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ABSTRACT
Sodium-ion batteries have been a source of interest since the 1980’s. In 1991, lithium-ion
batteries became commercialized and gained popularity, which left studies on sodium-ion
batteries behind until recently. The compound Na;Ni,TeOs shows promise and was the principal
material studied in this investigation. The goal of this project was to develop sodium-containing
novel layered honeycomb oxides for battery cathodes. Density functional theory calculations for
three different sodium sites (i.e., Nal, Na2, and Na3) in Na;NixTeOs were conducted. Our results
indicate that Na atoms in the Nal site are energetically more favorable than the ones either in
Na2 or in Na3 sites. This finding agrees well with the measured XRD data. Chemical tuning was
performed to introduce defects to the structure including introducing cobalt and reducing the
concentration of sodium. Results indicate AFM cobalt-doped structures are energetically

favorable. The sodium-deficient structures show linearity with decreasing sodium concentration.
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CHAPTER 1:

INTRODUCTION

1.1 Sodium-lon Batteries

When the search for a rechargeable battery began, scientists were making their way down the
periodic table looking at alkali metals. Due to being the sixth most abundant element on Earth,
sodium has become a primary interest in the search for a new battery. The basic components of a
battery are the anode, cathode, and an electrolyte solution. Sodium-ion batteries work similarly
to lithium-ion batteries, but the main difference is that in a sodium-ion battery, the sodium ions
are the charge carriers. During charging, sodium ions move from the anode to the cathode
through an electrolyte solution until a set voltage is reached and during discharging, the sodium
ions move from the anode to the cathode through an electrolyte solution. In the current market,
batteries contain cathodes generally composed of lithium, cobalt, manganese, and other metallic
oxides, however, due to the financial and health-related costs that come with obtaining these
elements, along with the rarity and limited resources available, it is crucial to find alternative
elements for batteries. Several research studies have been conducted on other alkali metals such
as sodium, potassium, rubidium, and caesium as replacements for lithium, but due to the ionic
radius of an element playing a crucial role in the diffusion pathways of the cations, sodium has
been the most successful in the development for a new battery [12]. Since the first sodium-ion
battery material was successfully developed in the early 2000s, there has been an increased
interest in sodium-ion battery materials and more research on sodium-based materials being

conducted [11].
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Figure 1: Chronological timeline of material compositions used for batteries [11].

1.2 Selection of Materials

The main sodium-based structures initially studied were composed of sodium, copper, antimony,
tellurium, and oxygen. In 2013, the process of Na extraction and insertion in the interlayers of
NazNi2TeOs was discovered to be highly reversible, making it an ideal compound for a sodium-

ion battery [8]. The Na2Ni>TeOs structure has a P6z/mcm space group that is due to the Nal,

Na2, and Na3 sites [13][14].



Figure 2: Nuclear density map (a) for Na;Ni2TeOs with labeled Na sites, (b) corresponding 3D
maps at layer z = 0.25, (¢) z = 0.75, (d) spin direction surrounding Na2 sites [13].

Recent studies on the effect magnetic fields have on lithium-ion batteries indicate that magnetic
fields could play a significant role in the charging and discharging cycles of batteries at room
temperature by increasing the rate at which the lithium ions flow and diffuse [19]. The
NazNi2TeOs structure also seems to have AFM ordering when nickel is substituted with cobalt
and zinc at low temperatures [3]. However, zinc is not chosen in this study due to a general
decrease in sodium-layer thickness when a sodium-based battery material doped with zinc was
studied, which could reduce the rate and ease of sodium-ion diffusion compared to a cobalt-
doped structure [4]. The addition of cobalt could also result in an increase of length between
layers in the c¢ axis that could be crucial to the flow of sodium atoms [5]. With cobalt being a
ferromagnetic metal, we decided to dope our supercell structures with AFM cobalt where
ISPIN=2.
Molecular dynamics simulations also show that substituting nickel with cobalt, zinc, or
magnesium in the NazNi>TeOs structure, results in a higher conductivity primarily when nickel is

substituted with cobalt [22].



According to studies performed by K. Sau et al., a decrease in sodium concentration by 20% in a
sodium-based system is optimal when observing the ionic conductivity of a Na;Ni>TeOg system
when the volume is fixed [23]. K. Sau et al. also reported that with an increase in sodium
concentration by 20%, Nal sites tend to be the unfavorable, however, the molecular dynamics
simulations showed that sodium ions are accommodated at the Nal sites at any time during
diffusion, while the Na3 sites are the least favorable with sodium ions rarely stopping at the Na3
sites [23]. Magnetic order is also affected when the sodium concentration is increased by 24%

[21].



CHAPTER 2:

METHODS

2.1 Density Functional Theory Calculations

The density functional theory (DFT) calculations in this study were carried out using the Vienna
Ab-Initio Simulation Package (VASP) at the Texas Advanced Computing Center (TACC)
[14][15]. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was also used for
all calculations performed in this study [19]. A plane wave basis set with an energy cut-off of
500 eV was used for all calculations [14][15]. A gamma-centered k-point mesh of (7x7x5) was
used for unit cell calculations. A k-point mesh of (5x1x3) was used for the (1x5x1) supercells
and k-point mesh of (3x3x3) for the (2x2x1) supercells. Convergence testing was conducted to
determine the best k-point mesh for the unit cell calculations. Two supercell structures were
created by expanding the favorable unit cell with the sodium atoms at the Nal sites; the first cell
was expanded (1x5xI) and a second supercell was expanded (2x2x1). The (1x5x1) supercell was
created to directly compare our theoretical work and the Nair group’s experimental work. The
volume remained constrained for all calculations performed. All figures were modeled using
VESTA, the X-ray Diffraction patterns were made using XMGRACE, and the bulk modulus was
calculated using EOSFit GUI Birch-Murnaghan Equations of State (EoS) [17][24][6]. All
calculations except for the calculations done for the Na,Ni; gCo, ,TeO structures were not spin

polarized calculations.



2.2 Unit Cell with Three Sodium Sites and Interstitial Calculations

There are three sites where sodium atoms can be in the Na,Ni, TeOg structure: Nal, Na2, and
Na3 sites. Initial DFT calculations were performed to determine the optimal sodium site. Once
that was determined, the favorable structure was expanded (1x5x1) to create a supercell. Five
different structures were investigated for this initial study. Figure 3 shows the five structures
studied including two unit cells with the sodium atoms at the Nal sites only (Figure 3a and
Figure 3b), one unit cell with the sodium atoms at the Na2 sites only (Figure 3c), one structure
with the sodium atoms at the Nal and Na3 sites (Figure 3d), and one structure with the sodium

atoms at the Na2 and Na3 sites (Figure 3e).

Table 1: Unit cell parameters with theoretical and experimental values.

Na:Ni:TeOs Theoretical Experimental (1) Experimental (2)
a=b(A) 5.2016 5.2049 5.2018
c(A) 11.1723 11.1505 11.1447
a=p 90° - -
4 120° - -

Table 1 displays the lattice parameters for the theoretical study, (1) an experimental study
conducted by Masese et al. [7], and (2) data from the Nair group. The first experimental lattice
parameters on the tables were obtained to compare theoretical to experimental values since we
did not initially have a precise value from Dr. Nair’s experimental group. The second set of
experimental lattice parameters listed are updated values from the Nair group. We see there is
only a slight difference between our theoretical lattice parameters and the Nair group’s

experimental lattice parameters.
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Figure 3: Unit cells (a) Sodium atoms only at Nal sites, (b) Sodium atoms at different Nal sites,
(c) Sodium atoms at Na2 sites, (d) Sodium atoms at Nal and Na3 sites, and (e) Sodium atoms at
Na2 and Na3 sites. The sodium atoms are yellow, silver atoms are nickel, the bronze atoms are
tellurium, and the oxygen atoms are red.

Other calculations included interstitial calculations of sodium with a concentration of 2.5 and 3.

Three structures were created for the Na, ;Ni, TeOg unit cell displayed in Figure 4 and one
structure was created for the Na3;Ni, TeOg unit cell displayed in Figure 5. Figure 4a has two
sodium atoms on top and three on the bottom. Figure 4b has two sodium atoms on top and three
on the bottom as well and Figure 4c has three sodium atoms on top and two on the bottom.

Figure 5 has three sodium atoms on top and three on the bottom. All sodium atoms in Figure 5

are at the Nal sites.
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Figure 4: Na, 5Ni, TeOg unit cell with sodium atoms at different sites: (a) sodium atoms at Nal
the oxygen atoms are red.

and Naz2 sites, (b) sodium atoms only at the Nal sites, and (c) sodium atoms at the Nal and Na2
sites. The sodium atoms are yellow, silver atoms are nickel, the bronze atoms are tellurium, and
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Figure 5: Na3Ni, TeOg unit cell with sodium atoms at the Nal sites. The sodium atoms are
yellow, silver atoms are nickel, the bronze atoms are tellurium, and the oxygen atoms are red.

2.3 Cobalt Doping

One of the goals in this study was to understand if substituting nickel with cobalt in different
concentrations would significantly impact the energetics of the material. Four different
concentrations of cobalt were used in this study including 0.1, 0.125, 0.2, and 0.25. The (1x5x1)
structure was used for the 0.1 and 0.2 cobalt concentrations and the (2x2x1) structure was used
for the 0.125 and 0.25 cobalt concentrations. Nearest neighbor calculations were performed on
both (1x5x1) and (2x2x1) cobalt doped supercells with the 0.2 and 0.25 concentrations. Figure 6
contains the (1x5x1) supercell structures doped with two cobalt atoms and Figure 7 displays the
(1x5x1) supercell with the cobalt atoms placed in different layers. Figure 8 shows the (2x2x1)

supercell structure containing two cobalt atoms.



l7

472

.
v
k"wﬁr’W{ N

\/ Q‘
'y 'E~ﬂ¢

- \
\ '+ 7 \ M/ \ g
sﬂr‘\"aﬂrs A

N
£\
R 57
e
- - ..

),

XK

it
@ ¢

10

f)

(
Figure 6: (1x5x1) supercells with cobalt nearest neighbors (a) first nearest neighbor, (b) second

nearest neighbor, (c) third nearest neighbor, (d) fourth nearest neighbor, (e) fifth nearest neighbor

() (1x5x1) supercell from a c-axis point of view. The sodium atoms are yellow, silver atoms are
nickel, the bronze atoms are tellurium, the oxygen atoms are red, and the blue atoms are cobalt.



LR
o™
4.\
o,
ottt
anw,ﬁ
LT

and the blue atoms are cobalt.

. % ﬁ.d‘ﬁ .c.u ,.w.

e I

A#‘, N NA?&\/M »..ﬁ.'

7 L7 ._‘.a‘.&. s

O, NG
v

vir o ooy v THL
4% ’MHI,\V‘.»"

PR/
\ s
D o0 4 .», "» / XX

Q‘w' il .' - /.w.\ . - ..‘-x . - ‘ e
0 (0 0) L0 G0 e 03 L

+ ' 2 & (" 2k

N A RO AR

: .»or.’w.. s l\,...% »n»’d. .
‘Q 4 R C‘Q
VgAY > O 493

’ CSel7
.b".'/ 0. L0

:...o. /o\..
7SI A Z 7SS WLt Zavs

. .%w.’\, 4 s..“'.’. oG, \y‘.»‘r. >
F (D - L‘/

in different layers (a) cobalt is placed directly

®

(,

b'.«».

N\ 4

WOy

Sl7 ; 40~.‘._‘.40~.
& ay\v.‘;ﬁ».’mh%.f. X

above, (b) cobalt is placed vertically to the left. The sodium atoms are yellow, silver atoms are

nickel, the bronze atoms are tellurium, the oxygen atoms are red,
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-doped Na,Ni; gCo, , TeOgstructure. The sodium atoms are yellow,
atoms are cobalt.

the bronze atoms are tellurium, the oxygen atoms are red, and the blue

Figure 8: (2x2x1) cobalt

silver atoms are nickel,



2.4 Sodium Vacancies

The (1x5x1) supercell was created to have a direct comparison between the theoretical and the
Nair group’s experimental results. A (2x2x1) supercell was created to determine if there was a
significant impact on the material's energetics depending on its supercell structure. Sodium
vacancies consisted of reducing the concentration of sodium by one atom for each set of
calculations. The volume was constrained and was altered to generate energy volume curves for
each structure. The concentration of sodium investigated for the (1x5x1) supercell were as
follows: Na,, Na, 4, Na, g, Na,; 7, Na; ¢, Na; 5. Those structures are displayed in Figure 9 (a) and
Figure 10 (a). For the (2x2x1) supercell, the concentrations of sodium investigated were Na; g7s,

Na; 75, Naj 25, and Na; 5, and are displayed in Figure 9 (b) and Figure 10 (b).

c

(b)ao—l—wa

Figure 9: Sodium deficient structures (a) (1x5x1) supercell (b) (2x2x1) supercell.
The sodium atoms are yellow, silver atoms are nickel, the bronze atoms are tellurium, the oxygen
atoms are red, each different colored atom aside from those noted are the sodium atoms removed
to create the vacancies.

12
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Figure 10: Divacancy structures (a) (1x5x1) supercell (b) (2x2x1) supercell. The sodium atoms

are yellow, silver atoms are nickel, the bronze atoms are tellurium

and the oxygen atoms are red.

The cerulean atoms represent the sodium atoms removed to create a neighbor divacancy, the
green atoms represent the sodium atoms removed to create a horizontal split divacancy, and the

pink atoms represent the sodium atoms removed to create a vertical split divacancy.
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2.5 Defect Formation Energy Calculations

For the DFT calculations performed, the main source of comparison were the energetics
obtained for each calculation. Obtaining structures with the lowest energies were concluded to be
the most energetically favorable as those were in their lowest energy states. Because this study
included structures that could not have a direct one to one comparison, the defect formation
energy was calculated. All structures in this study had energy minimization calculations
performed, but the defect formation energies were only obtained for the supercell structures that

were cobalt doped and those that had sodium vacancies.

14



3.1 Parent Compound

CHAPTER 3:

RESULTS & ANALYSIS

The initial structure studied was the Na,Ni, TeOg unit cell with sodium atoms at different sites.

There are three positions where sodium atoms can be in the Na,Ni, TeOg structure: the Nal,

Na2, and Nag3 sites. DFT calculations were carried out on five unit cells with the sodium atoms at

different sites and the energetics revealed that the structures with the sodium atoms at the

Nalsites were energetically favorable over the structures with the sodium atoms at the Na2,

Nal/Na3, and Na2/Na3 sites.

Table 2 contains lattice parameters and energetics for FM structures (a) - (¢) where ISPIN = 1.

While Table 3 contains lattice parameters and energetics for FM and AFM unit cells at the Nal

and Naz2 sites. Figures 11 and 12 are the predicted pressure volume curves for the Na,Ni, TeOg¢

and Na, 5Ni, TeOg unit cell structures. Figure 13 is the XRD graph containing the experimental

data and the theoretical data for unit cells with the sodium atoms at the Nal, Na2, and Na3 sites.

Table 2: Na,Ni, TeO, energetics and lattice parameters for structures (a) - (e).

Na:Ni:TeOe (a) (b) (©) () ()
a=b(A) 5.25362 5.25362 5.25362 52016 52016
c(A) 11.28402 11.28402 11.28402 11.1723 11.1723
Volume (A?) 269.72 269.72 269.72 261.79 261.79
Total Energy (eV) | -115.86221957 | -115.86221953 | -115.78798337 | -112.15560153 | -114.71245428
Bulk Modulus (GPa)|  124.95 124.93 116.60 - .
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Figure 11: : PV Curve for (a) Na,Ni,TeOgstructure with sodium atoms at the Nal sites, (b)
Na,Ni,TeOg structure with sodium atoms at different Nal sites, (c) Na,Ni,TeOg structure with
sodium atoms at the Na2 sites
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Figure 12: PV Curve for (a) Na, sNi,TeO¢ structure with sodium atoms at the Nal and Na2
sites, (b) Na, sNi,TeOg structure with sodium atoms at the Nal sites, () Na, <Ni,TeO
structure with sodium atoms at the Nal and Na3 sites
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Figure 13: XRD graph comparing experimental XRD data to theoretical XRD pattern for unit
cell structure with sodium atoms at Nal, Na2, and Na3 sites.
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Table 3: FM and AFM energetics of Na,Ni, TeO,.

Na:Ni2TeOs Nal Site Na2 Site

Magnetism FM AFM FM AFM

Volume (A?) 269.72 269.72 269.72 269.72
Total Energy (eV)| -115.8622 | -118.5214 | -115.7880 | -118.4979

3.2 Interstitial Structures

After the initial calculations on the structures in Figure 3, the concentration of sodium was
increased to obtain the Na, sNi, TeOy structure. Three structures with a Na, s stoichiometry were
investigated and the DFT calculations for those structures indicated the favorable structure was
the structure with the sodium atoms at only the Nal sites. Because one of our goals was to
determine the optimal concentration of sodium, the concentration of sodium was then increased
to Na;Ni, TeOg. The Na3Ni, TeOg structure had sodium atoms at the Nal sites only.

Tables 4 and 5 contain the lattice parameters and energetics for Na, sNi, TeO4 and Na3Ni, TeOg,
respectively. The energetics in the tables show that the structures with the sodium atoms
primarily at the Nal sites are more energetically favorable than those with the sodium atoms at
the Na2 sites.

Table 4: Lattice parameters and energetics of Na, sNi, TeOy.

Naz.sNizTeOe (2) (b) ©)
a=b(A) 530563 | 546168 | 5.46168
¢ (A) 11.39575 | 11.73092 | 11.73092
Volume (A% 277.81 | 277.81 | 277.81

Total Energy (eV) | -117.8419 | -117.8983 | -114.6710
Bulk Modulus (GPa)| 12047 | 120.67 | 118.12
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Table 5: Lattice parameters and energetics of NazNi, TeOg.

NasNi2TeOs a)
a=b(A) 5.35765
c(A) 11.50747
Volume (A?) 286.06

Total Energy (eV) | -120.0845
Bulk Modulus (GPa)| 114.12

3.3 Cobalt Doping

The energetically favorable unit cell was doped with cobalt via substitution. The nickel atoms
were substituted for cobalt atoms. The concentration of cobalt differed with supercell structure.
The (1x5x1) supercell had a 0.2 concentration of cobalt, while the (2x2x1) supercell had a 0.25
concentration of cobalt. Initial results indicated that the cobalt's position was insignificant, but
upon comparing structures with ferromagnetic (FM) cobalt where ISPIN was set to 1 and
antiferromagnetic (AFM) cobalt where ISPIN=2, the results indicated that the AFM structures
were lower in energy than the FM structures. We note that while the energies differ slightly
between FM and AFM structures, there is a correlation between the two structures.

The (1x5x1) and (2x2x1) supercells were also doped with a single cobalt atom, resulting in a
concentration of 0.1 for the (1x5x1) supercell and a 0.125 concentration for the (2x2x1)
supercell. An X-Ray Diffraction (XRD) pattern was obtained for the Na,Ni; 4Co, ; TeOq
structure and when compared to an experimental XRD pattern, there was good agreement
between the theoretical and experimental structures as shown in Figure 14. The data shown in
Figure 15 contains the energetics for the FM Na,Ni; gCo,,TeOg 1x5x1 structure. The data

indicates there is a significant difference between the different structures depending on the cobalt
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atoms' positions. The data from Figure 15 is displayed in Table 6 along with the lattice

parameters. Figure 16 and Table 7 display the energetics and lattice parameters of the (1x5x1)

Na,Ni, gCo, ,TeOg supercell with the cobalt atoms with AFM ordering. This data shows that

these structures are lower in energy, leading us to believe that it is more likely that these

structures studied have AFM ordering.
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Figure 14: XRD graph for Na, <Ni, oCo, ,TeO¢ With experimental and theoretical patterns.
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Figure 15: Energetics trend of FM Na,Ni, gCo,,TeO4 (1x5x1) structures.

Table 6: FM lattice parameters and energetics of Na,Ni,; gCo, ,TeO, including the structures

with cobalt on different layers.

1x5x1 INN 2NN 3NN 4NN SNN Vertical Split
a(A) 5.2016 5.2016 5.2016 5.2016 5.2016 5.2016 5.2016
b (A) 26.008 26.008 26.008 26.008 26.008 26.008 26.008
c(A) 11.1723 | 11.1723 | 11.1723 | 11.1723 | 11.1723 | 11.1723 | 11.1723
Volume (A?) 1348.59 | 1348.59 | 1348.59 | 1348.59 | 1348.59 | 1348.59 | 1348.59
Total Energy (eV) | -582.9052 | -582.9893 | -582.8768 | -583.0284 | -582.9485 | -582.8803 | -582.9293
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Figure 16: Graph shows energetics trend for AFM cobalt doped (1x5x1) structure.

Table 7: Energetics for Na,Ni; gCo,,TeOg (1x5x1) structure with AFM cobalt.

1x5x1 INN NN 3NN 4NN 5NN
a (A) 52016 | 52016 | 52016 | 52016 | 52016

b (A) 26.008 | 26.008 | 26.008 | 26.008 | 26.008

¢ (A) 11.1723 | 11.1723 | 11.1723 | 11.1723 | 11.1723
Volume (A%) | 1348.59 | 1348.59 | 1348.59 | 1348.59 | 1348.59
Total Energy (eV) | -594.1562 | -595.9769 | -593.4879 | -595.1997 | -595.3165
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3.4 Sodium Vacancies

The supercells were also used for sodium vacancy calculations. DFT calculations were
performed on the (1x5x1) supercell with sodium concentration ranging from 2.0 to 1.5. The
concentration of sodium for the (2x2x1) supercell also ranged from 2.0 to 1.5 with slightly
different sodium concentrations due to the difference in total number of atoms between the two
supercell structures. Additionally, divacancy calculations were performed on both supercell
structures. Three types of divacancy calculations were performed: neighbor divacancy, a vertical
split divacancy, and a horizontal split divacancy. Our results indicate that the horizontal split
divacancy was energetically more favorable compared to the other two types of divacancies. The

defect formation energies are shown in Figure 19.
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Figure 17: PV Curve for Na,Ni, TeO4 (1x5x1) supercell.
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Figure 18: Energetics for Na,Ni, TeO,4 (1x5x1) structure with sodium vacancies.
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Figure 19: Defect formation energies (a) for (1x5x1) structures with sodium vacancies, (b) for
(1x5x1) structures with sodium vacancies divided by the number of vacancies.
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CHAPTER 4:

CONCLUSION

4.1 Optimal Structure

From the initial calculations performed on the unit cells with the sodium atoms at Nal, Na2,
NalNa3, and Na2Na3 sites, the energetics suggest that the optimal structure is the one with the
sodium atoms at the Nal sites with an antiferromagnetic moment. The results for the nearest
neighbor calculations on the Na,Ni,; gCo,,TeO, (1x5x1) supercell with the AFM cobalt atoms
suggest that the position of the cobalt atoms plays a significant role in the energetics of the
material. For the Na,Ni; Co,;TeOg (1x5x1) supercell, the theoretical XRD pattern agrees with
the experimental XRD pattern. For the structures with the sodium vacancies, the results indicate
a linear relationship with decreasing sodium concentrations suggesting that this material is ideal
for the sodium-ion battery cathode.

4.2 Future Work

The work in this study lays the groundwork for AFM calculations as well as future molecular
dynamics simulations to further study diffusion and mechanical properties crucial for the
development of sodium-ion battery cathodes for large scale storage. The work presented in this
study is only a small view of the potential that sodium-ion materials have for battery

applications.
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