-ions during
electrochemical cycling is consistent with the observed
ratio of Ni** /Ni?T valence state in photoemission study.
The detailed analysis of cyclic voltammetry at different
scan rates suggest pseudo-capacitive nature of the cath-
ode for sodium-ion storage. Moreover, the in-situ EIS
studies reveal the behavior of charge-transfer resistance
of this cathode at different charge/discharge stages as
well as with different number of cycles. We have deter-
mined the diffusion coefficient to understand the kinetics
using CV, EIS and GITT analysis, which found mainly
in the range of 1071% to 1072 cm? s~! depending on
the experimental parameters. Notably, the post-mortem
analysis of electrodes using ez-situ XRD and FE-SEM
establish its high structural and morphological stability
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after various charge-discharge cycles. Our detailed analy-
sis demonstrates the capabilities of NasNisTeOg cathode
in sodium-ion batteries to power portable devices with
long cyclic life.
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