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ABSTRACT i 

A 13c-NMR Study oP the Decomposif of Tetrahydrofuran on LixMoS2 

Rechargeable lithium battery 

are prone to solvent decomposition 

l1 
using nonaqueous electrolytes 

r sulti g in decreased capacity and I 
cycle life. Magic Angle Spinning solid-~Gte 13c-~MR was used to study 

the decomposition of tetrahydrofuran, a a&umon .battery solvent, on the 
n 1 

surface of molybdenum d u l f  id? cathode m7terial before and after ' 

I 

lithiation. High surface area LixMoS2 s ~ p ~ l e s ,  where x = 0,l or 3, were % 

prepared to maximize THF adsorption for this NMR study. The materials 
I 

were characterized by X-ray powder difdractometry, thermal gravimetric 

analysis', density, Dionex ion'chromatography andeB.E.T. surface area , 

L 

measurements. The syntheses of high surface area MoS2 by thermal 
I 

decompositions of (NH4 )2MoS4 and MoSl were studied using iesidual gas , 

I 

analysis. Electrochemical cells were prepared to compare the 

performance of high and low surface arFa MoSZ as a lithium battery 

cathode material. Various FT-NMR experiments were used to identify the 

THF breakdown products due to thermal'surface reactions. yl 

No.decomposition products were found for any sample at room , 

temperature, therefore the variation of x in Li,MoS2 samples could not 

be used to determine a solvent reduction potential tor THF. At elevated 

a. 

temperatures, MoS2 was found'to be more reactive with regard to 

decomposition of THF than Li, MoS2 or Li3MoS2 , due possibly to structural 

differences induced by lithiation. A trend of greater catalytic 

activity with increasing lithiation values was not observed. The nature 

of the decomposition products however, depended on x in LixMoS2. 

iii 
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Objectives of this Thesis 

The aim of this work is $0 evaluate a new technique to study 

in-situ lithium battery solvent cathodic decomposition. The technique 

utilizes Magic Angle Spinning Solid-state l3 C-NMR to study catalytic 

solvent decomposition reactions on the surface of cathode material. The 

lithium battery system used in this study has an electrolyte of 1M 

LiAsFb in tetrahydrofuran (THF) and molybdenum disulfide (MoS~) as the 

cathode. , 

The 1ntr.oduction has been divided into four sections. A review of 

lithium electrochemical cells concentrating on Li/MoS2 is given in the 

second section. Intercalation is included and ehe importance of the 

solvent is discussed. Previous work, structure, other uses of and 
. . 

catalytic properties of MoS2 are discussed in the third section. The 

fourth section concentrates on the NMR technique and its application in 

this study in terms of the solvent and cathode components. The use of 

high surface area LixMoSZ in place of standard low surface area material 

is explained. Also discussed is the novel study of the catalytic 

properties of LixMoSz on THF decomposition as a function of x or 

potential with respect to lithium using this in-situ 13c-~MR tbchniqui. 



- -- - - 

The Experimental Procedures section is divided into seven parts. 
-- - - - - - --- 

Section a) outlines the syntheses involved in preparing high surface 

area Li,MoSt. Section b) describes the Hagic Angle Spinning (MAS) , 

Solid-state 3 ~ - ~ ~ ~  apparatus, MAS Solid-state NMR theory is briefly 

discussed and the preparation of samples and pulse NMR experiments used + 

are explained. Electrochemical cell components and assembly, gas 

evolution cell preparation and apparatus and electrochemical 

measurements are discussed in section c). In the latter sections d) 
n 

through g), X-ray powder diffraction technique and procedure, Brunauer- 

Emmett-Teller surface area determination, thermal gravimetric analysis 

and residual gas analysis are discussed, respectively. Techniques c) 

through g) were utilized to characterize the high surface area MoS2 

synthesized for this study and for comparison to standard low surface 

area MoS2. 

The results are presented in the Results and Disdussion section. 

Li,MoS2 syntheses are discussed and characterized using residual gas 

analysis, X-ray powder diffraction and thermal gravimetric analysis. 

The performance of high and low surface area MoS2 cathode materials in 

lithium electrochemical cells is discussed. The results from 13c-IWR 

stedies 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 

conclusions are presented. 



1.2 The Electrochemical Cell 

Rechargeable lithium/molybdenum disulfide batteries are based on 

intercalation. The three active components of a Li/MoS2 electrochemical 

cell are the lithium anode, a liquid electrolyte containing a dissolved 

lithium salt and the molybdenum disulfide cathode. The former two 

components will be discussed briefly in this section while the latter, 

MoS2 will be discussed separately and in greater detail in the following 

section due to its 

intercalation will 

components are put 

importance in this study. The process of 

also be discussed as thk interactions of the 

into perspective. 

Intercalation is the reversible insertion of guest atoms into host 

materials with minimal physical alteration of the host structure. The 
- 

two major classes of host materials have either a layered crystal - 

structure or a non-layered or framework structure. The MoS2 cathode .is 

an example of a layered intercalation host. 
t 

Lithium, the guest atom, has a very low electronegativity for a 

metal, allowing cells with the highest possible voltages to be 

constructed. This combined with its low density 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. 



- - -  -- - -  

Separating the lithium metal anode and the MoS2 intercalation 
--- -- 

compound is a liquid electrolyte as shown in Fig. 1. This liquid - 
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 atoms 

on the sur'face of the anode dissociate into ions and electrons; the 

ions migrate through the liquid electrolyte in th2 direction of the 

cathode as the electrons travel +rough the external circuit, also 
- - 

towards the cathode. Recombination of the ions and electrons occurs on 
Z 

-the surface of the MoS2 cathode particles and the reformed lithium atoms 

intercalate between the MoS2 crystal layers. 

Intercalation is reversed during the process of recharge. 

Intercalated lithium atoms upon reaching the surface of the MoSZ 

particles dissociate into ions and electrons travelling h a  the 

electrolyte and external circuit respectively. At the surface of the 

anode they recombine and are electroplated as lithium metal. 
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Electrical work is accomplished by electrons travelling in the 

external circuit during intercalation. This is due to the difference in 

free energy of the lithium atoms in lithium metal and those intercalated 

in the MoS2 host. -- The latter is preferred by the lithium atoms 

therefore energy is released during intercalation. The free energy 

) difference also reflects the potential of this electrochemical cell; for 

Li,MoS2 cathode, smaller x values correspond to higher voltages and vice 

versa. 

The electrolyte is an important component of the electr~chemical 

cell, Desired properties include chemical and electrochemical stability 
f-j 

over )wide temperature and potential ranges and high ionic conductance. 

Solvent properties affecting solution conductivity are dielectric 

constant and viscosity. 

Ester-based solvent systems utilizing propylene carbonate are 

widely used and have excellent performance but suffer from poor rate 

capabilites at low temperatures. One solution to this problem is a 

mixed solvent incorporating a low viscosity and low melting point 

solvent to raise the low temperature electrical conductivity of the - 

electrolyte. Tetrahydrofuran is a good candidate as it meets the low 
I 

temperature requirements but it has been found to be prone to 

decomposition in the Li/MoS2 system.(l) 



1.3 Molybdenum Disulfide 

Molybdenum disulfide is mined as an ore, molybdenite, which occurs 

as fihe crystals imbedded in quartz deposits. A flotation process is 

used for extraction of Mo$from the ore, which is possible due to the 

natural hydrophobic surface of t,he mined molybdenite. 

C. 

Molybdenum disulfide was developed as a lithium battery cathode 

material by Haering et a1. (2) Factors which make MoS2 ideal include 'its 

abundance in nature, low cost and low toxicity. 

A great deal of work has been done on MoSZ including publications 

by McKinnon(3), Py and Haering(4), Brandt and Stiles(5), Mulhern(6), 

Johnson and Laman(7) and Chiannelli et a1.(8). 

In its natural state MoSZ is a two dimensional layered structure. 

Molybdenum disulfide has the trigonal prismatic structure, space group 

P63/mmc with ststking S-Mo-S S-Mo-S. fiere are 2 S-Mo-S sandwiches in 

each unit cell of MoS2(2H crystallographic polytype). Weak sulfur- 

sulfur van der Waals forces hold the layers Together while strong 
, 

cevalent bonds exist within the layers. The molybdenum atom can also 

exist in an octahedral coordination or 1T polyty?pe.(4) Molybdenum . & ----- ,- 
disulfide is a p-type semiconductor. ,Pig. 2 illustrates the various 

structures of MO~;. 



Figure 2 Structural representations of MoS2.* 

a) General form of an MX2 layer compound sandwich. For M G S ~  , 
, 

M-Mo and X-S. 

S' 

b) Co-ordination units. 

c) MoS2 (2H polytype). 

* 
Drawings taken from W,R. McKinnon. Ph.D. thesis. 

University of BrZtish Columbia, Vancouver, B.C. 1980. 
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In addition to use in lithium batterries, MoS2 is used as a solid 

lubricant. Attached to a metal substrate, MoS; reduces the friction 

between moving surfaces. MoS2 is far superior to graphite >in its 

performance at extreme low or high pressures and in its lubricating 

properties in.varying environmental conditions. MoSz is also used is an - - 
?7 

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

improve the mechanical and physical properties of thermoplastics. 
J 

Molybdenum disulfide has important catalytic properties and acts 

primarily as a desulphurization catalyst. Catalytic MoSZ may be in the 

form of poorly crystalline material(9), a cobalt promoted graphitized 

-system(lO) or inclusion compounds which are formed from exfoliated MoS2 

(single &ayer) and divalent cations(l1). Industrial uses includes oil 

refining and gasification of coal. (12) The activity of MoS2 as a ' . 

catalyst is dependent on ̂ its total surface area, distribution of surface 

area between the basal and edge planes, and the pretreatmentof the 

surface with various gases. 

0 

t', 

1.4 Magic Angle Spinning  aid-state 13c-NMR 

To obtain a better understanding of the chenis ry involved in 
- J 

cathodic decomposition, ~agic Angle Spinning, MAS- Solid- State C-NMR 
. . 

was used to examine the reactivity of tetrahydrofuran adsorbed onto the 

surface of Li,MoS2 where 0 5 x 5 3 .  



Tetrahydrofuran (THF) was an idyl molecule for use i6 a 'Ic-NMEt 
-- 

study as it contains two pairs of magneticaly equivalent carbon atoms 

which result in scronger 13c signal-to-noise ratios. Its high vapor 

, pressure allows gas phase transfer from @?I t e liquid to yield single 

adsorption layers on the surface of the LixMoS2, powders. 

*9, 
Molybdenum disulfide however was not as ideal for this study as 

its surface area was typically <I0 rn2, lg ,  which is too low for reasonable 

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

maximize THF adsorption for enhanced c signal- to-noise ratios. This 
e 

high surface area MoS2 was characterized physically and 

electrochemically to compare it with typical low surface area MoS2. 

, 

By varying the proportion of lithium in the host material its 

potential with respect to lithium could be changed. In this manner it 

was possible to study the catalytic properties of LixMoS2 on THF 

decomposition as a function of x or,potential. with respect to lithium. 

Previous experiments analy=ing the decomposition products of 

chemisorbed solvents and gases on various catalytic surface by high 

resolut-ion solid-state C-NMR have been done by Gay et a1. (13-16) This 

is the first study in which this technique has been used for analyzing 

lithium gattery solvent decomposition in s i t u  on the surface of a 

cathode material. 



- -- 

2.0 EXPERIMENTAL PROCEDURES 
- -  

2.1 Material Synthesis and Preparation 

I 

Ammonium tetrathiomolybdate (ATTM), (NH4)2M~S4 was used to obtain 

high surface area Li,MoS2 samples: ATTM Bas prepared by bubbling 

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

ammonium molybdate , (NH4 ) Moo4 (Equity Mine) and ammonium 

ACS),using a var'iation of a method described by + 

-- 

The red ( N H 4  )2MoS4 crystals were filtered, washed with 

methanol(Fisher,99.8%), dried under vacuum and kept under a helium ? 

atmosphere prior to use. X-ray powder dlffractometry and thermal 

gra~ime~ric analysis 'were used to test the purity of (NH4 )2M~S4 . 

Amorphous molybdenum trisulfide, MoS3, was prepared 

decomposition of (NH4)2MoS4 and by chemical decomposition 

temperature from an aqueous solution of the same salt. 

by thermal - 

at ambient 



- - -- - 

Thermal decompositions of 1-5g (NH4 )2MoS4 were done at 300-450'~ 
\ 

-- = -- ---  

under a flowing argon(Liquid Carbonic,99.998%) atmosphere f q  one hour 
- 

periods. Large grey particles were formed using this method. 
'i 

* 

Chemical decompositions of (NH4)2MoS, were accomplished using a 

procedure similar to Auburn et a1.(18) Five grams of (NH4)2MoS4 was1 

dissolved in a 5% NH~0H/aqueous=solutioq and the solution saturated with 
i 

bubbling HZS for a minimum of one hour. A 5% formic acid(BDH,88%) 
- ,  

aqueous solutidn was slowly added to n at which time MoSJ 
, t .  * d 

precipitated out of solution. ., 

NH, OH 
t (NH4 )2M~S4 + 2HCOOH - MoS3 + ~ N H ~  ' + 2HC00- -I- HZ S E q .  2 A 

* 
I 

- 

h- 

The precipitate was allowed'to settle overnight, the clear 
+ 

. 
- - - 

- - 

solution was decanted and the remainder filtered through a fine glass * 
- 

frit filtgr. The black precipitate was washed with 2X100ml methanol. 
t . . 

Following washing, the precipitate was dried under vacuum using a freeze 
1 

dryer for a minimum of 24 hours. Small black particles were obtained 
.t 

after drying and were ground to a fine powder with a mortar and pestle. 

Molybdenum disulfide was prepared from both types of MoS3 using 

thermal decomposition under various reducing atmospheres. Ammonia ; 

gas(99.99%) was used as a reducing atmosphere but the best results, i.e. 



- - - - -  

S/Mo ratio close or equal to 2.00, were obtained with either a 5, 15 or 
-- - 

100% hydrogen/inert gas atmosphere. All of these gases were from-=idp 
+ 

Carbonic. 

Temperatures and times used for thermal decomposition of MoS3 to 

MoS2 were found to be critical as high temperatures were necessary for 

complete decomposit?on but resulted in more crystalline, lower surface 

area MoS2. The resulting powders were characterized using X-ray powder 

diffraction, a thermal gravimetric analysis method to determine the S/Mo 

ratio and B.E.T. surface area determination. Overall, using MoS3 from 

the chemical decomposition of (NH4)2M~S4, decomposing at 250•‹C for two 

hours in a flowing 15% HZ/He atmosphere resulted in the highest surface . 

areas and densities with low S/Mo ratios and poor crystallinity. 

Lithiated MoS2 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.(l9) 

In the first method, small amounts of MoS2 (typically <lg) were 

stirred overnight in stoichiometric amounts of 0.25 or 0.5M 



n-butyllithium in n-hexane(A1fa). 

The solutions were filtered, 
- 

rinsed with copious volumes of n-hexane 

(Burdick and Jackson,W Grade) and dried under vacuum. The entire 

procedure was carried out in a helium filled glove box. 

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

to which MoSz was added forming LiXMoS2 (NH3)y. 

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

with argon, gaseous ammonia was passed through and allowed to condense 
< 

using an acetone-dry ice  lo^ temperature bath and condensing finger. 

Typically 30-50mls of liquid ammonia were used to dissolve the 

stoichiometric amount of lithium foil, forming a deep blue solution. 

Quantities of MoS2 ranging from 0.8 to 3.9g were then added with 

stirring to the Li/NH3 solution. Within minutes the liquid 'solution? 

would become colorless denoting complete lithium intercalation into the 

MoS2 powder. - 

, 
To recover the lithiated powder, the solution was simply brought 

to room temperature and the remaining ammonia allowed to evaporate 

14 



Figure 3 Liquid ammonia solvent apparatus for 

molybdenum disulfide. 

lithium intercalation of 

a) Apparatus for condensing gaseous ammonia including 

reaction flask for intercalation of dissolved lithium into 

molybdenum disulfide. 

b) Apparatus for evaporating ammonia after completion of 

intercalation. 



1 lo) 



through an oil bubbler. Upon completion the sample flask was placed 
--A- - 

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 NH3 solvent, removal was carried 

out under vgcuum at 200-250•‹C for a minimum 12 hour period. Ammonia (as 

ammonibm ion) and lithium ion samples were prepared by adding =0.2g of 

Li, MoS2 (NH3 ) to 500ml or 1000ml of 0.005M HC1 (Merck, Suprapur) in 

deionized H20 (Millipore,l8Mn) and the conceptrations were determined 
&/ 

using a Dionex 20101 Ion Chromatograph. The acidic solution (pH-4) was 

used to convert NH3 to N H ~ +  and to ensure the complete dissolution of 

~i' ions. 

Special air-sensitive handling techniques were used to ensure 
- - -- 

thesflthiated samples were not exposed to the atmosphere during 

characterization. Prior to B.E.T. surface area determination the 

samples were sealed inside ~yrex@ sample holders using silicone o-ring 
d 

fittings and a teflon stopcock also fitted with silicone o-rings. Under 

the helium atmosphere from the glove box, the sample could be 
% 

transported, then connected to the B.E.T. apparatus without exposure to +-- 

the atmosphere. X-ray powder diffraction patterns were obtained using a 
- - -  

sealed X-ray sample holder assembled inside the glovebox. This X-ray 

sample case is described in great etail in a later section. .fl, 



2.1.5 Tetrahydrofuran 

Tetrahydrofuran(Fisher,Reagent ACS) was predried over 4A molecular 

- sieve (Fisher, Grade 514) , repurif ied over a lithium benzophenone ketyl - 
solution in a nitrogen atmosphere and stored in a helium atmosphere 

glovebox. Purity was determined using gas chromatography/ mass 

spectrometry and Karl Fischer moiswre analysis. 

2.1.6 Summary of Material Synthesis 

Ultimately large surface area/volume samples were requi$ed for 

this 13c-~MR study. High density and surface area were therefore both 

important. 

To obtain MoS2 with the highest surface area/volume, freshly - - 

synthesized (NH4)2M~S4 had to be used. Ammonium tetrathiomolybdate 

purchased from Aldrich resulted in low density decomposition products. 

Chemical decomposition of (NH4)2M~S4 gave the highest surface area 

values for MoS3 and reasonable densities. Thermal decomposition of MoS3 

to MoSZ.at relatively low temperatures resulted in increased density but 

lowered surface area. The surface area obtained was however higher than 
- 

those obtained by other preparation schemes. " 

1 - -  

Chemical lithiation of MoS2.using the Li/NH3 technique yield high 

surface area powders. Although the initial densities of Li,MoS2 (NH3 ),, 

were low, they increased upon removal of NH3. 



2 . 2  Xagtc Angle Spinning Solid-state "c-NHR 

2.2.1 Apparatus 

The apparatus used in this study is a modified commercial high- 

resolution NMR spectrometer enabling ' H-' 3~ solid-state cross- 
polarization experiments to be performed. The spectrometer consists of 

various components including a Varian HA-60 magnet, a modified Bruker 

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

Transform Technology Inc. interfaces all of the above components. 

In a simplistic NMR spectrometer as shown in Fig.4, a Programmed 

Test Sources(PTS) synthesizer generates a lOMHz signal. The lock, 

observed and decoupler fr&quencies all originate from this central 

oscillator. The lock frequency, 9.2MHz was used without amplification. 
,F.\ - - -  

L /  

An external deuterium lock inside the probe consisting of a D20 sample 

doped with CuS04 was used. A General Radio synthesizer coupled with a 

tranceiver generates observed signals from 5 to 15OMHz; 15.0923MHz was 

used for 13c in this study. A broadband decoupler capable pf producing 

frequencies from 5 to 150MHz was used. When.using this decoupler foi 'H 

it was set at 60.016MHz. Two series of amplifiers were used to increase 
0 

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

A magic angle spinning assembly for vacuum-sealed samples. 

constructed by Gay(20) was used. Samples were spun up to 3kO.lkHz 

reliably for long periods of time. 
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It is not within the scope of this dissertation to explain the 

pmnomena of magnetic resonance. Its theory is well known and can be 

found in books by Abragam(21) and Slichter(22) among many others. 

- Application of NMR to solid-state studies will be reviewed and compared 

to liquid or solution NMR, the difficulties and limitations will be 

outlined and solutions will be' discussed. 

Five interactions involving a nucleus with a magnetic moment which 

may occur are: 
Y 

1. The Zeeman interaction .of the nuclcks with the magnetic field 
(lo6 -109Hz). 

2 .  Dipole-dipole interactions between nuclei (0-10~~2). 

3 .  Chemical shift interaction due to shielding effect on the nycleus by 
surrounding electrons (0- lo5 HZ) . 1 

- -- 

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

5. ~uadru~olar interaction present only fbr nuclei with spin > h 
(0- 109~z). 

a 

The relative importance of each interaction is.determined by the nuclei 

present. 

In solid-state NMR, as opposed to solution NMR it is the dipole- 

dipole interactions which are critical. In the latter, the fast (on the , 

NMR time scale) nearly isotropic (ie. translational and rotational) 

motion of the molecules yields an average value of zero for dipolar 

interactions. This is not the case for solids. 



L 

If the dipolar term of the general Hamiltonian incorporating all - - 

interactions is removed by averaging 'to zero, the o h e ~ ~ & i e r r  ef &he?- - 

important interactions, namely chemical shift and spin-spin coupling is 

made possible. The dipolar term is made up of the product of a spatial 
t 

and a spZn term. An'fmportant factor in the spatial term is 

+(3cos2 €3- 1) which may be reduced t zero using the. correct value of €3 - 
% 3 

54.73".  As a result., if a solid s ple is spun at several k@z the 9 
dipolar, chemical-shift and spin-spin coupling interactions are each 

reduced to an isotropic average, which in the dipolar case is equal to 

zero. 

The purpose of spinning is-to remove chemical shift anisotropy. 

Assuming the maximum anisotropy of 2OOppm for aromatic carbons, a 

spinning rate of 3kHz is necessary to completely remove the shift 

anisotropy at a proton resonance frequency of 60MHz. Increasing the 
6 

strength of the magnet requires greater spinning speeds and therefore is 

undesirable. 

Broadening of lines due ZO heteronuclear (C-H) dipolar 
interactions is another problem in l3c-NHR of solids because it is '. 
impossible to spin the samples fast enough. Decoupling the protons < with a high 

power amplifier eliminates these effects from the spectra. 



2.2.3 Preparation of NMR Samples 

ri 

Table I lists the NMR samples prepared for this study including 

static and magic angle 'spinningr samples. All samples were prepared on a 

glass vacuum rack as shown in Fig.5. This dual purpose rack was also 

used for B. E. f . surface area measurements. 

Before and after each quantitative pretreatment with H2(Linde, 

Extra Dry) at 200-300•‹C and 02(Linde, Extra Dry) at room temperature, 

the NMR samples were evacuated to < 1 ~ 1 0 - ~  torr. Tetrahydrofuran or other 

solvents were then quantitatively adsorbed 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 O.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 grade 507-PP 

NMR tubes of 5mm O.D. These tubes were carefully sealed under pressures 

of <40 -torr toballow spinning in the MAS probe up to 2-3kHz. The coil 

in the probe is approx. 17mm in length and the NMR tubes are generally 

45-60mm in length. 



Sample 
No. 

Powder 

MoS, 

MoS, 

MoS, 

MoS, 

Mo S, 

Mo S2 

MoS, 

L i l  MQS, 

Mo S2 

L i ,  MoS, 

L i ,  MoS, 

MoS, 

Mo S, 

Li3MoS2 

Mo S, 

LigMoS2 

Li ,  MoS, 
( c e l l s )  
L i ,  MoS, 

I 

L i 3  MoS, 

T a b l e  I - 1 3 ~ - ~ ~ ~  S a m p l e s  

i t a t i c /  
MAS 

i t a t i c  

i t a t i c  

; t a t i c  

j ta t ic  

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

MAS 

S t a t i c  

S t a t i c  

NO 

YES 

YES 

YES 

YES 

YES 

YES 

NO 

YES 

NO 

NO 

YES 

YES 

NO 

YES 

NO 

NO 

NO 

NO 

NO 

NO 

YES 

NO 

NO 

YES 

NO 

NO 

YES 

NO 

NO 

YES 

NO ' 

NO 

NO 

NO 

NO 

NO 

NO 

S o l v e n t  
, d s o r p t  i o n  

THF 

NONE 

THF 

THF 

THF 

THF 

THF 
s f  d o s e )  

THF 

THF 

THF 

THF 

THF 

l 3 c 0  

THF 

THF 

THF 

THF 

THF 

THF 







2.2.4 Selective Pulse NMR Experiments 

Experiments in 1973 by Pines, Gibby and Waugh(23) to obtain high 

resolution 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 techniques were used in this 13c-~MR study. Proton- 

Enhanced Nuclear Induction Spectroscopy, a cross-polarization technique 

was primarily used along with a variation utilizing delayed . 

decoupling.(24) In addition to cross-polarization techniques, spectra 

were collected by excitation of 13c with 90' pulses with and without 

continuous decoupling of pdotons using the pulse sequence of Duncan et 

a1. (25) 

In solid-state N h  two problems are encountered. The dipolar 

interactions are not equal to zero and7spin-lattiie relaxation times 

(TI ) for some species including 13c approach infinity. It has already 
- 

been seen how the dipolar inter3ction problem is solved by magic angle 

spinning. b e  following will now focus on the latte; problem, long TI 's 

which lead to very long acquisition times in multiple 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 



utilizing the Hartmann-Hahn condition (26): 

i 

- 
where 7 

field. 

and the 

Eq. 5 

is the gyromagnetic ratio and B, is the applied r.f. magnetic 

In our case the abundant species with large magnetizati&n are 'H 

rare species with less magnetization are 1 3 c .  

In the single-contact cross-polarization (CP) experiment, shown 

schematically in Fig.6(a), the protons are spin-locked at resonance B I H  

with a 90" pulse about the x axis. An additional n phase shift on 

alternate polarizations is used to perform "spin-temperature 
4 

reversal."(27) The phase of the n/2 pulse is changed-by 180" on 

alternate scans. The true CP signals invert Fith each pulse as oppos:d 
/ - 

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

alternate pulses allows the acquisition of true CP signals and cancels 

any spurious artifacts. 

The 13c species -are brought into contact with the protons using a , 

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

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

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

7 
curves wichin the B, irradiation blocks. The B l c  r.f. field is then 

h 

removed and the ' C free induction decay (f . i . d. ) observed while spin 
i 

decoupling of the protons continues. . 



'I > 

Figure 6 Pulse Sequence 

a) , Pulse diagrap of the single-contact cross-polarization 

experiment. 
.1 

d 

b)  Pulse diagram of the single-contact delayed decoupling 

cross-polarization experiment. 



0 - 
,' 0 I- - -  I:? : 



This experiment is repeated, successive 13c spin f. i. d. 's 'are 
- -- --- -- 

d 

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

Fourier transform of the f.i.d., a baseline correction is done to 
- 

.h 

eliminate spikes produced near zero frequency which have no physical 

meaning. These spikes-occur when the f.i.d. contains a small DC bias 

which prevents the average value of the data points fromabeing zero. 

At the cost of additional line broadening, a smoothing function is 

used in the time domain to increase apparent signal-to-noise in the 

frequency domain. The f.i.d. is multiplied by exp(nTC/N) where N is - the 

number bf data points, n is the index of the current point varying from 
d 

0 to N-1 and TC is a time constant with a negative value. Intuitively 

one can see that multiplying with a decaying exgonential 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 
I 

frequency domain spectrum consisting of ~ / 2  real points and N/2 

65  
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 thk 

frequency domain S ( w )  is : 



- - 

-- 

where o is the angular frequency and t is time. 

correction - is necessary due to "mixing" between 

garts of the spectra. 
P 

- -- - - - - - 

the real and imaginary 

A delayed decoupling variation of the ~ingle~contact cross- 

polarization experiment is sho& sch&ta<ically in c .. Fig. 6 (b) . The - 
t 

previous pulsing technique utilizes the rapid trankfer of the large ' H  

magnetization to the 1 3 C  spins therefore spectra obtained discriminate 

in favor of static carbons which are bonded to prbtons. Using a delay 
B 

prior to proton decoupling all carbons which are bonded to protons Have - 

their Me's effectively reduced to zero and therefore do not appear in 

the final Fourier transforied spectza. This is* a useful test to 

distinguish between organic groups such as aldehydes and ketones which 
-, 

have similar chemical shifts. 

-- 

' Rapidlyjhoving physisorbed species such as rotating methyl groups 

and gaseous species where the dipolar interaction is averaged to zero by P 

motion will produce very small signals using cross-poiarization 
4 

experiments. Thus experiments using 90" ~ulies of 13c with and without 

continuous proton decoupling were performed. ' 

Differentiation between ethylene and carbon dioxide with similar 

chemical shifts was possible by running this experiment with and without 

continuous decoupling. 
1 

with proton decoupling 

Although the patterns are expected to be similar 

they will vary dramatically without decoupling. , 



b 
2.3 Blectrochemical Cells 

2.3.:1 Cell Components 

Electrochemical cells consisting of lithium anodes, electrically 

non-conducting separators and.high and low surface area MoS2 cathodes 

were prepared in an argon glove box. 

. Cathodes were prepared by coating an aluminum or nickel foil 
\ 

current co1,lector with a slurry of MoS2 and 1,2-propanediol(Fisher). . 
- 

The solvent was evaporated in an argon flow at r200•‹C for Irh. Cathodes 

t .  

of dimension 1.2X1.2cm contained 50-80mg of high surface area or 80- 

lOOmg of low surface aria MoS2 powder(Endak0). 
-.. 

Lithium foil, 0.013cm in thickness was used yielding a minimum 
- 

Li/MoS2 molar ratio of 20, calculated for Li, M0S2 . This ensures that 

'aMoS2 will be the capacity-limiting species in the cell. 
- 

-, 

The *electrodes were separated by a microporous polypropylene 

film(Ce1anese). Cells with 1M L$AsF6 (Lithco) in propylene 

carbonate(Texac0) (vacuum distilled) were assembled with pre-soaked 

(pressure wet at '1135 kPa) (150 psig) separators and cathodes to which 

=loop1 of electrolyte had behn added. 
0 



Due to the volatility of tetrahydrofuran, cells - utilizing 1M /' 
- - 

LiAsF6/THF as the electrolyte were assembled with dry separators and 
,' 

- cathode. These cells had a small hole in the bottom through which 
- 

pressure wetting (1135 kPa) (150 psig) of the separator and cathode 

could be done. These special cells were later sealed by welding 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-separator-cathode sandwich is placed between two metal contact 

plates. One metal contact plate is in direct contact with the can and 

SI the other is connected to a ~entre-~in using a nickel foil tab. The 

electrodes are electrically isolated using a glass-to-metal seal between 

the centre pin and the cell lid and polypropylene insulators between the 

spring and the cell can and lid. This spring is used to generate an 
6 

electrode stack pressure of 1379k138 kPa (200+20 psi). 

The cell is hermetically sealed using a TIG welder to join the 

cell can to the rim of the cell lid. The ent.ire 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 4 %  relative 

humidity. 



Figure 7 An experimental test cell.* 

% * 
~ r i w i n ~  from Moll Energy Ltd. 

. a  

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

* * 
the experimental cell. 

.& 
* 

Drawing taken from R. Fong. M.Sc. thesis. Simon Fraser 

University, Burnaby, B.C. 1987 
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2.3.3 Gas Evolution Cells arid ~ ~ ~ a r a t u s  . 

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) . 
\ 

- 

1 

The gas evolution apparatus is described in detail by Fong et 

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

apparatus is shown in Fig.8'. As is evolved from the cell during a 

discharge or recharge the pressure inside the closed system increases 

over atmospheric pressure. A differential pressure transducer senses 

the increase, relays this information to,the microprocessor control unit / 

which then attempts to reduce the differential pressure to zero. 5 

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 

motor changes the dead volume 1.12~1; every ten steps or 11.2~1 is 

equivalent to a 1mV signal. An analog signal corresponding to the 

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

the cell as a function of time. 



& 

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

All electrochemical cells prepared in this study were discharged _ - 
and recharged at constant current at 21.0 k 0.5"C and their voltages 

a 

monitored as a function of time. The currents generated by the cyclers 

were stable to within 2%. Cycling switch points were controlled by time 

or fixed voltage limits. 

To calculate x in Li,MoS2 one uses: 

where I is the current (A), t is the discharge or recharge time (sec), M 

is the mole+cular weight of the cathode, m is the cathode mass (g) and F 
- - 

is Faraday's constant. Constant current setting calculated for each 

cell correspond to a transfer of x = 1 lithium per MoS2 in either 10 or 
L 

20 hours. '(C/10 or C/20 rate where C rate = Ax-1 in lh) Di,fficulties 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 @he electrolyte. As a result the errors in x may be as large as 

Typically the first discha'rge was timed to a specific value of x 

with subsequent cycling between fixed voltage limits allowing maximum x 



values. Due to its stability within' the voltage ranges used, 1M 
- 

LiAsF6/PC was chosen as the standard electrolyte. 

Using plots of cell voltage V versus lithium content x in Li,MoS2 

and plots of the derivative 1 (at/aV) 1, plotted versus V, it was possible 

to compare high and low surface area MoS2 cathode material. The 

derivative plots were especially useful as plateaus in the V(x) curves 

are sometimes diffi-cult to see but as peaks in the derivatibe plots, 

they are easily observable. 



Powder diffraction is a technique used to i'dentify unknown 

crystalline materials,,analyze mixtures, detect phase changes and 

k deqermine precise lattice c o G n t s .  In X-ray powder di raction J 
0 

3-dimensional information and symmetry is projected in 1-dimension.. 

X-ray diffraction principles and theory are well established (29) and 

the;efore- yill only be mentioned briefly. 

- 

\ 
Diffraction of a. monochromatic beam of X-rays by a crystal is due 

B cr 
P to sets of-parallel equidistant lattice planes aqcording to Bragg's law: 

where d is the distance between the lattice planes (hkl) in the crystal, 
- - - - 

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

Bragg'angle (28 is the actual angle between the incident and diffracted 

beams). 

Intuitively, from Bragg's law one discovers that crystallinicy is / 
necessary to obtain sharp diffractions, commonly called reflections. 

~reater numbers of lattice planes with equivalent parallel spacing in 

crystalline materials yield stronger, sharper reflections as opposed to 

amorphous and p ~ ~ r i y  crystalline materials which typically have fewer 

parallel lattice planes. X-ray powder diffraction patterns for poorly 

crystalline materials tend to have very broad peaks or none at all. 

3 7 



Nlckel-filtered copper K, radiation,and a Phillips powder 
. 

- -- - 

diffractometer equipped with a modified vertical goniometer were used to 

obtaiin the diffraction data. The motor control of the goniometer was 

accurate to 28 - 0.0l0, however variations in sample thickness may lead 
P 

to a systematic shift in 28, typically 0.1" or less. 

Samples werb prepadd o<the flat surface of a glass slide or an 

air-tight X-ray diffraction cell. Powder was sprinkled onto a film of 

silicone grease(Dow Corning) and a uniform layer was achieved after 

excess powder was tapped off. The sealed X-ray case shown in Fig.9, was \, - used fo~%@r-sensitive materials. Diffraction of X-rays by electrons in 

the window is minimized by using a low atomic weight metal, beryllium. 
C 

~i~ure'9'also shows that this case may be used as an in-situ X-ray 

diffraction electrochemical cell holder. This cell holder is previously 

discussed in greater detail byJDahn et al(30). The cell holder has been 
I 

used to study the phase changes which occur as lithium is intercalated 

into various cathode materials.(6,31) This was not possible in this 

study due-to the poor crystallini'ty of the high surface area MoS2 \ 

\ 
prepared for these NMR experiments. 

X-ray powder diffraction patterns were useful for determining ~. 

crystallinity of prepared molybdenlm sulfide before and after 
T 

lithiation. This was a good indication of the surface area of a sample 

as higher surface area was consistent with decreasing crystallinity. 



Figure 9 An in - s i t u  X-ray powd er diffrac tion cell holder.* This sealed 

case was used for air-sensitive materials in this study and 
-. 
not for Li/MoSZ cells as shown in the diagram. 

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

This technique was also useful in verifying the purity of ammonium 
r --  - - 

tetrathiomolybdate synthesized for this work. The powder pattern for 

this compound~was calculated (32) using the. single gqstal structure 

information collected by Wyckoff.(33) Although only the cell dimensions 

a, ,bo ,co, are known-for ATTM, the atom positions are cbnsidered .to be 

similar to those determined for ammonium tungsten tetrasulfide which 

also has an orthorhombic.pseudohexagona1 unit stntcture. 



2.5 Brunauer-Emmett-Teller Surface Area Determination 

1 

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) in the Henry law region (p/po < 0.01), adsorption.is normally 

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

b) in the monolayer coverage region (0:l < p/po < 0.3), sorption begins 

to level off, becoming proportional to surface area and (molecular 

area) - ' , 

.e 

c) in the multilayer-capillary condensation region (0.3 < p/po < 1.0), 
-- 

sorption increases rapidly but levels off when the-bores are filled. 

This region is used to determine surface area and "'pore structure. 

a The Brunauer-Emmett- eller (BET) method(T4) utilhes the monolayer - 
* coverage region and was used in this study. In this region we used the 

2, 

following equation: 

Eq. 10 

.A. 



Figure 10 An ideal S-shaped adsorption isotherm. 
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Plotting p/V(po - p) versus @Ip, gives a straight line where 
0.1 < p/po < 0.3, whose intercept is l/V,C and slope is (C -,l)/V,C., 

The two constants V, and C are calculated from the slope and intercept. 

The former constant, V,, is the volume of gas required for complete 

' unimlecular adsorbed layer coverage of the sample. Using the surface 

area value of 16.2A2 per molecule of nitrogen(35), it is possible to 

calculate the total surface area of the sample: 

where N is Avogadro's number. 

.I 

Eq. 11 

The latter constant C is approximately equal to e E l - E L / R T  , where . 
1 

El is the average heat of adsorption of the first layer and EL is the .f 
4 * 

heat of liquification, Small values of C co j + 

interactions between adsorbate and gas molec while1 large values of C 
7 

i correspond to strong interactions. 

Three and four'point BET analyses were used in this study although +, 

Brunauer et a1 claim single point analysis should give valid s 

r&ults. (34) ' This ensured reliability in the collected data. . 

If 



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. Typically 

samples are tested for thermal stability under inert atmospheres where 

weight losses correspond to liberated gases. Reactions of materials , 
a 

with various gases as a function of temperature may also be studied 

using this technique. - 

Previously in the elemental analysis of synthesized MoS,, 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 oxidize2 in a hot mixture of bromine, carbon 

tetrachloride and nitric acid and the resulting precipitate was 

dissolved with hydrochloric acid. When cooled, Ba(N03)2 was added to 

precipitate BaS04 which was filtered, dried and weighed. 

. - 
To.simplify theelemental analysis of MoS,, a method utilizing 

thermal ,gravimetric analysis was developed. A Dupont 9000 Thermal 
~- 

1 

Analyzer with a 951 Thermogravimetric Analyzer (TGA) plug-in module was 

used. This procedure is based on the reaction of MoS, to Moo3 when 

heated in the presenceTof oxygen. The weight loss in the reaction 

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



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

1) Ramp 25"C/min to 550•‹C 

2) Isothermal 20 min. 

i 

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

X - 
M.W. (S) 

Eq'. 12 

where 6 is the change in mass in percent. 

b 

Thermal gravimetric analysis was also used to verify that the 

prepared molybdenum sulfides were discrete compounds and not mixtures of 

MoSZ and sulfur. If elemental sulfur was 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 in inert atmosphere. 



2 . 7  Residual Gas Analysis 

Chemical reactions involving the reaction and/or'formatim of 

gaseous products are routinely monitored using residual gas analysis. 

It is possible to study reactions in progress by monitoring the partial 

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

Residual gas analysis was performed using a Spectramass DataQuad 

spectrometer which uses a quadrupole mass filter. A Pfeiffer turbo pump 

creates ;-high vacuum (40-'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 electric 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-frequency voltage Vo to 
L 

the poles, the ions travelling down the length of the quadrupole' 

oscillate. As the oscillations are dependent on the m/e ratio of an 
st 

ion, set values of V and ~o'will allow only a single m/e value to 

* 
traverse the entire distance without striking one of the poles. Each 

value of m/e is measured separately for a short period of time. The 

'ions are focussed into a Faraday cup detector which produces's very 
. # 

is amplified and sent to the Spectramass ~ata~uad 

control unit. 



Continuous mass spectrometric analysis of varying gas samples at 
-- - - 

atmospheric pressure is a unique feature of residual gas analysis. A 

schematic diagram shown in Fig.11, illustrates the gas .inlet system, an 

important feature. A capillary inlet with bypass consists of a length 

of S.S. capillary (0.325mm I.D., .1.0m in length) and a molecular flow 

leak. Due to the possibility of condensation of some gases the 

capillary is heated to =70•‹C. The bypass is connected via a low vacuum - 

(-lOtorr) line to a rotary pump, thus constantly providing,fresh gaseous 
/f 

samples at the entrance s'6e to the mass spectrometer. The molecular /L 
flow leak allaws amounts of gas to enter the main high vacuum 

(<1 X 10- torr) chamber which houses the ionizing filament , quadrupole 

mass filter and Faraday cup. The capillary inlet was situated in the 

gas output flow of a heated quartz reaction tube (52mm O.D., 1.2m in 

length). 

(6, 

Continuous sweeping of m/e values is possible over all values 

within set ranges. However more precise data were accumulated by 

choosing only the m/e values of interest to the thermal decomposition 

reactions involved. The data collected for each m/e value are recorded 

as a partial pressure of the high vacuum chamber and datalogged with an 

IBM-PC compatible computer in an ASCII form. This method of data 

storage allows a wide variety of graphic presentation forms. 
'I 







RESULTS AND DISCUSSION 

Li,MoS2 Synthesis Introduction 

Preparing molybdenum disulfide, MoS2 from ammonium tetrathio- 

molybdate, (w )2MoS4 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,MoS2 Exfoliation 

MoS2 powder was exfoliated by first intercafating lithium and then ' reacf ing the powder with water at various pH values as described by 

Joensen et a1.(37) Single layer MoS2 -in suspension is produced as the 

H2 evolved in the. reaction "blows" the'layers apart. 

acidic 

-I2 0 - MoS2 (HZ O), + LiOH + 5: 
soln 

iH2 E q .  13 

Removal of the bulk water left water bilayers between the MoS2 layers 

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

drying resulted in low surface areas, generally <2m2 / g .  



3.1.2 Low Temperature Solution MoS2 Preparation 
- 

-i 

We made low temperature solution preparations of MoSZ and MoS3 

using a sulphiding agent and a molybdenum halide dissolved in 

tetrahydrofuran or an aqueous NH40H solution.(38) 

soln 
MoC14 4- 2A2S - MoS2 + 4AC1 

soln 
MoC1, + 2AS - MoS2 + 2AC12 

soln 
MaC15 + 5/2 (A2S) - MoS2 + 5AC1 + %S 

soln 
MoC15 + 5/2(~~) - MoS2 + 5/2(~~12) + 4S 

, , 

E q .  14 

E q .  15 

E q .  16 

E q .  17 

Molybdenum halides used were molybdenum (IV) chloride and 

molybdenum (V) chloride. We used lithium sulfide, Li2S, lithium 

bisulfide, LiHS, thioacetarnide, CH3CSNH2 and tert-butyl sulphide, 

[ (CH3 )3 'C]2 S as sulphiding agents. 

Typical yiklds were small, powders were very fine, X-ray powder 

diffraction results were inconclusive as to composition and surf,ace 

. areas were low, generally <5m2 /g. 



3.1.3 Two Step Thermal Decomposition 

w' 

Many samples were prepared by thermally decomposing ammonium. 

tetrathiomolybdate, (NH4)2M~S4 in an inert gas to molybdenum trisulfide, 
1 

' MoS3. The MoS3 was subsequently reduced to molybdenum dasulfide, MoS2 

in a reducing atmosphere. This two step thermal reaction is discussed 

further in section 3.2.1 of the residual gas analysis results. Many 

authors have used the thermal decomposition of ATTM or MoS3 to prepare 

MoS2 catalyst with surface areas ranging from 1 to 158m~/~. (39-43) 

It was possible to achieve surface areas up to 49m2/g using the 

two step thermal decomposition of ATTM decribed above but the results 

were inconsistent. Achieving both a low S/Mo ratio (-2) and high 

surface area was difficht. Variations in sample size, heating rate and 

temperature affected surface area and S/Mo ratios. There appeared to be 

an optimum temperature which implied competition between the two 

processes: desulfurization, exposing vacant sites on the surface 

yielding higher surface area and crystallization of MoS2 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. In this two step 

decomposition a lh exposure to argon is followed by lh of 5% H2/~r, 15% 



1.4 Acidic Aqueous Precipitation bf MoS3 

' r 
Finally we attempted the precipitation of molybdenum (VI) from 

ATTM in acidic aqueous solution saturated with hydrogen sulfide. (18,36) 

This gave amorphous MoS3 with varying densities and surface areas. 

Initially, inorganic acids such as sulfuric and nitric were used 

in this chemical decomposition. We varied the temperature (0•‹C or room 

temperature), the agitation (Stirring or ultrasonic vibration), the type 

and strength of acid, the size of ATTM crystals, the pH of the solution 

before ATTM was dissolved and the drying procedurec(under argon at 100•‹C - 
or under vacuum). The surface areas for MoS3 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 MoS3 with surface areas consistently 

between 190-240m'/~ and densities from 1.3- 1.6g/ml. 

3.1.5 Thermal Reduction to MoS2 

% 

Various temperatures (200-500•‹C) and reaction times (4min to 6h) 

were used to optimize the thermal decomposition of MoS3 to prodyce high 

surface area MoS2 

t 
obtained at 250•‹C 

argon (10 min) to 

with a S/Mo ratio of -2. The best results were 

for 2h under 15%HZ/He followed by a brief exposure to 

remove H2 from the MoS2 surface. Resulting surface 

5 2 



areak were ?0-l10rn*/~. -* . ..- - 

Adsorption of carbon monoxfde, CO onto fhermally reduced-MoS2 ' reveals  surface a rea  d ~ e ~ t o  edge planes(52) as  opposed t o  t o t a l  surface 

a rea  determiped by ni t rogen adsorption. Using the 

16. 0A2 per  CO molecule (35) , the  edge plane surface 

t o  be 8 . 3 4 %  of the t o t a l  surface a rea  f o r  a s ing le  

3 .1 .6  Density Measurements 

The dens i t i e s  of a l l  the powder samples were 

b 
surface a rea  value of 

a rea  was determined 

MoS2 sample. 

measured by a " tap  

@ 
densi ty"  method. Powders were poured i n t o  a 4mm I .D. Pyrex tube, which 

was tapped on the l ab  bench u n t i l  there  was no f u r t h e r  change i n  the 

length of the powder column. The tube and powder were weighed, the 

length of powder w a s  measured with ca l ipe r s  and the " tap  densi ty"  was 

ca lcu la t ed .  This method was used, a s  opposed t o  the Archimedean method, 

s ince  it simulates the packing conditions of an MAS NMR tube. 

. 
After  a review of the densi ty  measurements we rea l i zed  t h a t  the 

dens i ty  of MoS3 was lower when commercial ATTM(A1drich) was used ins tead  .. 
of ATTM prepared by the author .  The dens i t i e s  f o r  MoS3 using 

ATTM(A1drich) were 0.6-0.8g/ml and f o r  the r e s u l t i n g  MoS2 were 0 . 9 -  

1.2g/ml. This i s  susbs tan t i a l ly  lower than p =I 1.9-2.lg/ml f o r  HoS2 

prepared from the au thor ' s  ATTM. 



3.1.7 Lithium Intercalation of MoS2 

. 
The next step was preparing high surface area, Li,MoS2, for 

1 < x < 3. In the first attempts we chemically lithiated MoS2,.,with 

surface areas ranging from 40 to 73 m2/g, using stoichiometric amounts 

of n-butyllithium in n-hexane. This resulted in surface areas ranging 
.3 

from <1 to 37m2/g. 
- - 

' 
The large variation in surface area was related to the density of 

.. 
the Most starting material. MoS2 with a density of 1.3g/ml and higher 

lost its high surface area during chemical lithiation with n-butyl- + 

lithium in n-hexane duri overnight stirring. Surprisingly, "siniilar P 
surface area losses were seen when higher density MoSZ was stirred 

overnight in n-hexane solvent or tetrahydrofuran, another common 

lithiating solvent: We believe this effect may be due to increased 

ordering or crystal growth. Another possibility involves the solvent + 
- - 

clogging the pores of the particles. However, the latter theory was 

1 discarded as the powders were evacuated at 100•‹C prior to BET surface 

analysis. In contrast, lower density MoS2 of approximately 0.8g/ml 

* 
retained its initial high surface area after chemical lithiation. x 

C- 
/Starting with low density, MoS2 was not desirable as high density, in 

/-/ 

addition 50 high surface area, LixMoS2 samples were'necessary for the 

C-NMR experiments. 

" 

? 

Next we tried lithium dissolved in liquid ammonia (Ei/NH3) to 
1 

lithiate MoS2 forming LixMoS2 (NH3), . This method resulted in larger 

surface areas ranging from 40- 75m2 /g and densities Yrom 0.9- 1.2g/ml. 

54 



> 

The density of L~,MOS~(NH~)~ increased upon NH3 removal. This was seen 

by visual inspection of MAS NMR samples, but was not accurately 
A 

measured. 

The co- intercalated NH3 was removed from the Li,MoS2 (NH3 ) powder 

by pumping under v~cuum at 200-250•‹C for at least 12h. The removed 

ammonia was trapped with liquid nitrogen and subsequgntly measured using 

a gas-volumetric technique, For Li, M0S2 (Mi3 )y, y was found to be 0.22 

by the gas-volumetric method and 0.11 by ion chrohatography. For 

Li3MoS2 (NH3 )y , y was 0.32. ' L ~ ~ M O S ~  (NH3 )y reacts more exothermically 

with water than L ~ , M O S ~ ( N H ~ ) ~  does. To control the heat output of the 

former reaction, we exposed Li3MoS2(NH3)y to water vapour for 24h. prior 

b 

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

exposure and subsequently did not show-up in the ibn chromatogram. 

The lithium content of L~,MOS~(NH~)~ was determined by ion 

chromatography. Sample IIIPll was repeated-4 times giving a value for x 
b 

of l.d2+0.03. Sample IIIP73 gave a value for x of 3.19 twice. 

3.1.8 Li,MoS2 Synthesis Summary 
t' 

Table I1 outlines the molybdenum sulfide and lithiated molybdenum 
a 

sulfide samples synthesized, the preparation method, and the surface 
I. 

area and density ranges. A more detailed table listing individual 
> 

samples is included in Appendix A. Sample I.D.'s (e.g. ..IIIP97) refer to 

page numbers (P97) in a laboratory notebook (Roman numeral 111). 



Table- I1 - Molybdenum Sulfide Powder Synthesfs - 
Surface Area 

(m2 / g >  
Density 
(g/ml) 

Powder 
Type 

Preparation 
Method 

Low Temperature 
Chemical %~oute 

Thermal using 
(NH4 )2M~S4 (3-50•‹C) 

Chemical using' - 
(NH, )*MoS, 

Thermal using 
(m4 )2M0S4 (350•‹C) 

Thermal using 
C-MoS3 (200-250•‹C) 

Chemical.Interca1ation 
af c-MoS~ using n-BuLi 

Chemical Intercalation 
of c-MoS2 using Li/NH, 

'Ambrphous " - .  

i , 

b - Single measurement value 
, 

c - Chemical / Thermal ~ecomposition 
- 

t - Thermal Decomposition 



3.2 ~esid;al Gas Analysis Results 
I" 

- t P 
a 

3.2.1 Two Step (NH4 l2MoS4 Thermal Decomposition 

The thermal decomposition of ATTM was mohitored using residual gas 
c: . ~ 

analysis. In addition to the reaction and generaced gases in this 
7 

P. 

decomposition, air impurities were also monitored using nitrogen (M28). 

"?'he sequence of events for this reaction were as follows: 

-- 
0 min, - Data acquiqition s t q e d ,  sample placed 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 using4 w s h  rod (with O-ring , 

seal), 

95 min - Switch to HZ. flow, 

140 mih - '~eaction concluded, data acquisition stopped. 

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

Fig.12. The sensitivity of the RGA spectrometer to individval gases 
- r: 

. varies dramatically as shown when comparing 100% hydrogent to 100% argon. 

The rate each gas permeates the mqlecular flow leak moving into the 

spectrometer, the partial pressure of each gas, the difference in 
-* 

, .ionization potentials of gases and the pumping efficiency ,of the'tdrbo ' 

"pum.for different gases are several explanations. Also note the drop 

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

dec'ohpose. This Forresponds to an increase in the partial pressures of 



Figure 1 2 Reaction gases used in the two step (NH4)ZMoS4 thermal 

decomposition at 3 5 0 • ‹ C .  

Figure 13 'Gases generated in the two step (NH4)2MoS4 thermal 
# 

7 

decomposition at 3 5 0 • ‹ C .  i 

The background was monitored using M28 (nitrogen). 

d 

Figure 14 Y scale expansion of Figure 13. 









,= 

-<" - - - - 

other gases shown in the next two figures. 

-- 

. Figures 13 and 14 show the major gases generated in the thermal 

decomposition of ATTM using different .expansions of partial pressure on 

the y axis. The decreasing nitrogen (M28) background was used to 

indicate proper flushing of the reaction tube before starting the ' 

experiment. 

Large water (M18) and H20 molecular fragment (M17) peaks were seen 

in all runs where the sample was exposed to hydrogen. The reaction of 
r 

oxides on the surface of the stainless steel boat with hydrogen gas at 

I 
elevated temperatures is believed to pr&duce these peaks. 

The actual gases generated by the decomposition are shown, in the 

expanded plot, Fig.14. .,Ammonia (M17) and hydrogen sulfide (M34) are 

seen after introduction of the,sample at 32 min. At this point the MI7 

peak is generated by ammonia, as an M17 H20 fragment is always seen as a 

peak of proportionately smaller size than a M18 H20 peak. The water 

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

, 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 
(NH, ),MoS4 - 2NH3 + H, S + MoS3 Eq. 18 - 

Ar a 

A single hydrogen sulfide (M34) peak is seen. at 95 min, after the 



- - 

introduction of hydrogen gas and subsequent reduction of Moss. The 

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

decomposition / reduction of ATTM: 

Eq. 1 9  

3.2.2 MoS3 Thermal Reduction - 

The thermal decomposition or reduction of chemically formed 

molybdenum trisulfide, caMoS3 by hydrogen was also monitored by residual 

gas analysis. This reaction is similar ?to the second reaction in the P 
ATTM decomposition Gith the exception of reaction time, temperature and 

preparation of the starting material. The sequence 'of events for this 

decomposition were as follows: 

Prior to - Sample placed in end of tube, Ar flow to remove air 
data (particularly O2 ) a '  15% H2/He flow started, tube into 

\ acquisition 250•‹C tube furnace, sample at room temperature, 

' 0 min . - Data acquisition star ed, N; background very low, 
- ,  

20 min 
ring seal), 

- Sample pushed into furnace using push rod (with O- 
2 

140 min - Switch to Ar flow, . 1 %  

150 min - Tube out of furnace, 
1 

175 min .- Data acquisition stopped. 

From the plot of the reaction gases shown in Fig. 15, it is seen 

that the hydrogen (132) partial pressure decreases during the reduction 

0f.c-MoS3 while the helium (M4) partial pressure remains constant 



Figure 15 Reaction gases used in the thermal reduction of 'c-MoS3 at 

250•‹C. 

Figure 16 Gases generated in the thermal redyetion of c.-MoSj, at 250• ‹C.  

The background was monitored by using ~28'(nitro~en). . . 







- - - -  

Figure 16 shows hydrogen sulfide (M34) and HZS molecular fragment 
i 

(M32) peaks gene ted after the sample is pushed i to the tube furnace. TB f 
Hydrogen sulfide (M34) was generated for a longer Mriod (=25 min) in 

.( 

this decomposition at 250•‹C than in the second step of the ATTM 

decomgosition (-7 min) at 350•‹C. 

The first peak in the nitrogen (M28) and oxygen (M32) background 

partial pressures at 22 -min was due to a small air fontamination during 
5 

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 are not due to air contamination but are speculated to be due to -. 
I 

M28 fragments sporadically desorbing from the inside walls of the 

system. 

. 3.2.3 RGA Summary 
J 

Reaction equations 18 and 19 generated from the residual gas 

analysis of thermal decomposition of ATTM and c-MoS3 ;ere as expected. 

It was expected that formation on the actual reaction times would help 7 
to optimize the' decomposition parameters. This was not the case as S/Mo 

. e 

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 the-refore necessary to reach S/Mo=2 . 



- - - 

3.3 X-ray Powder Diffraction Results - 
< .  -- 

X-ray powder diffraction patterns of the compounds synthesized and 

' of crystalline MoS2 are presented in this section. These patterns 

contain structural information but could not be used for the study of 

- phase changes during intercalation due to poor crystallinity. of the 

samples. 

0 
Figure 17 shows the pattern Oaf ammonium tetrathiomolybdate, 

, , 

(NH4)2M~S4 synthesized by the author. This was used to confirm the 

identity of this material.' An X-ray powder pattern calculated for ATTM 

' agreed very well with this experimental data.(32,33) Appendix B shows the 
, - 

comparison. 

Figure 18 is an X-ray diffractibn pattern of MoS3 prepared by 

chemical decomposition of ATTM. This pattern is consistent with an 

amorphous material. 

Figure 19 shows the pattern of crystalline MoS2 or x-MoS2 (x 

, denotes-high crystallinity). The assignment of the Miller indices was 

made by comparing a calculated MoS2(2H) pattern.(32) The MoS2(2H) 

crystal structure information was collected by Wyckoff. (44). 

The two step thermal decompobition bf ATTH gives poorly 

crystalline t-Nos2. (t denotes thermal decomposition) ~ i ~ u r e  20 shows the 

diffraction.pattern of t-MoS2. c-.MoSZ (c denotes chemical 



X-ray powder diffraction pattern of (NH4)2M~S4 synthesized by Figure 17 

the author. 

" 

X-ray powder diffraction pattern of c-MoS3; Figure 18 

room temperature preparation. 

, 

Figure 19 X-ray powder diffraction pattern of crystalline MoS2. 

The Miller indices for the corresponding peaks are labelled. 

+ 

X-ray powder d'iffraction patterq of t-MoS2 prepared by Figure 2 0  

, - / 

thermai decomposition -of (NH4 )2M~S4 at 3 5 0 • ‹ C .  
< 

Figure 21 X-ray powder diffraction pattern of c-MoS2 prepared by 

"thermal decomposition ~f chemically produced MoS3 at . 200 • ‹C .  
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'v .. 
decohposition) prepared which is chemicany decomposed to c- 

- 

MoS3 and then thermally re lso yoorly cqsfalline and s h m  - --- 

Fig.21. Assignme sef lections , using the crystalline MoS2 results, + 

were made for t-Most and c-HoS2 . 

~ d h o u ~ h  the X-ray powder patterns for t-MoS, 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-M&, (1.4.2") 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 

. \, 
stacking in the crystals. 

4 
The width of the 002 reflection indicates that the average number 

of stacked layers for t-MoSZ is 6 and for c-MoS, is 3 as calculated from 

the ~cherrer~formula. (29) Assuming the layers are infinite in excent, 

the edge planes can be neglected and the surface area depends only on 

the basal planes. From primitive unit cell dimensions for MoS2(2H), the 

~ e o r e t i c a l  surface area, S,~was calculated: 

s = 651/n (m2/g) 'Eq. 20 

where n is the number of stacked sheets. Using Equation 20 the 

predicted surface area of t-MoSZ is 108m2/g and c-MoS, is 217m2/g. 

These predictions are greater than experimental values; for t-MoS,, 

- 6 5 
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S - 30-50m~/~ and for c-MoSz, S - 70-110m~/~. 
'6 

-- 

< 
L 

The X-ray diffraction patterns 6f t-Most and c-TS2 show that the *. 
former is more crystalline. t-MoSZ is decompo at a higher 

5. * 
temperature (350•‹C) than .c-MoS2 (200•‹C) which I *lains . the difference. 

'6 I' r 

v 
4 

Many refle&ioris are contained inside the broad envelope between 
H 

(105), (106), (110), and (008) reflections'. The stxongest are the 
' I  

(loo), (103)' and (110) with a small (105) peak in the t-MoS2 pattern. 

The (100) - (103) - (105) series is very sensitive to the interlayer. 
b '  

\ 
order. (45) As 1 increases in the zone "of (101), mixing of pure 

+ 

intralayer (100) with interlayer effects occurs. Important sthctural 
4 

information such as rotational disordering about the c axis can be 

obtained in this region 

X-ray diffraction patterns of small crystallites of MoS2(2H) where 

n-1 to 4 were calkulated by Liang et a1.(45) The (103) and (105) peaks 
Z 

in their initial calculated patterns were more prominent than in the 

experimental t- and c-MoS2 patterns. By assuming interlayer rotational 

disordering about the c axis, calculated patterns with less prominent 
h 

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

experimental 'data in this work. 

X-ray diffraction patterns were measured for LilMoSZ and Li3MoS2 

powders to determine if any structural changes or increase'in 



crystallinity occurred during the lithiation process. These samples 

- -  - 

were measured in an air-tight X-ray cell with a beryllium window. To ; ,  
re ove -theistrong, sharp beryllium reflections and the X-ray case, f * .  

d from the,sample patterns, a blank pattern with the X-ray case backgroT e = 

was measured and subtracted from each sample. These pmrly crystalline 

patterns for Li,MoS2 and Li3MoS2 could not be' seen without this 

subtraction. 
rP 

The X-ray powder diffyaction technique is often used to study, 

crystalline materials with strong, sharp 'refledtions . In those 

instances the few beryllium reflections are easy to identify and 

~ 2 

background subtraction becomes unnecessary. 

\. ) 
Figures 22 and 23 show that the sulkraction of the sample patterns 

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

and negative are seen at the angles eipected for beryllium 

reflectiops. The largest Be reflections are =50,000 counts. With an 

error in intensity of L/N, the error In subtraction is + ~ J N  or 4 5 0  

counts. This large error inJntensities is the source of the sharp 

peaks seen. h 

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-MoS2 

starting material. This is explained by .the increased disorder of the 

lattice due to the -co-intercalation of lithium and ammonia. 
t 



\ 

Figure 22 X-ray powder diffraction pattern of 'LinMos2 using.background 

subtraction of*the8beryllium window X-ray case 

"1 
Figure 23 X-ray powder diffraction pattern of Li3MoS2 using backgFound 

subtraction of th erylli&n wind0w.X-ray case. Ls P , * 







Two examples of the oxidation of molybdenum disulfide,to 

molybdenum trioxide are shown in Fig.24. The powders were heated at 3 

- 
2 

25"C/min to 550•‹C followed by a 20 min isothermal periodzunder an air I 

atmosphere. 

C 

The high purity MoSz standard(1ntermagnetics General Corp.) had a ,  

weight loss of 10.00%-corresponding to an S/Mo ratio 

had a weight-ldss of 14.35% corresponding to 

of 2.00. Sample 

an Sflodatio of - - 

Samples of molybdenum disulfide from the two step thermal 
P 

+ I 

decompos?tion and the chemical / thermal decomposition, a high purity 

crystalline sample and sulfur(Fisher) were heated at 20•‹C/min to 500•‹C 
- 

under ;'helium bosphere. These runs shown. in Fig.25 were ised to 

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)2MoS4. 'ATTM was heated to 550•‹C under a 

helium atmosphere and is shown in Fig.26. A sharp weight loss of 26.0% 

\ 
corresponding to the 'decomposition of (NH4 )2M~S4 to MoS3 occurred 

between 150 and 220•‹C. This value is in agreement with the theoret?Lcal 
/ 

value of 26.2% calculated from Equation '18. 
h 

t 



Temperature ramped at 25"C/min. to 550•‹C(actual Tf=5300C), 
, t 

followed by a 20 min. iso$hermal period. 

x-nos2 - low surface area, crystalline UoS2 : S/Mo-2-. 00, 
I 

> - 
c-MoS2 chemically/thermally reduced MoS2 : S/Mo-2.26. 

/ 

Figure 25 Thermal stability experiments under a helium atmosphere. 

Temperature ramped at 20•‹C/min to 500•‹C(actual Tf-490•‹C). 

x-MoS2 - low surface'area, crystalline MoS2, . 
4 - 

c-MoS2 .= c~emically/thermally reduced 2oS2 , 

t-HoS2 = thermally decomposed MoS2 , 

Sulfur was included for comparison. . 

Figure 26 Thermal decomposition of (NH4)2MoS4(synthesized by the 
t 

author) under a helium atmosphere. Temperature hmped 

to 550•‹C(actual Tf=5300C). The plateau 

compositions are labelled. 

N 









3.5 , Electrochemical Characterization 

3.5.1 Introduction 

In this section we compare the electrochemical properties of high 

and low surface area MoS2, the latter used in commercial lithium 

batteries.(2) In this study it is important to know the cathode 
-+ 

potential, with respect to lithium metal, for all values of x in high 

surface area LixMoS2. With this data it is possible to correlate the 

solvent reactivity at- a particular value of x value in LixMoS2 with a 

solvent reduction potential. 
- + 

3.5.2 Low Surface Area MoS2 

Crystalline or low surface area Most has been studied in 

Li/LixMoS2 electrochemical cells by Py and Haering.(4) As lithium is 

,intercalated into LixMoSZ (0.1 < x < 1) the structure changes from the 

a-phase (2H po1ytype;'trigonal prismatic) to a 8-ph%se (IT polytype; 

octahedral Mo co-ordination). Electrons from the lithium are inserted 

in the n* conduction band of t.le semi-conducting a-MoS2 to LiO -, M0S2 . 
Due to the large band gap (=lev) between n and n* in a-MoS2, phase v @ 

transformation to conducting P-MoS2 with no energy band gap begins at 

LiO , MoS2 and concludek at Li, . 0M~S2 . 

A third phase, known as 7-phase, was studied by Selwyn et a1.(46) 

7-phase is formed if intercalation continues (x > 1) and was found to 

7 1 



be a mixture of,molybdenum metal and lithium sulfide using X-ray 

diffraction on Li/Li,MoS2 electrochemical' cells. 

Electroche~ical data from a research cell containing low surface 

area MoS2 is shown in Fig.27 and 28. Figure 27 shows the%oltage curves 

V(x) for the first dischargel(D1) and recharge (Rl) and second discharge 

(D2). Figure 28 shows I (ax/aV) 1, versus V, better illustrating the 
- - 

plateaus in the V(x) curves. These plateaus are caused by the phase 

changes described above. In the first discharge there is a plateau at 

about 1.OV corresponding to the a + ,6 transition and a plateau at 0.55V 

corresponding to the ,6 + 7 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: 

4Li + Most - 2Li2S + Mo Eq. 21 - 

According to Selwyn et al, the reaction during 7-phase cycling is: 

C 

Mo + 2Li2S - 4Li + (Mo,2S) ' Eq. 22 

where (Mo.2S) is a mixtu& 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: 

Eq. 23 



Figure 27 Voltage versus in t e rca la t ed  l i thium i s  p l o t t e d  f o r  a low 

surface a rea  molybdenum d i su l f ide  experimental c e l l .  

F i r s t  discharge (Dl) t o  O . l V ,  f i r s t  recharge (Rl) t o  2.8V and 

second discharge (D2) t o  0.7V. 

Constant cur rent  = C/20 r a t e  o r  0.90mA. 

Cathode weight - 107 mg. 

Temperature - 21•‹C. 

Elec t ro ly te  : 1 M  LiAsF, /PC. 

T 

Figure 28 Derivative p l o t  f o r  Figure 27. I(ax/aV)l, i s  p l o t t e d  versus 

vol tage ,  V f o r  the  f i r s t  discharge and recharge and the 

second discharge. % 
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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 7-phase material. 

3.5.3 High Surface Area MoS2 

~imited electrochemical data,was found in the literature for 

poorly crystalline or high surface area MoS2. Results were obtained for 

MoS2 prepared by low temperature nonaqueous precipitation from 
\ 

molybdenum tetrachloride, MoC14 and hexamethyldisilathiane, lkD~~(18) or 
- 

and lithium sulfide , Li2 S . (47,48) 

Poorly crystalline MoS2, prepared by Auborn et a1 from MoC14 and 

HMDST, was mixed with 20% carbon to improve the initial conductivity of 

the cathodes in the test cells. On the first discharge, the voltage 
4 

cume gradually declined for x + 1 with an average voltage of 1.9V, then 
t= 

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. 

Jacobson et a1 (47) prepared poorly crystalline MoS2 from MoC14 + 

Li2S. A series of samples with increasing crystallinity were made by 

heating this material to progressively higher temperatures. Li/MoSp 

cells were made using these samples and the voltage curves V(x) were 

measured. MoS2 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 



plateaus were approximately 1.7 and 1.8V for the 150 and 275" C MoS2 

cathodes. The cell heat treated at 150•‹C was observed to reversibly 

cycle between 1.40 and 2.72V for 244 cycles until the discharge capacity 

dropped to 50% of the second discharge. 

Electrochemical cells using high surface area MoS2, preparedefrom 

a chemical / thermal decomposition described previously, were cycled 
8 

over wide voltage limits in an attempt to characterize this material. 

In Fig.29 a sloping first discharge was observed with three gradually 

declining plateaus separated 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 MoSZ to.x - 3.06 with a 0.1V cut-off. 

Close examination of the first discharge reveals a plateau similar 

to the a + /3 phase transition in the crystalline MoS2 cells. This first 
& 

plateau in the high surface area MoS2 cell has a greater slope and 

higher voltage than low surface area MoS2 but the length of x - 1 is 
similar. The voltage profile for x > 1 is significantly different. 

Cycling studies, between 0.7 and 2.8V, to study the reversibility of 

these cells were still in progress at the time of this writing. The 

cycling datain Fig.31 shows some reversibility. The subsequent 

recharge and discharge voltage plateaus at.2.2V (Rl), and 1.85 and 1.2V 

- 
(D2) are simi!ar to crystalline MoS2 cycling in /3-phase. 

Without X-ray diffraction patterns it is not possible to predict 

the cycling mechanisms for high surface area MoS2. Data was however, 

obtained which correlated x in Li,MoS2 to the cell potential with 

7 5 
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Figure 29 Voltage versus intercalated lithium is plotted for a high 

surface area molybdenum disulfide experimental cell. First . 
discharge (Dl) to O.lV, first recharge (Rl) to 2.8V and 

second discharge (D2) to 0.7V. 

Constant current - 6/20 rate or 0.38mA. 
Cathode weight - 45mg. 

5 

Temperature - 21•‹C. 

Figure 30 Derivative plot for Figure 29. I(ax/aV)l, is plotted versus 

voltage, V for the first discharge and recharge and the 

second discharge. 

Figure 31 Capacity cycle '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. 







B 
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respect to lithium metal. This data may be useful when combined with 

the results of the 13c-~MR solvent reactivity study in the next section. 
7 

3.5.4 Gas Evolution Results 

a 

An experimental cell containing 1M LiAsF6/THF electrolyte between 

lithium and high surface area MoSz electrodes was prepared.. The cell 

was discharged at a C/10 rate or 0.67,A for 30 hours. The gas evolution 
Q 

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

discharge 1 to x-3 for LixMoS2 . ) 

Tetra ydrofuran does not produce gaseous decomposition products by '--I 
catalysis with LixMoS2 at room temperature. Any liquid, poiper or 

p solid decomposition products were not detectable in this experiment. . 



3.6 13c-~MR Results 

3.6.1 Introduction and Preliminary Results 

Static NMR samplgs were prepared to determine td what extent 
1 

tetrahydrofuran, THF would adsorb onto the surface of molybdenum 

disulfide powders. Line widths and signal-to-noise ratios ofthe 

adsorbed THF spectra were examined. These tests used large, static 

(12m O.D.) samples as they contained up to 10 times the number of moles 

0.f adsorbate as the Magic Angle spinning (MAS) (5mm 0 .  D. ) samples. . 

Various pre-treatments of HZ and/or O2 on MoSz were tested. Our results 

showed THF to adsorb to the MoS2 surface and provide a strong ' 3 ~ - ~ M R  - 
signal-to-noise ratio. 

An experiment to determine optimum cross polarization or contact 

times was then performed. Fig.32 shows the relative peak heights of the 

C1-C4 and C2-C3 carbons of THF versus the time of contact betweeh the 

I3C and lH spins. In an ideal situation an optimum contact time, t, is 

reached, after which the extra contact leads to the exponential decay of 

the I3C magnetization, Mc This decay is equal to exp(-t/Tl p )  where T1 \ is the rotating frame re1 xation time. From Fig.32, the optimum contact 
1 

time for ' H - I  c cross-polarization experiments on MoSZ/THF samples was 

found to be -2000pS. 

This ' 5- ' c cross -polarization experiment also provides 
information as to the nature of the solvent-surface interaction. The 



Figure  32 P l o t  of 1 3 c - ~ M . .  peak heights" v s  con t ac t  t imes f o r  t h e  

' sample of 5 .25 pnole/m2 of THF on Hz t r e a t e d  MoS2 . 

CP/s ta t i c  . 





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

polarization growth is nearly complete in only 200pS. 

3.6.2 .Sample Pretreatment 

Extensive 13c-t?MR experiments were performed on samples of 

Li,MoS2, where x-0,l and 3, with adsorbed THF. These samples were 

pretreated using different techniques. 

The surfaces* of the MoS2 (x-0) samples were carefully pretreated 

prior to THF adsorption. Two methods were used to prepare .the samples. 

The first used the reaction of H2 at 200-300•‹C to remove any oxide 

impurities, followed by a vacuum treatment at 200-300•‹C. The second 

preparation was similar to the first but also included the chemisorption 

/- 
1 

of oxygen at room temperature, followed by another vacuum trea-t. 
. . += 0 

This second method simulates the actua'l~room temperature reactions of 

MoSZ cathode powder with oxygen. The average amount of oxygen 
I 

chemisorbed to the MoS2 surface in these experiments was 3.13k0.55 X10-4 

Lithiated molybdenum disulfides were prepared in liquid ammonia 

and transferred to the NMR sample preparation apparatus (glass vacuum 

rack) under inert atmosphere. These samples were pretreated under 

vacuum to <I.XIO-~ torr at temperatures of ~200-250•‹C to remove co- 

intercalated ammonia. 

4 



The NMR tubes were 

powder and adsorption of 

\ sealed after pre-treatment of the Li,MoS2 

THF. These samples were thermally de'composed 

in 50•‹C increments from room temperature, RT to 500•‹C for 3 hours at 

each temperature. The samples were cooled to RT at which all NMR I 

measurements were taken. 
3 

3.6.3 C-NKR Techniques 1 

CP-MAS 13c-I?~~ measurements yere 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 angle 

at 1.8-2.2kHz; therefore in the low field of 1.4T used for these spectra 

no spinning sidebands were seen. Other NMR-techniques yere used at 
- 

certain temperatures to gain specific information not available through 
B 

cross -polarization. 

Cross-polarization experiments do not provide the whole picture as 

they discriminate in favour of static carbons which ar.e bonded to 

protons. Gaseous molecules and rapidly moving physisorbed species, such 

as rotating methyl groups, produce very small signals. Gaseous 

decomposition components were identified usin5 excitation of 13c with 

90" pulses with and without continuous decoupling of protons in a fiet3 

of 52 kHz. 

t 

The ' 3 ~ - ~  results are summarized in Tables I11 and IV on page 

82 and in Tables V and VI on page 92. 

8 1 
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/ Table I11 - MoS2/Hp/THF 13c-NMR Results 

Temperature 
- 

NMR Features 

THF 

THF, butanal (minor) 

butane, propane, aromatics, butanal (minor) 

butane, aromatics, butanal,(minor>, ethylene 
(minor) 

aromatics, butane, propane, ethylene 

aromatics, propane, butane, ethylene 

aromatics, ethylene 

aromatics, gases* 

aromatics, methane, C02 

Table IV - MoS2/HZ/02/THF l 3 c - ~ ~ L 2  Results 

Temperature 

THF 

THF, RCOOH, butanal (min0.r) 

aromatics, butanal, RCOOH 

aromatics, butanal, RCOOH, butane, ethylene 

aromatics, propane, butane, butanal (minor) 

aromatics, propane, ethane, C02 

aromatics, C02, methane, ethane, propane 

aromatics, gases* 

aromatics, C02, methane 

* Specific experiments for gases not done at these temperatures. 
8 2 



A thermal decomposition series from room temperature to 500•‹C was 

performed on a sample of MoS2, pretreated with H2, with adsorbed THF. 

C P - M A S - 1 3 ~ - ~ ~ ~  was used at each step and the spectra from MAS #5 are 

shown in ~ i ~ .  33 and 34. 

At room temperature, RT and 100•‹C, the spectra are consistent with 

liquid THF which has l3 C shifts of 68.0 and 26. Oppm for the C, -C4 and 

Cz-C3 carbons, respectively.(49) All chemical shifts are reported wrt 

TMS, calculated from a benzene standard run after each experiment. As 

the decomposition temperature is raised; the gize of the 68.0ppm peak 

decreases suggesting ring cleavage at the C-0 bonds. 

r 

At 150-250•‹C a small peak in the 190-200ppm range appears, 

consistent with either a ketone or an aldehyde. Using a 100pS delayed 

decoupling experiment on MAS #19, shown in Fig.35, this peak has a 

decreased intensity and is identified as an aldehyde. The peak does not 

completely disappear due to some degree of motion. This aldehyde is 

believed to be butanal due to the new peaks at 13-16 and 40ppm. Butanal 

has 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 



Figure 33, 34 3~ CP/MAS spectra of MAS #5: MoS2/Hz/THF thermal 

decomposition series. Temperature is designated on 

the right side of the spectra; decomposition period 

, was 3 hours. Spinning rate - 2kHz. Rep. rate - 5s- . 

5.44 pmoles 'I'ldF/m2 MoS2.. 







* 
Figure 35 Various Pulsing Sequence of MAS #19: MoS2/H2/THF. 

9 
- 250•‹C thermal decomposition. 2.93 pmoles THF/~* MoS2. 

E- 

All samples spun at 2kHz. 

9O/MAS : 90" pulse 13c-~MR with 'H decoupling. 

Rep. rate 7 1 s-I . 
4' 

* 1 

90/MAS/NoD: 90" pulse C-NMR without H decoupling. 

Rep. rate - 1 s- . 
C 

? 

CP/MAS : Cross-polarization with H decoupling. 

Rep. rate = 4s-I . Contacts = 262,739. 

CP/MAS/DD: Cross -polarization with lOOpS delayed H 

L 
decoupling. Rep. rate - 4s- . 

L. 

(The cross-polarization spectra have equivalent vertical 

scales. ) 





Figure 36 Various Pulsi~g Sequence of MAS #5: MoS2/H2/THF. 

500•‹C thermal dkornposition. 5.44 pmoles T H F / ~  MoS2. 

All samples spun at 2kHz. 

9O/MAS : 90" pulse 13c-NMR with '.H decoupling. 

Rep. rate = 1 s- ' . 

90/MAS/NoD : 90" pulse C-NMR without H decoupling . 

Rep. rate - 1 s- ' . 

CP/MAS : , Cross -polarization with ' H decoupling . 
iJp. fate - 5s- . Contacts : 231,480. . 

* . CP/MAS/DDi Cross-polarization with lOOpS delgyed 'H 

de+upling. Rep. rate - 5s-' . 
Contacts - 231,480. 

I 

(The cross-polarization spectra have equivalent vertical 

scales. ) 





aldehydic carbons gradually disappear as the decomposition temperature 

is raised to 450•‹C, while the aromatic/olefinic peak at 128-130ppm grows 

considerably to become the lone peak in these cross-polarization 

experiments. At 500•‹C a delayed decoupling CP- MAS-'^ C-NMR experiment 

was run on is shown in Fig.36. These'results show t 

directly bonded to protons. This resonance 'is 

r%g structures. 

Excitation of 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 at 500•‹C methane 

and C02 are seen. The gases found by NMR at 500•‹C were verified by 

- GC(MS experiments. 
< 

\ 

A thermal decomposition series from room temperature to 500" was 

performed on a sample of MoS2, pretreated with H2 and Q2, with adsorbed 

THF. CP-MAS-' C-NMR has used at each .step and the spectra' from MAS #6 

are shown. in Fig.37 and 38. 

As with MoSZ/Ht/THF, the peaks in the room temperature, RT and 

100•‹C spectra are adsorbed THF. Also similar is the appe-arance of an 

aldehydic/ketonic peak-at 150-250•‹C, however, the size of this peak at 



P 

Figure 37, 38 3 C  CP/MAS spectra of MAS # 6 :  MoS2/H2/02/THF thermal 

decomposition series. Temperature is designated on 

the right side of the spectra; decomposition period 

was 3 hours. Spinning rate - 2kHz. Rep. rate - 5s- . 
(" 

5.82 prnoles THF/~* MoS2. 







Figure 39 Various Pulsing Sequence of MAS #16: MoS2/HZ/O2/THF. 

250•‹C thermal decomposition. 6.03 pmoles T H F / ~ ~  M ~ S ~ .  

All samples spun at 2kHz. 

90/MAS : 90" pulse 1 3 ~ - ~ ~ ~  with 'H decoupling. 

Rep. rate - 1 s- . 
- 

90/MAS/NoD: 90" pulse 3 ~ - ~ ~ ~  without H decoupling. 

Rep. rate = 1 s- . 

CP/MAS : Cross-polarization with H decoupling. 

Rep. rate = 4s- . Contacts3 - 390,510. 

CP/MAS/DD: Cross -polarization with 100pS delayed H 

decoupling. Rep. rate - 4s- . 

Contacts - 390,510. 

(The cross-polarization spectra have equivalent vertical 

scales. ) 





Figure 40 Various Pulsing Sequence of MAS #6 : MoS2 /HZ /02 /THF. 

500•‹C thermal decomposition. 5.82 pmoles THF/~~ MoS2 . 

All samples sp& at 2kHz. PP" 

9O/MAS : 90" pulse 13c-NMR with 'H decoupling. 
4 

Rep. rate - 5 s- ' .' 
% 

BO/MAS/NoD : 90" pulse ' C-NMR without H decoupling . 

Rep. rate - 1 s- ' . 

Crass-polarization with ' H decoupling. 
Rep. rate = 5s- ' . Contacts -- 426,360. 

d 

, CP/MAS/DD: Cross-polarization with 100pS delayed ' H 
1 decoupling. Rep. rate - 5s- . 

Contacts - 426,360. 

(The cross-polarization spectra have equivalent vertical 

--. 1 . II scales.) - -  - 





, 

x. ' , * 
P 250•‹C is much greater in this MoS2/H2/02/THF sample. Delayed decoupling 

experiments on MAS #16 in Fig.39 show.this peak to be aldehydic 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 1one.peak as 

a 
t . = 

before. Delayed decoupling experiments at 500•‹C in Fig.40 show only 1/2 

of the carbons to be directly bonded to prdtons. 

. , 
0 4: 

TheGe appear to be two differences in the CP experiments between 

MoSZ/Hz /THE and MOS~/H~/$/THE .' Firstly, the oxygen treated sample has 
3 

, 
a larger butangl peak relative to the sp3 peaks in comparison to the 

hydrogen treated sample. Secondly; coincident with the aldehyde peaks 

at 150- 250•‹C are peaks 'at 173-175ppm which ark consistent with 

carboxylic acids or esters. The formation of an ester during THF 
f . , 

decomposition is not'probable. It is difficult @5a identify the exact 

acid'from the spectra, but two possible choices are ethanoic acid (21, 

177.2ppm) and butanoic acid (13.4, 18.5, 36.3, 179.6ppm).(50) 
-, 

Excitation of f 3 ~  with 90' pulses wils done at 250•‹C(Fig.39), 
. ' C 

i 
300•‹C, 350•‹, 400•‹C and 50O0C(Fig.40)., At 250•‹C the major gases are 

5 

tane and ethylene. Minor gases include propane and ethane. The q,. 
general trend from 250 + 500•‹C is butane + propane + ethane + methane 

- 
with combinations of gases in the intermediate temperature intervals. 

Ethylene and C02 resonances occur at similar frequencies but through 

nondecoupled proton experiments we found this peak due to ethylene below 

- - 350•‹C and due to C02 at 350•‹C or higher. At 500•‹C the two major gases 

are C02 and methane, which was confirmed by GC/MS experiments. 



Table V - LilMoS2/THF 13c-NMR Results 

Temperature 

RT - 200•‹C NKR Features 

butanal, butane, propane, ethanal (minor), 
methane (minor), THF(gas) (minor) 

butanal 

butanal, 12, 20, 3Cppm 

12, 20, 30ppm, aromatics (minor) 

methane, butane, ethylene 

methane, ethane, propane, butane 

Table VI - Li3MoSt/THF 13c-~MR Results 

Temperature NMR Features 
B 

THF 

THF, n-butanol (minor) 

THF, n-butanol (minor) 

butane, propane, 29, 32, 42, 44ppm 

sp3 carbons 

butane, propane, 2, 10, 20ppm 

"* No cross-polarization results at these temperatures. 



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

3.6.6 Li, MoS2 /THP 

A thermal decomposition series from room temperature to 400•‹C was 

perfomied on a sample of LilMoSZ with adsorbed THF. Due to the large 

initial amount of THF and subsequent gaseous decomposition, the sealed I 
le exploded during the 450•‹C decomposition. CP-MAS-~~C-NMR was 

used at each step and the spectra for MAS #13 are shown in Fig.41 and 

42. 

From the thermal decomposition series of LilMoSZ the first sign of 

THF decomposition is at 250•‹C, 100' higher than for MoSZ. The peaks 

present at 250•‹C are consistent with butanal, howeverp small 31 ppm 

peak could be due to the ethanal (31.2, 199.6ppm).(50) The aldehydic 

peak at 185ppm is verified using a delayed decoupling experiment and is 

shown in Fig.43. The size of the aldehyde peak decreases until 400•‹C 

- where it is not present, while a resonance at 30-31ppm 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 'could 

Excitation of with 90" pulses was done at 250•‹C(MAS #15 shok 

in Fig.43) and 500•‹C(MAS # 9) using MAS samples. A thermal 

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 2509C where,butane, propane and methane(minor) along with 



Figure 41 ,  4 2  13c CP/MAS spectra of MAS #13: Li, MoS2/THF thermal 

decomposition series. Temperature is designated on 
1 

the right side of the spectra; decomposition period 

was 3 hours. Spinning rate - 2kHz. Rep. rate = 4s- . 







Figure 43 Various Pulsing Sequence of MAS #15: LilHoS2/THF. 

250•‹C thermal decomposition. 6.32 pmoles T H F / ~ ~  LilMoSZ. 

All samples spun at 2kHz. 

9O/MAS : 90" pulse 13c-NMR with 'H decoupling. 

Rep. rate - 1 s- . 

90/MAS/NoD: 90" pulse 1 3 ~ - ~ ~ ~  without H decoupling. 

. Rep. rate-Is-'. 

CP/MAS : Cross-polarization with ' H decoupling. 
Rep. rate - 4s- ' . Contacts - 234,556. 

CP/MAS/DD: Cross -polarization with 100pS delayed H 

decoupling. Rep. rate - 4s- . 
Contacts = 234,556. 

(The cross-polarization spectra have equivalent vertical 

scales. ) 





residual THF are seen. At 350•‹C we obtained the 10, 21, 29ppm 

combination previously seen using cross-polarization. This molecule(s) 

therefore had some degree of freedom or some molecules must be in the i _ ,  

gas phase. This combination of.peaks overlap one another from 10- 

30ppm and any gases expected in this region may be hidden beneath. At 

450•‹C we see a large ethylene peak along with the C, to C4 alkanes, but 

using MAS #9 at 500•‹C we see only the C1 to C4 alkanes: methane, 

i 

ethane, propane and butane. 

A thermal decomposition series from room temperature to 350•‹C was 

performed on a sample of Li3MoS2 with adsorbed THF. This sample 

exploded during the 400qC decomposition. CP-MAs-~~c-NMR was used at 

each step and the spectra for MAS,#18 are shown in Fig.44 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, 19.4, 35.3 and 61.7ppm(50) and all of the peaks are present at 

150-200•‹C. It is believed that a butanol or lithium n-butoxide species 

is formed at this point.. At 250•‹C the spectrum has a saw tooth 

appearance. No THF or butanol/n-butoxide W c i e s  are present at this 

point due to the absence of 67 and Glppm peaks respectively. The peaks 

are due to sp3 bonded carbons but are not consistent with any 

hypothesized decomposition products. Thermal decomposition at 300-350•‹C 

produces more gaseous species shown by the decrease in signal-to-noise 

9 6 



Figure 44, 45 " c CP/MAS spectra of MAS Y 1 8 :  Li3MoSZ/THF thermal 

decomposition series. Temperature is designated on 

the right si& of the spectra; decomposition period 
C 

was 3 hours. Spinning rate - 2kHz. Rep. rate - 4s-I. 







Figure 46 Various Pulsing Sequence of MAS #18: Li3MoS2/THF. 

250•‹C thermal decomposition. 8.28 pmoles THF/~' Li3MpSZ . 

les spun at 2kHz. 

9O/MAS : 90" pulse f 3 ~ - ~  with 'H decoupling. 

Rep. rate - 4 s- . 
II 

1 

90/MAS/NoD: 90" pulse I3c-MR without 'H decoupling. 

Rep. rate - 1 s- . 

CP/MAS : Cross-polarization with H decoupling. 

Rep. rate - 4s-''. Contacts = 269,604. 

CP/MAS/DD: Cross-polarization with loops delayed H 

decoupling. Rep. rate = 4s- ' . 
Contacts = 269,604. 

(The cross-polarization spectra have equivalent vertical 

scales. ) 

0 





ratio of these cross-polarization experiments. 

Excitation of 13c with 90" pulses was done at 250•‹C(Fig.46) and 

350•‹C using the MAS #18 sample. A thermal decomposition series was done 
, 

using a larger, static sample #23 at ST, 150•‹C, 250•‹C, 350•‹C and 450•‹C. 

Gaseous decomposition products are first found at 250•‹C where butane, 
P 

propane and two unidentified peaks at 29 and 32ppm are seen. T H E  is no 

longer present at 250•‹C. Butane and propane 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 single.unidentified peak at 12 ppm is seen. 

3.6.8 Summary of 1 3 ~ - ~ ~ ~  Resul 3" 
b 

Using 1 3 n ~ - ~  measurements the decomposition of T H F  adsorbed on 

pre-treated Li,MoS2, where x=0,1 and 3, was observed. Elevated 

temperatures were used as no reactions occurred'at room temperature. 

P 

In general the MoS2 s'amples, where x-0, were more reactive at 

lower temperatures than the lithiated MoS2 samples. Decomposition of 

THF first occurred in the MoS2 samples at 150•‹C, while 250•‹C was the 

lowest temperature of decomposition for Li1MoS2. Minor decomposition of 

Li3MoS2 was found at 150•‹C. \ 

The pre-treatment of MoS2 with H2 or HI and O2 was found to affect 

the nature of the decomposition products of THFP The sample pre-treated 

with HZ alone had a smaller relative amount of aldehyde and C02 than the 



t O2 treated MoS2 sainp@. The O2 treated sample also shows 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 MoS2 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 C02. At the highest temperature, 500•‹C; methane and C02 . 
J 

were the only gases present. 

4 

The' large aromatic peak which is formed at higher temperatures in 

the MoS2 samples could not be further identified. Efforts to extract 

this compound were unsuccessful and described in section 3.7.3. 

4 

The least reactive of all Li,MoS2 samples was x-1. This sample 

did react at 250•‹C, however to form an aldehyde, possibly butanal and/or 

ethanal, butane and propane similar to the MoS2 samples. At 500•‹C 

methane, ethane, propane and butane were all present while C02 was - 
absent. The absence of C02 may be explained by the presence of the 

oxygen scavenger lithium, forming lithium oxide or carbonate. Obviously ' 

LilMoS2 is less reactive than MoS2 as the gases have not completely 

decomposed to methane. This decrease in reactivity in comparison to ', 
MoSZ may be due to a change in Mo coordination induced by lithium 

intercalation. 



I 
Different decomposition products were observed as the lithium 

content of Li,MoS2 was increased to x-3. n-Butanol was observed as the 6 

major non-gaseous product while no aldehydes were seen. Li3MoS2 is a 

stronger reducing agent than LilMoS2 or MoS2 and therefore the reduction 

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

The decomposition products of the lifihiated MoS2 samples were more - C 

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 reactions ~f THF with lithium, Koch 

found using preparative GLC, infrared analysis and proton NMR, the major 

decomposition product to be n-butanol.(l) Koch also implicated the 

formation of lithium n-butoxide, the enolate anion of acetaldehyde and 
h C 

ethylene as intermediates in the decomposigion of THF with lithium. 

\ These products and the mechanisms of their formation, although 

simplistic considering the number of decomposition products observed in 

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



3.7 Miscellaneous Experiments 

3.7.1 Thermal Decomposition of Tetrahydrofuran. 

The thermal decomposition of tetrahydrofuran was first studied by 

Klute and Walters in 1946.(51) THF was decomposed at pressures of 50- 

300torr and temperatures of 529-569•‹C. At the lower percentage of 

decomposition they found the chief products were 6thylerne, CO, methane, 

with smaller amounts of higher unsaturated compounds, Hz and ethane. 

Near completion of deco~position, they found the percentage of 

unsaturated compounds to decrease and' the percentage of saturated 

hydrocarbons and CO to increase. They also indicated the following 

decomposition mechanism: 

Eq. 24 

In our NMR experiments decomposition products of adsorbed THF were 

found as low as 150•‹C. THF was completely decomposed in all Li,MoSz 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 WAS 

catalytically controlled by Li,MoS2. Five mls of THF was heated to 

250•‹C for 3 hours in an evacuated 40ml stainless steel reaction vessel. 

No gaseous decomposition products were found using GC/MS. No liquid 

102 



decomposition prbducts were detected using 4OO.l3MHz ' 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. 

C- 

3.7.2 M O S ~  / H ~  /' co NHR Sample 
@ 

A MAS NMR sainple (#17) was prepared with high surface area MoS2, 

pretreated with H2, 'followed by adsorption of l3c0(~s~ Isotopes). 

~xcitat'ion of 13c with 90" puls ? s with 'H decouplihg was performed on 

this sample w-th a spinning rate of 2520k50Hz and a repetition rate of 
- 

a - 

Is-' .I A peak at 203 ppm with ampeak width at half-height of 440Hz and 

two spinning side bands with 10 and 18% intensity of the main peak at 

k2520Hz were observed. 

/ 

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 resonance at 182ppm(50), however this shift 

may change after chemisorption 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 MoS2 has a shift of -200ppm. 

3.7.3 solvent Extraction of Aromatic Species 

ia 

Removal of the decomposition products from the MoS2 surfaces of 

two thermal decompos it ion-samples using solvent extraction was 

attempted. The powders from MoS2/H2/THF (MAS #5) and MoS2/H2/02/THF 



(MAS #6) were used. Solvents and powders were exposed only to dr$ room 

air with a relative humidity of <I%: Two m f s  of D6.-acetom(MSD 

Isotopes) was used to extract the aromatic rings and H20 from =0.3g of 
v 

each powder. After 48 hours, including 30 min. of ultrasonic vibration, 8 

the powders were filtered and the filtrates were saved. A blank sample 
I 

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

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

The filtrates were then run on a 400.13M.H~ 'H-NMR spectrometer. L 

The 'H-NMR runs we#e also repeated with D20 added to confirm the 

presence of H2 0 peaks. 

A doublet H20 peak was h e n  in the blank D6-acetone ' H-NMR 
spectrum whereas singlet H20 peaks were seen in the sample 'H-NMR 

spectra. The ratios of ~~0:acetone were greater for the blank (0.87:l) 

than for MoS2 /Hz /THF (0.32 : 1) or MoS2 /H2 /02 /THF (0.54 : 1) . The doublet 

peaks in the blank suggest recent introduction of H20, possibly from the 

NMR tube. The singlet peaks suggest mixing of acetone deuterium atoms 

with H20 protons for some time. Thus H20 may have been extracted from' 

the powder. 

No peaks originating from the samples were seen in the 7-8 ppm 

region, where one would expect to see aromatic protons from benzene or 

otfier aromatic multi-ring compounds. A sample was prepared using 0.343g 
L 

of MoS2, pretreated at 200•‹C with H2, followed by room temperature 

adsorption of 22pmoles of benzene. D6-Acetone was used to'extract 



bbnzene molecules adhered to the surface of the powder. The IH-NMR 

spectrum of this sample had a strong proton resonance at 7.23ppm 

* oharacteristic of benzene. The species in the CP-MAS 1 3 ~ - ~ ~ ~  spectra of 

the 500•‹C thermally decomposed samples appear to be aromatic but may be 

fused or chemisorbed to the MoS2 surface and therefore not extractable. 

./- 

3 . 7 . 4  CP MAS I 3 ~ -NMR Spectrum of Cathode Material 

A MAS NMR sample (#21) was prepared using high surface area 
i 

LixMoS2 cathode material from experimental cells. Cross-polarization 

C-NMR was performed on this NMR sample. 

Three experimental cells, using MoS2 and lithium as electrodes in 

a 1M LiAsF6/THF electrolyte solution, were discharged to x values of 

3 .O, 3.8 and 2.8 for LixMoS2 . These cells were dissassembled 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. 
\ 

The observed CP 13C-NMR spectrum had two peaks at 26.7 and 69.6ppm 

consistent with THF. No impurities or decomposition products were seen 

in this spectrum. 



3.7 .5  THF Solvent Decomposition i n  an L ~ / L ~ , M O S ~  Cel l  

An experimental c e l l  using MoSz (held i n  place with n icke l  exmet 

screen) and l i th ium e l e c t r o d e s ( a r e a - 1 . 5 4 ~ 2  ) separated by -0.8cm and a 

l a r g e r  e l e c t r o l y t e  volume(=1.5ml) than i n  previous c e l l s  was assembled. 
-\, 

1 M  LiAsF6/THF was hsed f o r  an e l e c t r o l y t e .  The i n i t i a l  p o t e n t i a l  of 

t h i s  c e l l  was 3.66V with respect  t o  a l i thium reference e lec t rode .  
* 

This c e l l  was potent ios ta ted  a t  2 . O V  overnight and l a t e r  a t  0.1V 

f o r  9 days. After the po ten t i a l  of 0.1V was achieved, a r e s idua l  

cur rent  of -0.013mA was observed f o r  9 days. 

f l  
Idea l ly  the t o t a l  number of coulombs should have been datalogged 

L. 

t o  d e t e p i n e  i f  the number of coulombs necessary f o r  l i th ium 

i n t e r c a l a t i o n  t o  Li3MoSZ was surpassed, thus assuming the e x t r a  coulombs 

a r e  involved i n  solvent  decomposition. Pr ior  t o  the r e s idua l  cur rent  of 

=0.013mA, the cur rents  were approx. two orders of magnitude higher 

4 -  

during the i n i t i a l  i n t e r c a l a t i o n .  These i n i t i a l  cur rents  a r e  assumed t o  

be equivalent t o  o r  grea ter  than ' the  ca lcu la ted  value of 1 1 2 . 2  coulombs 

needed t o  i n t e r c a l a t e  0.062g of MoS2 t o  x-3. The charge of ~ 1 0 . 1  

coulombs from the res idual  cur rent  over 9 days is  therefore  assumed t o  
b 

be due t o  solvent  decomposition. 



The electrolyte was removed from the cell, put through a 1.0pm 

filter and analyzed using a 400.13MHz 'H-NMR spectrometer. A blank 

containing repurified, filtered THF,was run for comparison. Both 

spec;ra have v6ry strong THE proton sighals. No o'ther 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 ' C-NMR study with Li/Li,MoS2 
electrochemical cells. The results from this experiment are not 

conclusive as the total coulombs passed was not datalogged 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 solvent decomposition in a 

- t 

Li/Li,MoS2 cell. 



4 . 0  Conc lus ions 

Initially the goal of this research was to find a new technique 
3 .  

for observing cathodic solver@ decomposition in lithium batteries, 

d 
primarily the ~olicel . Solid State MAS-'~C NMR, wa$ chosen due to its 

' strengths which have been observed in the study of surface catalysis 

reactions. With this technique one could observe solvent decomposition 

on the surface of LixMoS2 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 easiJy carried out in the gas phase. Its . 

excellent low temperature properties make tetrahydrofuran an important 

lithium battery solvent. 
b 

Typical molybdenum disulfide unfortunately did not meet the 

necessary requirements due to its low surface area. Great effort 

therefore, went into the syntheses of lithiated and non-lithiated high 

surface area MoS2. Poorly crystalline LixMoS2 materials, which 

maximized THF adsorption for this NMR study, were prepared. 



Striking observations were revealed by electrochemical cells made 

with both types of MoSZ cathode powder. The low surface area MoS2 
P 

underwent sharp phase transitions to new crystal structures during the 
1. 

* intercalation of lithium. High surface area or poorly crystalline MoS2 
\ 

has very little long-range ordering as seen by the {absence of s h a r ~  

voltage plateaus during discharge. Poorly crystalline MoS2, however 

reversibly intercalates' a greater fraction of lithium than its 

crystalline counterpart, resulting in higher capacity during cycling. 

No decomposition products were found for any sample at room 

temperature, therefore the variation of x in Li,MoS2 samples could not 

be used to determine a solvent reduction' potential for*THF. 
/ 

Decomposition was observed at elevated temperatures. 

MoS2 was found to be more 

decomposition than Li, MoS2 , due ! .  

induced by lithiation. MoS2 is 

lithiation. A trend of greater 

reactive with regard to THF 

possibly to structural differences 
e 

obviously catalytically active prior to 

catalytic activity with increasing 

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

products however, in Li,MoS2. 



IP8 
IPlO 

IPll 
IIP68 
ZIP82 
IPl8A 
IP18B 
IP26 
IP28 
IP36 
IP39 
IP45 
IP50 
IP51 
IP58 
IP62 
CP62 
[P62 
[P62 
[P62 
[P66 
[P67 
[ P6 8 
[P73 
:P84 
:P92 
:PI20 
:PI36 
:PI48 
:PI61 

PI66 
IP34 
PI68 
PI76 
IP33 
I P9 3 
PI69 
PI73 
P177 
P184 
IP16 
IP29 . 
IP35 
IP36 

Sample 
Type 

Mo S2 
MoS, 

MoS, 
MoS, 
MoS, 
MoS, 
MoS, 
Mo S2 
MoS, 
MoS, 
MoS, 
MoS, 
MoS3 
Mo S2 
MoSZ 
Mo S, 

11 

I t  

I1 

I t  

MoS, 
MoS, 
MoS2 
MoS, 
MoS, 
Mo S2 
MoS, 
Mo S, 
MoS, 
MoS, 

MoS, 
MoS, 
ATTM 
ATTM 
ATTM 
ATTM 
MoS3 
MoS3 
MoS, 
MoS3 
MoS3 
MoS3 
MoS, 
MbS, 

APPENDIX 1 - Li,MoS2 Synthesis g 

Preparation 
Method 

MoC15 +[(CH3)3C]2! 
MoC1, +LiHS (autho~ 
Li, MoS2 Exfol i t io~ 2 

Surf 
area 
m2 /g 

<5 
<5 

< 1 

1. E 
20.: 
32.: 
49.; 
12.5 

7.2 
44.7 
44.4 
30.6 
7.1 

40.6 
25.9 
10.4 

21.1 
13.2 

61.6 
:10 
74.4 
13.3 
4j.4 
47.5 
41.9 
42.6 

Dens 
g/ml 

Notes 

Yield==44% ; Xray+Li2 1 
V. fine particles 

31% Yield 
DI H20 Stirring 
DI H20 Ultrasonic 
.06M ~~1(2x~+exces! 
.06M HNO, ( 11 

11 

.5M HNO~ (2x~+exces: 
450" ; lhAr ; lh5%H2/Ai 

300" ;lhAr 
300" ; lhAr ; lh5%H2/Ai 

500" ; lh5%H2Ar 
300"lhAr;350"lh5%H~ 
above + 2h5%H2/Ar 
above + 2h5%H2/Ar 
above + 2h5%H2/Ar 
above + 2h5%H2/Ar 
300"1hAr;350"1hNH3 

350" 22h5%H2/Ar 
350•‹48h5%H2/Ar 
350" 2h5%H2 /Ar 

350•‹1hAr; lh5%H2/Ar 
I1 

h5ed 100" under Ar 
hied 100" vacuum 

I1 



IIP46 
IIP51 
IIP59 
IIP8l 
1f ~ 8 3  
IIP94A 
IIP94B 
IIPlOO 
IIPlOl 
IIP105 
IIP109 
IIP175 
IIP192 
IIIPl 
IIIP2 
IIIP3 
IIIP47 
IIIP5 
IIIP62 
IIIP93 
IIPlll 
IIP114 
IIP123 
IIP131 
IIP134 
IIP139 

IIP143 
IIP161 
IIP176 
IIP183 
IIP191 
IIIP28 
IIIP30 
IIIP33 
IIIP42 
IIIP63 
IIIP69 
IIIP70 
IIIP76 
IIIP97 
IIIPlO 

APPENDIX 1 - Li,MoS2 Synthesis (cont'd) 

Preparation 
Method 

2.D.of ATTM(Author 
I t  

r . R .  of MoS3 (IIP94) 
(IPlOO) 

" (IIPlOO) 
" (IIPlOO) 
" (IIPlOO) 
" (IIP101) 

lens. 
:/ml 

1.57 
1.05 
1.53 
1.38 
1.50 
1.29 

0.62 
0.79 
0.80 
0.61 
0.72 
1.33 

1.43 
1.88 
1.90 
2.08 
1.99 
2.13 

19 
0.90 
2.10 
1.33 
1.33 
2.21 

Jotes 



Sample 
# 

APPENDIX 1 - LixMoS2 Synthesis (cont'd) 

Sample 
Trp e 

Li, MoS, 
Li, MoS, 
Li, MoSZ 
Li, MoS, 
Lil MoS, 
Li, MoS, 
Li, MoS, 
Li, MoS, 
Li, MoS, 
Li, MoSz 

Preparation 
Method 

Li, (BZPH) /THF 
2.5M nBuLi/nhexane 
.25M nBuLi/nhexane 
2.5M nBuLi/nhexane 
.25M nBuLi/nhexane 

I t  

n 

11 

Surf. 
area 
m2 /g 

Notes Dens. 
g/ml 

1.18 
1.08 
0.87 

Lith. nqt complete 
Heat evolved 
V.little heat 

1nit. ~.~.-40.6m,/~ 
n 

S/Mo 

UsedcMoS, , not tMoS, 
n 

Sample exposed:~ir 
x-1.05(Dionex) 

x-1.02?.03(Dionex) 
x-3.19(2X by Dionex 



APPENDIX 2 - X-ray Diffraction 
Results -for (NH4 )2MoS4 

Miller 
Indices 

Calculated 
Angle (28) 

Experimental 
Angle (20) 



APPENDIX- 2 - $-ray Diffraction 
Results for (NH4 )2M~S4 (cont' d) 

Miller 
Indices 

Calculated 
Angle (28) 

Experimental 
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