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ABSTRACT ‘

A 13C-NMR Study of the Decomposi¢4on of Tetrahydrofuran on Li Mos,

! A
Rechargeable lithium battery sy temsnusing nonaqueous electrolytes

are pfone to solvent-décompositién r sultiLg in decreased capacity and
rcycle 1ife.>’Magic Angle Spinning Sglidjsqate 13C;NMR wasnused to study
the_decomposition of tetrahydrofpran, a cémmon‘battery solvent, oﬁ the
surface of molybdenum sulfid? cathode m%terial before and after.

lithiation. High surface areaiLixMoS2 sa#gles, where x = 0,1 or 3,_weré -
preparéd to maximize THF adsorPtion f07 thig NMR study. The materiaig‘
Qere characterized by X-ray powder diffractometry, thermal gravimetric
analysis;, densiéy, Dionex ion’chromatoéraphy and ‘B.E.T. surface area
ﬁeasurements. The syntheses éf high sg#face area MoS, by thérmal
decomposifions of (NH4)2M084 and MoS, Qere studied using fesidualngas .

|
analysis. Electrochemical cells were prepared to compare the

|

performance of high and low surface ar%a MoS, as ailfzhium battery
cathode material. Various FT-NMR experiments were used to identify the
THF breakdown products due to thermalqgurface reactions. /”“

No. decomposition prbducts were found for any sample at room
temperature, therefore the variation‘of x in LixMoszisamplés could not
be used to determine a‘solveng reduction potential for THF. At elevated
temperatures, MoS, was found to be more reactive with regard to |
decomposition of THF than Li,MoS, or Li;MoS,, due possibly go structural
differences induced by lithiation. A trend of greater catalytic

activity with increasing lithiation values was not observed. The nature -

of the decomposition products howeﬁer, depended on x in Li, MoS,.

i1ii
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1.0  INTRODUGTION
1.1 "Objectives of this Thesis

The aim of thiS“work isiko eva¥uate a new technique to study
in-situvlithium battery solyent cathodic decomposition. The technique
utilizesAMagic Angle Spinning Solid-State '3C-NMR té study catalytic
solvent decomposition reactions on the surface of cathode material. The
llithium béttery systeﬁ used in this study has an eleétrolyte of 1M
LiA?Fa in tetraﬁydrofuran (THF) énd molybdehum disulfide (MoS,) as the

cathode.

The Introduction has been diQided into four sections. A review of
lithium electrochemical cells concentrating on Li/MoS2 is given in the
second sectiop. Intercalation is included and the importance of the
solvent is discussed. Previous work, structure, 6ﬁher uses of and
catalytic properties of MoS, are discussed in the third>section; The
fourth section conceﬁtrates on the NMR technique and its application in
this study in terms of the solvent and cathode cbmponeﬁts. The use of
high surface area Li MoS, in place of standard low sﬁrface area material
is explained. Also discussed is the novel study of the catalytiq
properties of Li MoS, on THF decomposition as a function of x or

potential with respect to lithium using this in-situ 13C-NMR téchnique.



‘The Experimental Pronedures section is divided inpq;sevgnm2§;§§iir
Section a) outlines tne syntneses involved in preparing high surface
area Li ,MoS,. Section b) describes the Magic Angle Spinning (MAS)
Solid-State '3C-NMR Apparatus, MAS Solid-State NMR theory is briefly
discussed and the nreparatibn of samples and pulse NMR experiments usedj.
aré explained. Eléctfochemical cell components and assembly, gaé
evolution cell preparation and apparatus and electrochemical
measurements are discussed in section ¢c). In the latter §$ctions d)
tnfough g), X-ray powder diffraction technique and procedure, Brunauer-
Emmett-Teller surface area determination, thermal gravimetric ;nalyéis
and residual gas analysis are discussed; respectively. Techniques c)
through g) were utilized to characterize the high surface area MoS,
synthesized for this study and fnr comparison to standard low surface
area MoS, .

The results are presented in the Results and Diséussion section.
LixMoé2 syntheses are discussed and characterized using residual gas
analysis, X-ray powder diffraction and thermal gravimetric nnalysis.

The performﬁnce of high and 1ow“surface area MoS, cathode materials in

lithium électrochemical cells is discussed. The results from '3C-NMR

studies of thermal decomposition series of THF adsorbed materials are

)

discussed as ‘'well as a series of miscellaneous experiments.

Finally, in the last section, the thesis is summarized and

3

conclusions are presented.



1.2 The Electrochemic#l‘CEll

Rechargeable lithium/molybdenum digulfide batteries are baséd on
intercalatiop. The three active compongnts of a Li/MoS, electrochemigai
cell are the lithiup anode, é liqqid electrolyte‘containing a dissolved
lithium éalt and the molybdenum disulfihe cathode. The fogmer two
components will be discussed briefly in this section while the latter,
MoS, will be discussed separately and in greater detail in the following
section due to its importance in this study. The process of
intercalation will also be discussgd as the interactionsrofithé

components are put into perspective.

Intercalation is the reveréible insertion of guest atoms into host
materials with minimal physical alteration of the host structure. ihe
two major classes of host materials have gither a laYefed crystal
structure or a non-léyered or framework structure.  The MoS, cathode is

an example of a layered intercalation host.

Lithium, the guest atom, has a Very low electronegativity for a
metal, allowing cells with the highest possible voléagesrto be
‘constructed. This combined with-its low deﬁsity make lithium an ideal
choice for a battery anode material with high,specific‘energy.< Due to
its small atomic size, lithium is very mobile as the intercalated

species thus permitting high rate electrochemical cells.



Separéting the lithium metal anode aﬁd‘the MoS, intercalation

compound is a liquid electrolyte as shown iniFig. 1. This Iidﬁi&“thﬁ o

electrolyte is comprised of a lithium salt dissolved in a non-aqueous

solvent.

Intercalation or cell discharge takes place when the two
electrodes are connected by an external electrical load. Lithium atomé,
on the surface of the anédé dissociate into ions and electrons; the
ions migfate through the liquid elecfrolyte in tﬁg)direction of the
cathode as the eiectgons travel qbfough the external circuit, also
towards the cathode. Recombination of the ions and electrons occurs on‘

- the surface of the Mos, cathode particles and the reformed lithium atoms

intercalate between the MoS, crystal layers.

Intercalation is reversed during the process of recharge.
Intercalated lithium atoms upon reaching the surface of the MoS,
particles dissociate into ions and electrons travelling via the

electrolyte and external circuit respectively. At the surface of the

anode they recombine and are electroplated as lithium metal.

@



Figure 1 Schematic diagram of a Li/MoS, intercalation cell.
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Electrical work isﬂaccomplished by electrons travelling in the
external circuiﬁ durihg intercélation. This is due to therdifferégééwiﬁr
free energy of the Iitﬁium atoms in lithium metal and fhosg<intercalated
“in tﬁe HoSé host. The latter is preferred by the iithium atoms
therefore energy is released during intefcalation. The free energy
difference also reflects the potential of this electrochemical cell; fér

Li MoS, cathode, smaller x values correspond to higher voltages and vice
. \

\

versa.

The electrolyte is an important component of the electrdchemicél
cell. ;Desired properties include chemical and electrochemical stability
over: {:vide temperature and potential ranges and high ionic conductance.
Solvent properties‘affecting solution cdnductivity are dielectric
constant and viscésity;

Ester-based solvent systems utilizing propylene carbonate are
widely used and have excellent performance but suffer from poor raté
capabilites at low temperatures. One. solution to this problem is a
mixed solvent iﬁcorporating a low viscosity and low melting point
solveﬁt to raise the low temperaturé eleétrical cgnductivity of the
electrolyté. Tetrahydrofuran is a good céndida&e as it‘meets the ldw

'

temperature requirements but it has been found to be prone to

decomposition in.the Li/MoS, system. (1)
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1.3  Molybdenum Disulfide o l

Molybdénum disulfide>is mined as an ore, molybdenite, which occufs
as fihe crystals imbedded in quartz deposits. A flotation process is.
uséd for extraction of Moségfrom the ore,iwhich.is possible due to\the
natural hydrophobic surface of the mined molybdénite.

Molybdenum disulfide was developed as a lithium battery cathédeh
material by Haering et al.(2) Factors which make MdS2 idéél include its

abundance in nature, low cost and low toxicity.

A great deal of work has been done on MoS, including publications
by McKinnon(3), Py and Haering(4), Brandt and Stiles(5), Mulhern(6),

Johnson and Laman(7) -and Chiannelli et al.(8).

In its natural staté MoS, is a two dimeﬁsional layered structure,
Molybdenum disulfide has the trigonal prismatic structure, space group
P65 /mmc with stacking S-Mo-S S-Mo-S. Tﬁere are 2 S-Mo-S sandwiches in
each unit cell of MoS, (2H céystallographic polytype). Weak sulfur-
sulfur van der Waals forceg hold the layers together while strong
covalent bonds exist within the layers. The molybdenum atom can also
exist in an octahedral coordination or 1T polygzpe.(h) 'Méiybdenum

disulfide is a p-type semiconductor. /f{g. 2 illustrates the various

structures of MoSE.



Figure 2

Structural representations of MoSz.*

b)

i

General form of an MX, layer compound sandwich. For Md%z,

M=Mo and X=S.
Co-ordination units.

MoS, (2H polytype).
Drawings taken from W.R. McKinnon. Ph.D. thesis.

University of British Columbia, Vancouver, B.C. 1980.
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‘In addition to usé in lithium batteries, MoS, is used as éﬂs6ii&
lubricant. Attachedrta a metal éubstrate, MoSzgréduces the friﬁflaﬁf o
bétween moving surfaces. MoSi”is far superior to graphite .in its
performance at extreme low or high pressures and iﬁiits lubricating

properties in.varying'environmehtél corditions. MoS, is also used as an

=~

additive in plastics to reduce wear rate by decreasing friction and to

improve thé ﬁechanical and physical brdperties of thermoplastics.

Molybdenum disulfide has important catalytic properties and acts
primarily as a desulphurization Catalyst. Catalypic MoS, may be in thé\'
form of poorly crystalline mater£a1(9), a cobalt prqmoted graphitized
-system(10) or inclusion compounds which are formed from exfoliated MoS2
(single layer) and divaleﬁt cations(ll). Industrial uses includes oil
refining and gasificgtion of coal.(12) Thg activity of MoS2 as a
catalyst is dependent oﬁ its total sufface area, distribution of surface
area between the basal and edge planes, and the pretreatment of thé

surface with various gases.

o

=

- ~

")
1.4 Magic Angle Spinning Solid-State '3C-NMR

To obtain a better understanding of the chem%ifry'involved in
cathodic decomposition, Magic Angle Spinning, MAS-Solid-State 13 c.NMR
was used to examine the reactivity of tetrahydrofuran adsorbed onto the

surface of LixMoS2 where 0 < x < 3.



Tetrahydrofuran (THF) was an ideal molecule for use iﬁ a 130 NMR

study as it contains two pairs of magneticdally equivalent carbon atoms
which result in stronger. 13C signal-to-noise ratios. 1Its high vapor
. pressure allows gas phase transfer fromﬂ%%e liquid to yield single

adsorption layers on thevsurface of the Li,MoS, powders.

' Hh
Molybdenum disulfide however was not as ideal for this study as

- its surface area was typically <10 mz/g, which is too low for reasonable

amounts of adsorption to occur. High surface area MoS2 was prepared to

maximize THF adsorption for enhanced’13c signal-to;;oise ratios. This
high surface area MoS, was characterized ;ﬁysically and
electrochémically to compare it with typical low surface area MoS,.

By varying the proportion of lithium in the host material its
potential with respect to lithium could be ehanged. "In this manner it
was possible to study the catalytic properties of Li ,MoS, on THF
decomposition as a function of x or potential with respect to lithium.

Previous experiments analyzing the decespositiOn products of
chemisorbed solvents and gases on various catalytic surface by high
resolution solid-state '3C-NMR have been done by Gay et al.(13-16) This
is the first study in which this technique has been used for analyzing
lithium battery solvent decomposition in situ on the surface of a

cathode material.



2.0  EXPERIMENTAL PROCEDURES
2.1 _Haterial'Synthesis and Preparation

2.1.1. (NH, ),MoS, ‘ . L : ’ ' -
Ammonium tetrathiomolybdate (ATTM)j (NH4)2M034 was used to obtain
high surface érea Li, MoS, samples. ATTM was prepared by bubbling

hydrogén sulfide(Matheson, Tech. Grade) through an aqueous solution of

ammonium molybdate, (NH4)2M004(Equity Mine) and ammonium
hydroxide(Fisher,Reagent ACS).using a variation of a methd described by

Brauer(I7).

Lo ‘ ~ NH,OH ,
(NH,),Mo0, + 4H,S ——— (NH,),M0S, + 4H,0 Eq.1

The red (NH4)2MoS4 crystals were filtered, washed witﬁ
methanol (Fisher,99.8%), dried under vacuum and kept under a helium
atmosphere prior to use. X-ray powder diffractometry and thermal

‘gravimetric analysis were used to test the purity of (NH, ),MoS, .
2.1.2 MoSy

Amorphous molybdenum trisulfide, MoS;, was prepared by thermal
decomposition of (NH,),MoS, and by chemical decomposition at ambient

temperature from an aqueous solution of the same salt.

11



~

Therm?l decompositions of 1-5g (Nﬂé)zuosz were done at 300-450°C

under a flowing argon(Liquid Carbonic,99.998%) aEmbsphé}éiféigshe h&df
periods. -Large grey parﬁicles were formed using this method.

’
-

o

Chemical decompositions of (NHA)ZMoSi'were accomplished using . a.
pfocedure similar to Auburn et al.(IB)M EiVe grams of (NH452M054 was/

dissolved in a 5% NH, OH/aqueous- solution and the solution saturated with

-

bubbling H,S for a minimum of one hour. A 5% fbrﬁicVacid(BDH,BB%)
aqueous solution was slowly added to thg>iii;;ion‘at which time MoS;s.

13 . {
4

precipitated out of solution.

NH, OH-

N (NH, ),MoS,. + 2HCOOH ——— MoS; + 2NH,* + 2HCOO™ + H,S Eq.2. -

| | ' H,S
! i

The precipitate was allowed to settle overnight, the clear o

solﬁ&ion was decanted and the remainder filtered through a fine glass™
(frit filter. The black precipitate was washed with 2X100ml methanol};
Following washing, the precipitate was dried under vacuum using a freeze

Al

dryer for a minimum of 24 hours. Small black particles*Were‘obtainedA

after drying and were ground to a fine powder with a mortar and pestlefr

2.1.3 MoS, - ’ :

Molybdenum disulfide was prepared from both types of MoSy using
thermal decomposition under vafiohs reducing atmospheres. Ammonia |
gas(99.99%) was used as a reducing atmosphere but. the best results, i.e.

12 , CoLT e e,



S/Mo ratio close or equal to 2.00, were obtainéd with either aNS} 15 ofT

100% hydrogen/inert gas atmosphere. All of these gases were'ffaﬁmffaﬁ157”7W7"7

1
Carbonic.

Temperatures and times used for thermal deéompositién of MoS; to,
MoS, were fouﬁd to be critical as high femperatures were necessary for
‘complete decomposition but resulted in more cfystalline, lower surfacé
area MoS,. The resultiﬁgvpowders were characterized using X;ray powder
difﬁraction, a thermai grévimetr{c analysis method to determine the S/Mo
ratio and B.E.T. surface area detefminationﬁ Overall, using MoS; from
the chemical deéomposition of (NH4)2MOS4,‘decomposing at .250°C for two

hours in a flowing 15% H,/He atmqsphere‘resulted in the highest surface .

areas and densities with low S/Mo ratios and poor crystallinity.
2.1.4 Li MoS, N

Lithiated MoS, samples were prepared using chemical reactions
which mimic the discharge or intercalation of cathode material in
lithium batteries. The two techniques used were described in principle

by Murphy and Christian, (19)

In the first method, small amounts of MoS, (typically <lg) were

stirred overnight in stoichiometric amounts of 0.25 or 0.5M

13



n-butyilithiUm?in n-hexane (Alfa).

n-hexane )
- MoS, + xCH3CH2CHQCH2Li ———f————+ Li MoS, + x/2[CH3(CH2)6CH3] Eq.3

- -

The SOIutions'were'filtéred, rinsed with copious volumes of n-hexane
(Burdick and Jackséﬁ;UV Gradé) and dried under vacuum. The entire

procedure was carried out in a helium filled glove box.

Alternatively, lithium foil(Foote) was dissolved in liquid ammonia

to which MoS, was added forming LixMoSZ(NH3)Y.

NH .
. 3
MoS2 + xLi + yNH3 —_— LixMoSZ(NH3)y . Eq.4

~

A

The apparatus used is shown in Fig.3. After purging the closed system = —— -

¢

with argdn, gasequs‘ammonia was passed through and alloyed to condense:. N
‘ usiﬁg an acetorne-dry ice low temperatureAbath and condenSing'fiﬁger.'
,Typibally 30-50mls of 1i§uid ammonia were used ﬁo dissolve the
stoichiometric amount of lithium-foil, forming a deep blue solution.
Quantitiés of ﬁoSz‘ranging from 0.8 to 3.§g were then added with

stirring to the Li/NH3.solution. Within minutes the liquid solution™

would become colorless‘denoting compléte lithium intercélétion into the

MoS, powder. _

To recover the lithiated powder, the solution was simply brought
to room temperature and the remaining ammonia allowed to evaporate

14
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Figure 3

P

Liquid ammonia solvent apparatus for lithigm intercalation of

molybdenum disulfide.
a) Apparatus for condensing gaseous ammonia including
reaction flask for interéalation of dissolved lithium into

molybdenum disulfide.

b) Apparatus for evaporating ammonia after completion of

.~ intercalation.

15a
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through an 0il bubbler. -Upon completion the sample flask was placed
inside an antechamber under vacuum overnight for transfer into a helium

filled glove box. These final steps were carried out with minimal

exposure to the.atmosphere.

Due to co-intercalation of the NH; solvent, removal was carriéd
out under vgcuum at 200-250°§ for a minimum 12 hour period. Ammonia (as
ammonitam ion) and lithiuﬁ ion samples were prepared by adding =0.2g of
Li MoS, (NH ), to 500ml or 1000ml of 0.005M HCl(Merck,Suprapur) in
deionized HZO (Millipore,léMﬂ) and the coqc%ntrations were déterminédr
using a Dionex 2010i Ion Chr;métograph. The acidic solution (pH=4) wa:d/
used to convert NH; to NH,.+ and to ensure the completé dissoiution of |
Li* ibns.

Special air-sensitive handling techniques were used to ensure =
tﬂese ithiated sampleg were not expoéed to the atmosphere during
characferization. Prior to B.E.T. surface area determination the
samples were sealed inside Pyrex® sample holders using siliconeso-ring
fittings and a teflon stopcock also fitted with silicone o-ring;. Under
- the helium atmosphere from the glove box, the sample could bel
transported, then'zonnected to the B:E.T. apparatus without éxposure to S e
- the atmosphere. X-ray powder difffaction'patterns were obtained usiggba,

sealed X-ray sample holder assembled inside the glovebdk, This‘X-ray~>

sample case is described in gréiSQf/%etail in a later section.

16



~ 2,1.5 Tetrahydrofuran

Tetrahydrofuran(Fisher,Reagent_ACS)7was predried over 4A molecular
. sieve(Fisher,Grade 514), repurified over a lithium benzophenone ketyi
solation in a nitrogen atmosphere and stored in a helium atmosphere

glovebox. Purity was determined using gas chromatography/ mass

spectrometry and Karl Fischer moisture analysis.
2.1.6 Sﬁmmary of Material Synthesis
Ultimately large surface area/volume samples were reqﬁiréd for

this '3c-NMR study. High density and surface area were therefore both

important.

To obtain MoS, with the highest surface area/volume, freshly ==

synthesized (NﬁA)zMob4 hadvto be used. Ammonium tétrathiomolybdate
p;rchased from Aldrich resulted ih low density decpmposition products.
Chemical decomposition of (NH, ),MoS, gave the highest surface area
values for MoS; and reasonable densities. Thermal decomposition of MoSy
to MoS, at relatively low temperétures resulted inrincreased density but
lowered surface area. The surface area obtainéd was however higher thaﬁ

those obtained by other preparation schemes.

Chemical lithiation of MoS,.using the Li/NH; technique yield high

surface area powders. Although the initial densities of LixMoSz‘(NH3)y

-

were low, they increased upon removal of NH; .

17



2.2 Magic Angle Spinning Solid-State '3C-NMR
_ , -

2.2.1 Apparatus.

= -
P

The apﬁaratus used in this étﬁay is a modified commercial high-
resoluqion NMR specttdmeter enabling'1H-13¢ solid-state cross-
polariéation experiﬁents to be performed. The-spectrometeryconsists of
various components including a Varian HA-60 mag;ét, a modified:Brukgr

WP-60 console and a Nicolet 1080 computer. A TT-14 spectrometer from

Transform Technology Inc. interfaces all of the above components.

In a simﬁlistic NMR spectrometer as shown in Fig.4, a Programmed
Test Sources(PTS) synthesizer generates a 10MHz signal. The lock,
observed and decoupler frequencies all originate from this central

oscillator. The lock frequency, 9.2MHz was used without amplificétion.

7 :
An external deuterium lock inside the probe consisting of a D,0 sample

doped with CuSO, was used. A General Radio synthesizer coupled with a
tranceiver generates observed signals from 5 to 150MHz; 15.0923MHz was
uéed for 3¢ in this study. A broadband dECoublér capable pf producing
frequencies from 5 to 150MHz was used. When-u;ing this decoupler for 1H '
it was set at 60.016MHz. Two series of amplifiers were used to;increasé

2

the power of the observed and decoupler frequencies from 10mW to 100W.

A magic angle spinning assembly for vacuum-sealed sampies.
constructed by Gay(20) was used. Samplesvﬁére spun ﬁp to 3%0.1kHz =
reliably for long periods of time.

18



Figure 4 Block diagram of the modified NMR spectrometer.
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2.2.2 Solid-State NMR

It‘is not wifhin thé sqope'of this dissertation to explain the
phenomena of magnetic resonance. Its theory is well known and can be
found in books by Abragam(?l) and Slichter(22):among many others.
‘Applicatioﬁ of NMR to solid-state studies'will be reviewed and compar;d
tb.liquid or solution NMR, the difficulties and limitations will be

outlined and solutions will be discussed.

- Q.I

. Five interactions involving a nucleus with a magnetic moment whick

may OcCcCur are:

<9

1. The Zeeman interaction of the nucleus with the magnetic field
(10°-10%Hz) .

2. Dipole-dipole interactions between nuclei (0-105Hz).

3. Chemical shift interaction due to shiélding effect on the nupleus by
surrounding electrons (0- 10° Hz). »

4. Scalar or spin- spin coupling_yb other nuclei (0- 104Hz)

5. Quadrupolar interaction present only for nuclei with spin > %
(0-10%Hz) .

The relative importance of each interaction is determined by the nuclei

present.

®

In solid-stgte NMR, as opposed to solution NMR it is tﬁe dipole-
dipole interactions which are critical. 1In the latter, the fast (on the
NMR time scale) nearly isotropié (ie. ;;anslational and rotational)
motion of the molecules yields an average value of zero for dipolar

interactions. This is not the case for solids.

20



w

‘If the dipolar term of the general Haﬁiltonian incdrporatiﬁg a*l*l'"-*'*i —;5~ﬂm¥
;nteractions is removed by averaging ‘to zero, the‘observatien:efﬂotheﬁjw,,1,_ﬁ”;7mf
important intefactions,tnamely chemical shift‘and spin-spin codpling is
made possible. -Tbe dipolar term is made up of thé product‘of a sPatial
and a spf&bterm. An “important factor in the spatialrterm is .
k(3cosze-1) ghich méy be reduced tg zero using the:- correct value of 8 =
54.73°. rAs ;.result; if a solid sanmple is éfun at seQéral kHz the
dipolaf, chemical_shift and spin-spin coupling interactions are each
reduced to an isotropic average, which in the dipolar case is eéual to

zero.

The purpose of spinning is to remove chemical shift anisotropy.
Assuming the maximum anisotropy of 200ppm for aromatic carbons, a
spinning raté of 3kHz is nécessary to completely rémove the shift
'anisotropy at a proton resonance frequenéy of 60MHz. Increasing the

strength of the magnet requires greater'spinning'speeds and therefore is

undesirable.

Broadening of lines dueopo heteronuéléar (C-H) dipolar
interactions is another problem in 13C-NMR of solids because it is
: : ~
impossibleﬁto spin the samples fasf enough. Decoupling the protops with a high
power amplifier eliminates these effects from the spectra.

1

-
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2.2.3 Preparation of NMR Samples
| i .
Table I lists the NMR samples.prepared for Ehis study including -
static_and magic anglé‘spinning;samples? All s#mples wete prepared on a
glass vacuum rack’as shown in Fig.5. This dual purpose rack was also
used for B.E.T. surface area measurements.
%,
Before and after each quantitative pretreatment with Hz(Linde;
Extra Dry5 at 200-300°C and 0, (Linde, Extra Dry) at room temperature,
the NMR sémples were evacuatéd to <1X10”°torr. Tetrahydrofuran or other
solvents were then quantitatively a&sorbed onto the surface of the

powder sample used. The amounts were measured by conventional gas-

volumetric techniques.

Static NMR samples were prepared in Pyrex® tubes-of 12mm 0.D.
which sat in a NMR probe coil measuring 20mm in length. These samples

were sealed under vacuum prior to use.

Magic angle spinning samples were prepared'in.Wilmad gfade 507-PP
NMR tubes of 5mm 0.D. These tuBes were carefully sealed under pressures
of <40 ‘torr to allow spinning in the MAS probe up to 2-3kHz.& Thé coil
in the probe is approx. 17mm in length and the NMR tubes are generally

45-60mm in length.

22



Table I - '>C-NMR Samples

Sample Powder |Static/ H, .0, Solvent
No. ' MAS |Treatment|Chemisorption|Adsorption

1 | Mos, |[static | NO NO THF
"2 | Mos, Static YES NO NONE
3 | Mos, Static YES YES THF
4 | MoS, . |Static |  YES Yo THF
5 | Mos, MAS YES NO THF
6 | Mos, MAS YES YES THF
7 | Mos, MAS YES NO THF

. ' (% dose)
9 |Li,MoS, | MAS NO NO THF
10 | Mos, | mas YES YES THF
13 |Li,MoS, | MaS 'NO NO THF
15 |Li,MoS, | MAS NO NO THF
16 MoS, MAS YES YES THF
17 MoS, MAS YES NO - 3¢co
18 LizMoS, | MAS NO NO THF
19 MoS, MAS YES NO THF
20 |LizMosS, MAS NO NO THF
21 |Li MoS, | MAS NO NO THF
(cells) ;
22 |Li;MoS, |Static NO NO THF
23 L13Moé2 Static NO NO THF

23




Figure 5

Apparatus for BET surface area analysis and preparation of NMR

samples.
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2.2.4 Selective Pulse NMR Experiments

Experiments in 1973 by Pines, Gibby,and)Waugh(23) to obtain high
résplution‘spectra of rare spins on solids known as "Proton Enhanced NMR

of Dilute Spins in Solids" were a breakthrough in solid-state NMR.

Coupled with magic angle spinning, a revolution in solid-state NMR

began.

Various techniquesAwére used in this '3c-NMR study. Proton-
Enhanced Nuclear Induction Spectroscopy, a cross-polarization technique
was primarily used along with a variation utilizing delayed <
decoupling.(24) 1In addition to cross-polarization techniques, spectra
~were collected by excitation of 3¢ with 90°‘pulses with and without

continuous decoupling of pfotons using the pulée sequence of Duncan et

al.(25) | .

In solid-state NHR.two problems are encountered. The dipélar
interactions are not equal torzéro apdﬁspin-lattiée relaxation times
(T{)wfor some species including 13C‘gpproach infinity. It has already
Been sgenﬂhow thé dipolar interaction ﬁroblem is solved by magic angle
spinning. sThe foiléwing will now focus on the latter problem, long T, 's
which lead to very long acquisition times in ﬁultiple‘pulse experiments;

The cross-polarization technique is based on the transfer of

polarization from an abundant I spin species to a rare S spin species

25



x utilizing the Hartmann-Hahn condition (26):

YBir = YsBis - Ea.s

where v is the gyromagnetic ratio and B; is the applied r.f. magnetic
field.' In our case the abundant species with large magnetization are 'H

- and the rare species with less magnetization are 13¢.

In the single-contact cross-polarizatioﬁ‘(CP) experiment, shown
schématicall& in Fig.6(a), the protons are spin-locked at resonance By,
with a 90° pulse about the x a#is. An additional x phase shift on
alternate polarizations is,ﬁsed to perform fspin-temperature
reversal."(27)’ The phase of the #/2 pulse is changedlby 180° on

alternate scans. The true CP signals invert:@hth each pulse as opposeﬂ

e

to the unwanted signals which do not. Thus, addition and subtraction éf

alternate pulses allows the acquisition of true CP signals and cancels . -

any spurious artifacts. /

}

The '3¢ species -are brought into contact with the protons using a

-~

resonant B]c frequency satisfying the Hartmann-Hahn condition (Eq.5).

The magnetization of the protons M, is partially transferred to M. of

»

~ the carbons which grow rapidly into a spin lock as indicated by the

curves within the B, irradiation blocks. The B,. r.f. field is then

&

remoﬁed and the '3C free induction decay (f.i.d.) observéd while spin

ik

decoupling of the protons continues. .

26



Figure 6 Pulse Sequence

a) Pulse diagram of the single-contact cross-polarization

experiment,

b) Pulse diagram of the single-contact delayed decoupling

cross-polarization experiment.
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This experiment is repeated, successive 13¢ spin‘f.i.d.fs'are o

‘accumulated using a computer and stored for later retrieval. Prior to

Fourié; transform of the f.i.d., a baseline correction is done to
eliminate spikes produced near zero frequency.which have no physical
'meaning. These Spikes;oc#ur when the f.i.d. contains a small DC bias

which prevents the average value of the data points from .being zero.

At the cost of additional line broadening, a smoothing function is
used in the time domain to increase appareﬁt signal-to-noise in the
frequency domaiﬁ. The f.i.d. is multiplied by exp(nTC/N) where N is the
number of data Boints, n is the index of the current point varying from
0 to N-1 and TC is a time constant with a negative yalue. Intuitively
one can see that multiplying with a decaying exponential should improve

the signal-to-noise as most of the noise appears in the tail of the

%

»

f.i.d. where the signal is weak or approaches zero.
Fourier "transform of the data is then calculated yielding a

frequency domain spectrum consisting of N/2 real points and N/2
. : (/\ v

. ' =]
imaginary points corresponding to the cosine and sine transforms of the

time domain data. Given a signal or f.i;d. in the time domain, S(t) the
formal definition of the Fourier transform of the signal to the
frequency domain S(w) is: »

= 4]

S(w) = S(t)e 1vtdt , " Eq.6-

-

S(w) = S(t)[coswt + isinwt]dt . - Eq.]

-

28



where w is the angular frequency and t is time. Finally phase

~correction is necessary due to "mixing" between the real and imaginary

parts of the spectra.

A delayed decoupling variation of the single-contact cross-
‘polarization experimeht is shown ;chgmafically in Fig;6(b). The
. previous pulsihértechniqﬁe utilizes the fap&d transfe;'éf the large 'H
magnetization to the 3¢ spins'tﬁerefore spegtrayobtained discriminate
in favor of static carbons which a;e bondéd?tq brbfoﬁs; Using a del;y
pfior'to proton decoupling all carbons wﬁich are bonded to protons Have
their M.'s effectively reduced to zero and fherefore do not appear in
the final Fourier transformed spectra. This is' a useful test to
distinguish between organic groups such as“aldehydeg and ketones which
have sim}lar chemical shifts.

‘ Rgpidly}&oving physisorbed Species such a; rotating methyl groups

and gaseous species where the dipolar interaction is averaged to zero by | ¥
motion will producg very small signals using cross-poiarization
experiments. Thus experiments using 90° pulses of 3¢ with and without
continuous proton decoupling were performed.

Differentiation between ethylene and carbon dioxide with similar
cheqical shifts was possible—by running this experiment witﬁ and withgutr
continuous decoupling. Although the patterns are expected to be similar

with proton decoupling they will vary dramatically without decoupling.

.

TaT
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2.3 Electrochemical Cells

2.3:1 Cell Components

Electrochemical cells conzisting of lithium anodes, electrically
non-conducting separators and -high and low surface area MoS, cathodes

P

were prepared in an argon glove box.
Cathodes were prepared by coating an aluminum or nickel foil
q :

current collector with a slurry of MoS, and 1,2-propanediol(Fisher).

The solvent was evaporated in an argonbflow at 200°C for »h. Cathodes

of dimension 1.2X1.2cm contained 50-80mg of -high surface area or 80-
‘IOOmg of low surface area MoS, powder (Endako) .
Lithium foil, 0.013cm in thickness was used yielding a minimum
_ Li/MoS, molar ratio of 20, calculated for Li,MoS,. This ensures that
~ MoS, will be the capacity-limiting species in the cell.

~

The ‘electrodes were separated by a microporous polypropylene
film(Celanese). Cells with 1M LiAsF, (Lithco) in propylene

carbonate(Texaco) (vacuum distilled) were assembled with pre-soaked

]

'(pressgre wet at 1135 kPa)(lSO psig) separators and cathodes to which

~100pl of electrolyte had been added.

-
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Due to the volatility of tetrahydrofuran, ce}is utilizing 1M
LiAsF, /THF as the electrolyte were assembled with dr} sepérétofs and
cétﬁpde. The;e cells had a small hole 15 the bottom through which B
pressure wetting'(1135 kPa) (150 psig) of the separator and cathode
éould be done. These special ceils were later sealea by &elding a small

mild steel ball into the hole or they were used as is for gas evolution

studies.’

2.3.2 Cell Assembly
: : <

A diagram of the experimental test cell is shown in Fig.7. The
anode-sepérator-cathode sandwich is plféed between two metal contact
plates. One metal contact plate is in direct contact with tﬁe can and
the other is connected to a centre pin uSing a nickel foil tab.. The
electrodes are electriéally isolated using a glass-to-metai seal between
the centre pin and the cell 1id and polypropylene insulators between the
spring and the cell can and 1id. This spring is us?d to generate an

‘electrode stack pressure of 1379+138 kPa (20020 psi).

The cell is hermetically sealed using a TIG welder to join the
cell can to the rim of the cell 1id. The entire cell assembly process
is performed in an argon filled glove box, with the exception of wetting

the THF solvent cells which is done inside a dry-room with <1% relative

<

humidity.



Figure 7 An experimental test cell.”

Dréwing from Moli ﬁnergy Ltd.

Figure 7b An exploded view of the cathode-separator-anode components

of
. i **’
the experimental cell.

<&

University, Burnaby, B.C. 1987.

32a
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2.3.3 Gas Evolution Cells arid Apparatus

Cells for gas evolution studies were assembled with small holes in
the bottom of the cans. Special cell holders were used to allow
temperature regulation via an aluminum block heat sink. These holders

were connected to the gas evolution apparatus using a narrow teflon tube

(0.032cm I.D., =30cm in length).
p )

kY

\
The gas evolution apparatus is described in detail by Fong et

a1(28). A schematic diagram of the constant-pressure gas evolution

apparatus is shown in.Fig.Sl As gas is evolved from the cell during a
discharge or recharge the pressure inside the closed system increasea

over atmospheric pfessure. A differential pressure transducer senses

the increase, relays this information to_ the microproaessor contfol unit /£

which then attempts to reduce the differential pressure to zero..

7

A stepping motor is used to move a gas-tight syringe‘plunger,
increasing the volume in the closed system and thereby reducing the
inside pressure to equal the atmospheric pressure. Each step of the
moto; changes the dead volume 1.12ul; e&ery ten steés or 11.2ul is
equivalent to)a ImV signal. An analog sigaal corfeapopding to the

syringe movement is stored by a datalogger in tandem with the voltage of

the cell as a function of time.

!
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Figure 8 Schematic diagram of the gas evolution apparatus.
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2.3.4 Electrochemical Measurements

All electrochemical cells pfepared in this study were discharged .
and recharged at constant current at 21.0 * 0.5°C and their yoltages
monitored as a function of time. The currents génerated by the cyclers
were stable to within 2%. Cycling switch points were controlled by time

or fixed voltage limits.

To calculate x in LixMoS2 one uses:

A

ItM '
Eq.8

- mF

‘where I‘is the current (A), t is the discharge or recﬁarge time (sec), M
is the molecular weight of the cathode, m is the cathodermass (g) and F
is Faraday's constant. Constant current setting éalculéted for each
cell correspond to a transfer of x = 1 lithium per MQS2 in either 10 or
20 hour;.'(C/IO or C/20 rate where C rate = Ax=1 in ih) Difficulties in

accurate quantitative determination of lithium transfer are encountered

due to .cathode particles which are electronically isolated from one

>

another and the current collector and also side reactions of lithium

with ethe electrolyte. As a result the errors in x may be as large as

20%. |

Typically the first diséharge was timed to a specific value of x
with subsequent cycling between fixed voltage limits allowing maximum x
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" values. Due to its stability within;thevvoltage'ranges used, 1M

xLiAng/PC'was chosen .as the standard électrolyte.

Using plots of celi voltage V versus lithium content x in Li, MoS,
~and plots of the derivative l(at/aV)l, plotted versus V,rit was ﬁossible
tovcompafe high and 16w surface'area Mosg cathode méterial; The
derivative plots were especially usefﬁl as plateaus in the V(x) curﬁés

are sometimes difficult to see but as peaks in the derivative plots;

they are easily observable.
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2.4  X-ray Powder Diffraction
. A
Powder diffraction is a technique used to identify Unknown

crystalline materials,. analyze ﬁixtures, détect phase changes and

determine Frecise,lattice coﬁgzgnts. In X-ray‘powder di%fra;tion Jt

3-dimensional information and symmetry is projected in lidimension.i

X-ray diffraqtion‘principles and/theory are well established (29) and | T

thefeforeiqill only be mentioned briefly.

‘ . o :
Diffraction of a monochromatic beam of X-rays by a crystal is due
2 v , .

to sets of~§ara11e1 equidistant lattice planes according to Bragg's law:

. . d = n\ / 2sin® o Eq.9

where d is the distance between the lattice pianes (hkl) in the cfystal{

n is an integer, A is the wavelength of incident radiation and 8 is the

-Bragg angle (26 is the actual angle between the incident and diffracted

beams). . . ' o
| RV

Inﬁuiﬁively, from‘Bragg's léw one discovers that crystaliiﬁiﬁy is
necessary to obtain sharp diffractions, commonly called reflections.
Gréatef numbers of lattice pianes with—equivalent paraliel spacing in
crystalline mafefials yield stronger, sharper reflections as opposed to
amorphous and poorly crystalline materials which typically have fewer
parallel iattice planes. .X-ray powder diffraétibn patterns fdr poorly
- crystalline materials tend to have very broad peaks or ;one at all.

37



"

Nickéi-filtergd copper Ka>radiation~and a Phillips powder

3

diffraCﬁometer equipped with a modified vertical goni&métériéé;;tﬁsed tb
obtain the diffraction data. The motor control of the goniomefer w;s

accurate toi29 = 0.01°, howeVer variations in sample thickness may lead
to é-sys;ematic shift in 20, typically 0.1° or less. |

. =~

Samples were prepardd on the flat surface of a glass slide or an

1

air-tighé X-ray diffraction cell. Powder was sprinkled onto arfilm of
silicone grease(Dow Corning) and a uniform layer was échieved after
excess powder was tapped off. The sealed X-ray case shown in Fig.9, was’\
used forkgir-sensitive matérials. Diffraction of X-rays by electrons in
the window is migimized by using a 16w atomic weight metal, beryllium.
Figure 9 "also shqws that this case may be used as an in-situ X-ray
diffragtionrelectrochemical cellrholder. This cell holder is previously
discuséed in greater detail bkaahn et al(30). The cell holder has been
;sed to study the phase changes which occur as lithipm is intercalated
;nto various cathode,magefials.(6,31) This was not possible in this
study due’ to the poor crystallinity of the high surface area MoS,

prepared for these NMR experiments. : r

X-ray powder diffraction patterns were useful for determining
crystallinity of prepared molybdemun sulfide before and after
lithiation. This was a good indication of the surface area of a sample

4
as higher surface area was consistent with decreasing crystallinity.
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Figure 9 An in-situ X-ray powder diffraction cell holder.” This sealed
case was used for air-sensitive materials in this study and
- not for Li/MoS, cells as shown in the diagram.

Drawing taken from J.R. Dahn et al. Can. J. Phys, 60, 307

(1982).
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This technique was also useful in verifying the,puriiy of émmonium

tetrathiomolybdate synthesized for this work. The powder pattern for
this compound'was calculated (32) using the.single ¢rystal structure
information collected by Wyckoff.(33) Although only the cell dimensions

a ,b_,c

0 Po s are known for ATTM, the atom positions are considered to be

[} ?

similar to those determined for ammonium tungsten tetrasulfide which -

also has an orthorhombic pseudohexagonal unit structure.

«t

40



- | ‘, ;

2.5 Brunauer-Emmett-Teller Surface AreavDetéfmination

.

Physical adsorption of gases is commonly used for determining

total surface area and pore structure of powders. A typical isotherm is

shown in Fig.10. Isotherms are broken down into three useful sections:
a) 1in the Henryllaw region (p/p, < 0.01), adsorption~is normally

-proportional to pressure, surface area and the Henry law constant,

b) in the monolayer coverage region (0.1 < p/po < 0.3), sorption begins
to level off, becoming probortional to surface area and (molecular
area)'1,

c¢) in the multilayer-capillary cond;nsation reg%gy‘(0.3 < p/p, <1.0),
sorption increases raﬁidly but levels off whén thgﬁbores are filled.
This region is used to determine surface afea and;pore structure.

Cl

The Brunauer-Emmett-TQller (BET) method(gh) utilfzeS‘the monolayer

-

* coverage region and was used in this study. In this region we used the

following equation:

P 1 c-1 p
= - + - — Eq.10
- V(p,-P) v, C VoC p, '
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Figufe 10 An ideal S-sha
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Piotting p/V(pa - p) versus #?po gives a straight line where 7
0.1 < p/p, < 0.3, whose intercept is 1/V,C and slopg is (C -‘1)/VmC.;
The two constants V, and C are calculated from the slope and intercept.
The férmer'constantk V,, is the volume of gas required for compleﬁe
unimolecular. adsorbed layer coverage of the sample. ﬁsing the surface
areé value of 16.2A% per moleculelof nitrogen(35), it is possible/to‘

calculate the total surface area of the sample:

v, (ml)
Sggy = — X 16.2A2 X N X 10°2° Eq.11
22414 |

where N is Avogadro’s number.

4
-

E1-EL/RT , where

The latter constant C is approximately eQual to e
E, is the average heat of adsorption of the first layeg and E 1is the
’ p

heat of liquification, Small values‘of C corj d to weak oY

interactions between adsorbate and gas molecyles while large values of C

correspond to strong interactions.

P

1
Y

Three and four’point BET analyses were used in this. study although
Brunauer et al claim single point analysis should give valid o

;gsults.(34) "This ensured reliability in the collected data:

e
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2.6 "Thermal Gravimetric¢ Analysis

In thermal gravimetric analysis, the mass of a sample is measured

as a function of temperature in a controlled atmosphere. Typicé}ly
samples are éested for thermal stability under inert atmospheres where
weight lgsses correspond to liberated gases. Reactions of materials.
with various gases as a function of temperature'may also be studied

using this technique. ’ .

Previously iﬁ'the elemental analysis of synthesiéed'Mon, each
element was determined separately.(36) Molybdenum sulfides were
dissolved in aqua regia and diluted for molybdenum determination using
atomic absorption. Sulfur was determined using a gravimetric technique.
Molybdenum sulfide was oxidized in a hot mixture of bromine, carbon
tetrachloride and nitric acid and the resulting precipitate Qas
dissolved with hydrochlorid acid. When cooled, Ba(NO3)2 was added to

precipitate BaSO, which was filtered, dried and weighed.

TO;Simpiify the -elemental analysi§ of MoS,, a method utilizing
thermal}gfévime?ric analysig was developed. A deont 9000 Thermal
Analyzer with a 951 Ihermogfavimetric Analyzer (TGA) plug-in module was
used. This ﬁrocedureris based on the reaction of Mos; to MoOg whep'

heated in the presence of oxygen. The weight loss in the reaction

allows the determination of x in MoS, to within 1%.

ah o !



Parameters for the determination of the S/Mo ratio were:

‘1) Ramp 25°C/min to 550°C

'2) 1Isothermal 20 min.

}

- To calculate x in MoS, the following equation was used:

M.W. (MoOg) |
100 | ————| - M.W.(Mo)
100 -. 6
X = . - Eq.12
M.W.(S)

where 6 is the change in maés in percent.
Y
Thermal gravimetric analysis was also used to verify‘that the
prepared molybdenum sulfides were discrete compounds and not mixtures of
MoS, and sulfur. 1If elemental sdlfurawas present one would expect
weight loss below 300°C. The chemical composition and purity of
ammonium tetrathiomolybdate were also determined by thermal gravimetric

analysis under an inert atmosphere.
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2.7 Residual Gas Analysis

Chemical reactions involving the reaction and/or formation of
gaseous products are routinely monitored using residual gas anélysis.
It is possible to study reactions in progress by monitoring the partial

pressures of various gases through the use of a mass spectrometer.

Residual gas analysis wés>perfqrmed using a Spectramass DataQuad
spectrometer which uses a quadrupole mass filter. A Pfeiffer turbo pump
creaﬁes é!high vacuum (<10 *torr) as ionization of a sample by electron
bombardment.must occur in the vapour- state. After the formation of
ions, a mass analyzer using 4 electéic poles (quadrupole) without a

magnetic field separates ions according to their mass-to-charge (m/e)

ratio. Applying both a dc voltage V and a radio-frsguency voltage Vo to -

the poles, the ions tfayelling down the lenéth of the quédrupble'
oscillate;* As the oscillations are dependeht on the m/é ratio of an
ion, set values of V and Vo\will allow only a single m/e value to-
traverse the entire distance Qithout str{king one of the’polés. Each
value of m/e is_measu;ed separately for a short period of time. The

"ions are focussed iPto a Faraday cup detector which produces'a very

small dc si =Which is amplified and sent to the Spectramass DataQuad

M

control unit.

w
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Continuous mass spectrometric analysis of varying gas samples at

atmospheric préséure is a unique feature df residual gas analysis. A
lscheﬁafic\diagram éhown in Fig.11, illﬁStrates the gaé.iniet system, an
“important féatﬁrei A caﬁillary inlet with bypaSS’conﬁists of a length
. of §8.8. cgpillary (0.325mm I.D;,llme in length) and ébmolecular flow
leak. Due torthe possibiiity of condensation of some gases the
capillary is heafed to =70°C. The bypass is connected via a low vacuum
(=10torr) line to a rotary pump, thus cqﬁstantly'ﬁrOVidihg,fresh gaseous
samples at the entrance iifg{to the mass spectrometer. The molecﬁlar
flow leak allows/ginufé/émounts of gas to enter the main high vacuum
(<1 X 10" %torr) chamber which houses the ibnizing filament} qUadruﬁole
mass filter and‘Faraday cup. - The capillary inlet was situated in the
gas output flow of a heated quartévreactioﬁ tube'(52mm 0.D., 1.2mALn’
length).
&

'Continuous sweeping of m/e values is possible over_éll values
within set ranges. However more precise data were accumulated’by
choosing only the m/e values of interest to the therﬁél decomposiﬁion
reactions involved. The data collected‘for each m/e value are recorded
aé a partial pressure of the high vacﬁum chamber and détaloéggdeith'aﬁ 
IBM-PC compatible computer in an ASCII form. Thig.method%of data

storage allows a wide variety of graphic presentatioﬁ forms.
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Figure 11 Schematic diagram of the residual gas analysis spectrometer

connected via a capillary tube to the thermal decomposition

apparatus.
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3.0 RESULTS AND DISCUSSION

e

3.1 . Li MoS, Synthesis Introduction

Preparing moldeenum disulfide, M052 from ammonium tetrathio-
molybdate, (NH,),MoS, resulted in high surface area powders .- Initially

other high surface area preparations were attempted but with little

success. The experiments are described below.
3.1.1 Li,MoS, Exfoliation

MoS, powder was exfoliated by first intercalating lithium and then
reacting the powder with water at various pH values as described by

Joensen et al.(37) Single layer MoS, -in suspension is produced as the

H, evolved in the reaction "blows" the 'layers apart.

‘aridic :
Li,MoS2 + (l+x)H20 -——I——4 MoSZ(HZO)x + LiOH + %Hz Eq.13
soln O

Removal of the bulk water left water bilayers between the MoS, layers

as seen in X-ray diffraction patterns. Restacking of the layers during

drying resulted in low surface areas, generally <2m2/g.
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3.1.2 Low Temperature Solution MoS, Preparation

-

We made low temperature solution pfeparations of MoSZ'and MoS;
using a sulphiding agent and a molybdenum halide dissolved in

tetrahydrofuran or an aqueous NH,OH solution.(38)

‘ soln .
MoCl, + 2A,S —— MoS, + 4ACl ‘ Eq.14
soin ; _
MoCl, + 2AS —— MoS, + 2ACl, : ‘ Eq.15
: soln
MoClg + 5/2(A,S) — MoS, + 5ACLl + %S ' , Eq.16
* ~ soln ' ,

MoClg + 5/2(AS) —— MoS, + 5/2(ACl2) + %S Eq.17

o

Molybdenum halides used were molybdenumv(IV) chloride and
molybdenum (V) chloride. We used lithium sulfide, Li,S, lithium
bisulfide, LiHS, thioacetamide, CH; CSNH, and tert-butyl sulphide,

[(CH3)3C],S as sulphiding agents.
Typical yiélds were small, powders were very fine, X-ray powder

diffraction results were inconclusive as to composition and surface

areas were low, generally <5m2/g.
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2.1.3 T&o Step Thermal Decompositionr

/y’ Many samples weré_prgparéd by thermally decompgsing ammonium’
tetrathiomolybdate, (NH,),MoS, in an inert gas to molybdénum trisuifide,
MoS;. = The MoS; was subs;quently reducgdfto molybdenum disulfide, MoS,
in a reducing atmosphere. This th step thermal reaction is discussed
further in section 3.2.1 of the residual ga§ analysis results. Many

authors have used the thermal decomposition of ATTM or MoSsltd rrepare

MoS, catalyst with surface areas ranging from 1 to 158m2/g.(39-43)

It was possible té achieve surface areas up to 49m2/g using the
two step thermal decomposition of ATTM decribed above but the resuits
were inconsistent. Achieving both a low S/Mo ratiol(z2) and high
sdrfage area was difficult. Variations in sample size, heating fate and
temperature affected surface area and‘S/Mo ratios. There appeared to.be
an optimum temperature which implied competition between the two
processegz desulfurization, exposing vacant sites on the surface
yielding higher surface area and crystallizétion of MoS, yielding lower
surface area. Best results were obtained by rapidly heating&a small
sample (<3g) spread evenly in an alundum or stainless steel boat. The
sample was pushed into a tube furnace heated to 350°C. 1In this two step

decomposition a lh exposure to argon is followed by lh of 5% H, /Ar, 15%

H, /He or 100% H,.
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3.1.4 Acidic Aqueous Precipitation of MoS; I R
Finally we attempted the precipitation of molybdenum (VI) from
ATTM in acidic'aquéous solution saturated with hydrogen sulfide. (18,36)

This gave amorphous MoS; with varying densities and surface areas.

Initially, inorganic acids such as sulfuric and nitric wer¢ used
in this chemical decomposition.> We varied the temperature (0°C or room
temperature), the agitation (3tirring or ultrasonic vibration); the type
and strength éf‘acid, the size of ATTM crystals, the pH of the solution
before ATTM was dissolved and the drying procédure,(unde; argon at 100°C

or under vacuum). The surface areas for MoS; prepared in these

experiments ranged from 3 to 74m2/g.

When we replaced the inorganic acids with an organic acid, formic
acid, we found a major increase in resulting surface areas. Once
perfected, this technique gave MoS; with surface areas consistently

between 190-240m2/g and densities from 1.3-1.6g/ml.

3.1.5 Thermal Reduction to MoS,

Various temperétures (200-500°€) and reaction times (Amiﬁ to 6h)
were used to optimize the thermal decomposition of MoS; to produce high
surface area MoS, with a S/Mo ratio of =2. The best results were
obtained ;t 250°C for 2h under 15%H,/He followed by a brief exposure to -
argon (10 min) to remove H, from the Mos, surface. Resulting surface
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areas were ?0-110m2/g.7

Adsorption of carbon monoxide, CO onto thermally reduced—MoS2
reveals surface area due to edge planes(SZ) as opposed to total surface
. area determined by nitrogen adsorption. Using the surface ‘area value of

16.0A2'per co molchlek3S), the édge plane surface area was determined

to be 8.34% of the total surface area for a single MoS, sample.
3.1.6 Density Measurements

The densities of all the powder samples were measured by a "tap
‘density"” method. Powders were poured}into a 4mm I.D. Pyrex® tube, which
was tapped on the lab bench until there was no further change in the -
length of the powder column. Thé tube and powder were weighed, the
length of powder was meaéﬁred with calipers and the "tap density"‘was
calculated. This method was used, as oppoSed to the Archimedean method,
since it simulates the packing conditions of an MAS NMR tube.

~After a review of the density measurements we realized that the

density of MoS; was lower when commercial ATTM(Aldrich) was used iﬁstead

-~

of ATTM prepared by the author. The densities for MoS; using
ATTM(Aldrich) were 0.6-0.8g/ml and for the resulting MoS, were 0.9-
1.2g/ml. This is susbstantially lower than p = 1.9-2.1g/ml for Mos,

prepared from the author’'s ATTM.
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~ 3.1.7 Lithium Intercalation of Mos, . S

-

-

The'néxt step was preparingrhigh'sufface area, Li, MoS,, for
1l <x< 3. In the first attempts we chemically lithiated MoS, , \with
surface areas ranging from 40 to‘73 mz/g, using stoichiometric amounts

of n-butyllithium in n-hexane. This resulted -in surface areas ranging

)
*

from <1 to 37m2/g. _ . | ' o

: The large variation’in surface area was related to'the density of
the MoS, starting material. MoS, with a dénsit§ of 1.3g/ml and higher
lost its h;gh surface area during chemical lithiétiqn with n;butyl-
lithium in n-hexane duri overnight stirring. Surprisingly,‘similar
surface area losses were seen when higher density MoS, was stirredl'
overnight in n-hexane solvent or tetrahydrofuran, another coﬁmgn,

' lithiating solvent. We believe this effect méy be due to increased
ordering or crystal growth. Another po;sibility involves the solvént"
clogging the pores of the particles. . However, the latter theory was
discarded as the powders were evacuated at 160°C prior t; BET surface
anaiysis. In contrast, lower density MoS, of appfoximately 0.8g/ml
retained its initial high surface area agéer chemical lithiation. |

,/jgtarting with low density MoS, was not desirabie as high density, in

addition to high surface area, Li MoS, samples were necessary for the

13¢c.aMR experiments.

r

Next we tried lithium dissolved in liquid ammonia (Li/NHz) to
lithiate MoS, fo}ming LixMoSZ(NH3)y. This method resulted inllarger
surface areas ranging from 40-75m2/g and densities from 0.9-1.2g/ml.
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Tﬂé density of LixMQSZ(NH3)¥vinéreased.ﬁpon NHy removal. This wasiseeh
~by visual inspection of MAS NMR samples, but wa§ hot accurately
measﬁred. | ‘

' The co-intercalated NH; was removed from the LixﬁoSZ(NH3)Y powder
By pumping under vacuum at 200-250°C for at least 12h. The removed
ammonia was trapped with,liquid‘nitrogen and subsequently measuréd using
'; gas-volume%ric technique. For L11MOSZ(NH3)Y, y was found to be O.Zé
by the gas-volumet;ic method and 0.11 by ion chroﬁatography. For
LizMoS, (NHz), , ¥y was 0.32. ‘Li3Moéz(NH3)y'reacts more exothermically
with water than Li1MoSZ(NH3)Y»does. To control the heat output of the
former reaction, we exposed Li3MoSZ(NH3)Y to water vapour for 24h. prior

to dumping the powder in water. Ammonia gas was released during this:

exposure and subsequently did not show-up in the if'on chromatogram.

The lithium content of LixMoSZ(NH3)Y was determined by ion -

chromatography. Sample IIIPll was repeatedfa times giving a value for x

4

of 1.02%0.03. Sample IIIP73 gave a value for x of 3.19 twice.
3.1.8 Li MoS, Synthesis Summary

Table II outlines the molybdenum sulfide and lithiated molybdenum
sulfide samples synthesized, the preparation method, and the surface

2

area and density ranges. A more detailed table listiﬁg individual
» samples is included in Appendix A. Sample I.D.’'s (e.g. IIIP97) refér to

page numbers (P97) in a laboratofy notebook (Roman numeral III).

55



Table- II - Molybdenum Sulfide Powd

\

er Synthesis

Surface Area

56

Powder Preparation Density
Type » Method (n? /g) (g/ml)
'aaMbsé " | Low Temperature <5 —
" Chemical Route
t-MoS4 "Thermal using 320 —
(NH, ),MoS, (350°C)
c-MoS; Chemical using - 190 - 240 1.3-1.6
(NH, ), MoS, ;
£-MoS, | Thermal using 30 - 50 1.2-1.3
' (NH, ),MoS, (350°C)
JciMoéz Thermal using 70 - 110 . 1.9-2.1
c-MoS5 (200-250°C)
Li, MoS, Chemical Intercalation <1l - 37 —
(x=1) of c-MoS, using n-BuLi
Li MosS, Chemical Intercalation 40 - 75 0.9-1.2
(x=1,3) of c¢-Mos, using Li/NH;
a - "Amérphous"”
b - >Single measurement value
¢ - Chemical / Thermal Decomposition
t - Thermal Decomposition )
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3.2 Residual Gas Analysis Results

»

3.2.1 Two Step (NH4)2M084 Thermal'Decomposition.

The thermal decomposition of ATTM was mohitored using residual;gas
" ' ' ’ A\

analysis. In addition to the reaction and generated gases in this

¢
%,

.

decomposition, air impurities were also monitored using nitrogen (M28).
The sequence of events for this reaction were as follows:

~

0 min . - Data acquisgition started, sample blaced in end of tube,
Ar flow started, -

17. min - Tube put into 350°C tube furnace, sample in end of tube
at room temperature,

32 min - Sample pushed into .furnace using‘gg§h rod (with O-ring ‘
seal), -
|
3 95 min - Switch to Hy- flow,

140 mih - Reaction conclude&, data acquisition stopped.

The reaction gases, argon (M40) and hydrogen (M2) are shown in"

-

Fig.12. The sensitivity of the RGA spectromeﬁer'zo‘individual gases P
. varies dramatically as shown ;hen comparing 100% hydrogen to 100% argon.
'Tﬁe rate each gas permeates the mglecular flow leak moving into the

,spectfometer, the partial pressure of each gas, the differehce in
‘ionization potentials of gases and the pumping effi:iency of the turbo ‘
¢ pumﬁ,for different gases are several explanations. Also note the.drop

in partial pressure of argon at the point where the sample begins to

decompose. This corresponds to an increase in the partgal pressures of
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Figure 12

Figure 13

-

Figure 14

Reaction gases used in the two step (NH;),MoS, thermal

decomposition at 350°C.

‘Gases generated in the two step (NH4)2MOS4 thermal

- :
decomposition at 350°C. %

The background was monitored using M28 (nitrogen).

Y scale expansion of Figure 13.
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et

other gases shown in the next two figures.

; FigﬁresA13 and 14 show the méjorkgases generated in the thermal
decomposition of ATTM using different-pxpansions of partial pressure on
the y axis. The decreasing nitrogen (M28) background was used to
indicate pfoper fluéhing’of therréaction tube“before starting the-

experiment.

‘Large water (M18) and H,0 molecular fragment (Mi?) peaks were seen
in all'rgns where the sample was exposed to hydrogen.  The reaction of
oxidés on the surface'of the stainle;s steél boat with hydrogen gas at
elevated temperatu}es is believed to préduce‘these peaks.

Thé actual gases geﬁerated by the decomposition aré shown. in the
expanded plot, Fig.l4. lAmmonia (M17) and hydrogen sulfide (M34) are‘
seen after introductiontof the,samplé at 32 min. At this point the M17
peak is generated by ammonia, as an M17 H,0 fragment is alﬁays seen as a

peak of proportionately smaller size'than a M18 H,0 peak. The water

peak (M18) is due to evaporation of residual. water K from the ATTM sample,

A

which was prepared in an aqueous solution. The absence of nitrogen
(M28) and hydrogen (M2) peaks indicates the following reaction for the

first decomposition step:

| 350°C |
s Ar ‘ -

A single hydrogen sulfide (M34) peak is seen. at 95 min, after thg
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introduction of hydrogen gas and subsequeht‘reduction of MoSy. The

following reaction may be written for the second step in the thermal’

decomposition / reduction of ATTM:

350°C "
MoS; + (l-x)H, ———— MoS,,, '+ (1-x)H,S Eq.19

3.2.2 MoS; Thermai Reduction

The thermal decomposition or ;eduction of chémically formed
molybdenum trisulfide, c-<MoS; by'hydrogen was also monitored by residual
gas analysis. This reaction is similar}%o the second reaction in the
ATTM decomposition with the exception of reaction time, temperature and
preparation of the starting material. The sequenée'of events for this

decomposition were as follows:

Prior to

- Samble placed in end of tube, Ar flow to remove air
data . "(particularly 02)“f15% HZ/He flow started, tube into
acquisition -250°C. tube furnacgl sample at room temperature,

"0 min . - Data acquisition starged, Né background very low,
20 min - Sample pushed into furnace using push rod (with O-
. ; ring seal), - :
140 min -"Switch to Ar flow,
150 min - Tube out of furnace,
175 min’ .- Data acquiéition stopped.

From the plot of the reaction gases shown in Fig.15, it is seen
that the hydrogen (M2) partial pressure decreases during the reduction
of,c-MoS3 while the helium (M4) partial pressure remains constant.
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Figure 15

Figure 16

Reaction gases used in the thermal reduction 6f'c-MoS3 at

]

250°C.

* -

Gases generated in the thermal reduetion of c-MoS; at 250°C.

The background was monitored by using MéB\(nitrogen)._

’

6la



T (utwy 8wt
GEI 06 - 5y | 0

- I I i _ 1 0

OV W

VW |
—00S

»

. - — 0001

(--10380-1)
| @unssauy

[P13JDg

61b

l

00GI

| _ . | | | a , 0002




(TuTw) Bwry

081 GET 06 | Sy 0
e ~ —T | T 0oo
|‘< , .
B 82 W // \\
. | | 00 "2
] 2E W—
B 00y
(1403180-3)
. VE W 3JNsSSsaJy
[DT3dD
~ 009
| : |

00 '8



Figure 16 shows hydrogen sulfide (M34) and HZS molecular'fragﬁent

(M32) peaks gene;ﬁted after the sample is pushed i to the tube furnace.
Hydrogen sulfide (M34) was generated for a longer period (=25 min) in.
this decomposition at 2505C than in the second step of the ATTM

decomposiﬁion (=7 min) at 350°C.

The first peak in the nitrogen (M285 and qugeﬁ (M32) baékgrognd
partial pressures at 22'?in was due to a small air éoﬁtamination,during
the pushing of the sample into the middle of the tube furnace.. This has
been seen .in previous runs. Nitrogen peaks.without coinciding oxygen
" peaks dre not due to air contamination but are speculated to be due té

M28 fragments sporadically desorbing from the inside walls of the

system.

. 3.2.3 RGA Summary

-

Reaction equations 18 and 19 generated from the residual gas

analysis of thermal décomposition of ATTM and c-MoSy were as expectéd.

It was expected that’t&formation on the actual reaction times would help .

to optimize the decomposition parameters. This was not the case as S/Mo
ratios were found to continue to decrease after the reaction appears
.complete in the residual gas analysis. With closer inspection it was

found that the generated gases decayed exponentially with time. Longer

runs were therefore necessary to reach S/Mo=2
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3.3 X-ray Powder Diffraction Results

’X-ray‘powder diffractibn patferns of the compounds synthesizéd and
" of crystallihé MoS, are présented in this section. fhese patterns
contain structural information but could not be Qsed for the study of‘
phase changes duriﬁg intercalation due to poor crystallinitj_of the

samples.

[

&

Fiéure 17 shows the pattern of ammonium tetrathiomolyBQate,’
(NH, ),MoS, syﬁthesized bybthe author. This was used to confirm the
identity of this material.’ An X-ray powder pattefn calculated for ATTM
" agreed vefy well with this expérimental data.(32,33)‘ Appendix B shows the

comparison.

Figure 18 is an X-ray diffraction pattern of MoSy prepared“by
chemicai decomposition of ATTM. This pattern is consistent with an

amorphous material.

[

Figure 19 shows the pattern of crystalline MoS, or~x-MoSz(k
denotes .high crystallinity). The assignment of the Miller indices was
made by.comﬁaring a calculated MoSZ(ZH) pattern. (32) The MoSZ(QH)

crystal structuferinformatidn was collected by Wyckoff. (44).

The two step thermal decémpoéition'bf ATTM gives poorly
crystalline t-MoS,.(t denotes thermal decomposition) Figure 20 shows the
diffraction pattern of £-MoS,. c-MoS, (c denotes chemical
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Figure

Figure

Figure

Figure

Figdre

17

18

19

20

21

X-ray powder diffraction pattern of (NH,),MoS, synthesized by

the author.

X-ray powder diffraction pattern of c¢-MoS5;

-

room temperature preparation.

X-ray powder diffraction pattern of Crystalline MoS, .

The Miller indices for the corresponding peaks are labelled.

; '

>

X-ray powder diffraction pattern of t-MoS, prepared by

thermal decomposition -of (NH4)2M054 at 350°C.

X-ray powder diffraction pattern of c-MoS, prepared by

‘thermal decomposition of chemically produced MoS; at 200°C.
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. .*,%-- o
‘decomposition) prepared frq LATTMP which is chemicaITy decomposed to c-

»‘ MoS3 and. then thermally redu@ed,‘is“also poorly crystalline and shUWn in:*‘

.,‘Y .

”%i’%f -
Fig. 21. Assignment sreflections, using the crystalline MoS, results,

were made for thoSZ_and c-MoSZ. oo p

Akéiough the X-ray powder patterns for t-MoS2 and c-MoS, are

characteristic of poorly crystalline materials, useful information may

be obtained.

The position of the (002) peak is displaced to lower angles for.
t-MosS, (14.2°) and c-MoS, (13.8°) from that for crystalline MoS,
(14.5°). As shown later, this shift in the 002 peak is due to imperfect

N

stacking in the crystals. ° ;k
|
The width of the 002 reflection indicstes that the average number
of stacked layers for t-MoS, is 6 and for c-MoS; is 3 as calcuiated from
the Scperrerfformula.(29) Assuming the layers are infinite in extent,
the edge planes can be neglected and the sdrface area depends only on
the basal planes. From primitive unit cell dimensions for MoS, (2H), the

- " theoretical surface areé, S,rwas calculated:
S = 651/n (n/g) | "Eq. 20

where n is the number of stacked sheets. Using Equation 20 the
predicted surface area of t-MoS, is 108m2/g and c-MoS, is 217m2/g.
These predictions are greater than experimental values; for t-MoS, ,
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S - 30-50m%/g and for c-MoS,, § = 70-110m?/g. =~

i

. :
°

The X- ray diffraction patterns of ¢t- HoS2 and c- MoSz show that the

former is more crystalline t-MoS, is decompogéd at a higher

t

temperature (350 C) than c-MoS2 (200°0C) which e§p1ains the difference.

-

[y
mﬂ'?"

Many reflegrions are contained inside the broad envelope between
26~30° and 26~60°. These include the (IOO), (101), (102), (103), (006),
(105) (106), (110), and (008) reflections The strongest‘are the
(100), (103), and (110) with a small (105) peak 1n the t-MoS, pattern.
The (100)-(l03)-(105) eeries is very sensitive to the interlayer. ¢
order.(45) As £ increases in the zone of (102), nixing of pure
intralayer (100) with interlayer effects occurs. »Iméortant struct;ral

information such as rotational disordering about the c axis can be

obtained in this‘region.

X-ray diffraction patterns of small crystallites of MoSZ(ZH) where
n=1 to 4 were caléulated by Liang et al.(45) The (103) and (105) peaks
in their initial calculated patterns were more prominent than in the
experimental t- and c-MoS, patterns. By assuming interlayer rotational
dieordering about the c axis, calculated patterns with less promingnt. : .
: Cw

(103) and (105) reflections were obtained which more closely matched the

experimental data in this work.

X-ray diffraction patterns were measured for Li,MoS, and LiSHoSi
powders to determine if any structural changes or increase in
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crystallinity occurred during the lithiation process. These samples

were measured in an air tight X-ray cell with a beryllium windo&
regove thexstrong,>sharp beryllium reflections and the X-rey cese,
backgroqu from thezsample patterns, a blank pattern with the X:rey‘case’
was measured and subtracted from each saﬁﬁle. These pdbrly‘crystellihe
patterns for Li1MoSZfand Li;MoS, cculd not be'seen without tﬁis]
subtraction. ,‘}N , ' . | o | —
lThe X-ray powder diffraction technigue is cften used tc study _
crystalline meterials with strong, sharp;reflections. In those
instances the few beryllium reflections;ate easy tc ideptify and

&

background subtraction becomes -unnecessary.

b,

Figures 22 and 23 show that the subtraction of the sample patterns

 from the X-ray case background pattern were not ideal. Sharp positive

and negative pe/t% are seen at the angles expected for beryllium
reflectiqps. The largest Be reflections are =50,000 counts. With an
error in.intensity of +/N, the error in subtrac¢tion is *2/N or =450
counts. This large error in ,intensities is the source of the sharp
peaks seen. ' : ™~
5

The diffraction patterns of the lithiated samples do not have any
strong reflections at angles other than those of a Be pattern. The |
crystallinity of both lithiated samples decreases compared to the c-MoS,
starting material. This is explained by .the increased disorder of the
lattice due to the ‘co-intercalation of lithium and ammonia.

?
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Figure 22

. Figure 23

-

X-ray powder diffraction patfefn of LinMoSZ using background

subtraction of thesberyllium window X-ray case.

~

X-ray pdwder diffraction pattern of LizMoS, using backgyound

subtraction of th?’Berylliﬁm window, X-ray case.
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'3{4 _:vTherhal GravimetriC~AnalysisiResﬂlts
Two examples of .the oxidation of’mdlybdenum disulfide. to
molybdenum trioxide are shown in Fig.24, The powders were heated at -

25°C/min to 550°C followed by a 20 min isothermal period-under an ajr - '

7

atmosphere .

a
~
[

The high purity MoS, standard(Intermagnetics General Corp.) had a ,
;,weight loss of 10.00% :corresponding to an S/Mo ratio of 2.00. Sample
»I£}P100 had a weight>1éss of 14 35% correspondlng to an S/Mogratio of - -

2.26.

Samples of molybdenumAdisulfide@from the two step thermal
dec;mposikion and the chemical / fhermal decomposition, a high purity
crystalline samﬁlehand sulfur (Fisher) wefe heated at 20°C/min to 500°C
under éihelium émosphere; These runs shown'in Fié.QS wére,dsed'io

ensure that the prepared molybdenum disulfides were discrete compounds

and not mixtures of MoS2 and sulfur.

Thermal gravimetric analysis was also used to check the
composition of synthesized (NH4)éMoS4. "ATTM was heated to 550°C under a
helium atmosphere and is shown in Fig.26. A sharp weight loss of 26.0%
| corresponding éo the Hecomposition of (NH4)2M034 to M;S3foccurred~'
between i50 aﬁd 220°C. This value is in ggéeement with the theoretYcal

value of 26.2% calculated from Equation'18.
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Figure 25

Figure 26

Figure 24 .

]

N . PR # N
e . = - el ot N .
& ST LTS coe o S Lh o E
N - S R =
T L

R e B

Oxidation of MosS, t&%ﬁOOS under an air’ ath

¥

Temperature ramped at 25°C/min., to SSB‘C(actual Tf~53G;C),

1followed by a 20 minliisb;hermal period.

x-MoS, = low surface area, érystqlline%MoSZ : §/Mo=2.00,

c-MoS, = chemically/tyermaily'reduced MoS, :VS/M0-2.2é.

Thermal stability experiments under a helium atmosphere.

Temperature ramped at 20°C/min to 500°C(aétua1 Tf-490°C).

“x-MoS, = low surface area, crystalline MoS, ,

c-MoSZ‘f cﬁemidally/thermally reduced ﬁBSZ,’x
t«ﬁos2 = thermally decomposed MoSé;

Sulfur was included for compérison.

Thermil deéompositiéh of (NHA)ZMOSA(éyqthesized by the
author) under a helium atmospgere. Temperature tamped at
20°C/min. to 550°C(actual Tf=530°C;. The plateau
composi&ions are labelled. -
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3.5 . Electrochemical Characterization
3.5.1 Introduction

. In this section we compare the electrochemical properties ;f high
and low surface area MQSZ, the latter used in commercial lithium
batteries.(2) In this'study it is imporggnt to kno% the cathode
potential, with respect to lithium metal? for all ;alues of x in high
surface area Li MoS,. With this data it is‘possible t& correlate the

solvent reactivity at-a particular value of x value in Li MoS, with a

solvent reduction potential.
3.5.2 Low Surface Area MoS,

Crystalline or:iow surface area MoS, has been studied in
Li/Li, MosS, electrochemical cells by Py and Haering.(4) As lithium is
‘intercalated into LixMoS2 (0.1 < x < 1) the structure changes from the
a-phase (2H polytype; trigonal prismatic) to a B-phase (1T polytype;
octahedral Mo co-ordination). Electrons from the lithium are inserted
in the n conduction band of tae semi-conducting a-MoS, to Li; ,MoS,. | y
Due to the large band gap (=leV) between n and " }n a-MoS, , phase ’
transformation to conducting B-MoS, with no energy band gap Begins at
Lio_1M.toS2 and concludes at Li, 4MoS,.

A third phase, known as y-phase, was studied by Selwyn et al.(46)
v-phase is formed if intercalation continues (x > 1) and was found to
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be a mixture of molybdenum metal and lithium sulfide using X-ray o

diffraction on Li/Lidesz electrochemical cells.

Electrochemical data from a research cell containing low surface
area MoS, is shown in Fig.27 and 28. Figure 27 shows the voltage curves
V(x) for the first discharge: (D1) and recharge (Rl) and second discharge

(D2). Figure 28 shows [(8x/3V)|, versus V, better illustrating the

. plateaus in the V(x) curves. These platéaus are caused by the phase
éhanges described above; In the first discharge there is a plateau at
about 1.0V corresponding‘to the a = B transition and a plateau at 0.55V
corresponding to the 8 + v transition. At the end of the first
discharge, x = 3.92 based on total charge, compared to a theoretical

value of 4 from the equation: -

According to Selwyn et al, the reaction during y-phase cycling is:

-

— Mo + 2Li,§ «— 4Li + (Mo,28) Eq. 22

where (Mo,2S) is a mixtur of molybdenum metal and sulfur particles or
some compound(s) of Mo and S. Assuming y-phase is a mixture of

particles, the theoretical electrochemical cell potential is:

-1
V = — [ AG(Li,S) - AG(S) - 2AG(Li) ] Eq. 23
2Fe . .
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Figure 27 Voltage versus intercalated lithium‘is plotted for a low
surface area molybdenum disulfide experimentai cell.
First discharge (Dl> to 0.1v, first recharge (R1) to 2.8V and
second dischargé (D2) to 0.7V. |
Constant current = C/20 rate or 0.90mA. -

Cathode weight = 107 mg.

Temperature = 21°C.
Electrolyte : 1M LiAsF, /PC.
hi .
Figure 28 Derivative plot for Figure 27. |(3x/3V)|,; is plotted versus

voltage, V for the first discharge and recharge and the

second discharge.

73a



00 v

2SONXT] Ul X

00 € 00 2

00 °T 00

_

[0

0
000

GL'0

73b

0S°I
o,
aboq[o)

Ge ¢

00 °E



a0

() 8bbypop
0S 1

20 8baoyosig puz o

(IM) .wmpocowm S| +

(10

) wmgocowﬁn 1S

a0

g

0
00

73¢c

0°S
([53100)
{(AP/XP) |

G°L

00l



where -e is the charge on an electron and AG is the free energy of -
formation at constant temperature. The predicted potential of V = 2,18V
agrees with the single voltage plateau of 2.2V observed in the first

recharge of the y-phase material.
3.5.3 High Surface Area MoS,

Limited electrochemical data was found in the literature for
poorly crystalliné or high surface area"MoSZ. Results were obtained for
MoS, prepared by low temperature nonaqueous precipitation from

molybderium tetrachloride, MoCl, and hexamethyldisilathiane, HMDST(18) or

MoCl, and lithium sulfide, Li,S.(47,48)

Poorly crystalline MoS,, prepared By Auborn ét al from MoCl, and
HMDST, was mixed Wi§P 20% carbon to improve the initial.cpnductivity of
the cathodés in the test cells. On the first discharge, the voltage
curwve gradually deglined for x » 1 with an average voltage of 1.9V, then

dropped off sharply to a 1.2V cutoff, where x = 2.3. The subsequent

recharge to 2.8V and discharge reversibly cycled Ax = 1.5.

Ja;obson et al (47) prepared poorly crystalline MoS, from MoCl, +
Li,S. A series of samples with increasing crystallinity were made By
heating this material to progressively higher témperatures. Li/MoS,
~cells were made using these samples and the voltage curves V(x) were
measured. ~ MoS, heat treated at 150 and 275°C intercalated lithium to x
= 0?83 and 1.12 respectively, using a 1.4V cut-off. The voltage
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plateaus were approximately 1.7 and 1.8V for the 150 aﬁd 275°C MoS,
cathodes. The cell heat treated at 150°C was observed to reversibly
cycle between 1.40 and 2.72V'for'24h cycles until the discharge capacity

dropped to 50% of the second discharge.

Electrochemical cells using high surface area MoS,, ﬁrepared'from
a chemical / thermal decomposition described previously, were cycled N
over wide vdltage iimits in an attempt to characterize tﬁis materialﬁ
In Fig.29 a sloping first discharge Waé“ﬁbserved with three gradually
declining plateaﬁs sepérated by regions of sharper voltage drop. These

weak‘plateaus appeared'at 1.2, 0.8 and 0.4V, as shown in Fig.30.

Lithium intercalated into this MoS, to.x = 3.06 with a 0.1V cut-off.

Close examination of the first discharge reveals a plateau similar

to the a + B phase transition in the crystalline Mos, cells. This first

plateau in the high surface area MoS, cell has a greater slope and
higher voltage than low surface area MoS, but the length of x = 1 is
similaf. The voltage profile for x > 1 is significantly different.
Cyéling studies, between 0.7 and 2.8V, to stddy the reversibility of
these cells were still in progress aé the time of this writing.. The
cycling data-in Fig.31 shows some reversibiiity. The subsequent
recharge énd discharge voltage plateaus at-2.2V (R1), and 1.85 and 1.2V
(D2) are similar to crystalline MoS, cycling in B-phase. B
Without X-ray diffraction patterns it is not possible to predict
the cycling mechanisms for'high surface area MoS,. Data was however,

obtained which correlated x in Li,MoS, to the cell potential with
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Figure 29

Figure 30

Figure 31

Voltage versus intercalated lithium is plotted for a high
surface area mélybdenum disulfide‘experimental cell. First
dischargei(Dl) to 0.1V, first recharge (Rl) to 2:8V and
second discharge (D2) to 0.7V. |

Constant current = C/20 rate or 0.38mA.

Cathode weight = 45mg.

ES

Temperature = 21°C.
. Electrolyte : 1M LiAsF,/PC.
Derivative plot for Figure 29. |[(8x/8V)|; 1is plotted versus

voltage, V for the first discharge and recharge and the

second discharge.

Capacity cyclé'life plot for a lithium high surface area
molybdenum disulfide experimental cell. Ax for discharge and
recharge are plotted versus cycle number.

Voltage limits : 0.7 - 2.8V.

Other parameters similar to Figure 29. -
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respect to lithium metal. This data may be usefui when combined with
the results of the '3C-NMR solvent reactivity study in the next section.

4

3.5.4 Gas Evolution Results

An experimental cell containing 1M LiAsF,/THF electrolyte between

lithium and high surface area MoS, electrodes was prepared. The cell

¢
was monitored at room temperature. No gas was evolved during the first

was discharged at a C/lO rate or 0.67mA for 30 hours. The gas evolution

dischargeto x=3 for Li MoS, . }

///<:::?;Eydrofuran does not produce gaseous decomposition products by
|
catalysis with Li MoS, at room temperature. Any liquid, polymer or

solid decomposition products were not detectable in this experiment.
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3.6 13C.NMR Results

s
-

3.6.1 Introduction and Preliminary Results

Static NMR samples were prepared to determine to what exéent..
tetrahydr;furan, THF would ‘adsorb onto the surfa;e of molybdenum
disulfide powders. Line widths and signal-to-néige ratios of the
adsorbed THF spectra were examined. vThese tests used large, static
(12mm O0.D.) samples as tﬁey contained up to 10 times the number of moles
of\adsorbate as the Magic Angle Spinning (MAS) (5mm O0.D.) samples.
V?rious pre-treatmenté‘of H, and/or O, on MoS, were tested. Our results

showed THF to adsorb to the MoS, surface and provide a strong V3¢-NMR

signal-to-noise ratio.

An experiment to determine optimum cross polarization or contact
times was ;Ben performed. Fig.éZ shows the relative peak heights of the
¢,-C, and CZ-C3'carb6ns of THF versus the time of contact betweem the
3¢ and 'H spins. In an ideal situation an optimum contact time, t, is
reached, after which the extra céntact leads to the exponential decay of
the '3¢ magnetization, Me This decay is equal to exp(-t/Ty ) where T,
is the rotating frame rellaxation time. From‘Fig.3é, the optimum contact
time for 'H-13¢ crgss-polagization experiments on MoS,/THF samples was

found to be =2000uS.

This 1@-13C cross-polarization experiment also provides
information as to the nature of the solvent-surface interaction. The
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Figure 32 Plot of '3C-NMR peak heights® vs contact times for the
sample of 5.25 pmole/m2 of THF on H, treated MoS,.

CP/static.
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THF molecules must be more than physisorbed,. ie. chemisorption, as the

polarization growth is nearly complete in only 200uS.

3.6.2 ‘Sample Pretreatment

Extensive '3C-NMR experiments were performed on samples of
Li MoS,, where x=0,1 and 3, with adsorbed THF. These samples were

pretreated using different techniques.

The surfaces- of the MpS2 (x=0) samples were cerefully pretreated
prior to THF adsorption. Two methods were used to prepare the samples.
The first used the reaction of H, at 200-300°C to remove any oxide
impurities, followed by.a vacuum treetment at 200-300°C. The secoﬁd

preparation was similar to the first but also included the chemisorption
£ . Va

e

. - 7
of oxygen at room temperature, followed by another vacuum treatmeft.

< ., R
,ﬁ‘w‘ N -~

This second method simulates the actual room temperature reactions of
MoS, cathode powder with oxygen. The average amount of oxygen

chemisorbed to the MoS, surface in these experiments was 3.13%0.55 X104

moles/g.

Lithiated molybdenum disulfides were prepared in liquid ammonia
and transferreé to the NMR sample preparation apparatus (glass vacuum
rack) under inert atmosphere. These samples were pretreated under
vacuum to <1X10 °torr at temperatures of =200-250°C to remove co-

~ intercalated ammonia.
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The NMR tubes were sealed after pre-treat;ént of the LixMoS2
powder and<adsorptiqn of THF. These samples were thefmally debompoééd
in 50°C increments from room temperature, RT to 500°C for 3 hours at
each temperature. The ;amples were cooled to RT ag which "‘all NMR

measurements were taken.
3.6.3 '3C-NMR Techniques '

cP-MAS '3C-NMR measurements were taken at each temperature in the
thermal decomposition series. A 52 kHz spin-locking and decoupling
field strength was used. The MAS samples were spun at the magic énglev
at 1.8-2.2kHz,” therefore in the low field of 1.4T used for these spectra
no spinning sidebands were seen. Othgr‘NMR'techniques.yere used at
certain temperatures to gain spé&ific information not available through

£

cross-polarization.

Cross-polarization experiments do not provide the whole picture as
they discriminate in favour of static carbons which are bonded to
- protons. Gaseous molecules and rapidly moving physisorbed species, such
as rotating methyl groups, produce very small signals. Gaseous
decomposition coﬁponents were ldentified using excitation of 3¢ with
90° pulses with and without continuous decoupling'of protons in a field
of 52 kHz.

The '3C-NMR results are summa;ized in Tables III ang IV on page
82 and in Tables V and VI on page 92.
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Table III - MoS,/H,/THF '3C-NMR Results

Temperature

NMR Features

RT — 100°C*

THF

150°C THF, butanal (minor)

200°C>f h butane, propane, aromatics, butanal (minor)
- 250°C butane, aromatics, butanal, (minor), ethylene

(minor) ' b

300°C aromatics, butane, propane, ethylene

350°C- _aromatids, propéne, butane, ethylene

400°C | aromatics, ethylene

450°C aromatics, gases*

500°C aromatics, methan%, co,

Table IV - MoS,/H,/0,/THF '3C-NMR Results

Temperature NMR Featﬁ%es
RT — 100°C THF

150°C THF, RCOOH, butanal (minor)

200°C aromatics, butanal, RCOOH

250°C aromatics, butanal, RCOOH, butane, ethylene

300°C aromatics, propane, butane, butanal (minor)

350°C aromatics, propane, ethane, €O,

400°C aromatics, CO,, methane, ethane, propane

450°C aromaticé, gases* |

500°C aromatics, COé, methane

R = CHy- or CHyCH,CH, -

* Specific experiments for gases not done at these temperatures.
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3.6.% MoS,/H, /THF

A thermal decomposition series from room temperature to 500°C was
performed on a sample of MoS,, pretreated with HZ' with adsorbed THF.
CP-MAS;13C-NMR was used at each step and the spectra from MAS #5 are

shown in Fig.33 and 34.

At room temperature; RT and'100°C, the spectra are consistent with
liquid THF which has '3C shifts of 68.0 and 26.0ppm for the C,-C, and
G, -C3 carbons, respectively. (49) All chemical shifts are reported wrt
TMS, calculated from a benzene standard run after ea;h‘experiment. As
the decomposition temperature is raised, the size of the 68.0ppm peak

decreases suggesting ring cleavage at the C-O bonds.

At 150-250°C a small peak in the 190-200ppm range appearé,
consistent with\either a ketone or an aldehyde. Using a 100uS delayed
decoupling experiment on MAS #19, shown in Fig.35, this peak has a
decreased intensity aﬁd is identified as an aldehyde. The peak does not
complétely disappear dﬁe to some degree of motion. This aldehyde is
believed to be butanal due to the new peaks at 13-16 and QOppm.‘ Butanal
has '3¢C shifts of 13.3, 15.7, 45.7 and 201.6ppm.(50) The simultaneous
disappearance of the 40 and 200ppm peaks at 300°C also suggests a

relationship betweeen these two peaks. -

Another new resonance is a broad 130ppm peak in the olefinic or
aromatic region, first appearing at .200°C. The sp3 (0-30ppm) and
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Figure 33, 34 3¢ CP/MAS spectra of MAS #5: MoSZ/HZ/THF thermal
‘decomposition series. Temperature is designated on
the right side of the spectra; déEomposition periéd
was 3 hours. Spinning rate = 2kHz. Rep. rate = 5571,

5.44 pmoles THF/m2 MoS,".
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Figure 35

Various Pulsing Sequeﬁce of Méé»#lQ: MoS, /H, /THF.

o~

CAll samples spun at 2kHz.

90/MAS:

90/MAS /NoD:

CP/MAS:

CP/MAS/DD:

250°C thermal decomposition. 2.93 umoles THF/m2 MoS,". .

&

90° pulse 13C-NMR with 'H decoupling.

Rep. rate = 1 s™ 1. i '

90° pulse '3C-NMR without 'H découpling.
Rep. rate = 1 s* 1.
¢

4

Cross-polarization with 'H decoupling.

Rep. rate = 4s”'. Contacts = 262,739, \

VCrOSSepolarization with 100uS delayed 'H

=~ . - ’ - 1
decoupling. Rep. rate = 4s .

-Contacts = 262,739.

(The cross-polarization spectra have equivalent vertical

scales.)
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Figure 36

&

Various Pulsing Sequence‘of MAS #5: »MoSz/Hz/THF.

500°C thermal décomposition. 5.44 umoles THF/m2 Mos, .

All samples spun at 2kHz.

-

90/MAS: = 90° pulse 13C-NMR with 'H decoupling.

' 90/MAS /NoD:

CP/MAS:

. CP/MAS/DD:,

]

Rep.lrate =1st,

90° pulse '3C.NMR without 'H decouﬁling.

Rep. rate = 1 s™ 1.

Cross-polarization with 'H decoupling.

Rép. fate = 5s° 1. Contacts = 231,480.

Cross-polarization with 100uS delayed 'H
deébupling. Rep. rate = 5s™ .

Contacts = 231,480.

(The cross-polarization spectra have equivalent vertical

scales.)
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aldehydic carbons gradually disappear»as the decomposition temperature
is raised to 450°C, while the aromatic/olefinié peak at 128-130ppm grows .
bconsiderably to.become the lone peak in tﬁese cross-polari;ation
_experiments. At 500°C a delayed decoupling CP-MAS-'3C-NMR experiment
was run on MAS #5 and is shown in Fig.36. These results shéw tﬁgt only
1/2 of thé carbony, were directly bonded to protons. This resoﬁancegis

probably due to aromatic r¥ng structures.

Excitation of '3C with 90° pulses was done at 250°C(Fig. 35),
300°C, 350°C, 400°C and 500°C(Fig. 36). The major gaseous component at
250°C is butane) while some ethylene is also present. Propane is also
seen at 300-350°C. Ethylene was found at 400°C, while ét 500°E methane
and CO, are seen. The gases found by NMR at 500°C were verifiéd by

GC(MS experiments.

)

3.6.5 MoS,/H, /0, /THF

. \
A thermal decomposition series from room temperature to 500° was

performed on a sample of MoS,, pretreated with H, and O,, with adsorbed
THF. CP-MAS-'3C-NMR was used at each step and the spectra from MAS #6

are shown in Fig.37 and 38.

As with MoSZ/HZ/THF, the peaks in the room temperature, RT and
100°C spectra are adsorbed THF. Also similar is the appearance of an
ald@hydip/ketonic peak at 150-250°C, however, the size of this peak at

4

87



Figure 37, 38 13C CP/MAS spectra of MAS #6: MoS,/H,/0,/THF thermal
decomposition series. Temperature is designated on
the right side of the spectra; decomposition perioa»
was 3 hours. Spinning rate = 2&?2. Rep. rate = 5s™!.

5.82 pmoles THF/m2 MoS, .
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Figure 39

™~

Various Pulsing Sequence of MAS #16: MoS,/H,/0,/THF.

250°C thermal decomposition. 6.03 umoles THF/m2 MdSz.

All samples spun at 2kHz.

' 90/MAS:

90/MAS /NoD:

CP/MAS .

CP/MAS /DD

90° pulse 13c.NMR with 'H decoupling.

Rep. rate = 1 s™ 1.

90° pulse 13C.NMR without 'H decoupling.

Rep. rate = 1 s 1.

Cross-polarization with TH decoupling.

Rep. rate = 4s™1. Contacts = 390,510.

Cross-polarization with 10048 delayed x
decoupling. Rep. rate = 4s™ .

Contacts = 390,510.

(The cross-polarization spectra have equivalent vertical

scales.)
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Figure 40 Various Pulsing Sequence of MAS #6: MoS, /H, /0, /THF.
500°C thermal decomposition. 5.82 pmoles THF/m’ MoS, .

All samples sphn at 2kHz. h iy

90/MAS: 90° pulse 13C.NMR with 'H decoupling.
i V4

Rep. rate = 5 s 1.

“

90/MAS/NoD: 90° pulse '3C-NMR without 'H decoupling.

Rep. rate = 1 s™ 1,

CP/MAS: Crbss-polarization with 'H decoupling.

Rep. rate = 55°1. Contacts = 426;360.

CP/MAS /DD: Cross-polarizafion with lOOpS delayed 'H
decoupling. Rep. rate = 5571,

Contacts = 426,360.

(The cross-polarization spectra have equivalent vertical

N

scales.) -
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250°C is much grgapey in this MoS,/H, /0, /THF sample. Delayed decoupling"

experiﬁents on MAS #16 in Fig.39 Show.this peak to be éidehydic in

nature. This peak is believed to be butanal as in the previous sample.

The aromatic peak appears at 200°C and grows into the lone peak as
) ) ‘

before,. Delayed decoupling experiments at 500°C in Fig.ho shéonnly 1/2

o

of tﬁeféarbohs to be directly bonded to prdtons.

“E

. } . . . ‘ 5:;'
There appear to be two differences in the CP experiments between

MQSZ/HZ/THF and MoSZ/H2/0;/¥HF.‘ Firstly, the oxygen-treated samﬁle has -

Y
~

a lérgér}butanal peak relative to the-sp3 peaks in comparison to the
hydrogen treated sample. Secondly, coincident with the aldéhyde peak;
at 150-250°C are peaks;at 173-175ppm which_aré consistent with -
carboxylic acids or esters. The formation éf an ester during THF,
deéomposition is nét’probable. Et is difficult @§3iaeﬁtify the exact
acid from the spectra, but two possible choices are ethanéic acid (21, 

177 .2ppm) and butanoic acid (13.4, 18.5, 36.3, 179.6ppm).(50) N

Excitation of 3¢ with 90° pulses wds done at 250°C{Fig.39),

)
300°C, 350°, 400°C and 500°C(Fig.40).. At.250°C the major gases are
) . ,

4/’_BTtane and ethylene. Minor gases include propane and ethane. The

generél trend from 250 - 500°C is butane -+ propane -+ ethane -+ methane

with combinations of gases in the intermediate temperature intervals.
Ethylene and CO, resonances occur at similar frequencies but through
nondecoupled proton experiments we found this peak due to ethylene below

*350°C and due to CO2 at 350°C or higher. At 500°C’the%;yo majorvgases

are CO, and methane, which was confirmed by GC/MS experiments.
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Table V - Li,MoS,/THF '3C-NMR Results

Temperature NMR Features
RT — 200°C THF
250°C butanal, butane, propane, ethaﬁal (minor),
methane (minor), THF(gas) (minor)
300°C butanal "
350°C butanal, 12, 20,'3oppm
400°C 12, 20, 30ppm, aromatics (minor)
450?C* methane, butane, ethylené
500°C" methane, ethane, propane, butane
Table VI - LizMoS,/THF '3C-NMR Results
Temperature NMR Feétur%?
‘I RT — 100°C THF
150°C THF, p-butanol (minor)
200°C THF, n-butanol (minor)
. 250°C butane, propane, 29, 32, 42, 44ppm
300°C sp3 carbons |
350°C- butane, propane, 2, 10, 20ppm
450°C* 12ppm ‘ |

‘* No cross-polarization results at these temperatures.
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3.6.6 Li,MoS,/THF

A thermal decomposition'serieé from room temperature to- 400°C was
performed on a sample of Li,MoS, with adsorbed THF. Due to the large
initial amount»of/%HF and subsequent gaseous decomposition, the sealed
NMR é%ﬁﬁle exploded dﬁring ;he 450°C decomposition. CPfMAS-13C-NMR was
used at each step and ﬁhe spectra for MAS #13 afe shqwn in Fig.41 and

42.

From the fhefmal decomposition series of Li,MoS, the first sign of
THF decomposition is at 250°C, 100° higﬂer than for Mos, . The peaks
present at 250°C are consistent with bufanal, howeverga small 31 ppm
peak could be due to the ethanal (31.2, 199>6ppm).(50)l The aldehydic ;
peak at 185ppm is verified using a delayed decoﬁpling experiment and is
shown in Fig.43. The size of theraldehyde peak decreagés until 400°C
where it is not present, while a resonance at 30-3lppm grows into a
large peak at 400°C. The combination of peaks at 400°C (12, 20 and
3lppm) are not consistent with any decomposition product we‘cpuld

hypothesize. A broad aromatic/olefinic peak ‘is beginning to appear at

400°C.

Excitation of '3C with 90° pulses was done at 250°C(MAS #15 shown
in Fig.43) and 500°C(MAS # 9)busing MAS samples. A therﬁal
decomposition series was done using a larger, static sample #22 at RT,
150°C, 250°C, 350°C and 450°C. Gaseous decomposition products are first
found at 250°C Qhere,butane, propane and methane(minor) along with

e
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Figure 41, 42 '3C CP/MAS spectra of MAS #13: Li,MoS,/THF thermal

decomposition series. Temperature is designated on

o

the right side of the spectra; decomposition period
was 3 hours. Spinning rate = 2kHz. Rep. rate = 45”1,

4.55 pmoles THF/m? Li,MoS,.
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Figure 43  Various Pulsing Sequence of MAS #15: Li,HMoS,/THF.

250°C thermal decomposition. 6.32 pmoles THF/m? Li, MoS, .

All samples spun at 2kHz.

90/MAS :

90 /MAS/NoD:

CP/MAS

CP/MAS/DD:

90° pulse '3C-NMR with 'H decoupling.

Rep. rate = 1 s™ .

90° pulse 13C-NMR without 'H decoupling.

Rep. rate = 1 s™ .

Cross-polarization with 'H decoupling.

Rep. rate = 4s°1. Contacts = 234,556.

Cross-polarization with 100uS delayed 'H
decoupling. Rep. rate = 4s™ 1.

Contacts = 234,556.

(The cross-polarization spectra have equivalent vertical

scales.)
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residual THF are seen. ’At 350°C we obtained the 10{ 21, 29ppﬁ
combinatibn previously seen using cross-polarization. This molééﬁie(s)
therefore had some degree of freedom or some molecules must be in the
gas phase. This combination of peaks ovérlap one another from 10-
f39ppm.and any gaseé expected in this region may be hidden beneath. At
450°C we see a large ethylene peék along with the C, to C, alkanes, but
using MAS%#9 at 500°C wé sée only the C; to C, alkanes: methane,

ethane, propane and butane.
3.6.7 LizMoS, /THF

A thermal decomposition series from room temperature to 350°C was
performed on a sample of LizMoS, with adsorbed THF. This sample
exploded during the 400°C decomposition. CP-MAS-13C-NMR was used at

each step and the speétra for MAS. #18 are shown invFig.hh and 45.

The first sign‘of decomposition occurs at 150°C where small peaks
appear in addition to the THF spectra. The 3¢ shifts for butanol are
13.9,719.4, 35.3 and 61.7ppm(50) and all of the peaks ;re present at
150-200°C. If is believed that a Sutanol or lithium n-butoxide species
is formed at this point.. Aﬁ‘2§O°C the spectrum has a saw tootﬁ
apPearance: No THF or butgnolkﬁ-butoxide Epgcies are present gt this
péiﬁf due to the absence of 67 and 6élppm peaks respectively. The peaks 
" are due to sp3 bonded carbons bu; are not consistent with any |
hypothesized decémposition products. .Thermal decomposition at 300-350°C
produces more gaseous species shown by the decrease in éignal-to-noiée
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Figure 44, 45 3¢ CP/MAS spectra of MAS #18: Li3M052;THF thermal
decomposition series. Temperature is designated on
the right sidé of the spectra; decomposifion period
was 3 hours. Spinning rate = 2kHz. Rep. rate = 4s™ .

8.28 pmoles THF/m2 LizMosS, .
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Figure 46

Various Pulsing Sequeﬁce of MAS #18: Lij;MoS,/THF.

250°C thermal‘decompositioﬁ. 8.28 pmoles THF /m® LizMoS, .

All s;gples spun at 2kHz.

90/MAS :

90/MAS /NoD:

CP/MAS:

CP/MAS,/DD:

90° pulse T3C.NMR with 'H decoupling.
Rep. rate = 4 s 1.

3
90° pulse '3C.NMR without 'H decoupling.

Rep. rate = 1 st

Cross-polarization with 'H decoupling.

Rep. rate = 451, Contacts = 269,604,

Cross-polarization with 100uS delayed 'H
decoupling. Rep. rate = 4571,

Contacts = 269,604,

(The cross-polarization spectra have equivalent vertical

scales.)
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ratio of these cross-polarization experiments.

Excitation of '3C with 90° pulses was done’ at 250°C(Fig.46) and
350°C using the MAS #18 sémplé. A thermal decomposition éeries was done
using a'laréer, static sample #23 at ﬁT, 150°C, 250°C, 350°C and 450°C.
Gaseous decompositfon products are firstvfound at 250°vahere butane,
propé;e and two unidentified peaks at 29 and 32ppm are seen. THF 1is no
longer present at 250°C. Butane and prépane are also seen at 350°C

along with unidentified 2, 10 and 20ppm peaks. At 450°C the signal-to-

noise has become poor but a sing1e~unideﬁtified peak at 12 ppm is seen.
3.6.8 Summary of 3c-NMR Resul?s

Using 1;"DC-NMR measurements the decomposition of THF adsorbed on
pre-treated Li, Mos,, where x=0,1 and 3, was observed. Elevated
temperatures were:used as no reactions occurred’at room temperature.

=

In general the MoS, samples, where x=0, were more reactive at
lower temperatures than the lithiated MoS, samples. Decomposition of
THF first occurred in the MoS, samples at 150°C, while 250°C was the
lowest temperature of decomposition for LijMoS,. Minor decomposition of

L13M082 was found at 150°C. ‘ !

The pre-treatment of MoS, with H, or H, and 0, was found to affect
the nature of the decomposition products of THF. The sample pre-treated
with H, alone had a smaller relative amount of aldehyde and CO, than the
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0, treated MoS, sdmpfé. The 02>treated sample also showé\a carboxylic
acid decomposition product. The surface oxygen seems to be involved in

the decomposition of THF and formation of oxygen containing species.

The gaseous products follow a trend in the thermal decomposition
of the MoS, samples. Larger molecules such as butane and unsaturated
molecules such as ethylene are initially formed but as the temperature

of decomposition increases the trend is to form propane - ethane -

methane and CO,. At the highest temperature, 500°C, methane and Co,

-
%

were the only gases present.

kg

LY

The' large aromatic peak which is formed at higher temperatures in
the MoS, samples could not be further identified. Efforts to extract
this compound were unsuccessful and described in section 3.7.3.

T8

The least reactive of a{} Li,MoS, samples was é=1. This sample
did react at 250°C, however to férm an aldehyde, possibly butanal and/or
ethanal, butane and propane similar to the MoS, samples. At'500°C
methane, ethane, propane and butane were all present while CO, was
absent. The absence of CO, may be explained by the presence of the
oxygen scavengerllithium, forming lithium oxide or carbonate. Obviously
Li,MoS, is less reactive than MoS, as the gases have not completely
decomposed to methane. This decrease in reactivity in comparison to".

MoS, may be due to a change in Mo coordination induced by lithium

intercalation.
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Different decomposition products were observed as the 1ithium4
content bf.LixMoS2 was increased to x=3. n-Butanol was observed as the
major non-gaseous product while né aldehydes were seen.r L13M682 is a
stronger reducing agent than i.i1MoS2 or MoS, and therefore the reduction

of THF to n-butanol and not an aldehyde is expected.

The decomposition products of the lithiated MoS, samples were more
difficult to interpret with a number of unidentified peaks. This is

believed to be due to the presence of lithium in the reaction scheme.

In a paper describing the feactidns of THF with lithium, Koch
found using preparative GLC, infrared anal&sis and proton NMR, the major
decémposition product to be n-butanol.(l) Koch also implicated the
formation of lithium n-butoxide, the enolate anion of acetaldehyde and
_ ethylene as intermediafes in the decomposition of THF with 1ithi;m..
These products and the mechanisms 6f their formatién, althoqgh

simplistic considering the number of decomposition products observed in

these NMR experiments, are in general agreement with our results.

3

-
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3.7 Miscellaneous Experiments v
3.7.1 Thermgl Decomposition of Tetrahydrofuran.

The thermal decomposition of tetrahydrofuran was first studied by
Klute and Walters in 1946.(51) THF was decomposed at preésures of 50-
300torr andlfempératures of 529-569°C. At the lower percentaée of
decomposition they found the chief préducts were éthyléne, CO, methane,
with smaller amounts of higher unsaturated compounds, H, and etha;e.
Near completion of decomposi;ion, they found the percentage of
unsaturated compounds to decrease and the percentage of saturated
hydrocafbons and CO to increase. They élso indicated the fdllowing

decomposition mechanism:

C,HgO — CH,CHO + GC,H,
-I . Eq.24
CH, + CO :

In our NMR experiments decomposition products of adsorbed THF were
found as low as 150°C. THF was completely decomposed in all Li, MoS, NMR

samples at 250°C. The temperature of 250°C was therefore chosen for the

following experiment.

This eiperiment was used to determine if THF decomposition.wés
catalyticaily controlled by Li MoS,. Five mls of THF was heated to
250°C for 3 hours in an evacuate& 40ml stainless steel reaction vessel.
No gaseous deéomposition products were found using GC/MS. No liquid
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decomposition products were detécted using 400.13MHz 'H-NMR on the
liquid THF after heating. Thus, any decomposition reaction of THF

occurring at or below 250°C must be catalyzed to proceed.

3.7.2 MoS,/H,/'3CO NMR Sample o

A MAS NMR sample (#17) was prepared with high §urface area MoS,,
pretreated with Hz,afollowea by édsorption of 13co(MsD Isotopeé).
‘Excitation of '3C with 90° pul%es with 'H decoupling was performed on
this sample &gfh a spinning rate of 2520%50Hz and a repetitioﬁ rate of
1s1.7 A peak at 203 ppm with a-peak width at half-height of AACHZ and
two spinning side bands with 10 and 18% intensity of the main peak at
+2520Hz were obgerved.

This sample proves that if CO was present as a decomposition
product of THF, as suggested by Equation 24, we would observe a peak at
=200 ppm. Gaseous CO has a r;sonance at 182ppm(50), however this shift
may change after chemiéorption and is dependent on the nature of the

surface. The resonances observed at 173-175ppm are therefore not due to

chemisorbed CO as CO adsorbed on MoS, has a shift of =200ppm.

3.7.3 Solvent Extraction of Aromatic Species
4
Removal of the decomposition products from the MoS, surfaces of Kl
two thermal decomposition samples using solvent extraction was
attempted. The powders from MoS,/H,/THF (MAS #5) and MoS,/H, /0, /THF
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(MAS #6) éete"gﬁed( Solvents and powders were exposed only to drﬁvroom
air with a relative humidity of <l%° TyoamfsVof'D6=ééet§ne(MSD f
Is§topes) was used to extract the aromatic rings and H20~f;qm =0.3g of
each po&der. After 48 hours: including 30 min. of hltra;onic ﬁibration,
the powders wére‘filtered and thevfiltrates we%e saved. A blankyéample

was also prepared. The powders were air dried and a second extraction

‘using carbon tetrachloride(Fisher Spec. Grade) was done.

The filtrates were then run on a 400.13MHz 'H-NMR spectrometer. -
The 'H-NMR runs wefe also repeated with D,0 added to confirm the

presence of H,0 peaks.

A doublet H,0 peak was seen in the blank D6-acetone 'H-NMR
spectrum whereas singlet H,0 peaks were seen in the sample "H-NMR
spectra. The ratios of H,0:acetone were greatér for the blank (0.87:1)
éhag for MoSZ/HZ/THF (0.32:1) or MoS,/H, /0, /THF (0.54:1). The'dqublet
peaks in the blank suggest recent introduction of H,0, possibly from the
NMR tube. The singlet peaks suggest mixing of acetone deuterium atoms
with H,0 protons for some time. Thus H,0 may have been extracted from
the powder.

No peaks originating from the sambles were se;n in the 7-8 ppm
region, where one would expect to see ér;matic protons from benzene or
other éro&atic multi-ring compounds. A sample was prepared using 0.343g
of Mos,, ﬁretreated at 200°C with H,, followed by room temperature
adsorption of 22umoles of benzene. D6-Acetone was used ta\extraét
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benzene molecules adhered to the surface of the powder. The 1H-NMR A
spectrum of this sample Had a strong proton resonance at 7.23ppm )

" oharacteristic of benzene. The species in the.CP-MAS 13c-NMR spectré of
vthe 500°C thermally decomposed samples appear to be aromatic but may be
fused ér chemisorbea to the MoS, surface and therefore not extractable.

3.7.4 CP MAS '3C-NMR Spectrum of Cathode Material

A MAS NMR sample (#21) was prepared using high surface area
|
Li,MoS, cathode material from experimental cells. Cross-polarization

13C-NMR was performed on this NMR sample.

Three expe?imental cells, using MoS, and lithium as electrodes in
a 1M LiAsF,/THF electrolyte solution, were dischérged to x values of
3.0, 3.8 and 2.8 for Li MoS,. These cells were‘disséssembled in a
helium glove box, the lithiated cathode material was scraped off and put
into a MAS sample tube. The MAS NMR tube was sealed under vacuum

without exposure to the atmosphere.
N
The observed CP '3C-NMR spectrum had two peaks at 26.7 and 69.6ppm

consistent with THF. No impurities or decomposition products were seen

in this spectrum.
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3.7.5 THF Solvent Decomposition in an Li/Li MoS, Cell

An experimentél cell using MoS, (held iﬁ place with nickel exmet
screen) and iithium electrodes(area-l.Shcmz) separated by =0.8cm and a
larger electrolyte volume(=1l.5ml) than ih previous cells was assembled.
1M LiAsF, /THF was Qsed for an electrolyte. The initial potential of h
this cell was 3.66V with respect to a ligpium reference electrode.

This cell was potentiostated at 2.0V overnight and later at 0.1V
for 9 days. After the potential of 0.1V was achieved, a residual
current of =0.013mA was observed for 9 days.

Ideally the total number of coulombs should have been datalogged =
to determine if the number og coulombs necessary for lithium
intercalation to LijMoS, was'surpaésed, thusbassuming the extra Eoulombs
are involved in solvent decomposition. Prior to the residual current of
~0.013mA, the currents were approx. two orders of magnitude higher
during the initial intercalation. These initial qufrents are assumgd to
be equivalent to or greﬁter than'the calculated value of 112.2 coulombs
needed to intercalate 0.062g of MoS, to x=3. The charge of =10.1

coulombs from the residual current over 9 days is therefore assumed to

be due to solvent decomposition.
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The electrdi&te was removed from the cell, puf’through a 1.0pm
filter and analyzedrusing a 400.13MHz 1H—NMR»specE:rometer. A biank
containing repurified, filtered THF ‘was run for cbmparison. Both
specfra‘have very strong THF proton sighals. No other peaks due to
decomposition products were seen in these experiments, which have a

lower detection limit of approx. 1 part in 1000.

This experiment was performed in an attempt to correlate the
thermal decomposition products of the 13c-NMR study with Li/LixMoS2
electrochemical cells. The results from this experiment are not
conclusive as the total coulombs passed was not dafalégged and one has
- to assume that solvent decomposition did occur within the time frame of
the experiment. The lower detection limit. must also be considered when
reviewing this negative result for THF solvept decompositiop in a

Li/Li, MoS, cell.
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4.0 Conclusions

.
Initially the goal of this research was to f%nd‘a new technique
for observing cathodic solveﬂ@ decomposition in lithium batteries,
primarily the Molicel®. Solid State MAS-'3C NMR, was chosen due to its
strengths which have been observed in the study of sur%ace catalysis
reactions. With this technique one could observe soivent decomposition

on the surface of Li MoS, at varying degrees of lithiation, thus

simulating the discharge of a lithium battery.

Tetrahydrofuran, a solvent with high vapor pressure, was ideal as
monolayer adsorptions were easg}y carried out in the gas phase. Its
excellent low temperature properties make tetrahydrofuran an important

lithium battery solvent.

q

Typieél molybdenum disulfide unfOrtunately-aid not meet the
necesgéry requirements due to its low surface area. Great effort
therefore, went into the syntheses of lithiated and non-lithiated high
surface area MoS,. Poorly crystalline Li MoS, materials, which

maximized THF adsorption for this NMR study, were prepared.
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Striking observations were revealed by electrochemical cells made

with both types of MoS, cathode powder. Thé low surface area MoS,

N

underwent sharp phase transitions to new crystal structures during the

. _ \
intercalation of lithium. High surface area or poorly crystalline MoS,

has very little long-range ordering as seen by the absence of sharp

voltage plateaus during discharge. Poorly crystalline MoS,, however:
reversibly intercalates a greater fraction of lithium than its
crystalline counterpart, resulting in higher capacity during cycling.

1

No decomposition products were found for any sample at room

- temperature, therefore the variation of x in Li MoS, samples could not

be used to determine a solvent reducti?ﬁ potential for THF.

Decomposition was observed at elevated temperatures.

MoS, was found to be more reactive with regard to THF
decompositioﬁ than Li1QoSZ, due possibly to structural diffe?énces
induced by lithiation. Moquis obviously catalytically active prior to’
lithiation. A trend of greater catalytic activity with increasing '

lithiation values was not observed. The nature of the THF decomposition

products however, depen®ed on x in Li, MoS, .

109



APPENDIX 1 - Li,MoS, Synthesis

Sample|Sample Preparation Surf. |Dens. |S/Mo|Notes
# Type Method area |g/ml ‘
. mz/g @
1p8 MoS, MoCl, + Li,S Yield=44%;Xray-Li,S
IP10 MoS, MoCl, + CHyCSNH, V. fine particles
+ NH, OH

IP11 MoS, _ " "

IIP68 | MoS, [MoClg +[(CHy)3C],S| <5 "

IIP82 MoS, MoClg +LiHS(author| <5 31% Yield

IP18A | MosS, LixMoSZExfoliifion DI H,0 Stirring

IP18B | MosS, " DI H,0 Ultrasonic

IP26 | MoS, " .06M HC1(2xH"excess

IP28 MoS, " <1 .06M HNO; ( " )

IP36 MoS, " "

IP39 | MoS, " 1.5 .5M HNO;z (2xH" excess

IP45S MoS, T.D.ofATTM(Aldrich| 20.3 1.961450° ;1hAr;1h58H, /Ar

IP50 MoS; " 32.5 3.0 3007 ; 1hAr

IPS1 MoS, " 49.2 2.06]300°;1hAr;1h5%H, /Ar

IP58 MoS, " 12.5 1.98 500°;1h5%H,Ar

IP62 Mos, " 2.19|300°1hAr;350°1h5%H,

IP62 " " 2.16}| above + 2h5%H, /Ar

IP62 " " 2.15| above + 2h5%H, /Ar

IP62 " " 2.14| above + 2h5%H, /Ar

IP62 " " 2.12| above + 2h5%H, /Ar

IP66 Mos, 2.78|300°1hAr;350° 1hNHg

I1P67 Mos, " 2.08 350°22h5%H, /Ar

IP68 Mos, " 7.2 12.01 350°48h5%H, /Ar

IP73 MoS, il 44 .7 2.18 350°2h5%H, /Ar

IP84 MoS, " 44 . 4 2.341350°1hAr; 1h58%H, /Ar

IP92 Mos, " 30.6 2.30 o

IP120 | MoS, " 7.1 2.56 "

IP136 | MoS, " 40.6 "

IP148 | MoS, " 25.9 "

IP161 [ MoS, " 10.4 200°.25h,350° . 75hAr
- 350°1h5%H, /Ar

IP166 | MoS, " 21.1 350°1hAr; 1h5%H, /Ar

IIP34 | MoS, " 13.2 2.03 "

IP168 ATTM Brauer(1l7) Dried 100° under Ar

IP176 ATTM " Dried 100° vacuum

IIP33 | ATTM " " ‘

IIP93 | ATTM " "

IP169 | MoSy C.D.of ATTM(Author| 61.6 H,S0, pH<3.5

IP173 | MoS " <10 H, S0, pH=l

IP177 | MoS; " 74.4 1.3% H,S0, /DI H,0

IP184 | MoSy " 13.3 3.3% H,S0,/DI H,0

IIP16 | MoSy " 43 .4 5% H,S0,/DI H,0

IIP29 « MoSy " 47.5 10% HNOg/DI H,0

IIP35 | MoSy " 41.9 "

IIP36 | M3Sy " 42.6 2.7% HNO3 /DI H,0
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APPENDIX 1 - Li MoS, Synthesis (cont’d)

Preparation

Sample|Sample Surf. {Dens. |S/Mo|Notes
# Type Method area |g/ml ’
m /g
IIP46 | MoSy " 23.2 20% HNO; /DI H,0
IIP51 | MoS4 " 4.4 3% HNO; /DI H,0
IIP59 | MoSs " <5 ) 10% HNO; /DI H,0
IIP81l | MoSg 18.0 18 H,S0,/DI H,0
1IP83 | MoS; " 28.7} . "
IIP94A| MoSs " 128.9) 1.57 13FormicAcid/DI H,0
IIP94B| MoS; " 107.9] 1.05 1$Formic/DI H,0/24h
IIP100| MoSs " 186.8] 1.53 5%Formic/DI H,0/24h
IIP101| MoSs " 192.8) 1.38 "
IIP105| MoSs " 161.9) 1.50 "
IIP109| MoS; " 228.5( 1.29 5%Formic/DI H,0/48h
IIP175| MoS; C.D.ofATTM(Aldrich|{243.7 5%Formic/DI H,0
IIP192| MoSs " 190.2}1 0.62 5%Formic/DI H,0/48h
IITP1 | MoSs " 206.0| 0.79 "
ITIIP2 MoS; " 0.80 5¢Formic/DI H,0/5d
ITIP3 MoS4 " 0.61 Ss$Formic/DI H,0/4d
IIIP47| MoSy " 0.72 5S$Formic/DI H,0/3d
IIIPS | MoSy " 1.33 5$Formic/DI H,0/5d
ITIP62| MoSs C.D.of ATTM(Author 5$Formic/DI H,0/24h
IIIP93| MoS; " 178.6 "
IIP111; MosS, T.R.of MoSy (IIP94)[128.7(1.43 |2.04(350°10minAr;20minH,
1IP114] MosS, " (IP100)| 41.6| 1.88(2.00| . 425°;15minH,
1IP123| MoS, " (IIP100)| 59.5( 1.90{2.10{425°;3minH, ; lminAr
IIP131| MoS, " (IIP100)| 44.4( 2.0812.00]500°;3minH, ; IminAr
IIP134} MoS, " (IIP100)}| 72.9| 1.99(2.07 "
IIP139} Mos, " (IIP101); 84.1; 2.13/2.00|200°6h15%H, /He;
10minAr

IIP143} MoS, . " (IIP105)| 75.0 ‘ -
IIP161} MosS, " (IIP105)| 61.9 "
IIP176| MosS, " (IIP109)|108.5 "
1IP183| MosS, " (IIP109) "
IIP191| Mos, " (IIP175) "
IIIP28| MoS, " (IIP175) 2.17 "
IIIP30| MoS, " (IIIP1) . "
IIIP33| MoS, " . (IIIP1) 1.19 A "
IIIP42| MoS, " (IIP192){ 77.3} 0.90 . 1250° ;¢ "
IIIP63| MoS, " (IIP62)| 94.5} 2.10(2.03 "
IIIP69| MoS, " (I1IP4). 1.33 . "
IIIP70| MoS, " (I1IP4) 1.33 "
IIIP76| MosS, " (IIIP62)| 72.2] 2.21 "
IIIP97| Mos, " (IIIP93) "
IIIPIO? MosS, " (IIIP93) 2.26 "

e
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APPENDIX 1 - Li,MoS, Synthesis (cont’d)

Sample|Sample Preparation Surf. |Dens. |S/Mo|Notes
# Type Method area |g/ml

m? /g
IP112 [Li MoS, Li, (BZPH) /THF 9.5 Lith. nqt complete
IP125 |LiyMoS,|2.5M nBulLi/nhexane|{ 6.6 Heat evolved
IP131 |Li,MoS,|.25M nBuLi/nhexane 2.0 V.little heat
IP137A|Li,MoS, |2.5M nBuLi/nhexane| 10.0 |Init.5.A.=40.6m% /g
IP137B{Li,MoS, | .25M nBuli/nhexane| 8.0 "
1IP58 |Li,MoS, " 32.5 UsedcMoS, ,not tMoS,
IIP64 |Li,MoS, " 37.1 "
1IP157|Li,MoS, " <1 oo
IIP170{Li,MoS, Li/NH4 26.0 Sample exposed:Air
1IP174|Li,MoS, " 41.1] 1.18 x=1.05(Dionex)
II1IP11{Li,MoS, " 75.01 1.08 x=1.02%.03(Dionex)
ITIP73 Li;MoS, . 41.61 0.87 x=3.19(2X by Dionex
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APPENDIX 2 - X-ray Diffraction
Results -for (NH, ),MoS,

Miller Calculated Experimental
Indices Angle (28) Angle (26)
002 14.413.]
011 14.562 14.50
111 17.258 17.30
200 18.484 18.50
202 23.517 23.60 .
013 25.187 ]
020 25.448 . 25.30
12 % 28.090 28.20
301 28.829 28.90
004 29.062 ]
022 29.366 29.15
1 04 30.548 30.65
311 31.591 ]
220 31.637 31.70
221 32.486 32.55
2 22 34.924 ] :
123 34.989 35.00
303 35.599 35.65
4 00 37.472 37.50
015 38.829 38.90
124 40.166 40.15
131 40.454 ]
304 40.709 40.55
215 43.328 43.40
033 44 . 694 44 .80
4 20 45 .843 45.90
324 48.623 48.60
331 48.871 48 .85
511 49.800 49.90
026 51.706 51.80
040 52.273 52.35
126 52.641 52.80
3086 53.083 53.20
117 54.741 54.90
226 55.381 ]
142 55.422 55.50
240 55.922 56.00
522 56.696 56.70
2 42 58.073 58.05
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APPENDIX 2 - X-ray Diffraction
“Results for (NH,),MoS, (cont’'d)

Miller Calculated | Experimental
Indices Angle (28) Angle (28)
326 59.760 59.80
044 60.922 61.00
144 61.764 61.90
531 63.166 63.10
6 20 63.979 64.00
137 67.466 ]
4 35 67.751 67.65
151 68.109 68.20
6 2 3 68.415 ’ 68.40
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