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Abstract

Sodium ion batteries have recently received great attention for large-scale energy

applications because of the abundance and low cost of sodium source. Although

some cathode materials with desirable electrochemical properties have been

proposed, it's quite challenging to develop suitable anode materials with high

energy density and good cyclability for sodium ion batteries. Herein, we report a

layered material, 03-NaTiO2, that delivers 130mAhg-1 of reversible capacity and

presents excellent cyclability with capacity retention over 97.5% after 40cycles and

high rate capability. Furthermore, by coupling the electrochemical process with in

situ X-ray diffraction, the structure evolution and variation of cell parameters

corresponding to an 03-03' phase transition during sodium deintercalation is

investigated. Unusual lattice parameter variation was observed by in situ XRD,

which can be related to the structure modulation with varying Na vacancy ordering.

An irreversible structural modification upon overcharging is also confirmed by in

situ XRD. In summary, our work demonstrates that 03-NaTiO2 is a very promising

anode material for sodium ion batteries with high energy density.
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Title: R.P. Simmons Professor of Materials Science and Engineering

Thesis Reader and Co-advisor: Yang Shao-Horn
Titile: Gail E. Kendall Professor of Mechanical Engineering
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1 Introduction and motivation

Sodium-ion batteries have been attracting increasing attention for large-scale

energy storage applications due to the natural abundance and low cost of sodium

resources'. Compared with Li, although their physical and chemical properties are

similar, Na has larger ionic radius (0.97A) and higher redox potential (-2.71V vs.

SHE)1- 3. Moreover, the interactions between Na ions and the host crystal structures

may be different with the Li analogues. Na intercalation/deintercalation mechanism

has not been well investigated- 4. So there may be opportunities to develop novel

electrode materials for Na-ion batteries of comparable energy density with Li-ion

batteries.

The most commonly applied anode material in Li-ion batteries is graphite. Graphite

delivers a moderate Li storage capacity of approximately 350mAhg-1 at O.1V vs.

Li+/Li,s, 6. However, Na cannot be inserted into the graphite layer related to

thermodynamics issues5 . Currently, only a few materials have been reported as

applicable anode for Na-ion batteries,3,4,6- 9. Thus, designing an anode material with

large reversible capacity, moderate storage voltage, and good cyclability is critical

for the development of Na-ion batteries.

Among the available anode materials for Na-ion batteries, hard carbon exhibits

reversible capacity of 25OmAhg-1 with stable cycle performance in NaClO 4/EC:DEC

electrolyte 6. But the average sodium storage voltage in hard carbon is relatively low

(-O.1V). Most of the usable capacity is located near the sodium plating voltage,

which causing potential safety concerns. Several alloys such as Sn and Sb have
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shown very high storage capacity(-600mAhg-1) 9,8. However, owing to the undesired

large volume change during sodium insertion and extraction, the use of optimized

binders and electrolyte additives is required to achieve satisfactory cyclability 3,8,9.

Oxides are also explored as potential candidates for negative electrodes of Na-ion

batteries. One of the potential anodes attracting much attention is Na2Ti3O7, which

delivers over 200mAhg-1 initial capacity. There are basically two issues with this

material. 1). The average storage voltage is 0.2V that may cause the risk of sodium

plating; 2) The cycling performance is not satisfied. Recently, the spinel Li4 TisO12

was demonstrated by Y. Sun as a potential negative electrode material 7. Li4 TisO12

deliver a reversible capacity of 155 mAhg-1 with good cyclability in Na-ion battery

when particularly using carboxymethyl-cellulose sodium as the binder. A new anode

material with excellent cyclability, P2-Nao.66[Lio.22Tio.78]0 2 , was reported by the

same group 4"1 0. P2-Nao.66[Lio.22Tio.78]0 2 exhibits a reversible capacity of 116mAhg-1

at an average storage of 0.75V. The most interesting property of this P2-type

material is the negligible volume change (0.77%) during sodium insertion and

extraction. However, these two sodium titantes still haven't reached the goal for

anode materials of high energy density and low cost. Li4TisO12faces the problem of

high demand and increasing price of Li resource, while the usable capacity of P2-

Nao.6 6 [Lio. 2 2Tio.78]O 2 is limited to 100mAhg-1 corresponding to 1/3 Na per formula

unit. Therefore, developing new anode materials with high energy density still

requires much investigation.

One possible type of candidate that could satisfy the high energy density standard is

layered material. Research on layered NaM0 2 (M=3d transition metal, such as Mn,
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Fe, Co, Ni, V) as intercalation materials began in the 1980s11-1 4 . They are drawing

more attention since 2010s as promising cathode materials for sodium-ion

batteries 4,1s- 24. Layered NaxMO2 possesses different crystal structures. By the

notation defined by Delmas et al.1 2, On(n=1,2,3,etc) represents structures in which

Na is octahedrally coordinated with oxygen, and n refers to the repeat period of the

transition metal stacking. Pn(n=1,2,3, etc) represents structures where Na atoms

occupy trigonal prismatic sites. Among the 3d transition metals, Ti compounds

exhibit a lower redox potential compared with Mn, Fe, Co, Ni compounds,11,13,14,1 6.

So 03-NaTiO2 can be a potential candidate for negative electrode. In the 1980s,

Mazzaz et al. examined the electrochemical performance of 03-NaTiO211. However,

only 0.3 Na (corresponding to 78 mAhg-1) was reported to be reversible cycled in

this 03-type material. Monoclinic NaMnO2 and NaNiO2 were revisited as positive

electrode materials recently by Ceder group171 8. Their results showed that, in

contrast to previous report1 7, monoclinic NaMnO2 can reversibly

intercalate/deintercalate about 0.8 Na and NaNiO2 can reversibly

intercalate/deintercalate about 0.5 Na. The larger reversible capacity compared

with the reports back in 1980s may result from the improvement of electrolytes.

Hence, in this thesis, the electrochemical performance of 03-NaTiO2 is re-

investigated, aiming at developing an anode material for sodium-ion batteries with

high energy density. In addition, sodium insertion mechanism is studied by in situ

X-ray diffraction during electrochemical cycling of batteries.
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2 Experimental Study of 03-type NaTiO 2

2.1 Experimental methods

2.1.1 Solid-state synthesis of NaTiO2

03-type NaTiO2 is synthesized by a solid-state reaction. TiO 2 anatase(Sigma Aldrich,

99.99%) and freshly cut Na(Sigma Aldrich) with 5% excess were placed in a

Swagelok-type stainless steel tube, which was sealed in an argon-filled glove box.

The tube was then fired at 9200C for 12 hours in a flow of argon gas11,25 . After

cooling, the tube was opened by tube cutter in the glove box to prevent exposure to

air and moisture since NaTiO2 is highly reductive.

2.1.2 Structure characterization by X-ray diffraction

The X-ray diffraction (XRD) patterns were collected on a Rigaku RU300 rotating

anode diffractometer equipped with Cu Ka1 radiation in the 20 range of 100-850. All

the samples were sealed with Kapton film to avoid air exposure. Rietveld refinement

and profile matching of the powder diffraction data of the as-prepared NaTiO2 were

performed using PANalytical X'Pert High Score Plus.

2.1.3 Electrochemical tests

Active material NaTiO2 and conductive agent carbon black (Timcal, Super P) were

manually mixed with agate mortar and pestle for 30 minutes. The mixture was then

mixed with polyethylenetetrafluoride (PTFE) (Dupont, Teflon 8C) binder in a weight

ratio of 85:15:5 and rolled into a thin film. The 1M NaPF6 in EC: DEC electrolyte was
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prepared by dissolving anhydrous NaPF6 (98%, Sigma Aldrich) into ethylene

carbonate: diethylcarbonate (EC: DEC) solution (anhydrous Sigma Aldrich, 1:1 in

volume ratio). Na metal film was used as counter electrode. Two pieces of glass fiber

served as separators and stainless steel as current collectors in customized

Swagelok cells, assembled in an argon-filled glove box with the oxygen and moisture

levels less than 0.1ppm. Cells were tested on a Maccor 2200 or Arbin BT2000

operating at room temperature. The loading density of the active material was kept

to be approximately 3mg/cm 2. A 1C rate was estimated based on 260.5 mAhg'.

Potentiostatic intermittent titration test (PITT) was performed on a Solartron

1470E electrochemical potentiostat. Steps of 10mV were taken to fully charge and

discharge the cell. The capacity was measured at each voltage step until the relax

time was longer than 3 hours or 10hours.

2.1.4 In situ X-ray diffraction

In situ X-ray diffraction experiments during electrochemical cycling of batteries

were collected on a Bruker D8 Advance Da Vinci Mo-source diffractometer with step

scans between 6.50-30.50 20. An in situ battery was designed with a Be window for

X-ray penetration. The battery was configured with NaTiO2 electrode as the working

electrode, sodium as the counter electrode, 1M NaPF6/EC:DEC as the electrolyte

and glass fiber as the separator. The charge/discharge of in situ battery was carried

on a Solartron electrochemical potensiostat in the voltage range of 0.6-1.6V at a

current rate of C/20, or at each relaxation step of PITT test charge with steps of

30mV and step duration of 4 hours.
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2.2 Results and Discussions

2.2.1 Structure of 03-type NaTiO2

The X-ray diffraction pattern of as-prepared 03-type NaTiO2 is shown in Fig 2-1. A

pure 03-type NaTiO2 phase was obtained by solid-state method. The background

and three broad peaks between 100-300 are from the Kapton film. The profile is

fitted to the structure referenced in ICSD (#43439) with the space group R-3m.

Rietveld refinement gives the lattice parameters a=3.032A, b=3.032A, c=16.325A.

These values are in good agreement with cell parameters previously reported11,25 .

oft

I Aij I I
20(Degree, Cu)

Figure 2-1 XRD pattern of 03-type NaTiO 2 synthesized by solid-state reaction.

Since NaTiO2 is insoluble in concentrated nitric acid, aqua regia, and aqueous hydro

fluoride (HF) 2 5 , chemical analysis such as inductively coupled plasma atomic

emission spectroscopy(ICP-AES) could not be performed.
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In addition, NaTiO2 is very air-sensitive due to the very strong reducing property of

Ti3+ ion. Even very short-term exposure in air results in oxidation by oxygen and

hydrolysis reaction with water, which will destroy the original structure of NaTiO2.

So currently morphology characterization by scanning electron microscopy (SEM)

cannot be performed since special sample holder that keeps the sample in vacuum

before transferred to and evacuated in SEM is required.

2.2.2 Electrochemical performance

2.2.2.1 Open-circuit-voltage (OCV) test

NaTiO 2 is extremely sensitive to moisture level. Even trace amount of water in the

battery system, especially in the electrolyte, will cause desodiation of NaTiO2 by

hydrolysis. Since cell open circuit voltage is a function of sodium content, an

increase of open circuit voltage will instantly reflect the extent of desodiation.

Before cell assembly, every component of the Swagelok-type cell, including PTFE

body and caps, stainless steel current collectors and glass fiber separators, are dried

overnight in an oven at 800C in order to remove water absorbs on the surfaces. Thus

trace amount of water in the battery system mainly comes from the electrolyte.

Therefore, it's crucial to desiccate the organic electrolyte.

Molecular sieve is a porous material with small holes to block large molecules while

allowing small molecules to pass 26. Many molecular sieves are used as desiccants. So

molecular sieves are added to the as-made NaPF6-EC:DEC(1:1) electrolyte and

rotated to remove the trace water. Karl Fischer titrations were performed to
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evaluate the water content in electrolytes 26. The results indicated that less than

1ppm of water was present in the dehydrated electrolyte, which is the limit of

detection of the device, compared with about 5ppm of water in the as-made

electrolyte.

Open-circuit-voltage tests of as-prepared NaTiO2 powder were performed on both

Swagelok-type cells assembled with dehydrated electrolyte and as-made electrolyte.

Since the composition and concentration of electrolytes are the same, the difference

of OCV profiles is due to different amount of trace water in the electrolyte. The slope

of OCV curve is a good measurement of the rate of desodiation reaction. When the

slope is larger, desodiation reaction is faster, which indicates that the amount of

trace water in the electrolyte is larger.

OCV profiles of NaTiO2 powder versus Na metal counter electrode (Na+/Na) tested

in Swagelok-type cells for 24 hours are shown in Fig2-2. At the beginning, OCV of

NaTiO2 with dehydrated electrolyte can be as low as 0.642V, while OCV of that with

as-made electrolyte is 0.69V. The slope of OCV of NaTiO2 powder with as-made

electrolyte is about 0.005V/h. While the slope of OCV curve of NaTiO2 powder with

dehydrated electrolyte is not only much smaller, but also quickly converges to a

stable value. This indicates a very low level of trace water in the dehydrated

electrolyte. These results demonstrate that 1) NaTiO 2 is a sensitive and visualized

indicator of the amount of trace water in the electrolyte; 2) Molecular sieves can

effectively dehydrate organic electrolyte; 3) After dehydration treatment, it's

reasonable to assume that the amount of residual water in the electrolyte is

negligible.
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Figure2-2. OCV profiles of NaTiO 2 powder with dehydrated electrolyte and as-prepared

electrolytes tested in Swagelok cells for 24 hours.

1.00- NaTiO 2
NaTiO2 +PTFE

0.95 - NaTiO 2+Carbon+PTFE

0.90-
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Figure2-3. OCV profiles of NaTiO 2 powder, NaTiO 2 film bind by PTFE, NaTiO2 and carbon

mixture film bind by PTFE, tested in Swagelok cells for 24 hours.
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OCV profiles of NaTiO2 powder, NaTiO2 film bind by PTFE, NaTiO2 and carbon

mixture film bind by PTFE, tested in Swagelok cells for 24 hours are shown in Fig2-

3. At the beginning, the OCV values of fresh batteries are 0.662V, 0.674V and 0.693V

respectively. When NaTiO2 is mixed with PTFE, the rate of sodium loss is faster than

that of pure NaTiO2 powder, possibly due to reaction between NaTiO2 and PTFE.

Desodiation reaction is a Faradic reaction that accompanied with charge transfer.

After mixed with carbon, electronic conductivity of electrode film is improved and

thus desodiation reaction rate is faster. This explains the steeper slope of OCV curve

of NaTiO2 and carbon mixture film bind by PTFE. Meanwhile, carbon black and

PTFE also contain certain amount of trace water even after drying at high

temperature, which is another possible reason of the higher desodiation rate.

Additionally, porous carbon can irreversibly insert Na ions, which is also a possible

cause of the faster desodiation behavior.

From the above results, it's clear that the OCV of 03-type NaTiO2 is about 0.64V,

which is much lower than the previous report value of 0.8V11. The previous study of

NaTiO 2 neglected the specific capacity below 0.8V. Our study demonstrates that the

specific capacity below 0.8V can be reversibly cycled, which will be discussed in

2.2.2.2.

2.2.2.2 Galvanostatic charge and discharge of NaTiO2

Fig2-4 shows the voltage profiles during galvanostatic charge and discharge of

NaTiO 2 at C/10 rate for 10cycles (1C=260.5mAhg-1). At first, the battery is

discharged to 0.6V to compensate Na loss and thus obtain fully discharge state. 03-
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NaTiO 2 delivers 134.5mAhg-1 of reversible capacity in the voltage range of 0.6-1.6V,

which corresponds to approximately 52% of the theoretical capacity, or 0.52Na

insertion/extraction per formula unit, based on a single-electron redox process of

Ti3 + /Ti 4
+ couple. In the 0.6-1.6V range, the very strong similarity between the

discharge and charge curves clearly shows that the intercalation/deintercalation

process is reversible with a small polarization.

In the voltage range of 0.8-1.6V, the specific capacity is approximately 100 mAhg-1,

corresponding to 38% of the theoretical capacity. The obtained capacity is slightly

larger than previous report 1 . In the low voltage range of 0.6-0.8V, 03-NaTiO2

delivers a capacity of approximately 35 mAhg-1, corresponding to 14% of the

theoretical capacity. Moreover, the capacity in the low voltage range is truly

reversible. This result is significant because reversible capacity in the low voltage

range is especially crucial for anode materials.

1.6-

1.5-

1.4-

1.3

1.2

cc 1 1

> 1.0

0.9-

0.8-

0.7-

0.6-
0 20 40 60 80 100 120 140 160

Capacity(mAhlg)

Figure2-4. Voltage versus capacity profile of NaTiO 2 galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.6-1.6V.
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An irreversible capacity loss was observed in the first discharge, which can be

ascribed to the formation of solid electrolyte interphase layer (SEI) and sodium

insertion into carbon when discharged to a low voltage. This is a common

phenomenon in the negative electrodes of lithium-ion batteries 4 27 .

1.60
1.55-

1.50

1.45

1.40

1.35/

1.30

1.25

CD 1.20 -
cc

1.15 -o
1.10

1.05 -

1.00
0.95
0.90-

0.85 -
0.80 -

0 25 50 75 100 125

Capacity(mAh/g)

Figure2-5. Voltage versus capacity profile of NaTiO 2 galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.8-1.6V.

The data in Fig2-4 can also be represented in Fig2-6 where Na content is plotted

versus voltage. The battery is discharged to 0.6V to reach the fully discharged state

and therefore, in the following cycle, the initial Na content is determined as 1. About
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0.52 Na, corresponding to a charge capacity of 134mAhg-1 can be deintercalated

from NaTiO 2 when the cell is charged up to 1.6V vs. Na+/Na. Upon discharge to

0.6V, 0.53Na, corresponding to discharge capacity 138.5 mAhg-1 can be intercalated

back to the host structure. So the sodium insertion and extraction is reversible when

the cell is cycled in the range of 0.47<x<1 in NaxTiO 2.

The average voltage of sodium insertion into NaTiO2 is about V.
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Figure2-6. Voltage versus Na content per formula unit galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.6-1.6V.

The shape of the voltage curve exhibits a potential plateau at 0.93V, which is a

characteristic of biphasic domain (corresponding to a 03-03' phase transition), and
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continuous variations of the voltage versus the composition showing the existence

of solid solutions. Potential inflection in the curve at 1.20V indicates the existence of

special ordering of Na+/vacancy in the interslab space of the layered structure. In

situ X-ray diffraction studies are carried out during the electrochemical

intercalation/deintercalation process to investigate the trend of structure evolution,

and thus get an understanding of electrochemical reaction mechanism, which will be

discussed later.

2.2.2.3 Optimization of capacity and cyclability

To obtain large capacity as well as good cyclability of NaTiO2, the effect of cutoff.

voltage on electrochemical performance is investigated.

2.2.2.3.1 Effect of cutoff voltage in the low voltage region

Fig2-5 shows a reversible capacity of 98.7mAhg-1 (corresponding to 0.38 Na

insertion per formula unit) when NaTiO2 is cycled in the 0.8-1.6V with an excellent

cyclability. The specific capacity of charge is 96.6mAhg-1 after 10 cycles.

Fig2-7 shows a reversible capacity of 117.2mAhg-1 (corresponding to 0.45 Na

insertion per formula unit) when NaTiO 2 is cycled in the voltage range of 0.7-1.6V,

which is larger than that in the 0.6-1.6V range. The cyclability is still excellent as the

specific capacity retention of charge after 10 cycles is about 99.5%.

Fig2-4 shows a reversible capacity of 134.5mAhg-1 (corresponding to 0.52 Na

insertion per formula unit) when NaTiO2 is cycled in the voltage range of 0.6-1.6V,
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which is larger than that in the 0.7-1.6V range. The cyclability is still excellent as the

specific capacity retention of charge after 10 cycles is about 99.6%.
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Figure2-7. Voltage versus capacity profile of NaTiO 2 galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.7-1.6V.

The effect of the low cutoff voltage on the specific capacity of NaTiO2 can be

illustrated by a comparison of voltage profiles versus sodium content as shown in

Fig2-8. As the low cutoff is decreased from 0.8V to 0.6V, larger capacity is obtained

and good cyclability of the battery is maintained.
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Figure2-8. Comparison of voltage profiles versus sodium content with different cutoff

voltage 0.6V, 0.7V and 0.8V.

If the cutoff voltage in the low voltage region is further decreased to O.5V, slightly

larger capacity is obtained as shown in Fig2-9. For example, 135.2mAhg-1 and

146.7mAhg-1 for the 2nd charge and discharge respectively, corresponding to 0.52

Na and 0.56 Na per formula unit. For comparison, the specific capacities of the 2nd

cycle of batteries cycled in the 0.6-1.6V range is 134.5mAhg-1 and 138.6mAhg-1

respectively, corresponding to 0.516 Na and 0.53 Na per formula unit. Although

lower cutoff voltage slightly improves the capacities during initial cycles, it causes
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deterioration of cyclability. The specific capacity is 117.9mAhg-1 and 123.8mAhg-1

for the 10th charge and discharge respectively, corresponding to 0.45 Na and 0.48 Na

per formula unit. The capacity retention of charge after 10 cycles is about 88.3%,

which means a faster capacity decay when the battery is cycled in the voltage range

of 0.5-1.6V. The irreversible capacity loss may result from electrolyte degradation,

continuous side reactions of SEI formation and irreversible sodium insertion into

carbon.
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Figure2-9. Voltage versus capacity profile of NaTiO 2 galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.5-1.6V.
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From the shape of voltage curve in Fig2-9, it's clear to see a steep drop in the voltage

curve when the battery is discharged below 0.6V. This means there is limiting

electrochemical reaction of redox couples in this low voltage region. So it's not

necessary to set the cut-off voltage as low as 0.5V. Therefore, choosing the cut-off

voltage of 0.6V ensures NaTiO2 delivers the best cyclic performance as well as large

capacity.
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Figure2-10. Capacity vs cycle index of NaTiO 2 galvanostatic charge/discharge at C/10 with

different low cutoff of voltage.

2.2.2.3.2 Effect of cutoff voltage in the high voltage region
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From the voltage profile of battery cycled in the 0.6-1.7V range with high voltage

cutoff 0.1V higher than 1.6V, obviously gradual capacity decay upon cycling is

observed, as shown in Fig2-11.
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Figure2-11. Voltage versus capacity profile of NaTiO 2 galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.6-1.7V.

When the battery is charged to 2V as an increased charge depth, an irreversible

short voltage plateau shows up at about 1.7V, indicating an irreversible phase

transition. Irreversible modifications of the material occur and the shape of the

subsequent voltage versus composition discharge curve is completely changed.

Previous features of voltage profile, such as voltage plateau and inflection point,

disappear. This behavior is similar with previous report11 , which was explained as
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irreversible migration of some Ti4
+ ions from the transition metal layer to sodium

layer. The structural evolution is confirmed by in situ X-ray study, which will be

discussed later.
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Figure2-12. Voltage versus capacity profile of NaTiO 2 galvanostatic charged/discharged at

C/10 rate for 10 cycles in the voltage range of 0.6-2.0V.

Hence, based on the galvanostatic cycling tests, 1.6V is the optimal cutoff voltage in

the high region to maintain large reversible sodium insertion and extraction and

prevent irreversible structure modification in the high voltage region. A more

detailed and accurate study on measuring the optimal cutoff in the high voltage

region is conducted by in situ X-ray diffraction, which will be discussed in the next

chapter.
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Figure2-14. Capacity vs cycle index of NaTiO2 galvanostatic charge/discharge at C/10 with

different high cutoff of voltages

33

.0 0.1

0.5-1.6V
0.5-2.OV
0.5-2.5V

:E

0

1.75-

1.50-

1.25-

1.00

0.75

0.50-
0.0 0.6

-



2.2.2.3.3 Cyclability in the optimized voltage range

Fig2-15 shows the long-term cycling performance of NaTiO2 in 0.6-1.6V voltage

range. The capacity retention after 40 cycles at a current rate of C/10 is about

97.3%. The relatively low Coulombic efficiency at initial cycles is possibly related to

the degradation of electrolyte, formation of SEI layer or irreversible insertion of Na

into carbon. 03 NaTiO2 exhibits a comparable cyclability with reported negative

electrode materials with long-life cyclability for sodium-ion batteries4 7 .
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Figure2-16. Capacity vs cycle index of NaTiO2 galvanostatic charge/discharge at C/10

rate for 40 cycles.
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2.2.2.4 Rate capability

The rate capability of a Na/NaTiO2 battery is shown in Fig2-17. The battery is

discharged to 0.6V at a current rate of C/20 and then charged to 1.6V at different

current rates from C/20 to 5C. It's noteworthy to emphasize that the battery still

delivers large charge capacity at 1C rate, 118.7mAhg-1 (87.9% of C/10 rate). At C/5

rate, the battery delivers charge capacity of 135.4mAhg-1 (99% of C/10 rate), with

small polarization. The rate capability of NaTiO 2 is better than some other 03-type

layered materials, for example NaMnO2, NaCoO2 and NaNiO214-18 2 2. NaCoO2 exhibits

a stepwise voltage profile with limited rate capability. A possible explanation is the

phase boundary movement for two-phase regions at the plateaus causes sluggish

sodium diffusion20 ,23. For NaTiO2, only a short plateau in the early stage of charge

process as 03-03' phase transition is observed. From our in situ XRD study, a

biphasic domain for NaTiO 2 exists only at that 0.93V voltage plateau.

Note that special treatment of electrode material such as carbon coating and

nanosizing is not required to obtain such good electrochemical performance. At

even higher rate, for example 5C, polarization of cell voltage is considerably

increased. So it's reasonable to propose that the rate capability of this material can

be further optimized.
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Figure2-17. Rate capability of NaTiO 2

Titanium is an earth-abundant element with low price. Excellent cyclability, large

reversible capacity and good rate capability demonstrate that NaTiO2 is by far

among the best anode materials for practical application in sodium-ion batteries.

2.2.2.5 Potentionstatic intermittent titration test (PITT) results

Potentionstatic intermittent titration test (PITT) is one of the useful techniques to

understand electrochemical behaviors for Li intercalation and sodium intercalation

materials16,17. It forces diffusing ion Na+ to get excited from its equilibrium state and

records a responding current. The input of PITT is usually a small potentiostatic
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voltage step of tens of millivolts. Then, electrochemically active sodium materials

must react to such an input by varying its Na concentration because the Na chemical

potential must correspond to the voltage. Therefore, the diffusion of Na ions must

occur.

Fig2-18 shows the capacity versus voltage measured by PITT of NaTiO2 in the

voltage range of 0.6-1.6V. For this PITT test, the capacity was measured at each

voltage step until the current was below C/100. The results were plotted in a

manner resembling cyclic voltammograms except that the current is replaced by

specific capacity. The result shows only one sharp peak while the system is

desodiated. In the charge process, there is an oxidation peak at 0.94V, while in the

discharge process the corresponding reduction peak is at 0.92V. The hysteresis

between charge and discharge is quite small. These peaks indicate reversible phase

transition at about 0.93V, which is in good agreement with the results of

galvanostatic battery test.

In the first discharge, the peak area in the low voltage region is larger than that of

charge process. For the second discharge, the difference of the peak areas in the low

voltage region between discharge and charge is obviously decreased. Since peak

area in the capacity versus voltage graph is a measurement of specific capacity, this

result confirms that there are some irreversible reactions happened in the low

voltage region. The irreversible reaction can be ascribed to SEI formation and

irreversible sodium insertion in carbon. This provides extra explanation for the

capacity loss during the first discharge. The similarity of charge and discharge

profile indicates reversible reaction and good cyclability in the following cycles.
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Figure2-18 Capacity vs voltage of Na deintercalation and intercalation for NaTiO2 measured

by PITT in the 0.6-1.6V voltage window.

Fig2-19 shows the capacity versus voltage measured by PITT of NaTiO2 in the

extended voltage range of 0.6-1.7V. It worth noting that an additional peak occurs at

1.685V, and the corresponding relaxation time of current at this voltage is

prolonged. This indicates a irreversible phase transition possibly from two-

dimensional layered 03'-type structure to three-dimensional spinel structure

caused by Ti migration into the sodium layer. This result provides additional proof

for our conclusion of structure modification based on galvanostatic charge and

discharge performance with high voltage cutoff.
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Figure2-19 Capacity vs voltage of Na deintercalation and intercalation for NaTiO2 measured

2.0

by PITT in the 0.6-1.7V voltage window
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3 Understanding of reaction mechanism

3.1 Structure evolution study by in situ XRD

To study the electrochemical sodium insertion/extraction mechanism, in situ X-ray

diffraction experiments were performed during the charge and discharge of a cell

that was previously discharged to 0.6V corresponding to the 03-NaTiO 2

composition. Fig3-1 shows the X-ray diffraction patterns in the 6.5o-30.5o two-theta

range (Ka 1 & Ka 2 of Mo source) of an in situ cell continuously charged/discharged

at C/20 rate. The phase transitions at 0.93V shown in these patterns clearly are in

good agreement with the results obtained from electrochemical data. Note that in

the whole two-theta range, preferred orientation exists because the electrode films

were prepared by a dry method that involved multiple pressing and rolling process.

The preferential orientation enhanced the intensity of (001) peaks and lowered the

intensity of peaks in other directions16,21,22.

After charged to 0.93V, the diffraction patterns obviously change from those of the

03 phase to 03' phase, indicating a phase transition. And this phase transition is

found to be reversible in the discharge process. A detailed analysis will be discussed

in the following part.
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Figure3-1. X-ray diffraction patterns in the 6.5o-30.50 two-theta range (Ka 1 & Ka 2 of Mo

source) of an in situ cell continuously charged/discharged at C/20 rate

In the charge range of 0.6-0.93V, NaxTiO2 remains 03-type structure with a

hexagonal system. As shown in Fig3-2, the chex parameter is equal to three times of

the interslab distance (interplanar spacing of (003)) in the hexagonal cell, and ahex is

an average of in-plane Ti-Ti distances11 . Lattice parameters are very sensitive to the

sodium content16,20,21. During sodium deintercalation in the charge process, the

global evolution trend of the (003) diffraction peak is a shift to lower two-theta

angles, shown in Fig3-3. This phenomenon is commonly observed in the layered

materials 4,15 ,16, 2 0,2 1 . This demonstrates that Chex parameter increases owing to the
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loss of cohesiveness when sodium ions are extracted from the interslab space. In

parallel, the ahex parameter, which is equal to the Ti-Ti distance within the slabs,

decreases owing to the oxidation of titaniumll 21. As other AxM0 2 (A=Na, Li,

M=transition metal) layered materials, the cell parameters change continuously in

the solid solution domain of 03 phase.
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The variations of theses cell parameters in 03 phase calculated from in situ X-ray

diffraction patterns are presented as a function of sodium content in Fig3-4. The chex

parameter evolution can also be presented by the variation of the position of (006)

peaks, which gives half of the changes in the interslab distance.
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Figure3-3 Evolution of (00 3 )hex peak and (00 6 )hex from in situ XRD during galvanostatic

charge at C/20.

mc
* a

U

0 0

0 *

U

M

0 * 0

0.90

M

0

0.95

M

a

1.00

x in NaxTiO2

Figure3-4 Lattice parameters ahex and Chex of 03 phase calculated from in situ XRD upon

charge

43

4--

M 0 N
0

0

16.7 -

16.6 -

16.5-

16.4 -

Z 16.3-

16.2
E

C. 3.05-

0 -

.1-r

3.001 0 S 0
0 0

29 Q~ -I
I I

0 .7
0.75 0.80 0.85

%-.0
-4

.



4.0-

3.6- 00000

32.

2.8.06

2.6.

2.4

2.2 0
j2

1.8

1.6

0.6.

0.46

02.

0.010 1-2 14 V 
1 0 2 24 2630

zen

Figure3-5 Schematic illustration of 03' structure and simulated XRD pattern.

When the cell is charged up to the voltage plateau at 0.93V, a new peak arises at a

lower angle compared with the (00 3 )hex diffraction peak, and the (10 4 )hex diffraction

peak splits into two peaks, which indicates a two-phase domain corresponding to a

phase transition. In the biphasic domain, the splitting of peaks is caused by

monoclinic distortion of the crystal structure.

In the biphasic regions of layered materials, usually the cell parameters remain

constant11 ,16,20,21. Nevertheless, in the 03' NaXTi02 case, the cell parameters of the

new-formed phase vary slightly during sodium deintercalation. Similar results have

been observed in P2-type NaV0 2
21. Because the plateau at 0.93V is short, which

means the biphasic domain of 03 and 03' forms in a narrow sodium content, and

preferred orientation lowered the intensity of (hkO) peaks, it's difficult to get

44

.. ............



precise information on the evolution of ahex parameter. In addition, since the X-ray

source is Mo Kal and Ka2, we encountered difficulties in clearly identifying

whether the two close diffraction peaks were due to a biphasic domain or the non-

monochromatic wavelength. As a consequence, the behavior of lattice parameter

variation in the bi-phasic domain may result from the data quality or the in

homogeneity of the new-formed phase during continuous charging process that

doesn't reach equilibrium completely.

With an increasing charge depth, more sodium ions are extracted from the

interslabs, accompanied by structural distortion from hexagonal structure to

monoclinic structure, corresponding to 03 phase and 03' phase respectively (See

Fig3-5). This is demonstrated by the peak shifting and splitting behaviors in situ

XRD patterns in the voltage range of 0.93V-1.57V.
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As shown in Fig3-5, 03' phase remains a layered structure, whereas beta angle is

around 1100 rather than 900 in 03 phase, displaying a monoclinic distortion.

Therefore, the interslab distance (interplanar distance of (001)) is equal to

Cmon*sinsmon, while the average intraslab distances are amon*sinsmon and bmon

corresponding to interplanar distance of (100) and (010) respectively.

An appealing point is that (001)mon and (002)mon peaks keeps in the same two-theta

position during charge after slightly shifting to lower angle at the end of bi-phasic

domain, indicating the interslab distance remains constant during continuous

desodiation. This phenomenon is completely opposite to the lattice parameter

evolution of other layered materials during sodium deintercalationl4 22. Commonly,

in the single-phasic domain, the interslab distance increases due to the loss of

cohesiveness when Na+ ions are extracted from the interslab space, while in the

biphasic domain, the interslab distance remains constant, just as the c parameter

variation of 03 NaxTi02 phase discussed above. Meanwhile, (111)mon and (20-2)mon

peaks shifts to higher two-theta angle, indicating that the in-plane distance

corresponding to the Ti-Ti distance within the slabs is continuously varying upon

desodiation.

To improve the precision of calculating the lattice parameters during sodium

deinterclation, In situ X-ray diffraction data of higher quality are obtained while the

in in situ cell is charged potentiostatically. The in situ cell is potentiostatically hold

for 4 hours at each voltage step to reach the equilibrium state. In parallel, each XRD

scan lasts 4 hours to simultaneously record the information of structural evolution.
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The variation of intersheet and intrasheet distance versus sodium content of 03'

single-phase domain is shown in Fig3-8, 9. In addition, the variations of amon, bmon,

cmon and Imon of 03' phase upon charging versus sodium content are shown in Fig3-

10, respectively, to illustrate the detailed lattice parameters evolution trend.
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Figure3-9 (a) Variation of intersheet (001)mon and intrasheet (010)mon distance versus

sodium content of 03' phase; (b) Variation of intersheet (001)mon and intrasheet (100)mon

distance versus sodium content of 03' phase from in situ XRD during charge.
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Figure3-10 Variation of amon, bmon, cmon and Imon versus sodium content of 03' phase from in

situ XRD during charge.

It's worth noting that the X-ray diffraction patterns during the sodium

deintercalation clearly show the presence of additional weak Bragg peaks

characteristic of superstructures. The present additional Bragg peaks in the 120-140

and 170-180 two-theta range (Fig3-7, Fig3-11) are not indexed in the basic 03'-type

structure. The strongest superstructure peak is the one in the 120-140 two-theta

range that appears at around 13.50 and remains at the same angle until the battery

is charged up to the inflection point of the voltage curve. After the inflection point

(corresponding to 1.2V of in situ cell or -Nao.77Ti0 2 ; in the Swagelok cell, the voltage
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of inflection point is 1.18V due to a smaller polarization compared with in situ cell),

this peak starts to shift to a lower angle during the desodiation process. A similar

behavior is also observed for the additional peak at around 17.90. These

superstructure peaks exhibit a very significant shift-the extent of shifting is much

more pronounced than the basic peaks of 03' phase. This fact suggests the existence

of a structural modulation with a modulation vector varying as a function of the

sodium content1,16,20 ,2 1 .

Another interesting behavior is observed when the in situ cell is charged up to the

weak inflection point on the voltage curve (corresponding to 1.45V or Nao.6TiO2).

Superstructure peaks at around 130 gradually disappear while some new additional

weak Bragg peaks show up at 14.40. And the generated superstructure peak

significantly shifts to lower angle following a similar behavior of the superstructure

peaks in the 130-140 two-theta range. This indicates a further structural modulation

occurs with increasing charge depth.
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Figure3-11 In situ XRD data in the 1Oo-200 two-theta range recorded during the PITT

experiments.

After the in situ cell is charged up to the third inflection point on the voltage curve

(corresponding to 1.57V or Nao.5TiO2), the weak additional peaks disappear.

Meanwhile, the distance between (111)mon and (20-2)mon peaks gets smaller

obviously with a trend of merging(See Fig3-12).

The formation of these superstructures seems to result from Na/vacancy ordering

that lowers the symmetry. The variation trend of lattice parameter of 03' phase can

be associated with structure modulations, as shown in Fig3-13.
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Figure3-12 (a) Evolution of (001)mon peak from in situ XRD during PITT test; (b) Evolution

of (111)mon and (20-2)mon peaks from in situ XRD during PITT test.
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Figure3-13 Synergy between lattice parameter variation and superstructure evolution

To give a general overview of the lattice parameter evolution during sodium

deintercalaction, all X-ray diffraction patterns were indexed in the hexagonal

system. Therefore, for 03' phase with monoclinic distortion, amon/VF represents the

average in-plane Ti-Ti distance compared with the hexagonal cell, and chex

parameter remains the same. The overall evolution of lattice parameters as a

function of sodium content is shown in Fig3-14.
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Figure3-14 Overall evolution of the lattice parameters ahex and Chex calculated from in situ

XRD during charge.

3.2 Irreversible structure modification upon

overcharge

As discussed in Chapter 2, if the battery is charged above 1.57V, corresponding to

over 0.5 Na extracted per formula unit, irreversible structure modification happens.

As shown in Fig2-7, the cell polarization is considerably higher by comparing the

charge and discharge voltage curves. The cell resistance increases strongly as over

0.5 Na is deintercalated, which is confirmed by the gradually increase of current

during relaxation in PITT test. Cell capacity decays quickly during cycling in the 0.6-
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2.OV voltage window, owing to continuously accumulated structure modification at

the high voltage region with cycling.

To directly illustrate the structure modification, in situ X-ray diffraction is

performed as the cell is charged above 1.57V, correspond to more than 0.5 Na is

deintercalated. During the deintercalation, a biphasic region is observed at about

1.6V, which indicates a first-order phase transition. The X-ray diffraction pattern of

the new phase can be indexed with a rhombohedral system.

1.87V
1.84V
1.81V

1.78V
1.75V
1.72V
1.69V

1.66V
1.63V

-T1P1 q-1111 T-If- 1.60V
2Theta (Coupled TwoThetalTheta) WL=0.70930

Figure 3-15 In situ XRD patterns during charge from 1.6V up to 1.87V.

The structure evolution during desodiation above 1.6V is shown in Fig3-15. (00 3 )hex

peak shifts to a higher two-theta angle, indicating that the interslab distance

decreases rapidly upon charging over 1.6V, corresponding to over 0.5 Na is

extracted. Previous discussion has explained that the interslab distance increases

during deintercaltion in AxM02 materials of layered structures. The observed

decrease of interslab distance indicates a modification of cationic distribution. A
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possible explanation is Na.TiO2 layered structure become unstable when the sodium

content is getting smaller. To stabilize the structure, some tetravalent titanium ions

migrate from the transition metal layer to the interslab sodium plane. The presence

of highly-charged Ti4+ ions in the sodium layer leads to a strong contraction of the

interslab distance. So the Chex parameter is considerably decreased. With

continuously Ti4
+ migration during charge, the level of cations mixing in the

intersheet layer is enhanced. Therefor, this material should be considered as a

three-dimensional structure, rather than a two-dimensional layered one.

During the discharge from the modified phase, even at very slow rate of C/100, the

03 and 03' layered phases do not reappear. Sodium ions intercalate into the

available sites in the sodium layer without modification of the 3D framework. The

capacity of discharge depends on the amount of migrated Ti4+ in the sodium layer.

The 2D->3D phase transition is irreversible, which possibly due to the absence of no

driving force that could force titanium ions migrate back to their original layer

during discharge. Calculation by S. Kim 28 shows that stability of the spinel type

structure is actually higher than that of 03-type layered structure at x=0.5 in

Na.Ti02. Based on experimental and computational results, it's reasonable to

assume that the irreversible structure modification at low Na content is caused by

migration of Ti4 +. More detailed investigation to explain this behavior is in progress.
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3. Conclusions

In summary, 03-NaTiO2 is synthesized and tested electrochemically as a negative

electrode material for sodium-ion batteries. About 0.5 Na can be reversibly

intercalated/deintercalated in NaTiO2, corresponding to a reversible capacity of

130mAhg-1. To achieve high capacity and best cyclability, the effect of voltage range

on the electrochemical performance of NaTiO2 is studied. 0.6-1.6V is found to be the

optimal voltage window for galvanostatic cycling. In addition, sodium

insertion/extraction mechanism is investigated by in situ X-ray diffraction. A

reversible 03 to 03' phase transition is observed at 0.93V. Special Na/vacancy

orderings occurs during sodium deintercalation, which leads to an unusual lattice

parameter variation. The interslab distance of 03' phase remains constant during

charge, while the in-plane distance keeps varying.

With high capacity and excellent cyclability, 03-NaTiO 2 is among the best available

anode materials for sodium ion batteries. By combining 03-NaTiO2 with appropriate

cathode materials, it could be possible to assemble high energy density sodium ion

batteries that only consist of earth abundant elements. We believe that these

findings enrich the exploration of promising anode materials for rechargeable

sodium-ion batteries for large-scale energy storage applications.
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