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Molybdenum oxysulfides, MoO,S,, obtained by thermal decomposition of (NH,):MoO;Ss,
have been identified as Li insertion positive electrodes for rechargeable Li batteries. The
compositions of the oxysulfides and their discharge capacity and rechargeability in Li cells were
influenced by the temperature at which they were formed from (NH)2Mo0Q;S;. Thermolysis
of the latter in the 200-380 °C range appeared to occur by a solid-state polymerization reaction,
wherein the MoQ, S, formed at different temperatures can be viewed as polymers with different
chain lengths. MoO.S, prepared at 200, 300, and 380 °C and in a two-step 200/380 °C thermolysis,
respectively, exhibited first discharge capacity, in Li cells, equivalent to the incorporation of
2.70, 2.80, 1.90, and 1.30 Li per molybdenum. These capacities translated into quasi-theoretical
specific energies from 290 to 685 W h/kg for the Li cells. A fraction of the capacity in the first
discharge of Li/Mo0.S, cells was irreversible, and it is largely attributed to a phase change
accompanying Li insertion into the material. MoO,S, obtained by the decomposition of an
intimate 1:1 mixture of (NH)sMoQ, and (NH,):MoS, at 380 °C exhibited electrochemical behavior
reminiscent of the Mo—oxysulfide obtained by decomposition of (NH4):Mo0QO,S; at the same

temperature.

Introduction

Transition-metal chalcogenides have been widely in-
vestigated as cathodes for ambient temperature recharge-
able Li batteries.!2 Prominent examples include TiS;,
NbSes, and MoS, which undergo solid-state topochemical
(insertion) reactions with Li. The cathode discharge
reaction of these Li batteries involves a double injection
of Li* and electrons into the vacant crystallographiclattice
sites and the conduction bands, respectively, of the
chalcogenide hosts. The reverse processes take place
during recharge of the battery. AA-size Li cells based on
these three chalcogenide cathodes represent early attempts
to commercialize secondary Libatteries.? These potential
energy sources for a variety of consumer equipment are
characterized by specific energies of 60 to 130 W h/kg and
energy densities of 150-300 W h/L. The constantly
evolving transportation, portable communication, and
computer technologies, however, are demanding more and
more energy dense batteries, and as a result, the search
for new and imporved positive electrode (cathode) ma-
terials continues. In this regard, molybdenum chalco-
genides have received a great deal of attention. They
include the Chevrel phases of general formula M,Mo¢Xs
(M = metallic element, X = chalcogen),* amorphous
MoS3,1:5¢ Mo;S5,6 and MoSe;S.78 This paper reports the
results of an extension of this search for improved cathode
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materials to a previously unexplored class of molybdenum
compounds, namely molybdenum oxysulfides. A prelim-
inary communication on the electrochemistry of these
materials has appeared.’ Inthis paper we present a more
detailed account of the mechanism of formation of Mo
oxysulfides from ammonium dithiomolybdate ((NHg)s-
Mo0:S,) along with their electrochemistry in Li cells. We
have also found that a molybdenum oxysulfide obtained
from the thermal decomposition of an intimate, equimolar,
mixture of (NHy)2MoO, and (NH4)sMoS,, in the solid-
state, showed electrochemical behavior similar to that
obtained from (NH,)sMo00O:S; at the same temperature.
It is also important to note that the chemistry and
electrochemistry of molybdenum sulfides and oxysulfides
are important in chemical catalysis,!° particularly the
dehydrosulfurization process.

Experimental Procedures

All experiments were carried out in the absence of air and
moisture either in a Vacuum Atmospheres Corporation argon-
filled drybox or using standard techniques employed in the
manipulation of air-sensitive compounds.l!

Ammonium paramolybdate (NH)¢Mo0;04:-4H:0, Fisher), con-
centrated ammonjum hydroxide (NHj(ag), Fisher), and hydrogen
sulfide (H;S, Matheson) were reagent grade, and used as-received.
Propylene carbonate (PC) obtained from Burdick & Jackson was
dried over 4-A molecular sieves and distilled under a reduced
pressure of 1 mmHg. Lithium perchlorate (LiClO,, Alfa) was
dried under vacuum at 110 °C. Tetrahydrofuran (THF),
2-methyltetrahydrofuran (2-MeTHF), and 2-methylfuran (2-
MePF), all obtained from Aldrich, were distilled from calcium
hydride under argon. Lithium hexafluoroarsenate (LiAsFs,
Lithco) was used as-received.
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Characterization of Materials. Physical characterization
of the precursors and decomposition products involved X-ray
diffraction analysis with a Rigaku diffractometer, thermogravi-
metric analysis (TGA) with a Perkin-Elmer DSC/T'GA 7 analyzer,
Fourier transform infrared spectroscopic analysis (FTIR) with
an IBM System 9000 FTIR spectrometry, UV-visible spectros-
copy with a Cary 14 spectrophotometer, elemental analysis
(Galbraith Laboratories, Knozville, TN), and electron spectros-
copy for chemical analysis (ESCA) by Perkin-Elmer Physical
Electronics Laboratory, Eden Prairie, MN.

Preparation of (NH,),Mo0S,. Ammonium tetrathiomolyb-
date was prepared as described before!2 by bubbling H,S through
60 g of ammonium paramolybdate [(NH,)sMo07024+4H;0] dis-
solved in 300 mL of concentrated NHg(aq), at room temperature.
A yellow solid (ammonium dithiomolybdate) formed in the
reaction vessel redissolved with continued passing of H,S and,
subsequently, an orange solid precipitated out. This precipitate
was filtered, washed with cold NHs(aq) and dried in vacuum.

Preparation of (NH,),M00,S;. Ammonium dithiomolyb-
date was prepared using the same procedure as described above
except that the yellow precipitate which was first formed upon
bubbling H>S was collected. It was washed with NHj(aq) that
had been cooled to 0 °C and dried in vacuum. It exhibited an
X-ray powder diffraction pattern identical that reported in the
literature.’®* Elemental analysis: caled N 12.3%, H 3.6%, Mo
42.9%,014.0%, S 28.1%; found N 11.4%, H 3.3%, M0 42.3%,
0172%,S 25.6%.

The filtrate after the removal of (NH)2Mo0Q:S; was cooled to
0 °C to obtain a second batch of the thiomolybdate. When the
remaining filtrate was dried under vacuum, another batch of
orange-yellow crystals was obtained which was identified to be
mostly (NH,);:MoOsS with small amounts of (NH,):MoS, and
(NH,)2:Mo00;:S;. Elemental analysis for (NH):Mo0O3S: caled N
13.2%, H 3.8%, Mo 46.3%, 0 22.6%, S 16.1%; found N 8.7%,
H 2.7%, Mo 47.9%, 0 22.1%, S 15.0%. These three materials
can be distinguished in a mixture from their characteristic
absorptions in the UV-visible range.!¢

Preparation of Molybdenum Oxysulfides. A weighed
amount of (NH,):Mo0Q;S,, contained in a quartz boat, was heated
in an atmosphere of flowing argon at a temperature selected
from the range 200-380 °C. The mixture was heated for 3 h at
the selected temperature during which time a constant weight
was achieved. The compositions of the materials prepared from
the different heat treatments are discussed in the Results and
Discussion.

A molybdenum oxysulfide was also prepared from a mixture
of NH):MoS, and (NH)sM0;024-4H;0 taken in 1:1 mole ratio
by the metal. The mixture was first prepared by mixing solutions
of (NHy:MoS, and (NH,)¢Mo702, in NH3(aq), evaporating to
dryness, then decomposing the solid residue at 300 °C.

Electrochemical Evaluation of Oxysulfides. Electro-
chemistry of the oxysulfides as it relates to their use as cathodes
in secondary Li cells was performed using procedures developed
in this laboratory and described elsewhere.”#

Alaboratory Li test cell consisted of a cathode of the oxysulfide
flanked on either side by a Li foil anode, the two electrodes being
separated by a porous Celgard polypropylene separator. The
cathode, measuring 2.5 cm X 4 cm X 0.06 cm was prepared from
a mixture of 60 wt % of the oxysulfide, 30 wt % Shawinigan
acetylene black carbon, and 10 wt % Teflon. This mixture was
suspended in cyclohexane and then pasted on an expanded metal
screen which served as the current collector. The carbon was
used in the cathode for providing electronic conductivity to the
electrode, and Teflon served as the binder. Theelectrode package
was housed in a stainless steel D-cell can and the cell was filled
with electrolyte and hermetically sealed by Tig welding. Two
electrolyte solutions were used: (i) LiAsFs (1.5 M) dissolved in
a mixture of tetrahydrofuran, 2-methyltetrahydrofuran, and
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Table I. Weight Loss vs Temperature for Selected Points
on the (NH,):M00:S; TGA Curve

temp (°C) % wt loss temp (°C) % wt loss
190 16.9 439 23.5
320 21.3 550 31.8

2-methylfuran (48:48:4 percent by volume),’s (ii) LiCl04 (1 M)
dissolved in propylene carbonate (PC). The latter solution was
used when it was necessary to discharge the cell to potentials
below 1.6V versus Li*, since the first electrolyte undergoes
reduction at such low potentials.

The cells were discharged and charged using either a stepped-
potential cycling technique® or galvanostatically. The former
allowed precise determination of the Li insertion capacity of the
oxysulfide cathode material over a given potential range in which
the stepped-potential technique involves a computer controlled
potentiostatic sweep of the desired potential range. The potential
of the cathode is changed by a selected step value (dV), and the
resulting current is allowed to decay until it reaches a prede-
termined cutoff limit. This limit is usually a low current (e.g.,
10 uA), in effect allowing a close approximation of the equilibrium
potential. At this point the next potential step is made, with the
capacity at each potential step (differential capacity, dQ)
determined by integration of the current-time curve. A graph
of the individual step capacities (dQ/dV) as a function of the cell
potential (V) is useful to detect phase transitions in the cathode
material. For this, the data from discharge and charge are
combined and plotted in a manner similar to a cyclic voltam-
mogram (CV). If the reaction occurs at a single potential step,
a sharp peak will be observed in the dQ/dV vs V curve, whereas
a broad current peak will be obtained if the reaction occurs over
a wide potential range. The results are also plotted as potential
versus capacity, similar to those obtained from galvanostatic
cycling. The galvanostatic technique was used for the long-term
discharge/charge cycling of Li cells. The current density usually
was 0.5 mA/cm? and the potential limits for each charge and
discharge are given in the relevant figures.

Li Insertion Capacity of Oxysulfides. Lithium insertion
capacity of the oxysulfides was determined via the n-butyllithium
(n-BuL.i) technique.!® Typically 0.5 g of the oxysulfide was stirred
with a large excess of n-BuLi in hexane. After contact for about
1 week, the solid was filtered. The filtrate was hydrolyzed with
H,0 and titrated against a standard solution of HCI to determine
the amount of unreacted n-BuLi. The difference provided the
amount of n-BuLi reacted/mol of the oxysulfide.

Results and Discussion

Mechanism of Formation and Compositions of
Molybdenum Oxysulfides. It is well established!4 that
the thiomolybdates, (NH4)sMoO3S, (NH4):MoO:S,, (NHY)-
Mo0S;3, and (NH4):MoS, are formed when H2S is bubbled
through an ammoniacal solution of ammonium paramo-
lybdate (which in aqueous solutions can be represented as
(NH,):Mo00,)). Thesolutions of the thiomolybdate exhibit
characteristic UV-visible absorption peaks: (NH):Mo03S
at 288 and 392 nm; (NH,)MoO,S; at 288, 319, and 394 nm;
(NH4):Mo0OS;at 243,270,319, 392, and 460 nm and (NHy)»-
MoS,at241,316,and 463 nm. We have found that (NH,)»-
Mo0OsS, (NH4)sMo00,Ss, and (NH4)>2MoS4 can be isolated
as pure materials. The X-ray diffraction pattern of (NH;)-
MoO:S; agreed very well with that reported in the
literature,!? and the absence of lines due to any other
materials indicated that impurities, including the other
thiomolybdates, were less than 5 wt %. The thermal
decomposition of the thiomolybdates is believed to yield
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Figure 1. TGA curves of (NH4):MoS, and (NH,):Mo00:S. The
heating rate was 5 °C/min.

Mo0sS, MoOS;, and MoS3%1417 per eqs 1-3.

(NH,),M00,S — 2NH, + H,0 + M00,S (1)
A

(NH,),M00,S, —~ 2NH, + H,0 + Mo0S,  (2)
A

(NH,),MoS, — 2NH, + H,S + MoS, 3)
A

The formation of Mo0O:S and MoOS; in the reactions
of eqs 1 and 2, instead of MoO3, and Mo0O5S, respectively,
is sound on thermodynamic grounds since the evolution
of H20 is more exothermic than that of HoS. On the other
hand, a careful examination of the structure and properties
of the decomposition products of (NH;)eMoQO:S: indicates
that the thiomolybdate decomposition is temperature
dependent and results in a variety of oxysulfides with
nonstoichiometric compositions and unique electrochem-
ical properties. As we show below, at least at higher tem-
peratures (viz. ~380 °C), the decomposition of (NH;)e-
Mo0Q:S; appears to lead to the evolution of both H,S and
H;0. We have examined the thermal decomposition of
(NH,4)2Mo0OsS also, albeit briefly.® The theoretical ele-
mental composition of (NH;)2MoO3S is 13.2% N, 3.8%
H, 45.3 Mo, 22.6% 0O, 15.1% S. The material which we
prepared had the composition 8.7% N, 2.7% H, 47.9%
Mo, 22.1% O, and 15.0% S; decomposition at 300 °C
yielded a product with the elemental composition of 58.5%
Mo, 16.7% 0O, 18.7% S, which corresponds to a nominal
stoichiometry of MoQO,S.

The thermograms illustrating the decompositions of
(NH4)2MoS; and (NH4)2MoQ:S; are presented in Figure
1. The weight losses of 24.4% and 37.5% for (NH4):MoS,
at 300 and 500 °C, respectively, are in good agreement
with the reactions represented by egs 3 and 4. On the

MoS, N MoS, + S 4)

other hand, the compositions of the thermolysis products
of (NH4)2Mo0Q:S, are more temperature sensitive. The
weight losses at four different temperatures are tabulated
in Table I. The theoretical weight loss for reaction 2 is
22.8%, while that for the formation of MoS; from the
combined reactions of eqs 2 and 5 is 29.8%. It appears
from the data in Table I that the weight loss at ~300 °C

(17) Prasad, T. P.; Diemann, E.; Miiller, A. J. Inorg. Nucl. Chem.
1973, 35, 1895.
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Figure 2. FTIR spectrum of (NH4):2Mo00Q,S..
1
MoOS, — MoS, + /,0, (5)

is close to that expected for the formation of MoOSs. Our
structural and electrochemical results discussed below,
however, suggest that the compositions of the decompo-
sition products of (NH;):Mo00:S,, isolated at different
temperatures are more complex than those given by eqs
2 and 5.

In a series of experiments (NH4):Mo00:S; was decom-
posed at 200, 300, 380 °C, and in a two-step thermolysis
in which a first heating at 200 °C was followed by a second
heating at 380 °C. Dark-gray solids, insoluble in organic
solvents such as propylene carbonate and tetrahydrofuran,
were obtained. All of the materials were amorphoussolids,
and consequently little information regarding their struc-
tures could be gathered from X-ray diffraction analysis.
They behaved as reversible cathodes in secondary Li cells
(vide infra) with their electrochemical behavior showing
a dependence on the temperature at which they were
formed. The cell potential versus capacity curves obtained
for Li cells (vide infra) revealed that all of the oxysulfides,
most probably, were single-phase materials. We have
made an attempt to elucidate the compositions and
structures of the oxysulfide from elemental analysis (Table
II), and from both IR (Figures 2 and 3) and ESCA (Table
ITI) spectral data. Elemental analysis was also obtained
for the product of the decomposition of (NH;):MoS; at
300 °C and it, as expected, was found to be MoSs.

The decomposition of (NH4)2MoQ2S; at 200 °C yields
a material with a composition of MoOS; but contains a
significant amount of N and H which decreases as the
decomposition temperature is raised. If the heating is
carried out at 380 °C the stoichiometry of the product is
closer to MoO, 53,5 than MoOS,. It has been suggested
previously!” that over the temperature range 380-430 °C,
Mo0OS; decomposes to form amorphous MoS; and oxygen.
Our results seem to suggest that an oxysulfide is formed
at temperatures as high as 380 °C. It appeared from a
number of decomposition experiments that if the highest
temperature is 300 °C or less for the first 3 h of the
thermolysis, the product has a composition approaching
MoOS;. Infrared spectra of (NH4):Mo00:S: and its de-
composition products are presented in Figures 2 and 3,
respectively. The sharp, clearly defined peaks at 835 and
800 cm™! in Figure 2 have been assigned to the Mo-0
stretches of the MoONH;, linkages, in accordance with
structure 1. For the material prepared at 200 °C, astrong,
sharp band at 939 em™! is observed along with a broad
band at ~780-800 cm~!. Asthe thermolysis temperature
israised, the relative intensity of the sharp band decreases
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Table II. Apparent Stoichiometry of Mo Oxysulfides
Determined from Elemental Analysis

decomposition apparent
precursor temp (°C) stoichiometry of product
(NH,)2Mo0:S; 200 No.4H19M001.0S30
(NH4)2M00282 200-380 No,zMOOl,lsl,s
(NH,)2Mo00,S, 300 No.1Ho7M001.3817
(NH,):Mo00,S; 380 No.0aH0.sM001,5816
(NH,)2:MoS4 300 MoSsp
Table III, ESCA Results
S Mob
(2pyy2) (3ds;2)
binding binding
sample material description energy (eV) energy (eV)
1 (NH):Mo0,S, 162.1 230.2
2 200 °C dec of (NH,):Mo0:S; 162.4 230.3
3 200-380 °C dec of (NH();Mo00,.S, 162.5, 163.3 229.4

4 300 °C dec of (NH,):M00.S, 162.7 (broad)? 230.3
5 380 °C dec of (NH,)sMoO.S, 162.6, 163.8 229.8

¢ The total width of this peak is the same as the combined widths
of the peaks in sample 5. ® All are doublets.
NH4O ~ A S
_ Mo§
NH,0 S

I

and it practically disappears at 380 °C. The broad peak
at 780-800 cm-! remains in the materials prepared in a
single step at temperatures <300 °C. In the material
prepared in a single step at 380 °C this band is very weak
and broad. Zhuang et al.18 attributed broadening of this
type observed in molecular oxomolybdenum compounds
to the formation of oligomers in which the terminal oxygen
of one monomer acts as a bridge to the Mo atom of another.
The presence of nitrogen and hydrogen in some of the
decomposition products together with their elemental
composition and IR spectra can be explained by the
reaction scheme represented by eqs 6-8. The product
obtained at 200 °C, II, can be viewed as an oligomer of I
with -ONH, end groups, whereas III is polymeric thio-
molybdate.

200 °C
I I

(2n-2)NH, + (n - 1)H,0 (6)

~300®
III ™

380°C
n(NH),Mo0,S;, — -(8,M00,5),~ + 2nNH, +
I v
0.5nH,0 + 0.5nH,S (8)

The probable structures of II and III can be illustrated
with the reaction schemes depicted in eqs 9 and 10. In III
obtained at 300 °C, the ~-ONH,; end groups mostly
disappear and Mo-S bridging bonds appear. Material V
obtained in a two-step process at 200/380 °C, differs from
IT only in the presence of S, bridges, whereas the material
prepared in the one-step heating at 380 °C has both S and
S, bridges along with equal amounts of O and S.
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NH,0 s

U 27 aw

2n - Mo§ —
NH,O s

NH,O, o NHq
MO/O\MO/ 4(20 = 2NHy + (n = 1)H0  (9)

/ AN

S/ \\s S/\S

n

I
NH,O S
NN 4w
2x /Mo% —_—
NH,O S
AN /O\ + 2xNH; + xH,O (10)
/Mo\ /Mo\
& \s / Ny
s x
I
(@) (o]
NN
g = Mo Mo (11)
\s/
S
S—s /n
v
. NH.o\M //s 0C
n O,
x
NH,,O/ S
o)
o, /o\\\ + 2NH3 + 05nH,0 + 05nH,S  (12)
Mo\ /Mo
Ne/
S—$§
n
v

Structures II-V are in reasonable agreement with the
ESCA data for these materials presented in Table III.
Sulfur can exist as either the monatomic (S) or diatomic
(8%2) anion, and it is essential to establish the presence
or absence of these in order to be able to assign structures
with confidence. Jellinek et al.l® have shown that the 2p;;,
sulfur levels give rise to different binding energies de-
pending upon whether the S atoms are present as S2- or
S%-,. For example, in ZrS3, isolated S%-groups were found
to have a binding energy of 162.7 eV, while the S-S pairs
had a binding energy of 163.8 eV. For the spectra we have
obtained, only the one for (NH4)sMo00,S; approached the
sharpness of one Jellineck reported for the 2p; 2 peak (8%-)
of ZrS;. As a group, the spectra showed a definite trend;
(NH)3:M00,S; and the oxysulfides formed at 200 and 300
°C had S%ligands. The spectrum for the 300 °C product
was as broad as that for the combined peaks for the 380
°C or the 200/380 °C product, suggesting both S2-and S2-,
are present when temperature 2300 °C are used to form
oxysulfides from (NHy)sMo00O:S2. The Mo binding energies
suggested first that all the materials are all single phases.
The highest value is for (NH4):Mo00O4Ss, in agreement with
the fact it contais Mo®™D. The 200 and 300 °C materials

(18) Zhuang, B.; McDonald, J. W.; Newton, W. E. Inorg. Chim. Acta
1983, 77, L221.

(19) Jellinek, F.; Pallak, R. A.; Shafer, M. W. Mater. Res. Bull. 1987,
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Figure 3. FTIR spectrum of molybdenum oxysulfides obtained
from the decomposition of (NH,);MoO,S; at different temper-
atures.

had Mo binding energies very close to that for
(NH4)2Mo02S,, which are consistent with the structures
II and ITI. For the materials obtained from the 380 °C
heating, the binding energies have lower values and are
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Table IV. Results for Chemical Lithiation of MoS,, MoS;,

and MoO,S,
material Li/Mo material Li/Mo
MoS; 1.1 Mo0,S,(300) 3.4
MoS; 4.0 Mo0,S,(200~380) 3.5
Mo0.S,(200) 3.1 Mo0,S,(380) 2.5

suggestive of some MoV character. Itisuseful to compare
here the proposed structures of Mo oxysulfides with that
of MoS3. It has been proposed from EXAFS data?® that
MoSzis formulated properly as MosV (82-5)(82), with both
monoatomic and diatomic sulfides and Mo—Mo bonding.
The proposed structures of the oxysulfides formed at
temperatures =300 °C contain both S and (S%); but
whether or not they have Mo—Mo bonding remains to be
established.

We have found that an oxysulfide of the compositions
Mo0ysS21 (with small amounts of N and H) could be
prepared from the solid-state decomposition of a 1:1 mole
mixture of (NH)MoS, and ammonium paramolybdate.
First of all, the two ammonium molybdates were mixed
in aqueous NHj and stirred well to form a homogeneous
solution, and the NH; was then removed by evaporation
to obtain the solid precursor. The solid residue was then
decomposed at 300 °C, and the oxysulfide formed had an
IR spectrum similar to that for the material prepared at
the same temperature from (NH;)sMo00O2Ss. In addition,
it exhibited an ESCA spectrum with Mo3ds, at 230.2 eV
and S 2py/; at 162.8 eV. These data together with its
electrochemical behavior suggest that a Mo oxysulfide was
indeed formed. A condensation-polymerization reaction
involving the molybdate and thiomolybdate in the solid-
state at 300 °C explains the formation of the oxysulfide.
It should be noted that UV-visible spectra of solutions of
mixtures of (NH4)2MoS, and ammonium paramolybdate
in aqueous NHj indicated no evidence for the formation
of (NH4)2MoQ:S; after stirring for 1 week at room
temperature, followed by refluxing for 4 h. On the other
hand, the formation of a molybdenum oxysulfide by the
solid-state route from the molybdate mixture suggests the
possibility of preparing novel materials of controlled
stoichiometry from judiciously selected precursor mix-
tures.

Electrochemistry of Molybdenum Oxysulfides in
Lithium Cells. The usefulness of the molybdenum
oxysulfides as cathodes for rechargeable Li cells was
assessed from their reactions with n-BuLi and discharge/
charge behavior in Li cells.

The reducing power of n-BuLi, expressed in the elec-
trochemical scale, is approximately 1 V versus Lit/Li.2!
Thus the amount of n-BuLireacted with a given oxysulfide
provides information about the cathode material’s capacity
corresponding to its discharge to a potential of 1 Vin a
Licell. Thereaction with n-BuLimay involve aninsertion
or a displacement process, a distinction between the two
can be made only from an analysis of the reaction products.
In the former case, a solid solution is formed as the
product,! whereas for the latter, the products could be
LizO, LisS, or both along with the reduced Mo specie.
Pertinent data are presented in Table IV. The reactions
of MoS; and MoS3 with n-Buli were carried out for
comparison and the results are in good agreement with

(20) Scott, R. A.;Jacobson, A. J.; Chiannelli, R.R.; Pan, W. H.; Stiefel,
E. L; Hodgson, K. O.; Cramer, S. P. Inorg. Chem. 1986, 25, 1461,
(21) Murphy, D. W.; Christian, P. A. Science 1979, 205, 651.
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Figure 4. First two cycles by the potential-step cycling of Li/
Mo0,S,(380) cell. The electrolyte was PC/LiClOs.
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Figure 5. First two cycles in Figure 4 plotted as cell potential
versus capacity.

published data.?1 X-ray analysis of the products did not
show the presence of either LizS or LiO. We conclude
from the absence of these materials in the X-ray data that
molybdenum oxysulfide reactions with Li (eqs 13 and 14)
involve an insertion process.

zBuLi + Mo0,S, — Li,M0O,8, + '/,2CgH;s (13)
zLi + MoO,S, — Li,Mo0,S, (14)

The electrochemical data described below also strongly
suggest insertion of Li into MoO.S,.

Li/Mo0O.S, Cells. The stepped-potential cycling data
for a cell utilizing the material prepared at 380 °C from
(NH,):MoO:S;, hereafter referred to as Mo0O,S,(380), are
presented in Figures 4 and 5. The voltage limits were 1.0
and 3.0 V; i.e., the cell was first discharged in each cycle
to a voltage limit of 1.0 V, and then charged to 3.0 V. The
cell capacity is expressed as moles of lithium inserted per
mole of molybdenum in the oxysulfide, i.e., Li/Mo. The
capacity in the first discharge was 1.63 Li/Mo, and of this
about 1 Li appeared in the sloping region between 2.0 and
1.0 V and the rest at a plateau of about 1.15 V. About 1.20
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Figure 6. Galvanostatic charge/discharge cycles of Li/MoO,-
8,(380) cell. Current density was £0.25 mA/cm?; electrolyte was
PC/LiCl0,.

Li/Mo, i.e., ~75% of the capacity in the first discharge,
was rechargeable. The gradually downward sloping po-
tential profile appearing with the degree of Li insertion
is indicative of a single-phase reaction at least down to a
potential of about 1.2 V. That is to say, before and after
Li insertion MoO.S, has the same short-range crystallo-
graphic structure. For the first cycle, the charge curve
has a more sloping profile than the discharge curve, and
the cause of this is not understood well at this time. In
view of the fact that on a carbon electrode, PC undergoes
reduction at about 1.0 V versus Li/Li,?? it is tempting to
ascribe the irreversible capacity in the first discharge to
the reduction of this solvent. Indeed a reduction peak is
observed in Figure 4 at about 1.15 V, and the current
involved in it decreases from the first to the second
discharge. Nevertheless, we cannotrule out that a fraction
of the irreversible capacity in the first discharge is due to
the difficulty in extracting the Li that is initially inserted
into M0oO.S,. An examination of the ratio of the charge
todischarge capacity as a function of cell potential suggests
that some of the capacity observed at the 1.15-V discharge
plateau is indeed due to Li insertion into MoO,S,. The
discharge/charge ratio became closer in the second cycle
and remained nearly 100% for many cycles thereafter.

The long-term cycling data, determined from galvano-
static discharge/charge cycling, presented in Figure 6,
support the rechargeability of MoO,S,(380). More than
175, full depth, discharge/charge cycles were obtained with
only a small decrease in capacity from the 10th cycle
onward. The cell, however, lost about 20% of its capacity
between the second and the ninth cycle. This we believe
is due to a combination of factors: Capacity losses in
secondary Li cells occur from irreversible Li insertion
processes, parasitic reactions (for example, involving
electrolyte), and associated impedance increases in the
cell as well as changes in the physical structure of the
porous cathode and related kinetic limitations. Repeated
Li insertion/extraction processes can cause some of the
cathode particles to become isolated from the bulk of the
material in the electrode and lose electronic contact. The
cell capacity will decrease in proportion to the amount of
the cathode that becomes electrochemically isolated from
the bulk. Usually this occurs in the first several cycles as
it is then that the cathode particles make major positional

(22) Dey, A. N.; Sullivan, B. P. J. Electrochem. Soc. 1970, 117, 222.
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Figure 7. First two cycles obtained by the potential-step cycling
of Li/Mo0,S,(200/380) cell. Electrolyte was PC/LiClO,.
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Figure 8. First two cycles of the cell in Figure 7 plotted as cell
potential versus capacity.

adjustments; subsequently they acquire their equilibrium
positions whereby little change in electrode structure-
related capacity loss may occur.

Figures 7 and 8 display the cycling data of the Mo—
oxysulfide obtained from the 200/380 °C thermolysis of
(NH4)2Mo00:S;. In this case the capacity observed at 1.0
V most probably is due to electrolyte solution reduction
as practically all of this capacity is irreversible. When
this capacity of 0.38 Li/Mo at the 1.0 V plateau is
subtracted from the total capacity in the first discharge
the cathode yields a capacity of 1.90 Li/Mo, which is
reversible. For thesecond cycle the discharge yielded 1.82
Li/Mo while the recharge was 1.6 Li/Mo. Figure 9 depicts
the long-term cycling of another cell utilizing this material.
Again, the cycling data indicate the rechargeability of this
positive electrode. Since the cell contained the ether-
based electrolyte, discharge was performed to a cutoff
voltage limit of 1.6 V, which explains the smaller capacity
of this cell as compared to the capacity of the cell in Figure
8.

The electrochemical performances of the materials
obtained from the 300 and 200 °C decompositions,
respectively, of (NH,):MoOQ:S; are illustrated in Figures
10-13. These materials exhibited higher capacities initially
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Figure 9. Galvanostatic charge/discharge cycling curves for a
Li/Mo00.S,(200/380) cell. Current density was £0.25 mA/cm?
electrolyte was the ether solution.
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Figure 10. First two cycles obtained by potential-step cycling
of Li/Mo00.S,(300) cell. Electrolyte was PC/LiClO,.
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Figure 11. Galvanostatic cycling curves for a Li/Mo0,S,(300)
cell containing THF:2Me-THF:2Me-F/LiAsF; electrolyte. Cur-
rent density was 1.0 mA/cm? for cycles 1, 2, and 8 and +0.5 mA/
cm? for all others.

than those obtained from the materials prepared at higher
temperatures; the increased capacities appearing at about
the 2-V plateau. While these cathodes performed well
during long-term cycling, as demonstrated by the data in
Figures 11 and 13, the capacity loss in the initial cycles
was higher than those of the higher temperature oxysul-
fides. Another noticeable behavior is the change in the
discharge potential profile upon going from the first to
the second cycle. The plateau at ~2 V practically
disappears in the second discharge and the potentials
become more sloping with increasing Li insertion. This
behavior can be ascribed to a phase change in the material.
A careful examination of the cycling curves reveals that
the phase change probably takes place in the first discharge
since a sloping potential profile appears beginning with
the first charge, and the second discharge shows a mirror
image profile of the first charge. Such phase changes



1240 Chem. Mater., Vol. 5, No. 9, 1993

4.0

3.0¢

2.0¢

1

Cell Potential (V)

1.0¢ Cycle No.: 2

0.0 s 1 . 1 ) 1 . i . 1
0.0 1.0 2.0 3.0 4.0

Capacity (Li/M)

Figure 12. First two cycles obtained by potential-step cycling
of Li/Mo00.S,(200) cell. The electrolyte was PC/LiClO,.
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Figure 13. Galvanostatic cycling curves of the cell in Figure 12.
Current density was £0.25 mA/cm2, The electrolyte was PC/
LiClO,.

concurrent with Liinsertion have been established in MoS;
where the material changes from a 2H-NbS; to a 1T-Cdl.
structure upon Li insertion.?? The latter structure ap-
parently is maintained during subsequent cycling provided
asmall amount of Li is retained in MoS: at the completion
of each charge half-cycle. A similar behavior has also been
exhibited by 2H-NbS; during Na insertion in a Na/NbS;
battery.2* The unusual aspect of the phase transformation
accompanying Li insertion in the molybdenum oxysulfides
isthat the hosts are amorphous compounds, whereas MoS.
and NbS; are crystalline materials. The phase structures
involved in the molybdenum oxysulfides are not well
understood at this time, and their elucidation will require
the use of more sophisticated analytical techniques than
those we have employed. Since amorphous materialslack
long-range crystalline order and the associated electronic
band structures, the phase transformations may be viewed
in the same manner as that of a molecular structure. In
this case, however, the relationship observed between
molecular structure and cathode potential is intriguing
and invites further investigation. The Mo0.S,(380)
appears to be quite distinct from the other materials in
that its potential shows a monotonic decrease with the
degree of Li insertion and there is apparently little or no
phase change from the first to the second discharge. It
will be recalled that the 380 °C decomposition product of
(NH4):Mo00:S: has been described previously as MoS;.17
Both our analytical results and cycling data indicate
otherwise. The discharge and charge curve obtained with

(23) Py, M. A,; Haering, Q. R. Can. J. Phys. 1988, 61, 76.
(24) Abraham, K. M.,; Pitts, L.; Schiff, R. J. Electrochem. Soc. 1980,
127, 2545.
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Figure 14. Galvanostatic cycling curves for a Li/MoO.S, cell in
which the oxysulfide was obtained from the decomposition of a
mixture of (NH,);MoS, and (NH,):M00O,. Current density was
£0.5 mA/cm?. The electrolyte was the ether solution.

amorphous MoSy? is very different from the one we
obtained with MoO.S,(380). The same data for the 380
°C material, however, seem to indicate that the phase it
acquired after the first discharge is different from the
phase(s) of the lower temperature materials at similar
conditions. It may bethen argued that the electrochemical
reactions of the lower temperature materials convert them
to a more stable phase, perhaps by removal of some of the
oxygen or sulfur or both as LioS and Li;O. These Li
compounds, formed as minor products in the first discharge
could remain amorphous and therefore escaped detection
by X-rays. On the other hand, the formation of a stable
Li:MoO,S, phase without its decomposition to LisS or
Li20 is also plausible.

Figure 14 depicts the discharge/charge cycles for the
material prepared from a mixture of (NH)2MoO, and
(NH4):MoS,, by thermolysis at 300 °C. The discharge
potential profile versus the degree of Li insertion is very
much similar to that of M00O,S,(300). A single-phase
material is indicated by the first discharge curve free of
potential steps, and the change in the profiles of the first
discharge to the first charge curve suggests that as with
Mo00.S,(300) apparently there is a phase change accom-
panying the first discharge. A capacity-loss of about 25%
occurs from the second discharge onward, but the material
has excellent rechargeability. It appearsthatmolybdenum
oxysulfides can be prepared by the direct solid state
decomposition of mixtures of (NH,)sMoO, and (NH,)e-
MoS,, and this procedure then provides a more direct route
to the synthesis of oxysulfides in which the ratio of O to
S may be varied by adjusting the ratio of the two
ammonium compounds taken initially.

Conclusions

Molybdenum oxysulfides have been identified as a new
class of amorphous host materials capable of topochem-
ically reacting with Li. The extent of Li insertion and the
chemical reversibility of the process appeared to depend
on the temperature at which they were formed from
(NH4)2M00:S;. Thermolysis of the latter apparently
results in a solid-state polymerization reaction leading to
a variety of molybdenum oxysulfides whose compositions
and Li insertion chemistry were very much sensitive to

(25) Auborn, J. J.; Barberio, V. L.; Hanson, K. J. J. Electrochem. Soc.
1987, 134, 580.
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Table V. Specific Energies of Secondary Li Battery
Couples As Determined from First Discharge

quasi-theoretical®

capacity middischarge specific energy®
cathode (Li/Mo)  voltage (V) (W h/kg)
MoS; 1.0 1.7 272
MoSs 3.0 1.9 720
Mo0.S,(200) 2.7 1.8 629
Mo00,S,(300) 2.9 19 685
Mo0.S,(200/380) 2.0 1.9 670
Mo0.8S,(380) 1.1 1.2 290

8 Specific energy = cell voltage (V) X cell capacity (A h)/weight
of cell (kg). ® Based on cell capacity and voltage and weights of the
reactants only. The weights of the hardware and electrolyte are not
included. Usually about 20-30% of this energy can be obtained in
practical cells.

the temperature at which they were formed. The resulting
molybdenum oxysulfides can be viewed as polymers of
(NH,4):Mo00:S; with different chain lengths or molecular
weights. The phase transformations accompanying Li
insertion in some of the oxysulfides have precedence in
layered crystalline transition-metal chalcogenides and is
intriguing considering the amorphous structures of the
materials.
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The potential utility of the molybdenum oxysulfides as
reversible cathodes for rechargeable Li batteries is ex-
emplified by the specific energy data presented in Table
V. Three of the oxysulfides compare favorably with MoSs.
The substantial development work previously carried out
in this laboratory on MoS; indicated® a high rate of capacity
loss with cycling for this electrode. The capacity retention
with cycling of the molybdenum oxysulfides, however, is
much better, and this together with energy densities
suggest that further studies of the structure and properties
of these new class of materials should be pursued. For
example, novel materials with interesting chemical and
electrochemical properties could be prepared by the
condensation of (NH4):MoQO3S alone or together with
(NH9)2Mo00O.S;. Further, materials with intriguing solid-
state chemistry and electrochemistry may be formed with
the use of transition metals other than Mo.
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