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. ABSTRACT
The motion of stage 1 and stage 2 silver in partially intercalated TiS,

crysfals was studied by determining the relative amount of silver in .TiS,

crystals as a function of position, ‘using a scanning electron microscope -

with an x-ray fluorescence attachment. The stége'l silver converted rapidly

into stage 2 silver at room temperature. The stage 2 front remained
: ) . ' - .

stationary for long periods at room'température and silver ‘was observed to
miérate throughout the TiS, " crystal at elevated ;emperatures.

~_Radioactive tracer experiments showed that when silvgr atoms enti;/ﬁ
pa;tially intercalated stage 2'TiS£‘Acrystal most of the newly interc;Iitéd
guest atoms reside near the crystal edge. Additionally it was foundr/d

when the conversion of stage 1 to  stage 2 occurred, most of the stage 1

silver remained near the crystal edge after’ converting into stage 2. The

stage 1 to stage 2 conversNon can be explained by Daumas and Herold's

. mpdel while the classical model fails to do so. An island size of about
130 A was obtained for the stage 2 region using the x-ray fluorescence

data. The motion of silver perpendicular to the layers in the TiS, lattice

. -5 s = .
was not observed ‘at room temperature (D << 10 cm /sec) and the estimated_

—~13
diffusion coefficignt at 200 °C was ~ 10 cml/sec.

N2
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thatv

.



ACKNOWLEDGEMENTS
I wish to express my deepest gratitude to my supervisor Dr.R.F.Frindt,ééa;'

his invaluable guidance, encouragement and patience through out the entire
‘ r 4 : ‘ .
period of this research work. «

- b4
My special thanks are due to Per Joensen for his willing assistance
and valuable advice on experiments and for help kindly given me in many

&

ways during the period of this research.
Y 7 .

Many thanks are due to the memberé/ of the examining committee,
Dr.A.E.Curzon. and Dr.D.J.Huntley for reading thé manuscript within a short
périod and for their helpful suggestions. .

I ém very grﬁéeful to Dr.J.M.D'Auria of the Departﬁent of Cheﬁistry
of S.F.U. for wvaluable ‘discussions and assistance given me for the
experiments. in chapter 4. Aiéo, I would 1like to, thank the Department of -
Chemistry, S.F.U. for allowing me to use their radiochem{stry laboratory

for the experiments in chapter 4. >

I am grateful fé the Departmenf of Biology, S.F.U. for alldwing me to
use their scanning elect;bﬁ microscbpe ver& fréﬁueﬁtiy.ﬂMény thanks are due
to Dg.V.Bourne of the Departﬁent of Biology, S.F.U. for the skillful help
given mé in operating théi SEM. I also;pdish’ to thank Dr.K.Colbow of the
Physics Department and his researéh group (éspecially“Sara Swenson) 'for
allowing me to use their interference microscope often.

The financial assistance from my supervisor Dr.R.F{Frindt throdgh a
research grant from the Natural_Scibpcesvand Engineering Research Council
of Canada along Vwith the. President's Research grant and the ‘teaching

assistantships from S.F.U. are also very gratefully acknowledged.

Many thanks are due to Ranjith Divigalpitiya who helped we to type

this thesis. I am grateful to the Instructional Media Centre of S.F.U. for

y



the useful suggestions and willing help given me for- the-graphical work. - - ——

My thanks are due to the faculty, the technical staff (especially -
Siva Chinniah), the secretarial staff and all the ofher members of fhe‘
Physics Department for their help gnd friendly céoperation._

‘ At last, but not least, I am very much thankful to my dear parents

and . to the University of Sri Jayawardenepura, Sri Lanka who_ made it

possible for me to come to. the Simon Fraser University.




TABLE OF 'CO‘NTENTS

o e,
ii

APPIOVal L R R N N N O N N NN N NN NN AL RN NN EEE RN ENENEEREE R NN

AbStraCt 'oouoon-.o.u'-ocﬁn-ccoino-o-.oc--.--o.-.on-so-.-o.o-o;o:oo.ou.luoiii

_ACkﬂOdledgementS--.--.-----:.-........--...........-..;..........--........\ix

List of Tables x

LRI B R I N N I A Y A N B I B A S A A U B AN N N N N N IR N B I B I I N I N N I I O I O BB B

LiSt of Figures R I A I A A A A A A A A A I R I I A I I RV

.

I. IntroductiOQ ‘toaoo.nn...n.‘onooqo-o-.ou.o.‘-.‘.-ano.-ooo;-n-o-on;-1

1.1. Transition metal dichalcogenides ...esceseccsccssesecsescnsse 1

1.2. Intercalation ..;........:...................................1

‘1.3.1. The classical model of Staging .eceoeeessveceascecscsscssens 3
1.3.2. Daumas and Herold’s:model of staging: the island model .. 3

l.4. Crystal structure of TiS, and Ag, TiSq teseccaneesssssanses b
1.5. Diffusion in solids and in intercalation compounds «iessees D -

1.5.1. Diffusion in Solids ..'....‘..............I.I.IOII.'.'.I..5
"1.5.2. Diffusion in intercalated compounds .evevevaveensssscosans /

1.6 Contributions of fhis theSiS cecescecsccscssssosssssscssssnce 8

II. The elecfronfmicroscop? and xX-ray fluOreSCence .sssssssccsssssoss 16
2.1 The scanning electron MiCrOSCOPEs ceessscossccssssccsscccsss L6

2.2 X~ray fluorescence SPECLTA seeseecsesassassesscsccsscnsassss 17

2.3 X-ray fluorescence spectra from Ag x IiSz_..........:........ 18

2.4 The depth of origin of detectable fluorescent =x-rays in
'pure Tis at 10 kv and 20 kv oooo.o-.ooo-00--...--.....-0.19

III. Study of stage 1 and stage 2 silver in TiS, - using the ..
scanning electron microscope and x-ray fluorescence .eececsccsees 24

3.1 Introductioﬁ7.l‘.‘l....l..'.......'................I.’.’:.’;’;::iﬂ 24

3.2 Sample preparation and intercalation sesecesececsesconsscssss 25



v

3-2.]. Sample ‘preparation ......-....-.........-.'.......--..3-'..-.25

3.2.2 Intercalat{op of TiS, with SilVer .e.csviveecencecasceens 26

3.3 Room temperature X-ray fluorescence*Stu&ymnf*stagE”l”immf”* -
stage 2 TiSy intercalated with S11VEr seetesseeeseseccosnns 27

3.4 Study of the motion of the stage 2 silver front in TiS,
at elevated temperatures’ ...................................28

3.5 Discussidon Of the TeSULLS eeeeeescssssscoconcesosasencoasoes 29

IV. Intercalation of’TiSz with Ag e’and Ag e ssesssenssssssesssse 40

4,1 Study of migration of Ag in stage 2 when a crystal is
intercalated ...‘lIlII..-..l..‘...‘....D..O.......I..."III. 40

4,1.1., Sample preparation and intercalation: motion of stage

2 Sllvel’.‘ .Il....0l'l.l.............‘.l.l...l.......'...‘....41

- 4,1.2 Results of migration of stage 2 silver cersrassnsrenseees 44
4.2 Study of conversion of stage 1 -silver into stage 2 ceeessse b5

4,2,1 Sample preparation and intercalation: motion of stage 1
Silver ...I.v..‘....I.l......s..l."‘...V.l....‘...l..“.‘..‘.45

4,2.2 Results of migration of stage 1 silver ipto stage 2 ceeesd?
4.3 Discussion of the results seeseeecscseconssncccsccsscsccccssd/

’

V. The island model configuration\for intercalation ...;.,..........63

5-1 Introduction Soe T e b0 v esr IR RERIIOEIEOIRREREBONS .'-’-36-'100'6'6000-370000763  .A

5.2 Width of intercalation fronts and calculation of ieland

width oo-o.n-...‘t-o.o-oocollc-o-o..o-ooo-.-..o-ooo-té.-..co. 65

5.3 DiSCUSSiOD #0000 0 0 EOPPOIDD 0000 LI OOSP000OIERRNLEONRNSEOERNIOSEIDILIEOETOEIDS 65\

VI. Study of the migration of silver perpendicular to the layers

of Tis?_ oo.o--..-o-o'oo.o'ooc'ootiooiool-.o.ootnoo...l..oo.‘.-vooo71
601 Introduction .-o...oooIol.lo.loo...I....0....'..?‘...{......'71

6.2. Sample preparation and intercalation for study of motion
of silver perpendicular to the layers ..eecececsceccocesses/l

6.3 Study of motion of silver perpendicular to the layers of ., _ -

T152 S5 B 0 22 I TSI CEROETSIABOPUIIIODEOGG000006000000000000ss000 72

6.4 Study of motion of silver perpendicular to the layers of
. ¥ Tis at 200 C .I.I‘.I..I.'.II.O.I.‘....'.I..J....il‘l.....73

P

«yii



6.5 Results aé. calculations: The study of motion of silver

at 200 R C ¢eccsssssssnnncncere eseresseever e ®eevss st 773

-

6.677])13(‘,7\1357170117-..V-..:....---.:.o.7...-........-.-.--.‘o..o.o.-..-. 75

VII- COnCluSiODS lIl.lllIll........'C!...l.-l....'..'..........'.ll.'80
) [

Bibliogl‘aphy ..00..»......0,...000....0‘0.9-0....-..........0ul......-...l... 82

viii



Table

4.4

Results of

Results of
conversion

(Ag'°® )

Results of

conversion
(AgioB)

Results of
conversion

, (Aguo )

LIST OF TABLES

1o . '
Ag =~ tracer experiment: stage 2
Ag"o tracér.experiment:

of stage 1 (Ag'® ) into stage 2

Ag''® tracer experiment: ,
of stage. 1 (Ag"© )into stage

Ag”o tracer exXperiment:
of stage 1 (Ag'®8) into stage 2

AN

XRF data for front widths and the calculated
values for island qidth

£

57

58

ix --




LIST OF FIGURES

4

Figure Page
1.1 The sandwich structure of MX, compounds 10
1.2 The coordination around the metal ions 117
1.3 Differnt stages in the classical model of staging .12
1.4’ Daumas and Herold's model of staging 13-
1.5 The atomic structure of TiS, 14 -
1.6 _The (1120) dlagonal cross section of the unit cells .
) of Agoy.4 TiS, and Ag, ,TiS, 14
1.7 The diffusion path and the expected energy - proflle
of mobile ioms - . ) 15
2.1 Basic components of the scanning electron microscope B2
" 2.2 (a) The variation of electron scattering with voltage )
and atomic number . 22
2.2 (b) Diagram indicating the typical -spatial distribution
for electrons and xX-rays within the sample 22
2.3 Typical XRF spectra for Ag TiSZ 23
3.1 (a)Dlagram show1ng a partlally intercalated TlSZ
- erystal - - - o ~32-
3.1 (b) Partially intercalated TiS, crystal observed using
: reflected light 33
3.2 TiS» sample mounting and preparation for silver
intercalation’and SEM/XRF studies 34
3.3 Electrointercalation of  a cryetal 35
3.4 Distribution of silver content in a partially
intercalated TiS, crystal 36
3.5 Distribution of silver content in a partially
intefcalated TiS, crystal at room temperature 37
3.6 Temperature dependence of motion of stage 2 silver
in['f'j:s% - 38
3.7 Generalﬂform for diffusion curves 39
\
~
3.8 Dilute stage 1 39



4,2

4.3

4.4

4.5

4.6
4.7
4.8
4.9

4.10
5.2

5.3

6.2

‘6l3

" detector

Possible locations for residing atoms in a_partially
intercalated- ‘stage 2 crystal -

A. schematierdiagram of Nal well-type sci ntillatiQn

Sample preparation for the radioactive tracer
experiment w

Stage 2 region: Intercalated with Aéfz;raéﬁ Ag'lo

-t

‘Cutting of the edges the crystal

Three possible distributions for -the new guest atoms
(Ag'"© ) for stage 2 intercalation v T~

Possible Ag motion in thé>stage 1 to-stage 2 cdnversion_
in a partially intercalated TiS, crystal

Construction of distribution of Ag © in TiSz
crystal-

‘The stage conversion from the stage 1 to stage 2

in classical model .

, A ( -
Interpretation of results of the tracer experimrent
in terms of Daumas and Herold's model

A partially intercalated cr&stal: The island model

Ar Possible shapes of the islands in stage 2

Expected XRF plots for a partially intercalated
crystal based on the silver distribution for
Fig.5.1 (a) and (b)

A schematic diagram of a sample prepared for the
study of the motion of. silver perpendicular to the

layers of TiS4y

Motion of silver perpendicular to the layers of
TiS, at 200°%C 7

Concentration_distribution at various times in a
slab o< x < #§ with zero initial concentration
and a constant surface concentration at.x = £

53

53

54

55

59

61

62

67

68

69

77

78

79

xi



I. Introduction S T : B - . U

1.1. Transition metal dichalcogenides

The transition metal' dichaiéoéenides have received considerable
attention . in recent years because these materials are potential candidates
for cathodes in electrointercalation batteries(l). The layered ffansition
metal dichalcogenides MX, ) are 'formed by combining the - transition
metals(M) of groups 1V to V1 of the periodic table witH.the chalcogens(X),
S,Se, and Te. These compounds consistipfrétrongly bonded X-M-X sandwiches
which are stacked wupon each other and held gogethéf with weak ‘'bonds.
Fig.l.l shows the general form of these layer structures. Tﬁ}s basic atomicw’”
structure makés these materiéls extremely anisotfopic in their phyéical
properties. /;

g The coordination unit for the MX2 stucturé is found to take either

, S :
the trigonal prismétic or the octahedral form as shown in Fig.l.2. The

crystal unit cell consists of one or more thén one layer depending on the
particular compound. A full review and details of these compounds are found

in references (2) and (3).

1.2. Intercalation i : .

Intercalation refers to the insertion of guest species in between the

)

» - = N
layers of a host structure. 1In transition metal dichalcogenides, the

intralayer bonding is étrong and covalent while the interlayer bonding is

of the Van der Waals 'Eyﬁéi' This weak bon&iﬁé' Bétweéﬁ 7fﬁéifiayef; permitS\} £‘PC

% . e
the opening up of the Iayers and the_entry of the guest species. Many
¥ .

metals, hydrogen, ammonia and organic molecules have been intercalated into



the layer c?mpounds. In fact itAis generally oQiiFved that any ;peciesithat
is an electron donor can be intgrcalatgﬂ into the layer compounds, and
there is evidence that there 1is a transfer of negative ch#rge ("charge
donation”) from the intercalated metal tb the host layers{4). TInsertion of
atoms is generally accoﬁpanied by a small revérsible—expansion of the host

lattice in the direction of c axis, typically- 5 to 10 percent. The host

' t

layer a spacing generally increases by only one percent (5). The
intercalated atoms reside in sites in the Van der Waais gaps whicﬁr are
either Qctahedr;l, tetrahedral or trigomnal prismatic,’ depending on the
staéking of the host layersr‘9b deinterc;lation the host lattice generally
returns to its original structure (4).

| The intercalation of . metals 1is usually accomplishéa either by
electroinéer lation or by intercalation ‘from a vapor at ' elevated

témperatures. In the experiments which will be discussed in this thesis the

electrointercalation technique was used.

1.3. Staging and the models of staging
The structure determination of the intercalated compounds has shown

that intercalation generally occurs in ";E;§E§dhz(6). The stage of a

compound is defined as the ratio of the number of host layers to the
number of guest layers. When all the gaps between host layers are occupied

by an intercalated layer, the compound is said to be "first stage”. In a
"second stage” compound every other layer of the host lattice is on average
occupied by interqalated atoms. Iﬁ the same way one can define higher
stages of a compound. Some theoretical Stﬁdies have attempted to explain
the process of staging considering the coﬁlémb interaction  between
intercalated ions and the strain effects in the host lattice (7,8,9),

however the process of staging is not yet particularly well understood. .



e

1.3.1. The classical model of staging

The classical model for the arrangement of guest atoms in Ehe'hoéﬁ
lggtice ®f different stages is shown in Fig.1.3. In this model, some layers
of the host crystal are entirely occupied and some layers are completely
empty., This model has difficulty in explaining the formation of higher
stages by a rearrangement of the guest atoms in the 'layers‘ of the hést
lattice. Fbr example, suppose 'a compound of third stage is formed from
second stage. A compound of second stage woﬁld correspond to the occupation
of gaps 1,3,5,7,9,11,..etc (?ig‘l.3). A third ‘stage compound would
COrreépond to. the occupation of gaps 1,4,7,10,13,16,...etc. Therefore the
formation of a compound of third stage from second stage supposes the

evacuation of all gaps 3,5,9,ll...etc and the filling of all gaps

4,10,16,20,...etc, a process which seems to be rather improbable.

{

v

1.3.2. Daumas and Herold s model of staging: the island model

To explain the rearrangements required for Qtage conversion in a
crystal, Daumas and Herold (10) .prqposed a model which avoids “the
topological problems aséociatéd with the. classical model. A schematic
diagram for Daumas and Herold's model is ‘shown in Fig{l.A.\In this model
the guest atoms are found in all the layers of the host lattice but the

layers are only partially filled and islands of guest atoms are arranged in

4

a manner to form the different stages.iIn this model for a certain stage
the sequence of host and intercalated layers in the ‘c' direction.kis the
same as for the classical model.

Daumés and Herold's model ‘provideé a convenient

L - ° - .
various reaction mechanisms. The passage from stage 1 to stage 2 or any

integﬁ!etation for

other higher stages can be simply explained by an appropiate Fegrouping of



the guest atoms within a layer than a total evacuatiod of- some g:;rps. In
fact in Daumas and Herold's I-»Iodel, (for a constant amount of intercalant iﬁ
the crystal) the total amount of intercalant in a given V'layrer fémains
constant % any stage conversifm. .

Daumas and Herold's model has not undergone convincing verification.

In this thesis some experimental results will be presented in chabtef 5 in

support of the Daum& and Herold's model.

1.4, Crystal structure of TiS, and Agx TiSa

Titanium disulphide 1is not a naturally ‘occuring compound. Single
crystals of T,ng_,ca%be prepared by the iodine vapour trans-p-grt technique
(11,12,13) yielding plate-like vcrystals typically 10 to 100 pm thick and=2
to SVmillimeters wide. TiS, crystals are.gol&en in colour and the specific
gravity is 3.22. Electrically, TiS, has semimetallic properties (3).

The TiS, crystal structure consists of loosel}; coupled S-Ti-S atom
sheet sandwiches as shown in Figy i.l, where X = S and M = Ti. Each
sandwich . is made of a close-packed- layer of titanium atoms between two
close~packed layers of sulphur atoms., TiSQ_ has the cadmnium ;I.odide, structure
shown in Fig. 1.5 (14,15). The TiS?_ referred to here 1is coumoniy written
as lT—TiSZ where the 1T'indi,cates that there is a one layet stacking -
sequence and that the primitive unit cell is trigonél.

The structure of Ag 6;9_ TiS;Q_ and Ag .4 TiS, have been recently
determined(16). The value of 0.4 for the mole frac;io‘n of Ag in TiS, 1is of
-particularly interest because it is the maximum value that is obtained when
Ag is electrochemically intercalated into TiS?_ (16). Only stagée 1 and stage
2 have been observed for Ag , TiS, and the mole fractions 0.4 and 0.2
correspond to stage 1 and stage 2 respectively(l6). In both Ago.iTiSQ_ ‘and

Ago.“_TiS?_ , Ag is located in octahedral sites in the Van der Waals gap. In




the Van der Waals gaps there are one octahedral site and two tetrahedral

_sites per Ti atom. The unit cells and the lattice constants forWAgéthiSZ‘

and A80_4TIS9_ are given in Fig. 1.6. —

1.5. Diffusion in solids and in intercalation compounds

s

1.5.1. Diffusion in solids

Diffusion is a process by which matter is transported from one part
of a system to another as a résult' of ° random atomic motions. The
difference in concentration of .atoms in a solid leads to a flux of these
atoms through the solid until eqﬁilization' of concentration is obtained.

For simple diffusion the number of atoms of one species passing per unit

>

time perpendicularly through a reference surface of  wunit area is

proportional to the concentration gradienﬁ of the same species measured

normal to the reference surface, and is given by, Fick's law,

where,
J = net number of atoms crossing unit area in unit time,

¢ = the concentration of the diffusing atoms,

X = the space coordinate chosen perpendicular to the reference surface and
D = the diffusion coeffﬁcienj\filéo called the diffusivity).

1

The minus sign indicates that the diffusion occurs away from the region of

-

high concentration. ‘ '

The diffusion coefficient increases with temperature according to the

relation,
D = D, exp ( —E/kBT )
5




where,

E = activation energy for the process,

T = absolute temperature and

kg = Boltzhann‘s constant.r

| To move an atom through interstitial sites in a lattice, the atom
must; surmount the potential energy barrier created by its neighboring.
atoms. The atoms with sufficiently high thermal energy can pass over'the

energy barrier. The probability p, for an atom to jump over the energy

barrier is given by (17),

p=vexp (-E/kyT )

where, : , - ' Yo
VYV = characteristic atomic vibrational frequency,

~

E = height of the energy barrier or the activation energy for the process.
p is often called the jump frequency. ‘
When the diffusion occurs between two. sites separated by a distance’

'a', the diffusion coefficient can be written as,

D = va® exp ( -E/kBT )y -

7If the diffusing atoms are charged the® ionic mobility (u) can be
found from the diffusivity by using the Einstein relation kp Tp = qD.” Then

the ionic mobility is given by, -

exp ( —E/kBT )
k. T .



where,
9

q = charge of the mobile ion.

1.5.2, Diffusion in intercalated éompbunds -

High diffusivity of guest-»ions’ through layered- structures is desired

~for fast dirscharge, rates in intercalation batteriles(l) and a high alkali

»

ion diffusi‘vi_ty in the Van der Waals gaps of various ‘layered compounds has

been reported(},4). Since the guest .atoms most likely reside in the _sites-:

in the Van der Waals gaps as positively charged ions (1,4) the

electrostatic repulsive forces ‘tend to keep them apart. As a result the’

height of the energy barrier will be decreased relative to the situation

for uncharged atoms resulting in an .increase of -diffusivity of ions in the -

-

lattice.

Since Ag ions reside in octahedral sites in the. Van der Waals gaps
of the TiS, crystals the diffusion in Ag ions ir;volve jumps between the
octahedral sites via a tetrahedral site (Fig:l.7 (a)). Since the
tetrahedral sites are smaller than the octahedral sites (4), the expected
energy profile for the mobile ions in TiS - is expected to be similar to
that shown in Fig.l.7 (rb). |

Some factors that may affect the diffusion 'of guest atorﬁs in the Van
der WLaals gap are mentioned in reference (4). For example, the increase in
c 1attice'_pararﬁeter onrintercalation incfeas‘esrthe s‘ize’ of ;he \(‘)vctahe'dral
and tetrahedral sites through which the ions move, but it is not clear

that this increase in the size of the sites will result in an increase in

the mobility of the guest atoms in the host lattice. This is because the -

degree of ionization of the guest atoms may decrease with the increase in.

the guest ion content (4) in the host lattice which may increase the

effective ionic size of guest atoms. As a result the relative size of the.

G{'\
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guest ion to site may not be changed significantly. In a lattice with high

ionicity the potential wvariation that the guest. ion sees will be greater
than in a more covalent lattice. Therefore the ionicity of the lattice is
expected to lower the mobility of ions. The degree of filliné of the
lattice may also govern the diffusion: if the number of available empty

sites around the guest ions 1is large, the probability of an ion jumping

~into a new site 1is also higher. Diffusion may be hindered in a

nonstochiometric lattice with excess amount of transistion metal, where the

excess metal probably occupies the sites available for guest atoms.

L 3

1.6 Contributions of this thesis '

Although alkali metals ‘such as .Li and Na are the most interésting

guest species for intercalation batteries because of their high mobility
v P s T
and high free energy of formation (1,4), from an experimental viewpoint the

high reactivity and the need for water-free electrolytes makes it very

inconvenient ‘to use alkali metals in many experiments. In addition, the

’

X~-ray fluorescence technique 1is mnot suited - to the observation of

intercalants with atomic weights as ”1ow as Li and Na. Therefore

pseudo-alkali metals such as silver and copper have been used in much

intercalation research work.

In this thesis an investigation of the motion and ,distribution of

silver (guest) in titanium disulphide (host) is presented. The distribution

of the intercalant (silver) 1is studied by determining the silver (Ag)

concentration as a function of position in the titanium disulphide (TiSQ_)

crystal. In some experiments presented, a scanningfelectron microscope with

an X-ray fluorescence attachment was wused to determine ' the silver

.-distribution. In other experiments, radiocactive and nonradioactive silver
.

~-

~.were used as the intercalant and the crystal activity was measured to

&



,
determine the Ag distribution in the crystal. :

Chapter 2 gives a brief introduction- to the scanning "éleqtroﬁ
microscope and the X-ray fluorescence technique (XRF).

In chapter 3 a study of motion of both stage 1 and stage 2 silver in
thé TiSo isldiscussed. Some experimehts were done at elevated temperatures.
Thié study 1s only ;oncerned with the motion within the Van der Waals
layers. |

A radioactivé tracer experiment, presented in chapter 4, was done to
investigate the migration of Ag atoms in TiS, . Stage 2 silver was studied
to observe thé;ﬁﬁtion of silver while the‘crystal was being 1ntergalated
and the motion of stage 1 silver was studied after intercalation ceased.

In chépter 5 the order of magnitude of the stage 2 silver island

width 1is estimated assuming the island model configuratioﬁ and using XRF

data obtained in chapter 3. -
A study of the motion of Ag along the c axis of the TiS, lattice is
described’ in chapter 6. A discussion is given at the end of each chapter

and the conclusion is given in. chapter 7.
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Fig. 1.2. The coordination around the metal ions
: : (a) Octahedral structure

(b) Trigonal prismatic structure
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Fig. 1.4. Daumas and Herold's model of staéing
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Fig. 5. (a) The atomic structure of TiSz.-
The prefix 1T refersg to the 1 layer unit-cell

’é with trigonal(T) symmetry.

(b) The (1120) diagonal cross section of the T152

unit éell (from ref. 16)

-

Fig. 1l.6. The (1120) diagonal cross section of the unit cells

of Ago 4TiS2

(a) Ag, 4TiS2

and Ago 2TiS'2.

(b) Ag, ,TiS ‘ o
0.2 2 (from ref. 16)
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Expected energy profile of mobile ions'(3).
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II. The electron microscope and x-ray fluorescence

2.1 The scanning electron microscope.

The scanning electron microscope (SEM) is a powerful instrument for
the examination and analysis of solids on a micrometer scale. The primary
reason for the SEM's usefulness is the high resolution which is typically
in the range 50 to 200 X. Another important feature of the SEM is the
three dimensional appearance of the images. Attachments such as =X-ray
fluorescence (XRF) make the SEM specially useful for solid state studies.

The basicic‘:o;np,onentsv éf the SEM are the electron gun, lens system,
electron collector, visual and recording cathode ray tubes and the
electrro'nics associated wifh them (Fig.2_.l). In the electron g.un,‘
';thermionically emitted c;_lectrons are &ccelerated by potentials of up to 30
to 40 kv, The condenser and the objective lens ‘systemfl are used to
demagnify the electron beam to the final spot size on the sample. These
lenses are generally electromagnetic lenses and the shape éﬁd the strength
of the magnetic field defermine the focal length of the lens.

The drea to be examined is irradiated with 'ka finely focussed electron
beam, whri‘ch is swept in a raster across the 4,zsi1rface of the specifneri. When
the’electron beam impinges on the specime\fr surface different types 2)f
signals are emitted including lcha‘racterist':ic xX-rays, 'secondéry eléctrons
and back scattered electrons of various energies. These signals are used to
measure chéracter_istics of thé specimen -such as composition, surface

topography, crystallography, etc. A detailed description of. the electron

microscope is given in reference (18).
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In experiments discussed ’in> this thesis an ETEC modei Autoscan
Scanning Electfon Microscope‘ was used,' In this microscope a maximum
resolution of about 150 X can be obtained at an acceler;ting voltagev 30
kV. The acceleratiﬁg pofential can,be\§elected ;Q have any.of the values
2.5, 5, 10, 20 and 30 kV. In 6ur experiments, an area of about 2 square

micrometers of the specimen surface was scanned at a time and the voltages

of either 10 kV or 20 kV were used. . )

o1

The spatial configuratyé;’of the élggﬁ;bp beam inside .a specimen from
the centre of impact depend§ on the electron beam energy and the elements

in the specimen. This is schematically indicated in Fig.2.2;

=

2.2 X-ray fluorescence spectra

X-ray fluorescence spectrometry }s a very useful method for chemical
analysis:- of many differént types .of Samples. When a sample is bombarded by
sufficiently energetié electrons, X-rays are emitted as nongharacteristic
continuous spectra and as line or band spectra having wave lengths
characteristic of tﬁe emitting element. X-ray fluorescence (XRF) spectra
are produced by secondary fluorescence when characteristic x-rays or
continuous x-rays interact with the inner shell electrons of the atoms‘in
the sample. Radiation of sufficiently high energy can remove an inner shell
eleetron of aﬁ atom leaving the atom in an excited state. Then the atom
returns to a stable state by.the transition of an outer electron into the
vacancy in the inﬁer shell, emitting an x-ray photon. The energy of
fluorescent x-rays identifies the emitting element, and the intensity is
related to ther weight concentration of the element within the énalysed
volume. The spatial configuration for fluorescent x-rays 1s shown in
g‘F‘ig.Z.:'Z;;(b). A det;iled description of =x-ray spéciromeﬁry analysis is given
in (19). |
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In our experiments an energy dispe‘rsive) x-ray detector (Si/Li
detector S):gpé{n) attached to the SEM was used to detect the XRF spectra.
The x-ray signal from the sample is passed thl:ough the high resolution |
(AE ~ 150 eV) solid state detector (Si/Li) and the ‘amplified output signal
which is proportional to the =x-ray energy was passed to a mltichannel
analyzer. In the multichannel analyzer electronic pulses are sorted so that
the final output gives the intensity of x-rays as a function of energy.

- With XRF spectra .;1 sample can be anlyzed either qualitatively or
quantitatively. For a quantitative analysis the relative x.—rayAintensities
of the sr;ecimen to a standard are measured in ofder to cancel out
‘uncertain terms, such as the absolute detector efficiency and iﬁstrumental
‘drift. To obtaiﬁ an absolute concentration for an element in the samble,
the measured intensity ratio for that element should be ad justed by several
other corrections such as background, atomic number and absorption ‘(20).

For the experiments in this thesis our main interest was to find the
relative distribition of silver in TiS crystals as a function of position.
Since the absolute cpnééntration of silver in the sample was not reguired
the correction factors mentioned above were not necessary. The data
obtained were corrected for the background and the ratio .of the x-ray.
intensities of Ag to Ti was measured to avoid the errors dué “to

instrumental drifec.

2.3 X-ray fluorescence spectra from Ag, TiSp_ .3

’I‘ypical‘ XRF spectra for AgO.+TiSQ_ s qu_lTiSQ_ and TiS; are shown in
Fig.2.3. The spectra were obtained at 20 kV and peaks corresipond to the S
K line at 2.308 keV, the Ag L line at 2.984 keV and Ti Ky line at
4,510 keV, The area under a peak 1is related to the abundance of the

corresponding element in the sample. 1In our experiments the x—ray
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intensities for the Ag Lx and Ti Ky peaks were measured using a window

of width 0.30 keV as indicated in Fig.2.3.

2.4 The depth of origin of detectable fluorescent x-rays ig‘puré T152 at
10 kY and 20 kv : - .

When studying a specific system, it is important to know the maximum
depth of origin of detectable fluorescent x-rays. An experiment was done to
find this Jdepth in pure TiSs . Obviously the depth of origin of
fluorescent x-rays depends on the penetration depth of the electron beam
(or the incident energy of the electron beam).

A thin layer of Ag was evaporated onto pieces of cover glass and on
each of them a small area was scratched off. Thin TiSo crystals with
thicknesses ranging from 0.5 to 2.5 pm were prepared (section 3.2, chapter
3) "and mounted on the silver evaporated cover glass pleces so that, a part
of‘the crystal was in contact with the silver layer and the other part of
the crystal was lying on bare glass. XRF spectra from'different regions of
the lcrystal were }obtainedQ If the electron beam penetrated through the
crystal a peak fqré silvef was observed in XRF spectrum from thek crystal
region lying on thé;deposited layer of silver. A peak for silver was of

course not observed in the XRF spectrum from the region lying on bare
EaN

P

gl;ss.

It was found that when a crystal of thickness 1.2 pm was examined
with a IOvRY electron beam, the fluoresqent i—ray peak obtained from silver
was weak, and neo silver beak was observed when a 1.5 pm thiék crystal was

used. Similarly at 20 kV, a weak peak from the silver was obtained when

the crystal thickness was 1.8 pm and for a crystél of thickness 2 pm the

fluorescent x-rays from the silver was not observed. b

- L
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Therefore in pure TiS, the maximum depth of the origin of the

detectable fluorescent x-rays is in between 1.2 and }‘.5'pnr at 10 kV--and it -

. ) .
is in between 1.8 and 2 pm at 20 kV. For Ag,TiS, this depth 1s expected
to be less due to a reduced penetration of the electron beam and increased

Xx-ray absorption.
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Fig. 2.1. Basic components of the scannihg electron microsc

with x-ray fluorescence attachment.
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- Fig. 2.2. (a) The variation of electron scattering with

voltage and atomic number(13).

(b) Diagram indicating the typical spatial distri-
bution for electrons and x-rays within the

. sample (13).

~ - Y et

The scale,within the sample depends on the
sample elements and the incident electron

beam energy.
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Fig. 2.3. Typical x-ray fluorescence speétra for
(a) Ag, ,TiS,
(b) Ag, ,Tis,

(c) TiS2

These data were taken by P. Joenson.
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ITI. Study of stage 1 and -stage 2 silver in _TiSz using the scanning

electron microscope and x-ray fluorescence

3.1 Intrpductiori

The. intercalation of silver into crystals 1in an electrolyte of 0.1 M
solution of AgN03 in waterv or glycerol o‘ccursv in twp stages’ (21). In a
partially intercalated TiS o érystal there are three distinet regions
namely, stage 1, stage 2 and empty crystal (Fig.3.l (a) and (b)). The
region near the edge of the crystal is stage 1 and it has an atomic
composition of x = 0.42 +/-AO.02 (16) which tends to be con;tant as the
crystal intercalates., Further in §fom the e‘dge,‘ and next to sfage 1 a
stage 2 region is found where the x value dropsb to half of the stage 1
value. Beyond the stage 2 region tﬁe ci’ystal is empty of silvér and x = 0.
These- stages .can be observed opticaily in either transmissj;gn or
reflection. The op;tical reflection - decreases when the cfystal is
intercalated and the stage 1 region appears darker or less reflecting than
the stage 2 region, and the stage 2 vfegion appears darker than the empty
crystal. Conversely, the use of j:ransmitted light for. thin transparent
crystals shows the opposite observation (21). The position of the fronts
observed in reflection are readily identified (Fig.3.l (b)) and this work
shows that the fronts have the .same locations as those observed using XRF
microprobe for crystals in the 1 to 2 pm range. |

In this chapter a study of the distribution (or motion) of the stage
1 and stage 2 phases of silver in partially intercalated TiSo crystals is

presented. The relative amount of silver in the crystal was determined as a

function of position using a scanning electron microscope and x-ray
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fluorescence attachment. The work includes a study of motion of both stage .
1 and stage 2 silver in TiS, at room temperature and also the motion of

étage 2 silver at elevated temperatures.

3.2 Sample preparation and intercalation

3.2.1 Sample preparation

@ B
The thickness of TiS, crystals that were used in the experiments

were in the range 1 to 2 pm. The lateral dimensions of the crystals were
usually less than 1000 pm. The pure TiS, crystals were prepared by the
“iodine vapor transport” method and were typically more than 10 pm,‘r so that
the c;:ystals used for interc;lation were obtained by cleaving the as-grown
crystals. | o

To cleave TiS, crystal‘s to micrometer thicknesses a thin layer of
epoXy was spread onto a microscope slide and é few as—grown crystals were
laid flat on the epoxy. Thin cystals were peeled froni»the thick crystals
using sticky tape. The peeled thin ci'ystals were removed from the tape l;y
dissolving the glue on the tape in trichloroethylene. Using fvine forceps or
an eye dropper the crystals were removed from the trichloroethylene and

placed on a piece of microscope cover glass. The thicknesses of the
' ¢

crystals were determined to an accuracy of +/- 0.‘07 pm using a Wild M 20
microscope with an interference attachment. The steps wused in sémp'le
preparation are shown in Fig.3.2. AA gre'lphite. block was fixed with somé
graphiteA dag to a SEM sample holder and the piec;:'of cover |glass'_with the
crystal was placed on top of the graphite block (Fig.3.2 (a), (b),r(c)).

The graphite block was used to keep the SEM sample holder away from the

electrolyte because otherwise the aluminium of the sample holder might havé »
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intercalated into the crystal. Also, the grapt;ite block eliminated XRF
peaks from the aluminium and impurities in thé‘éample holder. Next the
corners of th.e cover glass and the crystal werei glued down with some RTV -
silicone rubber (Fig.3.2 (d)). A narrow layer of graphite dag was appiied
from a ~side. of the crystal to the graphite block to make electrical
‘contact between the crystal and the samglei ‘holder. (The graphite dagx
(Electrodag 154‘ from Acheson Colioids, Ont;rio) ‘-used in these experiments:
. is high purity fine graphiterpartlicles in suspension in isopr’opyi alcohols)
The graphite layer was then covered with RTV silicome rubber to preveﬁt it
from being washed away by the electrolyte (Fig.3.2 (e)). The crystals were
allowed to- intevrcal'ate only from one edge by covering the other edges with
RTV. Finally, all the RTV. and glass wefe covered with pgraphite dag .since
nonconducting materials tend to charge up when “they are exposed ﬁo the
eleétron beam of the SEM. The sample preparation from Fig.3.2 (d) to (£f)

was done under a low pWer optical microscope.

.3+2.2 Intercalation of TiS2 with silver

A 0.1 M solution of AgNOB in glycerol was used as the electrolyte.

o C
It was found that when water was used as the solvent, a considerable.
amount of cracking occurs at the crystal edge whereas with glycerol the

intercalation rate was slower and only a few or no cracks in the crystals

were observed. The samples were intercalated electrochemically as shown in

Fig.3.3. The microscope slide with the sample and the elecrtrolyite were
placed on an optical‘ microscope, so that the process of intercalation could
be, observed. Since‘the intercalation rate is thickness dependent (21), the
period of intercalation varies from crystal to crystal:' The crystals which

. - % . .
were used in this experimentﬂ?were usually intercalated for about 4 to 5

hrs resulting in a partially intercalated crystal as shown -in Fig,3.1';"(b).
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. R o
The partially intercalated sample was removed from the electrolyte, washed

well iﬁ acetone to remove all electrolyte and then taken to the SEM as
soon as possible. Scanning of the sample was started generally within 30 to

40 minutes after the intercalation stopped.

3.3 Room temperature X-ray fluorescence study of stage 1 and stage E‘TiSZ

intercalated with silver

The rélatiVe intercalated silver content as a functioﬁ of disté;te in
from the cfystal edge was determined by XRF scans along a line
perpendicular to the edge of the crystal. It was determined by XRF that
the concentration of silver along a line parallelJto the crystal edge. was
essentially constant. The scans were point measurements taken about 5 to 20
pm apart and the spot size sampled was typically abogt 2 pm across. The
counting time per point was typically about 3 minutes. An XRF scan - took
typically about 2.5 to 3 hrs. It is very important to choose. a‘vcryétal
region for XRF scanning that is free of pin holes, cracks or steps because
such defects allow intercalation from regions other than the crystal edge
of ihterest. Using sample photographs and the corners of the crystals as
reference points,' it was possible to scan from the same place on the
crystal edge repeatedly, with an,accuracy of 1 to 2 pﬁ.

The relative: ontent of silver plottéd against the distance from the
edge for a typicalﬁ¥artially intercalated crystal (sample #1) 0.9 pm thick
is éhown in Fig.3.4. To study the motion of.- the silver afﬁer partial
intercalation, repeated XRF scans were carried out and Fig.3.5 shows a
series of scans taken on sample #1 at room temperatures. It is seen that
the stage 1 region is reducéd in size and the stage 2 region is 1increased

in size. After a sufficient time, only stage 2 silver was found in the

crystal.
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In sample #! no subsequent motion of st 2 silver was observed 0\.7er
a period of 2 months. This was -also obsex%_’ed in seve;al other samples for
periods up to 2 1/2 months. ‘ _ I
Some samples with both stages were left in liquid nitrogen for about
a day and the. position of the fronts were observed optically before and

after leaving the sample in the liquid nitrogen.» It was found that silver

—~

3.4 Stud‘z of the motion of the stage 2 silver front in VTiSQ_ at elevated

in both stages remained stationary.

temperatures

Since no motion of the stage 2 front was c;bserved af room temperature
(that 1is the silver distribution in stage 2 remained cops.tant), some
samples were-heafed i-n an argon atm;js;phere‘and the distribution 'of" ;‘,ilver
was determined aftér each heating by» XRF at room temperature., A sample _(#2,
thickness = 1.2 pm) was4 initially kept at 100 OC‘ for one day. If was
gbserved that the silver distribution ér the stage 2 front had moved a few
microns (10 pm) into the empty crystal but there was no chaﬁge after
further heating for 3 days at 100 °. It was also found that when the
sample was left at room temperature for about a week after thié heating,
the stage 2 front moved back to the position prior to heafing. Another
s‘ample (# 3 , thickness = 2 pm ) was heated at 150 C‘C for 1 day and it was
observed that the stage 2 front had mov‘ed about 10 pm. The same sample was
heated at 150 °C for another 8 days and the.distributic_m of silver was
determined each day. In this period the stage -2- f1:ont moved about 12 pm
but the shape of the front was essentially unchanged. Since no motion was
observed even after heating the sample # 3 continuously at 150 oCvfor

another 10 days; the temperature was increased in intervals of 10 degrees

up to 200 °c ; the sample being held at each temperature for 1 day. As the

v
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" temperature was -increased the conéentrationrdecreased slightly in the whqlé
stage 2 region and after the hgating at ZOO-SE no stage 2 froﬁt was
observed and the silver was distributed througtht the crystal. . Another
sample (#4, &hickness = 1.2 pm ) wasrheated at various temperatures from
lOOOC to 325°C, keeping the heating time at each temperature at two hours.
The temperature was increasedrin 10<% intervals and after eve?y heating the
sample wasﬁ scanned to determine the §ilver distribution. Some of these
distriﬁutipn curves are shown in Fig.3.6. Graph (b) shows the distribution

of stage 2 silver at raom temperature. As the temperature increased the

stage 2 front .moved 1into the crystal and the steepness of the f£ront
decreased. In thisvsample,thersilver was distributed thrOugh;ut thé crystal
after heating at 325 °C for two houfs. /

As shown in Fig.3.6 (f), (g) and (h) the silver concentration in a
region abOuA 15 pm from the crystal edge is lower than the other région of
the same graph. Thé edge was scanned to find out whether any silve; had

come out of the crystal while heating. No silver was found on the edge of

the crystal.

3.5 Discussion of the results

The XRF  technique4 clearly demonstrates the‘ staging of silver}
intercalated in T182: and the motion of the stage 1 and stage 2 fronts.
~The series of graphs in Fig.3.5 shows the room temperature disappearance of
stage 1 silver with time. It is clear from the areas under the stage 1 and
stage 2 curves the stage 1 silver becomes stage 2 silver. Tﬁé'greas under
the initial aﬁd final graphs differ only by 1% from each other. Though the
depletion of the'stageif’}egion occurred within hours at room temperature,

the stage 1 front remained stationary at liquid nitrogen temperature. When

stage 1 was not present in the crystal the motion of the stage 2 front was
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found only at temperatures higher than room temperature. From all these
resnl11t.s it is clear that movemex;xt of silvef atoms Lin the TiS, lattice is
very te;npe«raﬁure dependent. L .

Since the conversion from stage 1 to stage 2 occurs very rapidly at
room temperature, this process must be driven4by strong repulsive forces,
presumably Coulomb fo_rceé between charged silvér ions. In stage 1 (x =
0.4 ), the Ag-Ag distance is about 5.9 R,in the layers and about 6.4 ‘Z
across the layers, so that significant Coulomb repulsion can be expected
from both intralayef and interlayer interactions for stage 1. For stage 2
" the ioﬁ separateion,within a layer is the same as for stage 1, howeverry't.he
separation of the .idns in ad jacent layers is about twice the separation in
.stage 1. Thus it appears that kthe main driving force in the stage 1 to 2
conversion is the Coulomb repulsion between ions in ci‘ifferent layers.

The fact that the stage 1 ‘front remains stationary at 77 °K indicates
that some thermal activation of the silver atoms is also required for
silver motion along with the repulsi\}e driving forces. Assuming the island
model, Fig.l.4 shows that. the conversion from stage 1 to stage 2 involves
the generation of bends in the host layers (Fig.l.l&).rThese. bends cost some
elastic energy. In spite of this, the observation of stage 1 to stage.Z
conversion indicates that the decrease in Coulomb energy is greater than
the elastic energy expended in forming stage 2. |

The graphs obtained for sample #4 in Fig.3.6 show that, as the
temperature increases the entire stage 2 region from the crystal edge to
the- intnercalation front loses some sil\(er, indicating this is not simple
diffusion. For simple diffusion one would expect to see a drop in silver
content near the intercalation front as indicated in Fig.3.7 (22). The most
likely reason for the decrease in silver in the whole stage 2 region is
that on heating, the sample converts to a mix of stage 2 and dilute stage

5
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1. ( Dilute stage 1 in Fig.3.8 is similar to pure stage 1 except the atéms
are relatively far apart.) Invthis case the éoucentrétion of silver iﬁ a.
given area can be lower than that of stage 2. The dilute - stage 1 phase
requires the breakup of the stage 2 islands (assuming.Herold's model )} and
more bending in the host layers. The stage 2 to a mix of stage 2 and’
diiute ‘stage 1 transformation is 1likely driven by intralayer Coulomb
repulsion with thermal activation. | |

Significént motion of silvef in stage 2 was observed only at elevated
temperatures. The graphs in Fig.3.6 show a fairly sharp stage 2 front ﬁp
to about 250 OC, The steepness of the front startgd to. decrease above
275°C, and near 325 °C the silﬁer was distributed throughout the crystal.
In sample # 3 the stage 2 31I§§r was distributed throughout the:crysFai at
a lower temperature (ZOOOC) possibly because the heating time for sample #3,
was lohéer ( 1.day) fhan the heating time'for sample #4 (2 hours) .

cﬁ#ﬁh peaks and the valleys ‘finally obtained in- the graph (h) at

’325°C, showing collection of silver in some regions, suggests a separation

-

of phases into perhaps the stage 2 and dilute stage 1 phases. -
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Fig. 3.1. (b) Partially -intercalated Ti82 crystal observed
using .reflected light. '
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Fig. 3.3. Electrointercalation of a crystal.
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Fig.: 3.7. General form for diffusion curves starting with a

sharp boundary (15).
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IV. Intercalation of TiS, with AgmB and Ag"° .

Some experiments were done with radioactive silver (Ag''® ) to clarify
how the motion of silver occurs in TiS2 for both stage 1 and stage 2 at

room temperature.

4.1 Study of migration of Ag in stage 2 when a crystal is intercalated

A ‘radioactive’ tracer experiment was done to study the migration'of-
silver atoms in stage 2 when a crystal is intercalated. When a crystal
intercalates a stage 2 front is observed (optically) to start 'fifst,
followed by a stage 1 front. if the concéntrétion. of the ‘electrolyte is
decreased a stage 1 front is not observed. Thus it is possible to obtain’
only a stagemJZ region in a crystal, 'éxéept perhépS' right at the crystal
edge, ° by limiting the 1intercalation rate :using a low electrolyte
concentration. In the ekpefiment in this section, the crystals were
paréiélly intercalated such that only stage 2 was obta;ned.

The question to be answeredypy the tracer experiment was: Where do

the silver atoms go after they enter a partially intercalated stage 2

crystal? Three possibilities are shown in Fig.4.1 for the classical

' - intercalation model.

For Fig.4.1: B

(a) The newly iqtercalated silver atomé push the preintercalated silver
atoms further into the crysﬁal and remaiﬁ near the edge of the crysta}‘
V(b) The newly intercalated silver atoms fadVance to the stage 2 front by
moving past stationary preintercalated silver atoms (the new atoms are not
necessarily.in £he éame layé%s as the preintercalated atoms). 7

(c) As in (a) with the preintercalated atoms and the new atoms mixed

together near the interface.
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Ho
In our experiments, radioactive Ag was used to label the new

silver atoms. A crystal was first intercalated with nonactive Ag'og ant

_then was intercalated with active Ag ”0,' Intercalation was done so that
only stage> 2 was formed, leaving the inner part of the crystal _empty.
After intercalation the total activity of the crystal was measured.' Then
the edges of the crystal were cﬁt and the activities ofball edges and the
inner part of the crystal were measured separately. |

O emits a wide spectrum of gamma radiation, 95% of which 1is 657

Ag
keV gamma rays (23). To measure the crystal' activity, the whole -gamma
spectrum (E » 100 keV) was detected with a Nal well-type scintillation

spectrometer (Fig.4.2) in the Department of Chemistry, S.F.U.

- _ _ - R -
4.1.1. Sample preparation and intercalation: motion of stage 2 silver

Since the amount of silver intercalated and hence the activity

increases with thickness it .is advantageous to-use the thickest crystals
avgilable in counting experiments. However thick; crystals teﬁa to crack
while they are being iﬁ;ercalated. It was found by tri:E and .error .crystals -
in the thickness range 3 to 6 pm did not crack se?erely and gave
réaéonable counting statisﬁics.

As deseribed in section 3.2 crystals were peeled from grown ‘I‘iS2
crystals and placed on cover glasses where the thicknesses were measured.
In our experiments it was very important to use crystals without cracks,
pin holes, steps, scratches or any other K macroscopic defect. It was:
possible to observe intercalation due to such'defecté on the upper surface,
however the lower surface could not bé obgerved after mounting. the crystal.
Therefore before mounting the crystal a thin layer of RTV (siiicone rubber)

was spread on the lower surface (but not mnear the crystal edges) to

prevent any possible intercalation at defects. Prior to intercalation any

41
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small defects on the upper surface were carefully covered with t_ir& dots of

RTV. The hexf steps in sample pre’paration are -shown in Fig.4.3. A piecg of

cover glass with a crystal was .placed on a sample holder as ~s—hown,iﬁ'
Fig.4.3 (a). (A SEM sample holder was used only for convenience.) The

corners of the crystal were held to the glass by RTV (Fig.4.3 (b)),and a

very small piece ofvsilver was fixed to the c¢rystal with some silver dag

(Electrodag 415 from Acheson Cblloids). This‘silverrdagv was then covered

with RTIV to ensure a contact v‘vith<.the crystal was maintained. Finally an

electrolyte container was méde using a small rubber '0' ring (Fig.l;.j (c)).

Since a - radioactive .electrolyte was used -'a minimum amouﬁt of the

electrolyte wés desirable. The idea of using a small o riﬁg wés vto'méke-
a very small well to hold the electrolyte. The top cover glass was placed

on the '0' ring to I;revent evaporation of the electrolyte. The sample .
preparation was done under an optical microscope. Basically, the set up

shown in Fi>g.4.,3 (d) is similar to Fig.3.3. The intercalation process was
observed in reflected lightvwithl an optical microscope, keepingy the sample

holder upright. |

© in 0.5 M

The electrolyte was prepared from a solution of 0.1 .M Ag“
HNO?> in, water, purchased from New England Nuclear of Canada. The
radionuclidic purity»énd the radiochemi;él purity of the original solution
was about®99%. In our experiment a solution of 0.001 M Ag"© in 0.05 M HNO,

in water was used as the active electrolyte. The nonactive electrolyte

was made up with the identical molarity and solvent as the active one. The

)
-

volume of the electrolyte im a cell was about 55 microliters and the
activity of this amount of electrolyte was about 0.01 pCi.
It was mentioned in section 3.2.2 that a considerable -amount of
, Vs

cracking was observed at the crystal edge when an aqueous electrolyte was

used for intercalation. However, in the tracer experiment where aqueous
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electrolyEes-were used few cracks were observed in the crystél edge since
the intercalationb‘rate» was slo& due to the 1low "concentration of the
electrolytes; . In the lradioactive tracer experiment the crystals were
intercalated \at all of the edges as follows. A crystal was’ first
intercalated with nonactive silver until the stage 2 front moveg‘a distance
X, typically about 60 to‘100 pm from the crystal edges (Fig;4.4A(a)). Then
the lcrystal’ wasl photographed and washed with ‘acetohe ﬁo remove the
. electrolyte. Next the crystal was -again inﬁe;calated ,with ithe ‘active
electrolyte until the stage. 2 front progressed a further distance z,
typically about 30 to 40 pm into the crystal giving a totgl stage ijidtﬁ
of y (Fig.4.4 (b)). With phdtographs it was possible to measure ‘the widths
x and y of the stage 2 region as indicated in Fig.4.4; Since the béundary

of the active and nonactive regions could not be observed optically, z was

calculated from the values x and y. The crystals were always intercalated
such that x > (y - x) = z. Then y > 2z and therefore it was pbssible to
cut the edges of the crystal such that the widths of both the cut sections
and of the rémaining stgge 2 region ip the‘middki part was great?r thé;‘z
(?;ig.4.5 (b)). The reason for doing this will be ,expiained iater in
Fig.4.6. After intercalating the cryétal with acti;eb silver, the
electrolyte was washed away and the crystal was removed from the éample
holder. This was done ;nder'a microscope with fine tools{ Theq the crystal
was again washed thoroughly with acetone to get rid of any remaining
electrolyte on the surfaces and taken to the counter to measure the crystal
activity. The background radiation was counted for one hour and the
counting for the crystals was 20 minutes. The procedure used to monitor the
location of active silver in a crystal was as follows. ‘The total crystal
activity was firsﬁ‘ measured and then thq narrow section§ of the crystal‘

edges. were cut with a razor blade as shown in Fig.4.5 (b). Using a
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miéroscope, it was possible to make cuts with: an a;:Curacy of about +/- 10
pm. After cutting, all the cut sections were collected carefully with fine
forceps and the total activityvo‘f all."v:'the sectiéns: &as—determined. The
activity of the remaining middle paft of the crystal was also measured.
Three possible distributions fop the new guest atorg@ corresponding to
the silver location of Fig.4.1 are shown in Fig.4.6. In ’yévmr experiment the
new guest atoms are active Ag”q atoms and the preintercalated atoms are
nonactive Ag'os atoms. From the measured activities ome  can obtain

"° in theycrystal. 1f Fig.4.6 (a) is

infqrmation on the distribution of Ag
the case, the 'activ'e gsilver willr reside near the cfyétal edge and the
1a<':tivity of -the whole crystal should be the‘ same as the total activity of
the cut sections. If what is shown in Fig.4.6 (b) happen‘;’, the activity of
the middle part of thej cry/stal should be the same aSj.the total’kcrys'tal
activity. For the case in Fig.4.6 (c) mo;t of the tota]: crystal activity

should be found in the cut sections and the middle ﬁart of the crystal

will also show some low activity.

4.1.2 Results of migration of stage. 2 silver

. Results for two samprles studied are shown in Table 4.1. The values

given in the table are the counts after the background E)f 9.30 +/- 0.05

cps was 'subtracted'. Note that the sum of counts from the cut séctio'ns and
the middie region 1s close to thé ;ounts from the original crystal
-indicating that no sections were lost during the cutting proced;n:e. It 1is
clea;‘from‘fhe results that most of the active silver atoms reside in the
cut sections of thf—: crystal. A low but not negligible activity was founci
in the middle part, so éherg is no sharp bou:;?:; between the active and

nonactive regions.
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4.2 Study of conversion of stage I silver into gtage 2

» As presented in chapter 3 it was observed thét when intercalation of
a p;;;%élly intercalated crystal is stopped the stage 1 silver region
rapidly disappears with the intercalated region convertiﬁg into- stage. 2. It
is of interest to know how this stage 1 to stage 2 conversion occurs. That
is, how do the silver atoms redistribute during the stage conversion? The
most likely situations are given Fig.4.7. ;n stage 1, all the layers of
the host lattice are filled with Qilver vwhile in stage 2 region every
other’ la;er is filled. One possibility is that the excess silver in the
stage | region advances to the stage 2 front as in Fig.4.7 (b); In this
case the existing stagé 2 silver is stationary while the silver from stage
.1 moves through it. 1In Fig.4.7\ (¢) the silver 1in stage 1 pushes fh%
existing stage 2 silver into the empty region of the crystal and remains
near the crystal edge. Fig.4.7 (d) is similar to Fig.4.7 (c) except the
silver from both stages are mixed togethef near the.  stage 1 - vstage 72
boundary. e fiah U , )
In the follwing sections, a radioagtive tracer experiment ié

described which allows the silver motion to be follwed. In this experiment

Ag was useaptp label the silver in the stage 1 region.

4.2.1 Sample preparajion and intercalation: motion of stage 1 silver
The preparat;on of partially intercalated samples was essentially the

same as described in section 4.l.1. The nonactive elctrolyte used was a

solution of 0.01 M Agﬁqg in 0.05 M.HN03 acide The active electrolyte was a

mixture of Ag''® and Ag'®8 with a molarity 0.01 M in "0.05 M HNO, - acid. Some
nonactive Ag'!®® solution was mixed with the active solution tﬁj?educe the

high activity. ' ..
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In this experiment it was necessary to intercalate the sample in both

stages such that q > 2p (Fig.4.7 (a)). A wide band of stage 2 Ag'c>8 was

needed so that a crystal was firét intercalated with monactive silver until
both stége 1 and stage 2 were obtained; intercalation was stopped and the
cystal was left uhtil the stage 17 silver was converﬁed into stage 2,
giving a final total stage 2 width typically »aboﬁt 100 to 130 .pm. After

obtaining a wide region of stage 2 Ag'O8

8

the crystal was” photographed and

again intercalat(ed with Ag'? until the stage 1 front was just observed at

the edge. Then the electrolyte was quickly changed to the active Ag”o"’

{10

solution. This proc%dure ensured that Ag atoms were intercalated only 1in

.the stage 1 region. Intercalation with Ag“o was continued until the stage
1 front was observed to be a distance p wide (typically 30 to 50 um).

After intercalation the crystal was again photographed and the electrolyte

-

was washed away. The crystal then was removed from the sample holder,

HO

T .
washed again and left for about a d3y to allow the stage 1 Ag to convert

into stage 2 Ag'®

e
After the stage 1 was eonverted to stage 2 the total crystal activity

was counted and crystal sections were cut with a razor blade at a distance
a little more than 2p from the crystal edges. The activity in the cut
sections and the remaining part of the crystal was measured separately. The

results showed that most of the active atoms, were located in a region 2p
from the crystal edges. As was observed in the experiment described in
section 4.1 some activity was measured in the remaining crystal so that

strips (typically 30 to 40 pm) were again cut from the crystal and the

activity in these strips and remaining crystal were measured.
To confirm the results of this- experiment another experiment was done
by replacing the nonactive electrolyte with the active electrolyte and vice

versa.
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4.2.2 Results of migration of stage 1 silver into stage 2

The :esuits of migration of stage 1 silver for two samples are gi#en
fh Table 4.2 and Table 4.3. The values given in the tables are counts
after the .-background is subtracted. It can be seen.that after the motion
of stage 1 silver most of the active silver atoms were found'near the'edge
of the crystal and no significan} activity was measured in the feméiningb
paft after the second cut. -

When the electrolytes were interchanged, that 1is when stage 2 was

108

© ~ the converse result was found

obtained with Ag” ‘and the stage 1 with Ag
(Table 4.4). That is, most of the active Ag”o was found near the final
stage 2 front and there was no significant activity in the sections cut

" off by the first cut. A slight activity was found in cut off sectlons of

the second cut showing the consistency of the results given in Tables 4.2, .
&

4.3 and 4.4.

4.3 Discussion of the results

The tracer results from section 4.,1.2 where the migration ofrstage 2
silver was studied éhow that when silver atoms enter a. partiaily
intércalated stage 2 TiSZ crystal the preintercalated atoms are effectively
pushed further into the crystal by the entering silver atoms. That’is, all
the silver in stage 2 moves when the cfystal interealates. The XRF results
in wohapter 3 show that, after intercalation ceases, silver 1in stage 2'
remains stationary- when stage 1 is not present in the crystal. So that
when a crystal intercalates, the overéll driving energy for stage 2 may be
derived from a very narrow region of stége 1 at the edé; of the crystal.

The tracer results in section 4.2.2 where the motion of stage 1

sitlver was studied show that when inmtercalation of a partially- intercalated

N
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crystal 1is stoppe!, &e silver in stage 1 '‘Qushes stage 2 silver 1into the
crystal and stays near the -e'dge' giving a diftribution of silver similar to
Fig.4.7 (d). '

O.

Fig.4.8 shows the distribution of Ag'® in the samples #3 and #

aft-er, stage 1 Ag”o has moved. These graphs were plotted by equating thg
ratio of ﬁleasured activities in cut sections to the ratio of the areas
under the curves in the corresponding regions. Since the width of the
initial stage 1 Ag”o front was p, we .assumed that 'qnly Ag“o is found
within a distance p from the c}rystal edge a.md Ag”o may or may not mix with

Ag'o8 beyond p. Since the Ag"o

in the distribution was 1initially in the
stage 1 region of width p thé conservation of Ag”o in the crystal was
taken into account. VTo satisfy all these conditions, the widths,‘ of the
initial stage 1 fronts (p) and the cut sections Of‘, the crystals were
changed within the Vexperirmental errors in some cases. In sample #3 the
width of the stage 1 region used was 45 pm and the width used for the
first cut was 95 pm. In sample #4 the'w‘id.th used for the first cut was 95
pm and .the’ width of the second cut was 40 pm. Additionally, the actiyities
were ct;anged slightly within the experimental errors.

Some activity was found beyond the ex’pected region (2p) which is
consistent with Fig.4.7 (d). This observation also agrees with XRF results
where it was observed that intercalation fronts are not absolutely sharp .
and tﬁat the stage 2 front becomes wider after the conversion of stage 1.
silver into stage 2 silver (Fig.3.5 and Fig. 3.6).

The results obtained- - in this chapter support ﬁaumas and Herold"s.
model of staging (chapter 1). The type of motion of stage 1 silver into
stage 2 silver required by the tfacef results can be explained with islands

of atoms in host layers. The classical model of staging and Daumas and

Herold's wmodel of staging are shown in Fig.l.3 and Fig.l.4 respectiveiy.
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The conversion from stage 1 to stage 2 in &therciassical .model is shown in
Fig.4.9. The motion'shown in Fig.4.9 is only possible if there 1is migration
of silver atoms perpendicular to the layers. Since it was found that the
motion of silver atoms perper:?ﬂcular to the ;layérs is -n;agligibl; ét room
temperature (chapter 6), the classical - model cannot explain- the tracer

results. The island model in Fig.4.10 explains .clearly how silver® atoms in

stage 1. remain near the crystal edge in the stage 1 to stage 2 conversion.

*
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Fig, 4.1. These diagrams give a set of possibilities for
residing atoms in a partially intercalated stage

2 crystal.
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Fig.

7

4.2. A schematic diagram of Nal well-type

scintillation detector.
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Fig.

4

.3.

Sample preparation for the

experiment.
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Fig. 4.4, Stage 2 region : Intercalatea’with Ag'108 and

Ag108.

Width of stage 2 region of Ag108

»
i

Width of stage 2 region of Agllo + Ag108

e
I

Fig. 4.5. Cutting of the edges of the crystal.
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Fig. 4.6. Three possible distributions for the new guest

atoms (Agllo) for stage 2 intercalation.

(a) The new guest atoms (Agllo) reside near the
crystal edge, |
\
(b) The new guest atoms (Agllo) advance to the

intercalation front.

(c) As in (a) with the guést atoms Agllo and the
preintercalated,atoms,Aglosﬁmixedﬂat the
boundary. "~
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Fig.

4.

7.

Possible Ag motion in the stage 1 to stage 2

conversion in a partially intercalated TiSé.

(a) Crystal with stage 1 and 2

(b) Final stage 2 with Ag from stage 1 at crystal
edge and stage 2 front

(c) Fina} stage 2 with Ag from stage 1 only'at edge

region
=9 -

3 .
(d) As in (c) with Ag from both stages are mixed

together near the stage 1 - stage 2 boundary
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Fig.

4.8.

- After stage 1 Agi;ofconverted into stageWZ:VAg1 .

r .
Construction of distribution of Ag110 in Tis2

crystal. o

L4

10

—

" ¢

Using data from Tables 4.2 and 4.3 respectively.
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Fig. 4.9. The stage confversion from stage 1 to stage 2

in classical model.

6la



Z °¥boys

—y -
s

0000000000000 000OGOCES

|
% 0000000000000 086000600

OOOOOODOO...........

Z °6pis 1 96p}S

o
- ! o

000000000 00000

000000000 C0OG®OG®OE®

000000000000 0O

61b



Fig. 4.10. Interpretation of results of the tracer

experiment in terms of the Daumas and Herold's

-~

- model.
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V. The island model configuration for intefcalation

.

5.1 Introduction

Daumas and ‘Heréld's model or the island model gives a convenient
intépretation for various mechanisms that are seen in intercalation
compounds. As described in chapter lithe conversion from a lower étage‘to
" a higher is only reasonably described by the island model. The; tracer
results obtained in chapter 4 were explained with this model without any
difficulty while the classical model failed to do so. In the island model
it 1is assumed that the intercalated guest atoms are arranged in. tho
dimensional islands within the Van.der Waals gaps. Such islands have never

> .
been convincingly observed for any intercalation system. One can suggest

different shapes for these islands in the =x-y plane such as hexagons,
circles, triangles or st;ipes. When 1ooking at a pure stage °2 region
(Fig.S‘lj from above, the islandsf}nrtworadjacent;V;n'der Waals gaps should
fill the space without any empty regions. This 1is not satisfied by
hexagonal or circular shaped islands. (Hexagonai islands can be ideally
arranged in stage 3.) Triangles can ‘be stacked in a pure stage 2 but thé
high energy associated with sharp corners would make them unlikely. The
striped islands shown in Fig.S.?;(a) appéars to be a reasonable possibility
for stage 2. Domains of Roman track-shaped islands shown in Fig.5.1 (bs are
also a pkssibility where in a real crystal the domain size may be
determined host stacking faulzs., It is assumed -that the islands for

stage 2 silver in TiS have a configuration something like that in Fig.

5.2 (a) or (b) and that the intercalation fronts are like Fig.5.1, the

magnitude of the silver island width can be estimated using the XRF data

—
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from éhapterA3.

A number of graphs similar to Fig.3.5 (a) and (e) fha;vgfbe‘ea,febeaiaedrﬂ,wa,f,
for different samples wusing rbﬁhe XRF microprobe, showing that the-
intergdlation fronts are not sharp. When the final stage 2 front resulting
from the stage 1 to stage 2 conversion was séabilized, the width of the
front waé found to be approximately twice the widths of the stage 1 and
initial stage 2 fronts.'This can be inﬁérpreted'using the island model of
Fig.5.1. The kinks in the layers in Fig.S.i are exaggerated since x-ray
results showed that the increase in the crystal thickness 1is about 6.5 %
for stage 2 and 13 Z for stage 1 (16). Fig.5.1 (a) shows the upper half -of
a partially intercalated Crystai and the lowest layer represents the layer
at the middle of the crystal. /Iﬁr the complete crysﬁal the islands Are
arranged in.such a way that the fronts are V—sﬂaped. In'Fig.S;l (a) both
the stage 1 and stage 2 intercalated fronts have thé same width., The front
width doubles as the stage 1 converts to stage 2 as shown in Fig.5.1 (b).

An important result obtained from these diaérams is tha .relatibnship
between the total number of layers in . the crystal and the/width of the
islépds. It is cieér; in these diagrams ‘thag -&He rislands ét the
intercalation fronts are arranged in steps. Using the widths of the stagé 1

or 2 front obtained from the XRF data the width of an island is given by,

P 2P - ' g

L= — = — for large N, ,Z/

where,

P = the width of the stage 1 intercalation front and

N = number of host layers in the cfysfai;

Using the width of the stage 2 intercalation front in Fig.5.3 (b)),
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where,
r = the width of therstagé 2 front.

N can be calculated for an original crystal of known thickness, using

=]

c, , the c lattice parameter of pure’ TiS (Fig.1.5 (b)). 3 4

5.2 Width of intercalation fronts and calculation of island width .

From a number of graphs similar to Fig.3.5 (a).and (e), data for p,q

and r in Fig.5.3 were obtained and the island width L was calculated. The
results are presented in Table 5.1. - The widths of the fronts were"

determined by fittifg the data points at the front to a straight line.

5.3 Discussion - ‘ 7 .

The data for front widths p,q and r obtained with the XRF microprobe
given in Table,b 5.1 are coﬁsi»stent"w:fth the diagrams given in Fig.5.3 and
Fig.5.1, 1i.e,the f.ron; widths increaée with time and r is approximately
twice p. Since a finite time was _taken (2 1/;2 to 3 hrs ) to complete a
scan across the s.ample, p and q could not bé obtained at the same time.
Since the silver in the stage 1 region was moving during this period the
value fc;r q could be ex~pected to be-a ’fittle highei‘ ‘_t'han p. This effect is

seen in Table 5.1 and as a result the values for L _ are higher ‘than LP or

q,

Lf . 7
. . : . o
The average -size for LP and L from Table 5.}--are 135 -and--130--A with- -—— -

all of the values lying within 20 .%Z of these values. It should be pointed = . -

out here that a change in the?fdth of the front of 3 to 4 pm can change

‘




&

> IS

the L value by 30. to 40 A and that fltting ‘the data points at the front to

E

- a straight line was difficult in some’ CaSES.‘NEVErthéiESS‘thE‘ﬂata‘of‘Tﬁbf&*“‘*“‘

5.1 is quite consistent, so that within the constraints of the model the

.

island width for stage 2 Ag in TiSZ appears to be of the order of 130 A.

©
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- Fig. 5.2. Possible shapes of the islands %n stagei2.

(Looking along the c axis)

(a) Striped islands

(b) A domain Qf Roman track-shaped islands

T - islands in an upper layer

islands in next lower layer §

-—
|

the island width

=
i

A cross-section of (a) or'(b)'is same as the

stage 2 region given in Fig. 5.1.

S

"
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Crystal edge

Crystal edge
————
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~
+

Fig. 5.3. Expected XRF plots for a partially intercalated

crystal based on the Ag distribution for Fig.
5.1(a) and (b).

(a) Stage 1 and é&gﬁe 2
(b) Stage 2 only

69%a



af ——

|

¥

juajuod By

Distance from edge

—
Mo
~—

Y

r

Juajuo> By

Distance from edge

Fig. 5.3

69b



"UOTIEeTEDISIUT 9yl burddoils xe33e juocay butpuodssiioo
9yl butuueOS JO 3IRIS DY} USSMISQ TeAIS3IUT DWTL = I x
‘ " ‘y3IpIM pueTsT
Y3 103 santea paJeTNOTRD SY3} PU®R SYIPTM JUOII I0JF ©IRP ANX
ﬁ "

175 9TqeL

70a



011 - - - - 8¢ 092 - - ~ - 00°¢
SHI - - - - 0¢ $6 - - - - 81" 1
- 01 | ST / Z/T T h/T 1 - - ¢z | o1z ST | 041 [h°1
- 091 0¢1 /¢ 1 /1 1 - - S Ss 0z 0§ LL°1
c .
- S6T | GHl _m $2/T 7| H/% 1 - - 0z | 211 S1 $8 811
. I E . _
S01 0¢T TA - 4 1 L€ 662 €T 011 ze 0L 00°¢
l
o :
Shi Shi TA m z H/T 1 0§ 01 S1 001 g1 5¢ 81" 1
. . n . ; .
0z1 S91 Shi " /g 1 1 S 001 L1 09 S1 02 811
b
§G1 $9T | G¢1 p A VAR 0¢ | oZ1 91 06 g1 0h 0T°1
0¢1 061 SG1 4 /T 1 0z | 492 §1 001 A ¢8 680
(x) (b) (d) »
;M M M Juoxz juoxj juoaj wrl
. . 4 z obe3g [z abeas|1 obeas urt wrl wnl wrl urn wr Loo -
1 T T I u b u d T *
sInoy *ABV SWTJ ' SSaUNOTYL

T1°G 9I9elL

70b



VI. Study of the migration of silver perpendicular to the layers of TiS,

6.1 Introduction

The diffusion of intercalated atoms in layered structures is expected
to be highly anisotropic (4). For example a study of diffusion of copper

into the layered compound 312 Te, has shown that the difrfusivityr in the

3
parallel planes 1is about eight orders of magnitude greater than the
diffysivity in the direction perpendicular to the layers (24).

In this chaptgr a study of the motion of Ag perpendicular to- the
layers of TiSQ_ lattice 1is presented. In this experiment, TiS, crystals
with thin steps were used and only the basé ~part of the crystal steps were
interc.?lated with Ag, supplying a good source of Ag to the step. The
silver concentration in the step was .determined in the same wa;y as in

chapter 3 using the scanning electron microscope with the x-ray

fluorescence. attachment.

6.2. Sample preparation and- intercalation for study of motion of silver

perpendicular to the layers

As—grown. TiS, crystals with thin steps were selected so that in a
crystal the he:igh‘t of the step was much ‘smaller than the height of‘the
base cryst:‘irl'.:‘ The thicknesses of the. steps and the base >crystals were
measured: as ox;tlined in chapter 3 and the. thicknesses ranged from 24 to 50
}11;1 for the base crystal amd 2.5 to 10 pm for the steps; The crystal

mounting was the same as in Fig.3.1 (a) to (e). Then all the edges of the

step were covered with a thin layer of RIV to keep silver from entering

the step from its edges. Finally the RTV at the corners of the crystal was
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f .. : : S A
-‘covered with graphite .dag to avoid charging effects in the -electron

microscope. Fig.6.l shows a prepared crystal.

Only the bottom part of the crystal was intercalated with silver

using an electrolyte of 0.1 M 'AgNOB in glycefol. 'The sample holder -was

kept, upright and an edge'(or two) of the base crystal was wetted with a
few drops of the electrolyte sucﬁ.that no part of the step was touching
the electrolyte. A small strip of silver' was placed into the electrolyte
and connected to the graphite block makieg a short-circuited cell. The baee
crystals were intercalated for 2'to 5 days depending on the crystai.‘éfter
the stage 2 frent had disappeared underneath the step, the base crystal was
further intercalated fot another 1 to 3 days giving sufficient time for
intercalation of the whole beee crystal. The intercelation was stopped
before the stage 1 front moved very close to the edge of the step because
some crystals cracked with the progress of the stage 1 front. After
observing the motion of the intercalation fronts we’ assumed that the whole

base crystal was intercalated préviding the step with a good source of Ag.

After intercalation the crystal was washed with acetone and taken to the

SEM. ,gf‘

»

6.3 Study of motion of silver perpendicular to the layers of TiS,

As described in section 3.3 the crystals were scanned elong a line
perpendicular to the edge of the crystal and the distribution of Ag was
determined by XRF for ©both the exposed base crystal and the step
(Fig;6.1 ). A pure TiSQ_ crYstal was used as a reference.

A low accelerating voltage (10 kV) was used to reduce the maximum

+ — . S

_penetration depth of the electron beam. (A high energy electron beam can
penetrate through thin steps (chapter 2) down to the base crystal and will

give rise to x-rays from the silver in the base crystal.) .
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Results: The study of motion of ég at room temperature

All " the samples (8 in all) were scanned after 1intercalation was

.

stopped; and it was found that silver had not moved into the steps during

the - intercalation period (2 to 5 days). Observations during thé foilowing

-

two months also gave the same result.

— S ”

6.4 Study of motion of silver perpendicular to the layers of TiSVQV_‘f ‘at

200 °c
Since no motion of silver pe;gendicular to the-layers was observed at
room temperature, a sample was heated at 200 °c. for one day and the

distribution of silver was determined. This was repeated several ;times for

the same sample at the same temperature.

I\

6.5 Results and calculations: The study of motion\ﬁ silver at 200 OE

After heating the sample, silver was found in the step and the amount
of silver increased as the sample was further heated at 200 °C. The results

are presented in Fig.6.2.

An estimation for the diffusion coefficient for the motion of silver

perpendicular to the layers of TiS,

The diffusion coefficient for the motion of silver perpendicular to

“~

the layers of a TiS, crystal at 200 °C was estimated using the graphs in

Fig.6.2. The region (3) in Fig.6.2 shows the distribution of silver in the

step and the region (1) gives the distribution of silver in the base

crystal., Imitially the concentration of silver in the step was zero and it

increased on heating. The diffusion coefficient was estimated using the
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‘solution (curves in Fig. 6.3 ) to the l-dimensional dif'fusion*fequition,f

2
! 3dc¢ 3cc ,
| — = D "T i
ot ox
where,
. &
C = concentration at a distance x

N\

t time, - . -

which was first solved by bar%;aﬁ and Jaeger (22) as a heat flow problem.
The curves in Fig.6.3‘ are giv'en for a salid with a region -,9_4X<+L
with zero iniEial concentration and witﬁ the surfaces x =t & kept at a
constant conggntfation Co‘. This case is similar. to &ur case where the
region o x < L is the step and the surface x = +1% is the top of .
the base crystal underneath thé step. |
The concentration distribution at various times 1in the slab
O<X<AP_ ié given in Fig.6.3. If it is assumed that the XRF data
vgives the‘silver concentration near x = 0 in Fig.6.3, C/Cy can be obtained
from the graphs from region (1) and (3) rin Fig.6.2. Taking,hFhe average
readings from curves (b)r to (f)r in éig.6.2 and negleétiﬁé 'the-iarea neéf
the edge of the step of region (3), the following values for the diffusion

s ~i3 —~13
coefficient are obtained: 1.74 x 10 ‘3 , 0.90 x 10 , 0.66 x 10 , 0.52

| =3 - -
x 10 3 and 0.42 x 10 cm” /sec for curves (b) to (f) respectively. It was
assumed that the concentration of silver in the base crystal underneath the
step was constant: (Co = 0.640) during the heating. Taking a minimum

detectable value for C/Ca of about 0.06 (with t = 2 months) the diffusion

: y -5  a
coefficient at room temperature is estimated to be less than ~10 cm

/sec.
Graph (b) in region—<3) in Fig;6.2“s£0w5fthat’thé increase of stiver—

in the step after the first heating 'is abﬁfdximately seven times vhigher
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than the increase of silver shown in theigraphs (c),'(d), (e) and (f). A

possible explanation for the reduction q{ﬂ%he rate of increase of silver in-

the step with further heating is that the bage crystal under the step is
being depleted of silver on " heating. Considering the relatively high
diffusion along the layers at elevated temperatures the reason for this

silver depletion is not clear.

R

El

6.6 Discussion L

»

.

-

The room temperature study showed that "the motion of silver atoms

perpendicular to the layers of TiSzfris negligible.

In the study at %dOOC, only one sample was exgmipedDBéCause our main
interest was tb investigate the possibility of motidn perpendicular tovthe
layers.at room temperature. Although we do not have data from ﬁany samples,

- we report this data here since the result may be useful for other

researchers.
The graphs in region (1) in Fig.6.2 give the silver levels in the

"exposgd base crystal region. It was impossible to obtain data near thekkdge

of. the step since that area (region (2)) was covered with RTV (Fig.6.1).
. , N
The plots in region (3) show the Ag distribution within about 1 pm of the

surface of the step. There is a dramatic increase in the amount of silver .

in the step after the first heating at 2000(3 and the amount of silver
increased .as the sample waé heated further. The concentration of Ag in the
step decreases slightly with distance in from the edge of the step. This

may be due -to >anr initial inhomogeneous concentration of Ag in the base

crystal underneath the step.

The graphs obtained for the Ease bart ofrgggWE;iéigiié;é not ;éryf

well understood. These graphs show an increase of silver at every heating.

.whereas a decrease associated with the filling of the step was expected.
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Since a 10 kV electron beam gives the information from a region of about 1

pm . deep, the. beam probed only 4 7% of- the thickness of the base crystal+: -
That 1is, the graphs given in region (1) of Fig.6.2 show. the distribution
of silver oniy in  t upper 1ayers of the base erstal. _The excess, silver

which is observed in the, upper layers of the base crystal could possibly

have moved from the lower layers of the base crystal however the reason

~ for this silve?“‘ redistribution on heating is not clear.

The results show that the diffusion of silver perpendicular to the.

B

layers of the T1$2 Acrystal certa%& occurs “at a sufficiently high

s

température. The estimat;ed diffusion coefficient for the motion of silver

; - -3

perpendicular to the layers of TiSj; at 200 °c is ~ 10 cm™ /sec and at
77. A'\:' - o - 7—1577 - T T I
room temperature it 1is estimated to be less than ~ 10 cml/sec. This is

‘many orders of magnitude smailer than estimated .room temperature diffusion

: ~10 . ‘ .
constants of -~ 10 e /sec for silver along the layers in ultra thin TiS,

crystals (21) and ~10’-8 cm® /sec for Li in TiS, (4). Such a high

anisotropy in the diffusion constant?)ﬂ-ﬁs the usual assumption of two
dimensional motion for Ag in TlSl « K similar anisotropy is to be expelcted

fQ/_other intercalated 1ayer compounds. : R

w‘ﬂf

m
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Fig. 6.1. A schematic diagram of a sample prepared for the

study of the motion of silver perpendicular to
. é;ﬁ,the l?ye;s of Tlsz,r L
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Fig. 6.3. Concentration distribution at various times in a
slab 0 < x < § with zero initial concentration

and a constant surface concentration at x = 1.

° The numbers on the curves are the values of

c Dt/;g'2
’ Where,
D = diffusion coefficient
t = time
C_ = constant su¥face concentration at x = L.

0

(The solution .to the heat flow problem with the
same boundary conditions is given in Carslaw

and Jaeger, ref. 22.)
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VIiIi. Conclusigas » 7
The motSon of stage 1 and stage 2 silver in partially intercalated

TiS, crystals was studied using x-ray fluorescence and it was found that

the motion of the stage 1 front occurs rapidly at foom temperaure. This

process is likeiy driven by Coulomb repulsive forces‘betweén charged silver
ions in the stage 1 region.

When stage 1 was not present 1in the~crystal the motion.bf the stagé
2 front was not observed at room temperataure. In the range 200 to 350°C
(depending on the heating time) motion of stage 2 silver does;pccur, ﬁut
simple diffusion does not appear to take place.

A radioactive tracer eXperimentrwas done to investigate the migration
of both stage 1 and stage 2 silver in the TiS, lattice at room
temperature. It was found that when silvif:satoms entered a pértially
intercalated stage 2 crystal most of the newly intercalated silver atoms
pushed the preintercalated silver atoms furthef into the crystal and
remained near the crystal edge. ﬁhen the conversion of stage 1 to stage 2
occurs in ‘a partially intercalated TiS, crystal the ;tage 1 acts as a
source of stage 2 1islands, and these islan&s -remain near the edge by

.pushing the stage 2 islands into the interior of the crysfalf This motion

can be explained by Daumas and Herold's model of staging while the

classical model fails to do so.
Using the XRF data and the island model for the intercalation fronts,

: o
the width of the islands in stage 2 was estimated to be about 130 A.

a

It was observed that, at room temperature the motion of silver

: . [o]
perpendicular to the layers is negligib;e. One sample was studied at 200 C

and migration of silver was observed. The estimated diffusion coefficient

for mo;ion of silvér perpendicular to the layers in a TiS, -crystal at
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200 ¢ is ~10" cmg'/sec. At room temperature the diffusion coefficient is - - -

o / :

: -5 : p
estimated to be less than ~ 10 cm”/sec. FK_”\ e (ﬁ, -
¢
F

L ] .
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