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Abstract

In recent years, P2-type layered oxides have received considerable attention as potential
cathodes for Na-ion batteries owing to their compositional diversity, good specific capacity,
and cyclability. However, poor rate performance and low-capacity retention at high discharge
rates have limited their use in commercial battery applications. This study aims to mitigate this
issue by synthesizing a series of structurally engineered P2-type cathode materials, through Ti
substitution, with high cyclability and improved rate performance. P2-type
Nao.70N10.20Cu0.1sMn(0.65-x TixO2 were prepared through a sol-gel route and were characterized
for their structural, electrical, and electrochemical properties In the Ti-substituted samples, the
Rietveld refinement of XRD data revealed an increased size of the bottleneck area of the Na-
Oe prism planes, while the SEM images showed a decrease in the aspect ratio of hexagon-type

morphology of particles which facilitates faster Na-ion conduction through the material. These
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changes in the crystal structure and particle morphology induced by Ti substitution have
significantly improved electrical and electrochemical performance compared to the parent
material. The sample with x = 7.5% exhibited a specific capacity of 126 mAh/g at a discharge
rate of 0.1C in the 2.00 - 4.25 V window, which was about 25% more than that of the undoped
material. At a discharge rate of 1C, the specific capacity of Nao.70Nio.20Cu0.15Mno.575T10.07502
was 97 mAh/g compared to 74 mAh/g for Nao.70Nio.20Cu0.15Mno.6s02  sample.
Nao.70N10.20Cu0.1sMn0.65-x T1xO2 samples also exhibited excellent cyclability, with over 95% of
original capacity retained after 300 cycles. Complex impedance measurements corroborated
the improved Na-ion conductivity in Ti-doped samples and an associated increase in Na-ion

transference number from 0.86 for the sample with x =0 to 0.97 for the sample with x = 0.075.
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1. Introduction

In recent years, rapid developments in Li-ion batteries (LIBs) have made them a popular choice
for secondary energy storage applications [1-4]. However, as the demand for energy storage
systems for mobility and portable electronics applications rises, scarcity of Li deposits and the
issues related to Li recycling is expected to cause the demand for Li to exceed its supply,
leading to high LIBs prices [3, 5, 6]. Na-ion batteries (NIBs) are widely regarded as a possible
alternative to replace LIBs to meet future demands, especially in areas of stationary storage
applications such as grid storage [5, 7, 8]. This is primarily because of the comparatively natural
abundance of Na and the commonalities that NIBs share with LIBs in terms of components and
manufacturing techniques, paving the way for their seamless integration into the current battery

eco-systems [6, 9, 10].



Cathode materials being the primary source of ions play a pivotal role in deciding the
performance and properties of ion storage batteries [11, 12]. In NIBs, the research is mainly
focused on three types of cathodes: layered oxides (LOs), NASICON, and Prussian blue
analogs (PBA). NASICON-type cathodes show good cyclability but have lower capacity. PBA
cathodes, being cyanide-based, are toxic and difficult to handle [12, 13]. Layered oxides
(NaxTMO2; 0 < x < 1; TM- transition metal cation or a mixture of multiple cations) are one of
the most extensively researched cathode materials for application in NIBs. These are known
for their compositional diversity, high capacity, cyclability, and easier synthesis [12, 14].
Cathodes based on LOs have also been commercialized in LIBs; hence, certain aspects of the

research in LIBS can be used for the development of the same in Na-ion batteries.

LOs are mainly classified into 4 types O2, P2, O3, and P3 (named based on the nomenclature
developed by Delmas et al. [15]). Most of the LO cathodes synthesized are based on P2 and
O3-type structures. O3 types usually have x > 0.8 and transform into a P3 type structure when
x < 0.8. P2-type materials, on the other hand, have x < 0.8 and undergo an O2 transformation
when x falls below 0.2 at high voltages [16, 17]. The transformation of LOs during cycling is
detrimental to cyclic performance and can be avoided by controlling the cut-off voltage during
charging in the case of P2-type materials as this structure is stable across a wider range of Na
concentrations (0.8 < x < 0.2) [2, 17]. In the case of O3-type materials, the structural
transformation is unavoidable owing to the transformation into a P3-type structure at low
voltages [18]. In addition to better cyclic performance, P2-type materials also have larger
interlayer spacing and lesser diffusion barriers to Na-ion conduction resulting in better rate

capability [18, 19].

Among the combination of transition metals studied in P2-type materials, those based on Mn
have received the most attention [14]. Manganese is an earth-abundant resource, and P2-type
NaMnxO2 cathodes have been reported to show high capacities close to 200 mAh/g [11, 14].
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However, Mn-based cathodes suffer from low OCVs (~ 3 V) due to the low oxidation potential
of the Mn3"/Mn*" redox couple (typically between 2 — 3 V) and have poor cyclic performance
due to detrimental distortions and phase transformations induced by Jahn-teller active Mn?**
ions at lower voltages [20-22]. Mn-based cathodes have been doped with other elements such
as Ni and Cu to circumvent this problem. Ni and Cu ions exist predominantly in a 2+ oxidation
state which forces Mn ions to maintain a 4+ oxidation state, which is Jahn teller inactive during
charging/discharging. Ni**=Ni*" involves a 2-electron transfer as opposed to the one-electron
transfer of the Mn3"/Mn*" redox couple, which makes up for the reduction in specific capacity
from the loss of active Mn**/Mn*" redox couples. Cu?*, on the other hand, is known to stabilize
the P2 structure at higher voltages improving the cyclic performance and improving the
stability of the material in the ambient environment [23-25]. Additionally, oxidation potentials
of Ni*-Ni*" (~ 3.2 V vs. Na/Na") and Cu?*/Cu*" (~ 4 V vs. Na/Na") are higher than that of the
Mn**/Mn*" redox couple, which will improve the energy density exhibited by the cathode
material [24, 25]. The synergy between each of the elements in the Nax(Ni—-Cu—Mn)O2 system
gives it better cyclic performance and specific capacity (90 mAh/g with an average potential

of 3.4 V), as reported in the literature [24, 26, 27].

In this work, we have further substituted Mn*" in Nao.70Nio.20Cuo.1sMno.6sO2 with Ti*" ions to
further refine the Nax(Ni-Cu—Mn)O2 system to achieve better capacity and rate performance.
Ti*" ions have been reported to stabilize the P2 structure at high voltages by forming pillars for
TMOs slabs, reducing volume shrinkages during cycling. Their inclusion into the structural
framework also allows the enlargement of the NaOz2 layers with the contraction of the TMOs
octahedron allowing better conduction of Na ions, resulting in improved rate performance [28-
30]. In addition, Ti*" ions have been found to be effective in suppressing Na* ion vacancy
ordering in the material, which further improves Na ion conduction [28, 31]. This work reports

on the effects of structural changes in Nao.70Ni0.20Cuo.1sMno.65-x T1xO2 (hereinafter, NNCMT-



x, x =10, 0.025, 0.050, 0.075, and 0.100) on the electrochemical behaviour of these samples.
To rationalize the improvement in electrochemical performance, the electrical properties have
also been investigated by performing complex impedance spectroscopy and
chronoamperometry on each of the samples. In addition, Ex-situ XRD analysis was also
conducted on the samples at different stages of the charge/discharge cycle to identify the

structural changes in the cathodes during cycling.

2. Experimental

2.1. Synthesis

The P2-type Nao.70N1i0.20Cu0.15Mn0.65-1 T1xO02 (x = 0, 0.025, 0.050, 0.075, and 0.100) materials
were synthesised using a simple sol-gel method. Stoichiometric amounts of nickel acetate
tetrahydrate, copper (II) nitrate trihydrate, manganese (II) acetate tetrahydrate, titanium (IV)
bis(ammonium lactato)dihydroxide (50 wt% aq.), and sodium carbonate were dissolved in DI
water and stirred for 6 h after which appropriate amounts of ethylene glycol and citric acid
were added. The resulting solution was continuously stirred for 12 h, followed by heating at ~
80 °C to obtain a gel. The gel was dried, ground, and heat-treated at 500 °C for 12 h. The
resulting powder was ground again and calcinated at different temperatures (700 — 1000 °C)

for 12 h in air to obtain the final product.

2.2. Characterization

The room temperature crystal structures of the samples were characterized using powder x-ray
diffraction (XRD) by employing an Empyrean, Malvern Pan analytical diffractometer, with
Cu-Ka radiation source in the 20 range of 10°- 80° and The crystallographic parameters of all
samples were estimated from the Rietveld refinement of the XRD data using the software
package TOPAS Academic (version 6) [32]. A field emission scanning electron microscopy

(model JEOL-7610) equipped with energy-dispersive x-ray spectroscopy (EDS) was used to



study the morphology and distribution of constituent elements of powder samples. XPS
measurements were taken using Thermofisher Scientific (Naxsa base) with an Al Ka X-ray
source (1486.6 eV). For impedance studies, calcined powders were pressed into cylindrical
pellets and sintered at 900 °C for 12 h. The sintered pellets were polished flat, electroded with
silver paste on either side, and were cured at 650 °C for 10 min after drying. Impedance
measurements were done on the pellets using a computer-controlled LCR meter (model: ZM
2376, NF Corp.) by applying a 50mV ac signal in the 1 Hz — 1 MHz frequency range.
Chronoamperometry measurements were performed on the silver electroded samples using the

Keithley Source Meter Unit (model 2450-EC) with 1 V applied across the sample.

For electrochemical studies, CR-2032 coin cells were fabricated using Na metal as the counter
electrode, Celgard 2400 as the separator, and 1M NaBFu4 in tetracthylene glycol dimethyl ether
(tetraglyme) as the electrolyte. The cathode was prepared by mixing 85 wt.% active material,
5 wt.% Ketjen black, and 10 wt.% CMC binder in DI water. The slurry was then coated on an
Al current collector and dried at 100 °C for 8 h in a vacuum oven. The cyclic voltammetry
(CV) tests were performed on the coin cell using a Keithley source meter unit (Model 2450-
EC) between 2.00 V to 4.25 V with a scan rate of 0.1 mV/s. Galvanometric charge-discharge
tests were carried out using a Landt battery testing system (LANHE CT, 2001A). The rate
performance tests were performed at 0.1C, 0.2C, 0.3C, 0.5C, 1C, 2C, and 3C, while the cyclic
performance was evaluated at 1C for 300 cycles between 2.00 V to 4.25 V. The mass loading
for each of the samples was ~ 2 mg/cm?, and all C-rates were taken based on a specific capacity

of 125 mAh/g.
3. Results and Discussion

3.1. XRD



Figure 1 shows the phase evolution of NNCMT-x (x = 0, 0.050, and 0.100) with the increase
in calcination temperature. The XRD patterns show a rise in the intensity of peaks relating to
the P2-type phase with the increase in calcination temperatures. Sample with the composition
corresponding to x = 0.100 shows a minor O3 phase which is estimated to be about 3 wt. % of
the sample. At calcination temperatures above 900 °C, a small CuO impurity phase was found
in the Ti substituted samples. Initial analysis of the XRD patterns showed that Ti substitution
was effective in decreasing the calcination temperatures of the parent material. The optimal
calcination temperature decreases from 850 °C for x =0 & 0.025 samples to 800 °C for samples

with x = 0.05, 0.075, and 0.100.

The Rietveld refinement of the XRD data was utilized to determine the crystal structure of as-
prepared NNCMT samples. The experimental data along with the refinement profiles for two
representative samples (x = 0 and x = 0.075) are shown in Fig. 2 and for x = 0.025, 0.050, and
0.100 samples are provided in the Supplementary Information (Fig. S1). The refinement of the
XRD data confirms that all samples crystallize in the P2-type phase with hexagonal symmetry
(P63/mmc space group). A few minor peaks associated with the O3-type phase are also
observed in the XRD pattern of the x = 0.100 sample. The weight fraction of the O3 phase in
this sample was estimated to be ~ 5 % of the sample. The two minor peaks at ~27.2° and 28.3°
in the XRD pattern of the x = 0 sample (marked by the * symbol in Fig. 2) correspond to
superlattice reflections caused by the in-place Na-ion vacancy ordering [28, 33, 34]. Vacancy
ordering of Na-ions in layered oxides is known to hider Na-ion diffusion and induce phase
transformations during cycling [35, 36]. The intensities of these peaks decreased gradually with
the increase in Ti concentration, suggesting the successful suppression of Na-ion vacancy
ordering by Ti ions in the material, which concurs with the findings reported in the literature

[37, 38].



Various crystallographic parameters obtained from the Rietveld refinement of the XRD data
for all samples are provided in Tables 1 and Tables S (1-6). An increase in the lattice parameter
a, a decrease in the lattice parameter ¢, and an overall increase in volume ¥ of the hexagonal
unit cell are seen with the increase in the concentration of Ti in NNCMT-x. This is due to the
larger size of Ti*" (0.605 A in 6 coordination) compared to the Mn*" (0.530 A in 6
coordination)[37, 39, 40]. Further analysis of the XRD refinement data using VESTA revealed
an increase in the area of the lateral faces of Na-Oe prisms (Fig. 3) with the increase in Ti
concentration [41]. Accordingly, the rectangular bottleneck for the sodium intercalation at the
Nal site increased from 11.03 A2 for NNCMT-0 to 11.47 A? for the NNCMT-0.100 sample.
In addition, the volume of TM-Os octahedron for NNCMT-O0 is calculated to be ~ 8.53 A3
which decreases to ~ 8.36 A3 for the 10% Ti-doped sample, whereas, the volume of the Na-Oe
prisms increased from 13.83 A3 to 14.09 A3. Similar expansions of Na-O: layers accompanied
with contractions of TM-O: layers upon Ti-substitution for Mn in layered oxides have been
observed in earlier work [28]. The increase in the area of the lateral faces of Na-Og prisms is
significant as it is expected to facilitate the conduction of Na-ions through the material by
increasing the size of the rectangular bottleneck formed by the oxygen ions. This is
substantiated by the improvement in electrical and electrochemical properties of the Ti-doped

samples (discussed later in the text).

Table 1. Lattice parameters of NNCMT-x samples obtained from Rietveld refinement of room

temperature XRD data.

Reliability
Sample a (A) c(A) V (A3) Factors
2.8934 11.1660 80.9559 Rexp :2.02
=9 +0.0001  +0.0004 +0.0007 Rwp : 3.82




Rp :2.65

GOF : 1.89
Rexp : 2.49
2.9006 11.1357 81.1400 Rwp : 4.27
x=0.025
+0.0004 +0.0002 +0.0003 Rp :2.86
GOF : 1.72
Rexp : 2.47
2.9044 11.1318 81.3260 Rwp : 4.50
x=0.050
+ 0.0006 +0.0003 + 0.0004 Rp :2.88
GOF : 1.82
Rexp : 2.57
2.9063 11.1276 81.4002 Rwp : 4.69
x=0.075
+0.0004 +0.0002 +0.0003 Rp :2.99
GOF : 1.82
2.9041 11.1485 81.4290 Rexp : 2.60
P2 (96.4 %) .
+0.0007 +0.0004 +0.0005 Rwp : 4.19
x=10.100 Rp :2.90
2.9525 16.3764 123.6342
03 (3.6%) GOF:1.62

+0.0006 +0.0004 +0.0006

3.2. Microstructure

The SEM micrographs of x = 0, 0.050, and 0.075 samples along with the representative
elemental maps for the x = 0.075 sample are shown in Fig. 4. The SEM images for the x =
0.025 and 0.100 are given in Fig. S2. The elemental mapping indicates a uniform distribution
of all the elements throughout the sample without any noticeable segregation. The SEM
micrographs show a distinct change in morphology of powder particles with the increase in Ti
substitution. The parent material was observed to have thinner hexagonal plates with sharper

facets and large aspect ratios (close to 8), while the Ti substituted samples show thicker



particles with rounded edges and lower aspect ratios (close to 1). The average particle size (in
the bigger (001) surface) was estimated to decrease from ~ 1.9 um for the undoped (x = 0)
sample to ~ 0.9 um for the x = 0.075 sample, while the average thickness increased from ~ 0.25

um in the former to ~ 0.85 um in the latter.

The hexagonal plate-type morphology of the NNCMT sample can be explained by the
relatively lower surface energy of (001) and (001) surfaces as compared to (100), (010), (110),
(100), (010), and (110) surfaces. Accordingly, the equilibrium shape of NNCMT crystals will
be dominated by (001) and (001) surfaces resulting in a hexagonal plate-like morphology with
a large aspect ratio (Fig. 4(a)). The change in the morphology of the Ti substituted samples
suggests that the introduction of Ti*" ions could increase the relative surface energies of (001)
and (001) surfaces, and consequently, a decrease in the aspect ratios. It should be noted that in
P2-type material, the diffusion of Na-ion is predominantly in the basal planes. The increase in
relative area of (100), (010), (110), (100), (010), and (110) surfaces is expected to facilitate
faster Na-ion intercalation, which should result in better rate performances of the cathode

material.
3.3. XPS

X-ray photoelectron spectroscopy (XPS) was performed to verify the oxidation states of
constituent transition metals in NNCMT samples. Figure 5 compares the XPS spectra of Ni 2p,
Mn 2p, Cu 2p, and Ti 2p in different samples. The four characteristic peaks in the Ni2p spectra
are attributed to Ni 2p32 (~ 855 eV), Ni 2pi2(~ 872 eV), and their shake-up satellite peaks
which indicates that Ni maintained a +2 oxidation state in all samples [27, 42, 43]. The two
peaks in the Cu 2p spectra centered at ~ 933 and ~ 953 eV correspond to Cu 2p3/2 and Cu 2pi2,
respectively, suggesting that Cu also has a +2 oxidation in all the materials [27, 42, 43]. The

Mn 2p spectra can be deconvoluted into 2 peaks at ~ 643 eV (Mn 2p32) and ~ 654 eV (Mn
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2p1/2) confirming the existence Mn** ions in the samples [27, 42, 43]. The Ti 2p3/2 and Ti 2p12
peaks located at 458 and 464 eV in the Ti 2p spectra indicate the presence of Ti*" ions in the
Ti-doped samples [42, 43]. The XPS spectra of all other elements in the Ti-doped samples were
found to be identical to that of the parent composition, indicating that Ti doping did not affect

the oxidation states of any of the elements present in these samples.
34.CV

To investigate the redox process in the prepared cathode materials, cyclic voltammetry (CV)
was performed on the half-cells between a potential window of 2.00 - 4.25 V with a scan rate
of 0.1 mV/s. The CV profiles of the first 3 cycles for the x = 0 and 0.075 samples are shown in
Fig. 6, and that of x = 0.025, 0.050, and 0.100 are given in Fig. S3. The minor peaks observed
below 3 V for all cathodes can be related to Mn**/Mn** redox processes [24, 44]. As mentioned
before, Ti*" ions do not show any redox activity in the 2.00 - 4.25 V potential range and, hence,
remain largely electrochemically inactive [38, 45]. For x = 0 sample, two peaks centred at ~
3.45 V and ~ 3.68 V are attributed to Ni**/Ni* redox reaction and Na-ion vacancy ordering
[37, 38]. In contrast, Ni**/Ni*' redox peaks in the Ti substituted samples are located at ~ 3.2 V,
and the peaks related to Na-ion vacancy ordering almost vanish which concurs with the
observed decrease in the intensity of the vacancy ordering related superlattice reflections in the
XRD patterns. The activation of the Cu®>*3" redox couple is evidenced by the peak at ~3.9 V in
the CV curves [24, 25, 46]. Cu redox activity around 3.9 V in P2-type LOs is also reported by
Chen et al. using XPS data [47, 48]. The pseudo plateaus of Cu®3* and that of Ni*">" have
been marked in the discharge curves shown in Fig. 7(a). The CV profiles for the second and
third cycles of all the cathodes almost coincided indicating excellent reversibility of all the

redox processes.

3.5. GCD
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The galvanostatic charge/discharge (GCD) profiles of all samples between 2.00 — 4.25 V at
discharge rates of 0.1C and 1C are displayed in Fig. 7 (a) & (b). The discharge profiles show a
slow voltage drop with an increase in capacity between 4 V to 3 V, where Ni*"?* and Cu*"?*
redox activity was observed in the CV profiles. The voltage drop becomes more drastic

between 3 V to 2 V due to the smaller number of Mn*"3"

redox couples. It is interesting to note
that all the Ti substituted samples exhibited higher specific capacities compared to the
unsubstituted sample at different discharge rates. At 0.1C rate, x = 0.1 and 0.075 samples
showed a specific capacity of ~ 127 mAh/g which is about 28% more than the unsubstituted
sample (i.e., composition with x = 0). As the discharge rate was increased from 0.1C to 1C, the
x =0.075 sample showed the lowest drop in specific capacity among all samples. The specific
capacity is close to 97 mAh/g, which is about 31% more than that of the unsubstituted sample
at the same discharge rate of 1C. These results are significant as Ti ions being lighter than their
Mn counterparts, were estimated to increase the specific capacity by a margin of only 2-3 %,
but an increase in 27% of specific capacity at 0.1C and a subsequent jump of 31% at 1C rate is
not expected from the simple gravimetric consideration. Such improvements in specific could
be attributed to the change in morphology of the particles and increase in the area of bottlenecks
along conduction pathways reported in Ti-doped samples. These modifications facilitate faster
movement of Na-ions during sodiation and desodiation, allowing for faster and greater
extraction of Na ions leading to higher capacity and rate performance. Fig. 7(c) shows the rate
capability of all five cathodes cycled between 2.00 — 4.25 V at different C-rates in 0.1C - 3C
range. While cycling back to lower discharge rates, all samples exhibited their initial specific
capacities without any significant loss in capacity, indicating high reversibility at varying
discharge rates. The difference between the discharge specific capacities of x = 0.075 and x =

0 samples was observed to increase with an increase in C-rates. The charge retention capacity
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of all five samples after 300 cycles at 1C is shown in Fig. 7(d). All samples exhibit excellent

cyclability with over 95% specific capacity retained after 300 cycles.

To study the structural evolution of the cathode materials during Na-ion insertion and
extraction, ex-situ XRD was performed on x = 0.075 sample, and the result is shown in Fig. 8.
The XRD plots of both the samples show a gradual shift in the (002) and (004) peaks to lower
angles during charging. This is due to an increase in lattice parameters caused by higher
repulsion between TM ions during the extraction of Na” ions from the material which is
reported in other P2-type materials [44, 49, 50]. After discharging, these peaks were observed
to shift towards their initial positions indicating high reversibility of the intercalation and
deintercalation processes and good structural stability of the layered oxide. The broadening of
the (00/) peaks observed in the XRD patterns with an increase in voltage from 2 V to 3.7 V is
due to the lattice strain generated in the crystal structure with the removal of Na-ions. As the
Na-ions are removed from the lattice, the unit cells that have lost Na-ions expand along the c-
axis (which is evident from the shifting of (00/) peaks towards lower angles) while the unit
cells that have retained their Na ions do not. This mismatch in interplanar spacing across unit
cells generates the lattice strain and is reflected in the broadening of the XRD peaks. As the
voltage is further increased to 4.2 V, the majority of unit cells in NNCMT become devoid of
Na-ions, leading to a more uniform expansion of unit cells across the sample, which
consequently causes a reduction in non-uniform lattice strain. This is evidenced by lower
FWHM for the (004) peak in the XRD pattern for the sample charged to 4.2 V than that of the
sample charged to 3.7 V (Fig. 8(a2)). The observed asymmetry in the NNCMT peaks and a
clear splitting of the peak at 65° (from the Aluminum current collector) is due to the
contribution of the Cu-Kal and Cu-Ko2 emission profile of the X-ray diffractometer. Apart
from the peak shifts and their broadening, no new peaks corresponding to phase transformation

were observed, confirming the existence of a single P2 phase throughout the charging and
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discharging process, which could be the reason behind the high cyclic performance of the

cathode [44, 50].

3.6. EIS

To rationalize the improvement in electrochemical performance, the change in electrical
properties of the samples was probed by performing complex impedance spectroscopy on the
pelletized samples sintered at 900 °C for 12 h. The room temperature Nyquist plots obtained
for different samples along with the equivalent circuit used to fit the impedance data are shown
in Fig. S4. The plots show a decreasing trend in the overall resistance value of the samples with
the increase in Ti substitution. Nyquist plots for all samples show a linear tail component in
the lower frequency region which is a typical feature of ion-blocking at the sample-electrode
interface. Such a feature indicates substantial Na-ion conduction in these samples [51-53]. The
values of the total conductivity calculated from the fitted equivalent circuit data for all
compositions under investigation are given in Table 2. To quantify the extent of Na-ion
conduction at room temperature in these samples, chronoamperometry was performed under 1
V (Fig. S5). The Na-ion transference numbers (tna+) for different samples obtained from their
respective chronoamperometry curves are also provided in Table 2. The increasing trend in the
conductivity and tna+ values of the Ti substituted samples can be attributed to the increase in
the area of lateral faces of the Na—Os prisms of the unit cell and the favorable change in the

crystal morphology in Ti-substituted samples.

Table 2. Room temperature (RT) conductivity and Na-ion transference number (tya+) of

Nao.67N10.20Cu0.1sMn0.65-x T1xO2 samples

Sample RT Conductivity Transference Number (txa+)

x=0 4.03 x 10% S/cm 0.86
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x=10.025 7.35 x 10 S/cm 0.91

x=0.050 1.11 x 10 S/cm 0.95
x=0.075 3.07 x 10” S/cm 0.97
x=0.100 4.53 x 10 S/cm 0.96

The materials were also tested for their moisture stability, for which the powder samples were
stored under DI water for 3 h and then dried in a vacuum oven at 100 °C for 5 h. The XRD
patterns of the water-treated samples with x = 0, 0.05, and 0.100 are shown in Fig. S6. The
patterns show no impurity peaks and match with the patterns of their respective as-prepared

samples indicating the materials are water stable.

4. Conclusions

To summarize, Ti substituted P2 type-Nao.70Ni0.20Cu0.15Mno.e5-xT1xO2 materials were prepared
via a sol-gel route. Analysis of XRD patterns and FESEM images showed improvements in the
size of conduction bottlenecks and morphology along with the successful suppression of Na-
ion vacancy ordering in T1 substituted samples. The improvement in Na-ion diffusion in Ti-
doped samples caused by Ti-induced modifications to the morphology and crystal structure
was evidenced by the increase in ionic conductivity and Na-ion transference number. On
cycling between 2 — 4.25 V, x = 0.075 sample showed the highest specific capacity of 127
mAh/g at 0.1C, which is about 27% higher than that for the undoped sample. Even at a higher
discharge rate of 1C, Nao.70N10.20Cu0.15Mno.575T10.07502 showed a capacity of 97 mAh/g as
compared to 74 mAh/g that of the x = 0 sample. Further, this sample retained more than 95%
of its initial capacity after 300 cycles at 1C. Apart from exhibiting an improved specific

capacity, excellent cyclability, and good rate performance, Nao.70Ni0.20Cu0.15Mno.575T10.07502
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was found to be stable in moisture, making it an attractive candidate as a Na-ion battery

cathode.
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Figure Captions

Fig. 1. XRD patterns showing the phase evolution of (a) x =0, (b) x = 0.05, and (¢) x = 0.10

samples with calcination temperature

Fig. 2. Rietveld refinement profiles of room temperature XRD data for x = 0 and 0.075

samples calcined at 850 °C and 800 °C, respectively.

Fig. 3. Crystal structure of P2-type NNCMT-0.1 visualized using VESTA software package

[41].

Fig. 4. SEM micrographs of (a) x = 0 (b) x = 0.05 (c) x = 0.075 samples. (c1)-c(6) EDS maps

of x = 0.075 showing the distribution of its constituent elements.

Fig. 5. XPS spectra of as-prepared Nao.67Ni0.20Cu0.1sMn0.65-xT1xO2 samples (x = 0, 0.025,

0.050, 0.075, 0.100).

Fig. 6. Cyclic voltammogram of (a) x =0 and (b) x = 0.075 samples at scan rate of 0.1 mv/s.

Fig. 7. Galvanometric charge-discharge curves at discharge rates of (a) 0.1C and (b) 1C. (c)
The rate capability of the Nao.s7Nio.20Cuo.1sMn0.65-»TixO2 samples at different C rates. (d)
Cyclic performance of the Nao.c7Nio0.20Cu0.1sMn0.65-x) T1xO2 samples when cycled at 1C for 300

cycles.

Fig. 8. Ex-situ XRD patterns (a) x = 0.075 cathodes during charge(ch)/discharge(dis) cycle at
0.1C with (al), (a2) showing the magnified view of patterns in the vicinity of (002) and (004)

peaks. The Al peaks (marked by ¢ in the Fig. 8) belongs to the Al current collector.
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Fig. S1. Rietveld refinement profiles of room temperature XRD data of x = 0.025 calcined at 850 °C
x =0.050 calcined at 800 °C and x = 0.100 calcined at 800 °C.
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Fig. S4. Nyquist plots of various Nag 67Nio20Cu0.1sMn(o.65-x T1xO2 compositions at room
temperature. The inset shows the equivalent circuit used to fit the impedance data.
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Tables S1-S6. Crystallographic parameters of P2-type NNCMT-x obtained from Rietveld
refinement of room temperature XRD data.

S1: x =0 (space group: P63/mmc)

Atom X y z Occupancy Site B

Nal 2/3 1/3 1/4 0.45 2d 1

Na2 0 0 1/4 0.25 2b 1

Mn/ Ti/ Ni/ Cu 0 0 0 0.65/0 /0.20/0.15 2a 1
Q) 2/3 1/3 0.079 1 4f 1

S2: x =0.025 (space group: P63/mmc)

Atom X y z Occupancy Site B

Nal 2/3 1/3 1/4 0.45 2d 1

Na2 0 0 1/4 0.25 2b 1

Mn/ Ti/ Ni/ Cu 0 0 0 0.625/0.025/0.20/0.15 2a 1
0] 2/3 1/3 0.078 1 4f 1

S3: x = 0.050 (space group: P63/mmc)

Atom X y z Occupancy Site B

Nal 2/3 1/3 1/4 0.45 2d 1

Na2 0 0 1/4 0.25 2b 1

Mn/ Ti/ Ni/ Cu 0 0 0 0.60/0.05/0.20/0.15 2a 1
Q) 2/3 1/3 0.078 1 4f 1

S4: x = 0.075 (space group: P63/mmc)

Atom X y z Occupancy Site B

Nal 2/3 1/3 1/4 0.45 2d 1

Na2 0 0 1/4 0.25 2b 1

Mn/ Ti/ Ni/ Cu 0 0 0 0.575/0.075/0.20/0.15 2a 1
0] 2/3 1/3 0.077 1 4f 1

S5: x = 0.100 (space group: P63/mmc), phase fraction = 96.4%

Atom X y z Occupancy Site B




Nal 2/3 1/3 1/4 0.45 2d

Na2 0 0 1/4 0.25 2b
Mn/ Ti/ Ni/ Cu 0 0 0 0.55/0.1/0.20/0.15 2a
0] 2/3 1/3 0.077 1 4f

S6: x = 0.100 (space group: R-3m) phase fraction = 3.6%

Atom X y z Occupancy Site
Nal 0 0 1/2 0.70 3b
Mn/ Ti/ Ni/ Cu 0 0 0 0.55/0.1/0.20/0.15 3a
(0] 0 0 0.258 1 6c




