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Abstract

This paper reports the study of cobalt disulfide as a promising anode material for lithium ion batteries. The crystal structure and surface
morphology have been characterized by using X-ray diffraction (XRD), SEM and Brunauer—Emmett—Teller (BET) techniques. The results of
XRD show that the sample is a cubic phase with a space group Pa3. The grain size of the samplenvastB@ special nano-structured
characteristic as observed by means of SEM. Charge—discharge experiments show that the sample with 30 wt.% acetylene black at the curre
density of 50 mA g* has the best performance, it shows that the first discharge capacity is up to 1280 mER gitu XRD experiments
were also carried out to determine the structural changes of delithiated/lithiated anode materials and used to analyze the reaction mechanis
Calculated Gibbs free energy changerG) and electromotive force (emE) values for the reaction C@$ 4Li* +4e~ — Co+2Li,S are
—146kJmol and 1.898V, respectively. Based on the results, a possible reaction mechanismasfadieRluring intercalation of Li ions was
proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Poizot et al[17] showed that the reaction mechanism of sul-

fides with Li* as same as that of oxides, which can be written
Lithium ion batteries have rapidly been developed in the as follows:

recent years because of the demand in many fields such as

portable telephones, notebook computers and other commuM”*(X) +ne” +nLit & M? +Li(X) (X =S, 0)

nication equipments. Although it is being widely used in ) _

commercial Liion batteries, carbonaceous materials as anode ' ey have also found that Cegs material has a capacity

materials are insufficient to meet the needs of high energy of 2.8Li in the first cycle. However, to the best of our knowl-

density, high capacity and safety in future development. In edge,.thefr'e are not re.ports abogt the electrochemlcgl study of

a search for new anode materials to replace carbonaceou$0%in Liion battery fields. In this work, we have studied the

materials, there has been some interesting work have beerProperties of a novel anode material Gd8r the first time.

published[1-14]. For example, nano-structured transition A high lithium storage capacity of 1280 mARTY has been

metal oxideg4,5] (i.e. CaOa, NiO), lithium alloy[6,7] (i.e. achieved for a Cogelectrode in the first cycle of discharge.

Li—Si, Li-Sn), silicon alloy{8—10](i.e. Mg.Si, NiSi, CaSp),

metal nitride and phosphafgl-14](i.e. CuNs;, CoR;) have

been also studied. Brousse et[a5] reported a new anode 2. Experimental

material Sng which showed a capacity of 920 mAhgin

the first discharge process. Momma et[4B] also studied ~ 2.1. Preparation of anode materials and structural

the effect of annealing process on the performance opSnS characterization

* Corresponding author. Tel.: +86 592 2185753; fax: +86 592 2185753. | he materials were synthesized using cobalt powder (200
E-mail addressyyang@xmu.edu.cn (Y. Yang). mesh) deoxidized by hydrogen and sulfur powder (320 mesh)
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as raw materials, the mixture were heated in argon for 120 hin the range of 0.02-3.0 and 1.6-3.0V (versus LijLand

in the range of 400-70C. The sample was characterized the potential scanning rate was 0.5 m\ts

by powder X-ray diffraction (XRD), using a Rigaku Rotaflex

D/max-C diffractometer with graphite monochromator and

Cu Ka radiation operated at 40kV and 30 mA. Data were 3. Results and discussion

collected in the range 10-9@ising a constant scan method

at &/min. The morphology of the samples was assessed Inorder to choose the suitable sulfide system and estimate
using a scanning electron microscopy (LEO 1530 Field Emis- its electrochemical properties such as charging/discharge
sion Scanning Electron Microscope, Oxford Instrument). potential plateau, we have done some thermodynamic analy-
Brunauer—-Emmett—Teller (BET) surface area measurementsis first. We calculated the standard Gibbs free energy change
was also performed using a Sorptomatic 1900 system (Carloby simply considering a cell as conventionally described
Erber, Italy). according as the mechanism proposed by Poizot § 3.

0y i 0 _
2.2. Electrochemical measurements LITILIT M Xp[M, LioX (X =0, S)

The overall cell reaction is

The CR2025 coin cells were fabricated to test electro- 0 0 .
chemical properties of CoPowder. The working electrodes  MaXp + 2bLi" — aM” 4 bLi2X ArG
were made using different weight ratios of Gofixing
different weight ratios of acetylene black, respectively. A
solution containing 10 wt.% polyvinylidene fluoride (PVDF)
in 1-methy [-2-pyrrolidinone (NMP) as a binder was added
to the mixture to form a slurry. After ball-milling 3h at
a rotation rate of 500rpm, the working electrodes were ArG = —nEF = —2bEF
formed by coating the s_Iurry on_to copper foils and press- 2y F[E®(MoX;/MO, LioX) — EO(Li*/Li%)]
ing at 20 MPa after drying 3h in vacuum at 8D. The
cells were assembled with the working electrode as prepared,
lithium metal as counter electrode, and Celgard 2400 film ) _
as separator. The electrolyte was 1M LR a mixture _ We_calculgtedArG and using the thermodynamic data
of ethylene carbonate (EC) and dimethyl carbonate (DMC) 91ven in the literaturg19] for some compoundsTéble J.
(1:1, viv). Cell assembling was carried out in an argon-filled The G|bb§ free energy values are neggnve, indicating that
glove box (M Braun 100G, Germany), where water and the reduction process is thermodynamically spontaneously
oxygen concentration was |7<ept less th:am 1ppm. The celisfeasible. Considering the calculated results, we studied some
were galvanostatically charged and discharged at variousMaterials performances and found that gatterial is one
current density of 50 100, 200, 400, 500 and 1000 mA g of possible anode material for Li ion batterlt_'-)s._
between 0.02 and 3.0V or at a constant current density of _ 1€ XRD patterns of CoSwere shown inFig. 1 The
50mAg-! in the voltage range of 0.02-3.0 and 3.0-1.6 V., CoS is a cubic phase with space group: Pa3 which measured

respectively, using a home-made LAND CT2001A battery Table 1
aple

tester. .
. _ . . Calculated Gibbs free energy changerG) and emf E) values for the
The delithiated/lithiated anode materials for ex situ |eaction MY, +2bLi0 — bLisX AG

XRD experiments were prepared by electrochemical

Under pressurgo=0.1 MPa andlr =298 K, we can cal-
culate the Gibbs free energy changeG and finally the
electromotive force (emf) valuE from the following for-
mula, wherd- is Faraday’s constant

= ArG® = ArG

1

delithiated/lithiated processdd8]. The coin cells were C_Omfound Are (mol) =)
charged/discharged to different Li contents and voltage with I/:Séa :iggi? 2‘822
a current of 50mAgl. After charged and discharged, the FeQ? _31710 1643
anodes were carefully removed from the coin cells in an Nio?2 —34624 1.794
argon-filled glove box, and then rinsed with diethylene car- CoC* —34701 1.798
bonate (DEC) to remove the residual electrolyte. The anodesC®9 —41418 2.146
were characterized by XRD after drying at room temperature (F:;%a b :gﬁig ié;g
in vacuum for 6 h. Data were collected in the range 30—-60 ,:egojb _122940 1592
using a scan method at/nin. Fed —32053 1.661

Cyclic voltammetric experiments adopted a three- FeS° —67495 1.749
electrode system and were performed using a CHI608A N?Sbb —34143 1.769
potenitiostat/galvanostat system (Shanghai, China). A Li foil N'nsz :Zég‘ég i'gig
pressed into Ni net served as the_ counter and referenge eleceos, —14600 1.890
trodes. All of the electrolyte used in thisworkwas 1 M LIPF  cog) s —19665 1.727

in amixture of ethylene carbonate (EC) and dimethyl carbon- ~a geferencd17].
ate (DMC) (1:1, v/v). The scan potential ranges were chosen b This work.
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Fig. 1. The XRD patterns of Co$owder.

cell parametera= 5.531A, which is also consistent with the
literature data (JCPDS card No. 41-1471).

The morphology of the CaSpowder was examined by
using SEM. As shown irFig. 2, the average grain size is
found to be approximately 30m. The surface of grains has

EHT=20.00 kv  Signal A=InLens Date: 13 Mar 2003
WD=3mm  GunVacuum =1.918-009 mBar Time :10:45:39

Fig. 2. SEM micrographs of Co$owder.
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Fig. 3. The curves of discharge capacity against the cycle number of the
samples: (a) with different ratios of acetylene black and (b) at various current
densities.

abundant microstructure that is composed of the needle shape
matter with 100 nm diameter andu2n length. This specific
and nano-structured morphology perhaps is one of the rea-
sons why the material facilitates to the lithiation/delithiation
processes in the materials. The specific surface area was mea-
sured by BET method at 0.33g1

It is found that the conductivity of CgeSmaterial was
quite low in the study of material's electrochemical per-
formance, therefore the performance of the samples, which
mixed with different contents of acetylene black were inves-
tigated.Fig. 3a shows the specific discharge capacity of the
samples with different ratios of acetylene black against the
cycle number in the voltage range of 0.02-3.0V. With the
ratios of acetylene black increased from 10 to 30 wt.%, the
cycle performance of the materials was gradually improved,
however, when the ratio of acetylene black increased to
40wt.%, the performance of the electrode became worse.
These phenomena showed that the conductance performance
of CoS material became better with increasing of acetylene
black contents in a suitable limit, thus the electrochemical
performances of the materials were also improved. When
acetylene black contents were continuously increased, the
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relative content of CoBwas decreased and the electrochem- not change, the oxidation peak potentials shifted to 1.9 and
ical performance of the samples were affected and deteri-2.4V, and the current also decreased. The subsequent curves
orated, thus the best ratio of acetylene black was 30 wt.%. have no obvious changes. Thus, it can be seen that the cyclic
With this ratio, it showed a largest discharge capacity about stability can be greatly affected by the change of potential
1280 mAh gt when discharged to 0.02V in the first cycle. range. Thus, we proposed and studied the reaction mecha-
However, the capacity decreased quickly in 10 cycles, and nism of the Co% materials by an ex situ XRD experiment.
then kept at the level of 350 mAhg. In addition, it was Fig. 5 showed a series of the ex situ XRD patterns at
found that the first discharge capacity of the samples with different charge and discharge state. In the first discharge
other acetylene black contents was also high, but the capac-

ity decreased to only 200 mAITq after five cycles. With the 1800 .
best ratio of acetylene black, the cells were assembled anc 1400 |
their electrochemical performances were studied at various - A .1
1400 b Ry | e D 0.02V

current densityFig. 3b shows the rate dependence of oS
cycled over 0.02-3.0 V. With the current density increased,
the initial discharge capacity gradually decreased and capac: |
ity fading rate was also increased. It shows that the sample st o st gt 1.45Y
with 30 wt.% different acetylene black at the current density 800 L ’1 150V
of 50 mA g1 has the best performance. In the following sec- 600 anW"\“WWWW e 1.60V
tion, the electrochemical study of the material was based on ‘ W R 2 b 1.80V

above weight ratio and current densit 400 [on 2| s -
. . A Wi il btniod’ Wty ‘i e Voc
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0.5mV st in the potential range of 0.02-3V. Three reduc- (a) 2Theta

tion peaks at 0.6, 1.2 and 1.6 V and two oxidation peaks at 2.1

and 2.5V were observed in the first potential scanning cycle. . | "

However, the reduction peaks shiftedto 1.3 and 1.8 V, the oxi- *

dation peaks shiftedto 2.0 and 2.4 V in the subsequent cycles — oo J, whmsm 800mAhg’!
The peak current decreased very fast as the cycle number: _— Wttt |t tistuoess T00mAhg!
increased. Thus we proposed and studied the reaction mech - H(m' [ hl 600mAhg’!
anism of the Cogmaterials by an ex-situ XRD experiment. It = [ e e | = ;
was found that the cyclic stability of the materials have been 3 ;M M*‘I "4 500mAhg!
obviously improved when scan potential range was chosen £ ' e ] 400mAhg™
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Fig. 4. Cyclic voltammograms for Co®lectrode composed of 10% PVDF  Fig. 5. The ex situ XRD figure of CaSnaterials  : C0S, +: Cu substrate)
and 30% acetylene black wilth scan rate 0.5 mY sThe scan potential (a) discharge to 0.02V (b) charge from 0.02V to 3.0V (c) charge from 1.6
ranges: (a) 0.02-3.0V and (b) 1.6-3.0V. to 3.0V.
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Table 2
After discharged to 1.6V, the change of cell parameters of,Go&erial 3.0 F
charged to different voltages
Voltage (V) ad) 25 F
Voc 5.5632
1.8 (discharge) 5.528 20
1.6 (discharge) 5.527 >
1.8 (charge) 5.518 m !
2.0 (charge) 5.508
2.2 (charge) 5.508
2.4 (charge) 5.518 1.0
2.6 (charge) 5.525 L ~
2.8 (charge) 5.526 05 L N Ist
3.0 (charge) 5.526
0.0 i e

process, the main peaks of Go®ere still kept when the 200002000 400600 8OO 1000 12001400

cell was discharged to 1.8 \Fig. 5a), then the cell was (a) Capacity /mh g'!
discharged to 1.6V, the main peaks of Gd#&come weak

and some peaks disappeared, it is continued to discharge to
0.02V, no peaks except Cu substrate were observed. After ~ 30f P

/

discharged to 0.02V, the cell was charged back step-by-step, 28} 33‘3" Jond 1st
as shown irFig. So. During the whole charging process, the 26 gy
diffraction peaks of Cogcould not be recovered. A new cell 24 1 =
only discharged to 1.6V at which the diffraction peaks of > 22|

CoS were very weak then charged to high voltage. When = /[

charged to 1.8V, the main peaks of GdSgan to appear. i

With the charge voltage increasing, the diffraction peaks of
Co$S turn to be distinctive, which indicates the reproduc-
tion of cubic Co$ crystallites Fig. 5¢c). We calculated the
change of cell parameter a in the charging/discharging pro-
cess, it is summarized ifiable 2 The cell parameteraj R e o S To0 10 200 250 300 350 400 450
decreased during discharging process. When the cell was b)
charged back, the values recovered while the fluctuation was
small. These data suggest that the reaction the reaction inFig. 6. Charge and discharge capacity vs. voltage curves of the electrode
this potential region is a reversible topotactic reaction, there- composed of 10% PVDF and 30% acetylene black. The charge/discharge
fore the mechanism of CeSvith lithium has been proposed  Voltage range: (a) 0.02-3V and (b) 1.6-3.0V.
asxLi* +xe” + CoS & LixCo$S in this voltage range. Our
explanation to the above result is that the reaction is an inter-cycle, the two plateaus shifted to 1.8 and 1.4V, respectively.
calation reaction when the discharge voltage was limited at The two plateaus potentials of the charge curves were 2.0
1.6V at that time, the frame structure of material almost and 2.3V. In the voltage range 3.0-1.6V, the first discharge
was not destroyed, however, the reaction was a probablecurve is also different from the subsequent curves, but the
redox reaction when the discharge voltage went to lower capacity decay rate reduced in the following cycles. These
potential (i.e. 1.6-0.02V), then the structure of the mate- show that the mechanisms of sample reaction are different
rials was entirely destroyed at very low potential and can in the different voltage range3$able 1shows that the theo-
not be recovered. Thus, the reaction could be proposed agetical potential value is higher compared with the reduction
Co$ +4Li* +4e < Co+2LixS. Based on the above analy- potential of Co%/Li cells measured here, especially during
sis, it is expected that the charge/discharge voltage is the keythe first discharge process. The first reduction potential of the
factor to affect the cyclic performance, thus several cells were material is about 1.6 V. Such deviation is probable due to the
assembled and galvanostatically charged and discharged imeaction is kinetic controlled and represents the overpotential
the different voltage range of 3.0-1.6 and 3.0-0.02 V, respec-needed to initiate and pursue the decomposition reaction.
tively, in order to test their cyclic stability. Fig. 7 shows that the curves of the discharge capacity
Fig. 6illustrates charge—discharge curves of the samplesagainst the cycle number of the samples in the different
in the first three cycles in different voltage range of 3.0-1.6 voltage range 3.0-0.02 and 3.0-1.6 V. The capacity can be
and 3.0-0.02V, respectively. The first discharge curve in the retained to 50.5 and 24.5% of the first discharge capacity
voltage range 3.0-0.02V is different from the subsequent after 20 cycles, respectively. Although the first cycle capac-
curves Fig. 6a) and the main difference is that it has two ity of the material decreased, however, the cycling stability
plateaus at 1.3 and 1.1V, respectively, since from the secondhas been greatly improved when the voltage range changed

21 o *ﬁ?rhd‘\ _2nd 1st

Capacity / mh g’!
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1300 — . 3016V has been proposed as GoSALI* + 46~ < Co + 2Li;S. Cal-

s 30002V culated Gibbs free energy changsrG) and emf E) val-
B TR ues for the reaction CeS 4Li*+4e — Co+2LbS are
Z Iimf —146kJmot? and 1.898V, respectively. In addition, due
i ;;:;: : K to the high discharge capacity and relatively high discharge
- - . potential plateau, the possible applications of £a$ cath-
& eof . ode materials as a potential candidate to replace FeS
© sl " recently developed high energy primary Li/Re8/ batter-
—; a0 e ies Energizé? could be expected.
a 300l . e v gt e

200 [ it B B R T R L e T
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