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Abstract

A complete and uniform synthesis diagram of NaxCo0s has been proposed based on

forty-one samples synthesized at various temperatures from 450'C to 750'C by solid-state

reactions with initial Na:Co ratio ranging from 0.60 to 1.05. Four monophasic domains of'

03, 03', P3' and P2 and four biphasic regions were revealed based on an XRD analysis. The

sodium contents in these phases were determined according to the d00 j-x relations obtained

by an in situ XRD experiment and it is found 03, 03' and P3' phase almost form with only

one stoichiometry, that is x=1.00, 0.83 and 0.67 respectively, by solid-state reaction while

P2 phase forms in a slightly larger composition range from 0.68 to 0.76. Galvanostatic

charging on 03-Nai.ooCoO0 2 battery reveals several plateaus and steep steps on the voltage

curve, the corresponding phase transitions and solid solution behaviors were studied by a

simultaneous in situ XRD experiment. The composition driven structural evolution in three

layer NaXCo02 follows the sequence: 03-03'-P3'-P3-P3', with a generally increased interslab

distance dool.

Thesis Supervisor: Gerbrand Ceder
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1.1 Motivation and Background

1.1.1 Category of Layered Na-ion Battery Cathode

Materials and Performance

NaxMO 2 or NaXM(DM(2)... 02 (M=transition metal) have been widely studied as

cathode materials in Sodium Ion Batteries. These layered electrode materials can

be generally categorized into two major groups, P2 type and 03 type, according to

Delmas' notation'. Both types can exhibit decently good repeatable reversible

capacity 2,3. Their structural variations during electrochemical intercalation or

deintercalation of Na ions, however, are very distinct. The P2 type compounds

usually retain the P2 framework, while various Na vacancy orderings and

superstructures form, upon charging or discharging'. Though not common, P2-

029,10 and P2-OP43 transitions have also been observed in the high voltage range.

In contrast to P2, the 03 type compounds usually experience more severe structure

changes during Na deintercalation in the lower voltage range. 03-03'-P3/P3' phase

transitions have been confirmed by in situ or ex situ XRD studies in various

systems"-'6. Thus, to understand the phase stability of NaxM0 2 (or NaxM(1M(2) ...02)

and the thermodynamics behind are becoming an increasingly important task.

Among many layered NaxMO 2 compounds, NaCo02 system had been studied as

cathode materials since 1980s 11,17 . The discovery of large thermoelectric power in

Nao.5Co02 single crystal 18, and of superconductivity in P2-Nao. 5Co02- 1. 3H 20 1 9 made

NaxCo02 an active area of study. Sodium cobalt oxide, therefore, becomes an

'3



appropriate candidate material as a prototype system for our study on its phase

stability.

1.1.2 Development Background of Sodium Cobalt

Oxide

The earliest NaXCo0 2 phase diagram proposed in 197320 had shown that four

different phases of NaXCoO 2 could be synthesized by classic solid-state reaction,

known as a(also 03), a'(also 03' or 01), f(also P3' or P1) and y(also P2). All these

phases have layer structures containing sheets of CoO6 octahedra with Na+ ions

intercalated between them. Following the notation of Delmas', the 0 or P

designation refers to structure in which Na+ is octahedrally or prismatically

coordinated by oxygen, while the numerical designations refer to the repeat period

of the transition metal stacking. The prime mark, however, indicates the structure

may have experienced a monoclinical distortion from its parent structure1 1 .

NaXCo0 2 with various x can be obtained by conventional solid-state reaction,

chemical and electrochemical intercalation or deintercalation of sodium ionsii,2 1 - 23.

Previous reports on synthesis of NaXCo02 based on solid-state reaction have been

summarized in Table 1. The P2 phase could usually be obtained at higher

temperature (650'C-900'C) when 0.55<x<0.88, while the three layer structures, 03,

03' and P3', were synthesized when 0.92<x<1.00, 0.75<x<0.83 and 0.60<x<0.67

respectively in the lower T range (500'C-550'C). Though many intensive studies on

NaxCoO2 system have been carried out before, including an in situ study on the P2

phase4 and an ex situ study on the three layer structures1", a uniform synthesis

14



diagram and an in situ study on the three layer compounds are still absent, which

may provide us with more information in details.

Table 1. The compositions and structure types of Na.CoO 2 and the corresponding
synthesis conditions by solid-state reaction. Ref. 24 indicates that the sodium
content x given may be nominal values. If there are two values of interslab distance for
one compound, it indicates two phases were observed in the experiment from the
original references.

Compound Structure Synthesis Interslab Compound Structure Synthesis Interslab
type temperature distance type temperature distance

P2 900*1C

P2 9000C

5.4310
or

5.4040
5.4475

or
5.4435

P2 800*C

P2 8000C

P2 850*C

P2 >650 0 C

P2 750C

P2

P2

9000 C

900*C

Nao.8CO02 24

NaO77CoO 2
24

Nao.7sCoO 23

Na0 7SCoO2 
22

NaO,74CO02 4

NaO. 72CoO 2
20

NaO.67CO02 1

NaO.66CoO 2
24

NaOsCoO2 24

Na 00CoO 2
2 0

4aO~o22

5.4072
or

5.4378

NaO,2CoO2" 2

NaO.83CoO 2
17

NaO.7sCoO2 2

NaO 75C10220

NaO 67C0

5.4500 NaO 67Co0 26

- NaO.6ZC0 2

5.4585 NaO.62CoO 2 
24

5.4735 NoWCoO 2

5.1900 NaO.60CoO 0

03' 5500 C

03' 5500C

03' 5000C

P3

PT'

P3'

P3'

P3'

550*C

5300 C

550*C:

5500C

SSOOCK

5000C

15

03 5000C

5.3670

5.3766

5.4992

5,4923

5.4922

5.4871

5.5100

03 550*C 5.1999

PT'

03
(sni 050-8w ' 5,208b



1.2 Overview of the Thesis

In this work, we report a complete and uniform synthesis diagram of NaxCoO 2 ,

obtained by classic solid-state reaction. A detailed structural study was carried out

using X-Ray powder diffraction and the sodium compositions in layer structure were

determined by the structure refinements which are compared with calculations

based on an in situ XRD study. Our results show, in contrast to previous reports,

most phases are layer compounds forming with a single sodium stoichiometry, and

the actual sodium content in the layer structure can deviate significantly from

nominal composition. For clarity, we define #Na:Co as the initial Na:Co ratio or

nominal sodium content in this paper, while x in NaXCoO2 stands for actual sodium

composition. It is found that pure 03 phase, previously reported to exist in the

range of 0.90<x<1.00, can only exist as Na1 .ooCoO 2 below 450'C; And 03' phase,

which has a monoclinically distorted single layer structure, can only form

Nao.s3 CoO 2 by solid-state reaction, even though PNa:CO ranges from 0.68 to 1.00;

Similarly, P3' phase, which also has a weak monoclinically distorted single layer

structure with Na ions in prismatic sites, forms with a single stoichiometry around

Nao.67CoO2 by solid-state reaction between 500-550C; Pure P2 phase, however,

forms in a relatively larger range of 0.68<x<0.76 above 750C. We also found that,

for the first time, by electrochemical deintercalation, P3 phase without monoclinical

distortion can be obtained near x=0.56 (~ 5/9) under room temperature.
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2.1 Synthesis and Characterization

2.1.1 Synthesis by Solid-State Reaction

Samples of Na.Co02 with 0 .6 0 <pNa:Co<1 .0 5 were synthesized by solid state

reaction at different temperatures ranging from 450'C to 750 0 C. Stoichiometric

amounts of Na202 (Alfa, 95%) and Co30 4 (Alfa, 99.7%) powders were mixed and

thoroughly ground by high-energy ball milling before pressing into pellets. Samples

were treated carefully to minimize air contact till they were placed in a box furnace.

The temperature was slowly (50C/min) increased to certain values within 450C-

7500 C, held constant for 16h in air. And the samples were then quenched to room

temperature and quickly moved to an Ar-filled glove box. Forty-one samples in total,

except for four 03 samples that were synthesized at 4500 C in a tube furnace with O2

flow, were synthesized using this method in order to give a full picture of synthesis

diagram.

2.1.2 Structural Characterization by XRD

All samples were analyzed by X-Ray powder diffraction on a Rigaku Rotaflex or

PANalytical X' Pert pro diffractometer equipped with Cu Ka radiation. Data were

collected in the 20 range of 100-85' at a scan rate of 0.021' s' or slower. All the

samples were well sealed using Kapton film to avoid air contact or moisture

contamination. The structural information and lattice parameters were determined

using Rietveld refinement, as described in detail later. Sodium contents of NaXCo02

19



for all samples in the single-phase region were determined by a comparison with in

situ XRD results, as described in detail later.

2.2 Electrochemical Deintercalation of Sodium

Electrochemical studies and a simultaneous in situ XRD experiments are

carried out on Na/iM NaPF in EC:DEC/03-Na1 .ooCoO2 batteries, which is specially

designed that enables XRD signals to be collected through a Be window. The

positive electrodes consist of 80 wt% of active material, 15 wt% of carbon black and

5 wt% of PTFE as a binder. And a glass fiber filter was used as a separator. The

airtight cells were carefully assembled inside an Ar-filled glove box to avoid any air

or moisture contact with Sodium metal anode and 03-Na1.ooCoO 2 cathode. The

battery was charged from 2.5v to 3.4v (corresponding to 1.00>x>0.52) at a rate of

C/50 (4.8 mA g-1) at room temperature. The simultaneous in situ XRD experiments

were performed in a repeated manner on a Bruker D8 X-Ray diffractometer

equipped with a Mo source (11 KI1 = 0.7093 A). Each scan was carried out at a scan

speed of 0.00650 s-1 in the whole 20 range, from 6.5' to 300, to give full XRD patterns

in detail. This setup and configuration generates a complete scan every one hour

with Na composition resolution Ax=0.02.

20
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3.1 The Construction of a Synthesis Diagram of

Sodium Cobalt Oxide

3.1.1 An Overview

A total number of forty-one effective samples were synthesized in the selected

range of interest (450'C<T<750'C, 0. 6 0<INa:Co< 1 .0 5 ), nineteen of which fall into

single phase regions without forming other layer structure, while the other twenty-

two samples contain more than one kind of layered compounds. These results were

given according to phase identifications based on X-ray powder diffraction. All four

known phases (03, 03', P3', P2) of NaxCo02 have been successfully synthesized in

the selected range in this study, and four single-phase regions of them have been

identified based on experimental data points. These results have been reorganized

and plotted to give a complete and uniform experimental synthesis diagram (Fig. 2).

The 03 and P2 phases, which have been previously studied extensively, can be

synthesized at lower temperature with higher kNa:Co and at higher temperature

with lower #Na:CO respectively as expected. The P3' phase can be obtained in a

narrow temperature window around 550'C when sodium is highly deficient and this

result is generally consistent with earlier reports. The 03' phase, however, can be

synthesized over an unexpected large initial Na:Co ratio range, from PNa:Co0. 6 8 (or

even lower) to 0Na:CO=1 .0 0 , forming a narrow diagonal band on the synthesis

diagram. Corresponding two-phase regions can be identified between any two

single-phase regions.

23
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Figure 1 1 Structural characterization of four different phases of Na.CoO2. Observed
(black dots) and calculated (red lines) XRD patterns for 03-Na .00CO2 (Rp=14.3%) with
(Na:Co= 1 .05 and T=4500 C (a), 03'-Nao.83CoO 2 (Rwp=1 9.8%) with (PNa:Co=l .00 and T=650*C
(b), P3'-Nao.67CoO 2 (Rep=19.0%) with (PNa:Co= 0 -6 8 and T=535*C (c), P2-Nao.76CoO 2

(Rwp=15.2%) with ONa:Co=0. 7 6 and T=7500C (d) were given based on Rietveld refinements.
The broad peaks between 10* and 30* are due to the Kapton film used to seal the
samples. The residual discrepancy (blue lines) and peak positions (green bars) are also
given beneath each pattern. Peaks marked by * in (b) are due to Na ions ordering and
superstructures 20 in the 03' structure, while Peaks with * mark in (c) are impurities of
C0304 precursor. The additional structural information in detail can be found in Table 2.
Symbols A, B and C in the schematics (insets) represent layers of oxygen with different
stacking. In the 03 and 03' structures, all Na ions reside in edge sharing octahedral sites
while in the P3' structure, Na ions have prismatic coordination with one side edge sharing
and another face sharing. There are, however, two kinds of prismatic sites for Na ions in
the P2 structure, they are edge sharing and face sharing sites.
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3.1.2 Structural Characterization

A detailed structural investigation on each phase was performed by XRD

analysis using the Rietveld method. The structural information and synthesis

conditions of representative samples of each phase were given in Table 2. The 03

phase sample Na1 .ooCoO 2 (''Na:Co. 0 5 , T=450'C) has an XRD pattern that could be

indexed within the trigonal space group R3m (No.166), while the 03' phase sample

Nao.S3CoO2 ('1#Na:Co 1 . 0 0 , T=650'C) and the P3' phase sample Nao.67 CoO 2

(PNa:CoO. 6 8 , T=535C) were indexed based on monoclinic cells in the space group

C2/m (No.12). Both of the P2 phase samples Nao.6sCoO2 (PNa:Co 0 . 6 8 , T=750'C) and

Nao.76Co02 (cPNa:co=O.7 6 , T=750'C) could be well indexed with a hexagonal cell in the

space group P6 3 /mmc (No.194). Observed and calculated XRD patterns of all four

Table 2. The cell parameters and synthesis conditions of representative samples
for each phase of Na.CoO 2

Compound Space Cell constants volume Volume/f.u. Structure Synthesis conditions
group (A) (A3) (A3) type

a = 4.8912

NaO.83CoO 2  ( 2) b 5 75.443 37.722 03' (PNa:Co=1.00 T=650C

f = 111.840

NaO. 68CoO 2  P6 3 /mmc a = 2.8320 75.690 37.845 P2 PNa:co=0.
6 8 T=750 0 C(No.194) c = 10.8971

Electrochemical
NaO. 56 CoO 2  (No.160) c = 16.5880 114.176 38.059 P3 deintercalation of Na

from 03-Na. 00Co0 2

25



phases were compared and given in Fig. 1, these results confirmed the purity of

each sample. Other samples in the same single-phase regions, whose structural

information is not presented here, are isostructural with the representative sample

of each phase, while the lattice parameters can be slightly different.

0

0

0

7 5 0 -.-..-... -9 --. .... ..------------ ..............

P2+03'

0 P2+P3': P3'+P2+03'
6 5 0 Y -------------- Y ----.. .-- .....-- -- .- -- ..........

CZ 600 -------..--.-.----------. -. .- ..- ..-...-.-..---..---. - .'---...-- .-''' .

-C- :P3'+03'
550 .e . . .......... ...... 9 ......
s3s
515
500 - -- - - --

Single Phase sample

P2+03' sample

P3'+03' sample

P2+P3'sample

03+03'sample

P3'+P2+03'sam

Estimated single
phase region

ple

450 9.------ .-- -9 -- -- -
03+03':

-----9 -- ------ - - - --.......-

0.60 0.68 0.76 0.84
Initial Na: Co Ratio <PNa:Co

0.92 1.00

Figure 2 1 Synthesis diagram of NaxCoO 2 as a function of the initial Na:Co ratio
<PNa:Co (X axis) and the sintering temperature (Y axis). A total number of 41 samples,
including 19 samples (only 18 are shown, the one with PNa:Co= 1 .05 and T=4500 falls out of
this diagram) containing only one layered structure (filled blue circles) and 22 samples
containing more than one identified layered compounds (filled circles in other colors), had
been synthesized to determine the synthesis diagram. The single-phase regions (grey
areas) and the biphasic domains (white areas) were estimated based on experimental
data points shown. In order to rule out all other potential factors that may influence the
results, all other conditions of synthesis, except T and qNa:Co, have been set constant.
Since the x in NaxCo0 2 can deviate significantly from initial Na:Co ratio, #Na:Co is used in
this diagram instead of x. In addition, those samples being in the nominal single-phase
regions indicates they were not contaminated by other layered structures, however, some
of these samples also contain small amount of C0304 impurities. Most samples that fall
into biphasic domains contain certain amount of C0304 precursor, which is not reflected in
this synthesis diagram.
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3.2 Electrochemistry of Three Layer Type

3.2.1 Motivation and Target

In order to obtain the dO0 -x relation that enables us to determine actual

sodium content in layer structure obtained by solid-state reaction, an

electrochemical study and a simultaneous in situ XRD experiments are carried out.

A synergy between electrochemistry and in situ XRD through sodium ion

deintercalation (first charge) in three layered series was plotted, as shown in Fig. 3.

As a consequence of preferred orientation of the active material in the cathode

during electrode preparation, all c related (001) peaks are enhanced while all other a

or b related peaks are suppressed. It becomes, therefore, not practical to retrieve

precise information on the a or b parameters from in situ XRD patterns. Since (001)

peaks have very strong signals, we can clearly identify 03, 03' and P3' monophasic

regions, observe 03-03', 03'-P3' phase transitions and accurately calculate doo, or c

based on (001) peak positions.

3.2.2 Phase Variations during Na Deintercalation

Based on a direct comparison between the in situ XRD patterns and the

voltage curve during charge, as shown in Fig. 3, the first step at x=1.00 and the

second step between 0.81 and 0.88 on the voltage curve corresponds to 03 and 03'

single phase domain and the steep step at x=0.67 marks the start of P3' monophasic

region. The two plateaus between these steps characterize the biphasic domains of

03+03' and 03'+P3'. A continuous increase of voltage at lower x range (smaller

27



than 0.67) characterizes the P3' single phase existing over a wide composition range.
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Figure 3 | Synergy between electrochemistry and in situ XRD through sodium ion
deintercalation in three-layer NaxCo0 2 starting from 03-Na1 .00CoO2. The galvanostatic
electrochemical battery charge (right side) enables us to obtain a continuously decreasing
x while in situ XRD scans can be carried out simultaneously in a repeated manner. Each
XRD scan takes 1 hour which corresponds to Ax=0.02. The resulting in situ XRD
experiment (left side) shows clearly either solid-solution behaviors in the single-phase
regions, characterized by a peak shifting, or phase transitions between two phases,
characterized by the coexistence of two distinct 001 peaks. The shifting or transition of 001
peaks to lower 20 positions (red dashed lines) is consistent with the interslab distance

increase during sodium deintercalation. The combination of 201 and 112 peaks and the
successive splitting of 015 peak (top left inset) characterize the P3'-P3-P3' phase
transition. The correlation between the in situ XRD patterns and the electrochemical
behaviors enables us to calculate the interslab distance in each phase as a function of x.
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Another two small plateaus and one step between them, however, were found near

x=0.56. A closer examination of the XRD profiles at around 20 =260 reveals a P3'-

P3-P3' phase transition in a very narrow composition range. The P3'-201 peak and

P3'-112 peak joined at x=0.56 and the P3-015 peak split again afterwards, as shown

in Fig 4 top left inset. The additional peaks nearby are due to Mo Ka2 radiation. In

order to clearly analyze the P3-Nao.56 CoO 2, an ex situ XRD test has been carried out

on the same sample as shown in Fig. 4. By comparing the XRD profile of P3 (Fig. 4
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Figure 4 1 Ex situ XRD characterization of P3-NaO. 6 CoO 2. Observed (black dots)
and calculated (red lines) XRD profiles for P3-Nao.56Co0 2 were given. A Rietveld
refinement was carried out in space group R3m (No. 160), which gives a=2.8192 A,
c=16.5880 A, Rp=15.08%. The residual discrepancy (blue lines) and peak positions
(green bars) are also given beneath the pattern. Observed (crosses) and calculated
(red lines) XRD patterns of P3' (inset a) and P3 (inset b) in the range of 410<20<610
were compared in detail. Peaks marked by * in (inset a) are due to impurities of C0304
precursor. Both P3 and P3' samples are the sample as listed in Table 2.
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inset b) and that of P3' (Fig. 4 inset a), the monoclinical splitting of P3 104, 015, 107

and 018 peaks can be clearly observed in P3'. A Rietveld refinement has also been

carried out in space group R3m (No. 160) for P3 and the results were given in Table

2.

Additional steps, like the one at x=0.50, as shown in Fig. 8b, in P3' single phase

region indicates the existence of certain Sodium ion vacancy ordering in P3', which

is not presented in this study. The 003 peaks of 03 phase have a fixed position

3.6 5.6

@0.

3.4 * / P3'-doo1 /P3-dOO3 5.5 0
CZ @0000000 5.0~
z
+ 3.2-c

5.4 c,
000000.

3. 03'-doo1  @0000000
3- 

0*00

5.3 m

2.8 0

03-dOO3

4 2.6.
0

2.4 . -51

0.5 0.6 0.7 0.8 0.9 1.0

Sodium content (x)

Figure 5 1 Calculation of the interslab distance dool of 03, 03' and P3/P3' as a

function of sodium content x. The sodium content in three-layer NaxCoO2 influences

the phase transitions as well as the interslab distance in each phase, which could be

calculated according to the 001 peak positions. The dool remains constant in biphasic

domains (open circles) while increases continuously in single-phase regions (filled blue

circles) during sodium deintercalation. The data points in red circles labeled with 1, 2

and 3 are P3'-NaO.67CoO 2, 03'-Nao.83CoO 2 and 03-Na1 .00CO02 respectively, whose

interslab distances are most comparable to that of those P3', 03' and 03 samples

synthesized by solid-state reaction.
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(corresponding to a constant interslab distance d0 0 3 = 5.200 A), in either single 03

phase region or two phase region with 03'. The 001 peak of 03' phase have fixed

positions in two phase regions with 03 or with P3', but an obvious shift of the 001

peak towards low angle (corresponding to an increase in doo1 interslab distance) is

observed in the single phase domain upon further charging. The behavior of the 003

peaks of P3' phase is similar to that of 03', the peak position is fixed in the two-

phase region with 03' but shifts towards low angle (corresponding to an increase in

d0 0 3 interslab distance) in single-phase region during charging. This result is

generally consistent with previous reports2 1 1. The electrochemical charge curve of

03-Na.ooCo02 battery exhibits a slightly higher voltage in the in situ XRD

experiment (Fig. 3 right side) than in the normal charge tests using Swaglok cells

(Fig. 8b). For example, the corresponding voltage of the P3 phase at x=0.56 is 3.22v

and 3.15v respectively using the two different methods. This known issue is

associated with the more significant polarization in the cells designed for in situ

XRD due to contact problems.

3.3 Structure Comparison of Single Phase

3.3.1 03 Type

In this study, a total number of four samples of 03 phase, with pNa:Co-0 . 9 2 ,

0.96, 1.00, 1.05 respectively were obtained at 450C without forming other layered

compound. A Rietveld refinement has been done to give lattice parameters of these

samples as a function of OpNa:CO, as shown in Fig. 6a. All samples have the same

interslab distance (d00 3 = tri/ 3 = 5.200 + 0.003 A) and the same atri lattice constant
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(atri = 2.889 + 0.001 A) within margin of error. In addition, based on a careful

examination of the XRD patterns of these four samples, only the sample with

4PNa:Co = 1.05 does not exhibit any impurity peak, while an increasing amount of

CoaO 4 has been observed as PNa:Co decrease from 1.00 to 0.92 in the other three

samples. Fig. 7a shows the increase of Co30 4 311 peak intensity.

3.3.2 03' Type

Another five samples of 03' phase, with PNa:co=0 .6 8 , 0.76, 0.84, 0.92, 1.00 were

synthesized at 500'C, 515'C, 550'C, 650'C, 650'C respectively without containing any

other layer compounds. A Rietveld refinement has been carried out to give lattice

parameters of these samples as a function of PNa:Co, as shown in Fig. 6b. Similar to

the case of 03 phase, all 03' samples have the same or very close interslab distance,

dool= Con X cos( - = 5.363 + 0.003 A, and the same amon lattice constant,

amon = 4.896 + 0.002 A, within margin of error. An examination of the XRD patterns

of these five samples in detail shows that the samples with tNa:Co > 0.84 does not

exhibit any Co30 4 impurity peak, while an increasing amount of CoaO 4 has been

observed as PNa:Co decrease from 0.84 to 0.68 in the other three samples. Fig. 7b

shows the increase of Co304 311 peak.

3.3.3 P3' Type
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As can be found in Fig. 2, six samples fall into P3' single phase region without

contamination of other layered compounds, with #Na:COO. 6 O, 0.68, 0.72, 0.74, 0.60

and 0.68 and T=550'C, 550'C, 550'C, 550'C, 500'C and 535'C respectively. The lattice

parameters of these samples as a function of (PNa:!o, were also given based on

.' - .- . - . - . - . - 2.96 5.40 -
5.22 a Ref. 20 b 4.96

Ref. 25 2.94 5.38 x
5.20- X - M _ U M 4.94* U

Ref. 21 XRef. 20 2.92 -%C 5.36- Ref.21
5.18 4.92

5.16 X Ref. 25 2.90 V I )R5.34 24.90
Ref. 21 X Ref. 20 2.88 5.32 X

5.14 Ref. 20 .4.88
. - .. - . - . - - . - 2.86 5.30 - . - . . .- --

0.92 0.94 0.96 0.98 1.00 1.02 1.04 1.06 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05

Initial Na: Co Ratio ONa:Co Initial Na: Co Ratio ONa:Co

Ref. 20 C 5.46 d - 2.92
5.50 Ref. 21X Ref. 27 X Ref. 26 4.96 Ref. 24

Ref. 24 5.44 2.90
5.48 0 * 4.94 Ref. 22

S'5.42 2.88n
5.46 4.92 . g X*

5.44-_ __ __ _4.90_c' 5.40 Ref. 20 2.86
.4Ref. 21X XRef. 26 49. Ref. 24 & 27 ' 4.90 5.38 Ref.24 Ref.20 2.84

5.42 __________________ 4.88 Ref.'2

0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76
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Figure 6 1 Variations of interslab distance d001 (in black) and horizontal lattice
constant a (in blue) as a function of initial Na:Co ratio for 03 (a), 03' (b), P3' (c)
and P2 (d) samples in nominal single-phase regions. Four of 03 samples, three of
P3' samples and three of P2 samples in (a), (c) and (d) were obtained at 4500C, 5500C
and 7500 C respectively. While five of 03' samples in (b) were synthesized at 5000C,
515 0C, 5500C, 6500C and 6500C individually from left to right. The invariability of d001 and
a found in 03, 03' and P3' is the sign that these samples have almost the same x
regardless of different *Na:Co. Only P2 samples exhibit a variable x as a function of

(Na:Co. The comparison of our results (filled square) with previous experimental studies
(crosses) shows a decently good consistency of 03, 03' and P2 phases, while our P3'
samples exhibit slightly smaller d001 in all compositions, which indicates our P3' samples
may have more Na in the layered compound than nominal values. The result of Ref. 4 in
(d) is a calculated average value based on their original data and Ref. 8 in (a) is a single
crystal 03 sample.
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Rietveld refinements, as shown in Fig. 6c. All P3' samples were also found to have

very close interslab distance, d001 = crnonx cos(ft - ) = 5.480 + 0.003 A, and almost
2

the same amon lattice constant, amon = 2.824 + 0.002 A, within margin of error. The

XRD patterns of these five samples show the existence of certain amount of C030 4 in

all five of P3' samples. Fig. 7c shows the presence of C0 30 4 311 peak.
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(3)1

30 32 34 36 38 4030 32 34 36 38 4030 32 34 36 38 4030 32 34 36 38 40

20 Kai Cu(*)

Figure 7 | A comparison of the XRD patterns of 03 (a), 03' (b), P3' (c) and P2 (d)
samples in nominal single-phase regions from 300 to 400. Four of 03 samples in (a)
were obtained at 4500 C with #Na:Co= 1 .05 (1), 1.00 (2), 0.96 (3) and 0.92 (4). Five of 03'
samples in (b) have different synthesis conditions: T=6500C and #Na:CO=l .00 (1),
T=6500C and PNa:C0=0 .9 2 (2), T=5500C and Na:C,= 0 .8 4 (3) and T=515 0C and
#Na:Co=0. 7 6 (4), T=5001C and #Na:Co= 0 .6 8 (5). Five of P3' samples in (c) also have
different synthesis conditions: T=5500 C and (PNa:Co=0.72 (1), T=5500 C and #Na:Co=O. 6 8

(2), T=5350 C and 4Na:Co=0.6 8 (3) and T=550'C and Na:Co=0.6 0 (4), T=5000 C and
#Na:Co=0. 6 0 . The synthesis temperature of three of P2 samples in (d) is 7500C with
ONa:Co 0 . 7 6 (1), 0.68 (2), 0.60 (3). Peaks marked by * are C0304 impurities.
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3.3.4 P2 Type

Only three samples synthesized at 750'C in the selected range of interest turn

out to be P2 phase. No other layer structure were found when Na:Co 0 6 0 , 0.68,

0.76. Unlike the other three phases, a Rietveld refinement of their XRD patterns

indicates that the sample with PNa:Co -60 and the sample with qNa:CO=0.6 8 have

almost the same lattice parameters (d00 2 = Chex/ 2 = 5.451 + 0.001 A, a,,ex = 2.831 +

0.001 A ) while compared to the other two, the sample with PNa:Co=0. 7 6 has smaller

d0 0 2 but larger ahex (d00 2 = Chex/ 2 = 5.403 A, ahex = 2.840 A ). The XRD patterns

confirmed the purity of the samples with ONa:Co-0.6 8 and 0.76, while the other one,

with Na:CO.60, contains small amount of C0304 impurity, as shown in Fig. 7d.
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CHAPTER 4

DISCUSSIONS
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4.1 Electrochemical Behaviors of Na.CoO2

4.1.1 Phase Transformation of the three layer type

As reported previously' l in various systems, an 03-03'-P3/P3' transition in

the three layer structure is typical during electrochemical deintercalation of Na ions

from these layered compounds. Our in situ study clearly unveils a phase evolution

of the three-layer type NaCoO2 during sodium deintercalation. Starting with a

pure 03 phase, the intensity of reflection corresponding to the 03 phase 003 plane

at 20=7.795' decreases immediately upon charging with an increase in the intensity

of the peak at 20=7.580', indicating the transformation of the 03 phase into 03'

phase in the range of 0.88<x<1. This 03-03' transformation happens through a

monoclinic distortion resulting from a gliding of C002 layers coupled with Na

deficiency. Upon further Na ion deintercalation, the intensity of 03'-001 peak

decreases accompanied by an increase in the intensity of P3'-001 peak at 20=7.382',

indicating another phase transformation in the range of 0.67<x<0.81. During the

03'-P3' transition, Na ions become prismatically instead of octahedrally coordinated

by oxygen; this is because the prismatic environment for Na ions is more

thermodynamically favored when C002 layers become less negatively charged. On

further deintercalation of Na ions in the range of 0.54<x<0.56 and 0.57<x<0.59, the

successive biphasic transitions of P3'-P3 and P3-P3' could be identified based on the

observation of a combination the P3'-201 and P3'-112 peak followed by the

monoclinic splitting of P3-015 peak, as shown in Fig. 3 top left inset. The reason for

this transition is still unknown, but we notice previous study has proved that the
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P3'-P3 transition in the NaxCoO 2 system could be attributed to the breaking of

certain Na vacancy ordering upon heating27 . In addition, the three layer structure

to P2 or reverse transformation has never been observed during electrochemical

deintercalation of Na in our experiment, this is because such transformation

requires not only Co02 layer shifts but also a T/3 rotation of all CoO6 octahedra,

meaning Co-O bond breaking is required during such transformation".

4.1.2 Visualization of Monoclinical Distortion
In order to visualize the monoclinical distortion from 03 to 03' and from P3 to

P3', a coordinate system transformation has been done for both 03' and P3' so that

they have comparable lattice parameters with 03 and P3 (results given in Table 3).

Despite the change of a, b and c, 03 phase transforms into 03' mainly through an

increase of f angle from 90.000 to 94.81', which can be roughly considered as a glide

of C00 2 layers in the 100 direction. The x-z plane (parallel to the paper surface) of

03 and 03' structure were shown in Fig. la inset and Fig. lb inset respectively to

visualize the resulting distortion effect caused by a fl angle change. A distorted (or

tilted) structure of 03' can be easily identified when compared to its parent

structure 03. Similarly, P3' phase has a slightly smaller fl and y angle than the

undistorted P3 structure. If we look at the x-z plane of the P3' phase, as shown in

Fig. ic inset, a very small amount of C00 2 layer gliding in the 100 direction can be

identified. The dashed line in Fig. ic inset is perpendicular to the x axis in the x-z

plane thus can be used as a reference to observe the relatively insignificant

monoclinical distortion of the P3' phase.
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Table 3. The transformation of the coordinate systems of monoclinically
distorted P3' and 03' into those of undistorted P3 and 03. The P3', P3, 03' and
03 samples are the same as those listed in Table 2.

a = 4.8912 a = 2.8350
b = 2.8681 b = 2.8681
c = 5.7937 c = 16.2100

a = 90.000' a = 90.000'
fl = 111.8430 = 94.810-
y = 90.000 y = 120.3870

P3' in its original coordinate system PT in the, coorcrzte sysfengthe same as P3

a = 4.9126 a = 2.8340
b = 2.8270 b = 2.8270
c = 5.7087 c = 16.4584

a = 90.000' a = 90.000'
ft = 106.0640 = 89.477-
y = 90.000 y = 119.919'

a = 2.8883
b = 2.8883
c = 15.6019
a = 90.0000
f = 90.000'
y = 120.000'

P3

a = 2.8192
b = 2.8192
c 16.5880
a 90.0000
f = 90.0000

Y = 120.0000

4.1.3 Thermodynamics

In the in situ XRD experiment, the identified phase variations in the XRD

patterns match very well with the features found on the charge curve. Biphasic

domains correspond well to the plateaus on charge curve while steeper steps

characterize those singe-phase regions. This result is consistent with our

understanding about the thermodynamics of two-phase transition, during which the

composition of each phase (thus the interslab distance) stays constant while the

proportion of each phase changes when the overall composition increase or decrease.

The voltage plateau, therefore, is a direct result of the fixed compositions of the two

relevant phases. The increase of the interslab distance and of the voltage in single-

phase regions can be attributed to the solid solution behavior of the material.
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4.2 Determination of Na Content in each sample

4.2.1 03 Type

Unlike previous reports, our study shows that 03 phase can only form 03-

Nai.ooCo0 2 by either solid-state reaction or electrochemical

deintercalation/intercalation. Pure 03 phase can only be synthesized using solid-

state reaction when 4Na:Co is equal to or slightly larger than 1.00 (considering a

possible small amount of Na loss during the synthesis process); when

0. 9 2 <PNa:Co<l-00, 03-Nai.ooCoO 2 coexists with Co304 impurity, as shown in Fig. 7a.

The observation of the increasing intensity of CoO4 311 peak in XRD profiles with

decreasing ONa:Co values and the fact that all four samples of 03 have exactly the

same lattice parameters (Fig. 6a) are two strong evidences to support this

conclusion. This assumption is also confirmed by electrochemical deintercalation

and in situ XRD experiment; 03' phase emerges immediately upon the start of

charge process of 03 cathode. Even in the biphasic domain of 03+03' during

electrochemical deintercalation, the 03-doO values stays constant, indicating that

03 also stays stoichiometrical in the biphasic region.

4.2.2 03' Type

In contract to earlier studies on 03'-NaxCo0 2, our experiment and observation

indicate 03' phase can only form 03'-Nao.83Co02 by solid-state reaction even if we

set PNa:Co in a large range from 0.68 to 1.00. We found that for all 03' samples, they

have dooi~5.365A as shown in Fig. 6b; and the corresponding sodium composition,

42



x=0.83, can be easily read from the 03' dooi-x relation calculated based on in situ

XRD experiment. The data points marked by number 2 in Fig. 5 is 03'-Nao.83Co02

that has the closest interslab distance with that of those synthesized 03' samples.

The conclusion that 03' can only form Nao.83Co02 is also consistent with the

observation of increasing amount of Co30 4 impurity as <Na:Co decreases from 0.84 to

4.0

3.6

3.22.8

2.4

a

0.3 :0.4 .5 0.6 :0.7 0.81 0.9 1.0

b

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Sodium content (x)

Figure 8 1 A comparison between the galvanostatic charge curves of 03'-
NaxCo0 2 with T=6500C, 4 )Na:Co=l .00 (a) and that of 03-Na1 .00Co0 2 with T=4500C,
(PNa:Co=1 .05 (b) batteries. Both batteries were charged to 4.0 volts at the rate of
C/20 (12 mA g1) under room temperature. The charge curve of 03 cathode exhibits
exactly the same features as Fig. 3 had shown In the 0.52<x<1.00 range, while more
steps and plateaus were found when x>0.52, which may correspond to
superstructures and ordering of Na ions in P3' phase. The charge curve of 03'
cathode highly matches that of 03 if the two curves were aligned according to the
features found at the same voltage (blue dashed lines). By shifting the 03' curve and
making it overlap with that of the 03, the initial composition in 03'-NaxCoO 2 x~'0.83
could be read directly.
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0.68, while no additional Co304 were found in samples with PNa:Co >0.84. This

indicates when #Na:Co<0. 8 3 , excessive Co exists in the form of Co3 0 4 that coexists

with 03'-Nao.s3 Co0 2; and when qNa:Co>0. 8 3 , excess Na may have already evaporated

during sintering. Another comparison between the charge curve of an 03' battery

with nominal composition qNa:CO =1.00 and that of an 03 cathode with composition

Na1.ooCoO 2 was made, as shown in Fig. 8. Two charge curves have been aligned

according to the steps and features they share in common at the same voltage so

that the two curves can overlap well. An initial composition of x=0.83 can be easily

read based on this comparison, which again confirms that 03' forms Nao.s3CoO 2. 03'

phase with other compositions x, from 0.81 to 0.88, corresponding to 5.375 A

>dooi>5.350 A, can be obtained by electrochemical deintercalation of Na. We notice

that 0.83~ 5/6, which indicates the possible reason for 03'-Na/6Co0 2 being stable is

the formation of some superstructure or vacancy ordering of Na, which was first

mentioned in 197320, and observed by TEM later 21.

4.2.3 P3' Type

Similar to the case of 03 phase and 03' phase, samples that form P3' phase

also have almost the same lattice parameters, as shown in Fig. 6c. Again, this is a

sign that all samples of P3' have similar Na composition in the layered structure

even the nominal value ranges from 0.60 to 0.72. Unlike other three phases,

however, all P3' samples contain small amount of Co304 impurity, shown in Fig. 7c,

under the experimental conditions in this work. A comparison has been made

between the P3' dooi-x relation calculated according to the in situ XRD experiment
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and the interslab distances of those obtained by solid-state reaction. It is found that

P3' doo 1=5.480 A corresponds to x=0.67 (number 1 in Fig. 5), near the boundary

between P3' monophasic region and P3'+03' biphasic domain. This indicates P3' can

only form Nao.67CoO2 by solid-state reaction. On the other hand, P3'-NaxCoO2 with

x<0.67, can be obtained by electrochemical Na deintercalation.

4.2.4 P2 Type

Among the four phases of NaXCoO2 synthesized by solid-state reaction in this

work, P2 phase is the only phase that stays pure in a relatively larger range of Na

content, that is 2/3<x<3/4. An obvious doo2 spacing increase is observed when 0Na:Co

decreases from 0.76 to 0.68, as shown in Fig. 6d; this is consistent with an actual Na

content decrease in the layered structure in these samples. The conclusion that P2-

Nao.usCoO2 and P2-Nao. 76 CoO2 samples are pure and their nominal Na content are

the same as the actual Na content in the layered structure, is not only supported by

the purity of their XRD patterns, as shown in Fig. 7d, but can also be verified by a

comparison of P2 doo2-x relation with that of the In situ XRD experiment of P2

reported previously 4. When 0.60<x<0.68, however, P2-Nao.GsCoO2 forms and it

coexists with excessive Co which exists in the form of CoO4. This can be easily

confirmed by the existence of CoO4 311 peak in the XRD pattern of P2 with /Na:CO

=0.60 (Fig. 7d). And the invariability of P2 do0 2 spacing, when 0.60<x<0.68,

indicates the P2 phase we obtained in this range have exactly the same Na content,

which is around 0.68 or 2/3.
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CHAPTER 5

CONCLUSIONS AND THESIS STATEMENT
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5.1 Synthesis Diagram of NaxCoO2

In this work, a complete and uniform synthesis diagram of NaCo02 is

determined for the first time; a total number of 41 samples of NaXCo02 with

0. 6 0<4Na:co<L0 5 were successfully synthesized between 450'C and 750'C, revealing

four monophasic domains and four biphasic regions. All four phases of NaXCoO2 that

can be synthesized by solid-state reaction reported earlier, a (also 03), a' (also 03'

or 01), fl (also P3' or P1) and y (also P2), were obtained in this work. And the

sodium content x in NaCo02 for all single-phase samples synthesized were

determined by comparing their interslab distance doo, to the dO0 -x relation obtained

by an in situ XRD experiment. It is found that 03, 03' and P3' samples synthesized

by solid-state reaction can only form with single stoichiometry under the applied

synthesis conditions in this study; they are 03-Nal.ooCoO02, 03'-Nao.sJCo02 and P3'-

Nao.67Co02 respectively. The P2 phase, however, can form in a relatively larger

sodium content range, from P2-Nao.6sCoO2 to P2-Nao.7GCoO2 instead.

A direct visualization of the monoclinical distortion from 03 to 03' and from P3

to P3' is realized by transforming the coordinate systems of 03' and P3' phase into

those of 03 and P3 so that they have comparable lattice constants. It is found that

for both P3' and 03' phase, such monoclinical distortion could be attributed mainly

to a fl angle change, which could be easily observed by looking at the x-z plane of

the structures.

49



5.2 Electrochemistry of Na.CoO2

An in situ XRD experiment was carried out during the electrochemical

deintercalation of Na ions from 03-Na.ooCoO2 battery to unveil the phase

variations in the three layer structures of NaxCo02. Successive phase

transformations of 03-03'-P3'-P3-P3' have been observed and monophasic domains

of 03, 03', P3' and P3 were identified in our experiment based on a correlation

between the in situ XRD patterns and the electrochemistry of the three layer type

NaXCo02. The dOOj-x relations for 03, 03' and P3/P3' phase were calculated

according to the in situ XRD profiles. It is also found for the first time that under

room temperature P3 phase NaxCoO 2 is observed in a very narrow composition

range near x~0.56.
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