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Abstract

A series of saturated aliphatic dicarboxylic acids have been studied as chelating agents for the synthesigs©bdi8b. The
decomposition temperature of the dicarboxylate precursors was found to increase linearly with the numbes)efgi@hs in the acid.
From XRD analysis it was concluded that irrespective of the acid, the optimized heat treatment protocol for the synthegig@dd 0%
was calcination at 80TC for 12 h. The product obtained from the adipate precursor gave the highest first-cycle capacity (178 mAh/g),
while that from the suberic acid complex gave high capacity and cyclability. The effects of the solvent and pH of the precursor solution
on the product characteristics are also discussed. Some related work ggCidlpO, prepared with maleic, oxalic and tartaric acids as
complexing agents is also presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and toxicity prevent its extensive use, especially for con-
sumer applications. On the other hand, nickel is not only
LiNi1_,Co,0, solid solutions, isotypic with the layered cheap but also environmentally benign. The lower operating
a-NaFeQ structure, are considered as next-generation cath-voltages of LiNiG-based cells (which are about 250 mV
odes[1,2] in lithium batteries. These solid solutions have less than those based on LiCg@nake their electrolytes less
end-members LIM@, where M is Co or Ni. Both these ma- prone to oxidatior{4]. However, stoichiometric LiNi@ is
terials have a theoretical lithium intercalation capacity of difficult to preparg5,6], the best sample reported so far be-
274 mAh/g. In the case of LiCof only about 130mAh/g  ing Lig ggeNi1.00602 [7]. The non-stoichiometry arises from
can be reversibly tapped, corresponding toxamalue of the fact that N&* ions present in the products, acting as lo-
0.5 in LiCoQ,. The limitation in the capacity arises from cal pinning centers, restrict the motion offLions within
the high charging voltages for values below 0.5, which  the layers of the oxide. The non-stoichiometry results in sig-
lead to an oxidative degradation of the liquid electro[#e nificant degradation in the cyclability of the systémg]. In
On the other hand, 0.6 Li atom per molecule can be re- an attempt to derive the maximum benefit from the homolo-
versibly intercalated in LiNi@ (betweerx values of 0.3 and  gous end-members, several intermediate compositions have
0.9 in Li;NiO>), corresponding to a practical capacity of been studied.
150-160 mAh/g. Additionally, the deintercalation processes The cobalt in these nickel-rich phases is believed to re-
in LiNiO, occurs at potentials lower than that in LiCO  duce cation mixing in the lithium layers and disorder in the
a factor that gives rise to their higher charge densities. Al- (Ni/Co)O;, layers[1,9-11] which are major problems as-
though Li.CoO, presents advantages such as ease of prepasociated with LiNiQ. LiNi1—,Co,0, solid solutions show
ration and a structure robust enough to withstand extendedlower insertion potentials compared to the pure LiGoO
cycling in the limited range (0 < x < 0.5), its high cost phasg12,13]and are, therefore, expected to be oxidatively
less taxing on the electrolyte and possibly to retain good
lamellar structure upon repeated cyclifig9,14-18] The
fax: +886.0-425-7325. small size of C&" ions _tends to _enh_ance the cr_ystal_field
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y values between 0.3 and 0.1, small departures from stoi-

chiometry could aris§¢l9]. Moreover, capacities as high as
180 mAh/g, corresponding to the cycling of 0.65 Li atom
per molecule, have been tapped from LghHCaop 1502 [20].
According to Delmas et a[l] and Aragane et a[2], the
solid solution of the composition LilgCop 202 is a po-
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for varying durations. In order to compare solvent effect on
the electrochemical behavior of the products, the solutions
of the reactants were similarly prepared in other solvents.
The effect, if any, of the variation of the initial pH on the
product characteristics was also examined. For this purpose,
the pH of the precursor was adjusted to convenient values

tential next generation cathode material. However, Araganewith the addition of ammonia.
et al.[2] point out that, given the vast disparity in the elec- Thermogravimetric and differential thermal analyses of
trochemical properties of such solid solutions prepared by the gel precursor in static air were carried out on a Seiko
different procedures, much care needs to be exercised in theSSC-5000 TG/DTA/DSC/TMA analyzer at a heating ramp
synthesis and processing of the material. of 10°C/min. Structural characteristics of the products were
Several soft chemistry strategies have been adopted forexamined by an X-ray diffractometer (Siemens D-5000
the preparation and processing of such solid oxide materi- MAC Science MXP18) equipped with a nickel-filtered Cu
als[20-23] A popular ‘chemie doux’ approach involves the Ka radiation source between scattering angles of 20 and
sol-gel method in which carboxylic acids serve as chelat- 80° in increments of 0.05 The charge—discharge charac-
ing agentg22,24-37] In the sol-gel method, a sol, which teristics of the LiNygCa 20, products were studied in
is a suspension of small particulates dispersed in a lig- standard 2032-type stainless steel coin cells, with an elec-
uid phase, is transformed into a gel, which is a viscous, trolyte of 1M LiPF in 1:1 (v/v) EC-DEC (Tomiyama
three-dimensional polymeric network. For this review, the Chemicals), and lithium metal as the anode. Cell cycling
scope of the sol—gel process is extended to such preparativevas carried out at a 0.1 C rate between 3.0 and 4.2V by a
procedures that involve the transformation of a thick viscous 48-channel Maccor Series 4000 battery tester.
liquid medium with no phase segregation into an amorphous

glassy mass with no long-range networking.
Our laboratory has been involved in the synthesis and
characterization of LiNjgCoy202 by the carboxylic

3. Results and discussion

acid-assisted sol-gel method as well as by solid-states 1 Thermal analysis

fusion methodg38-40] In this paper, we present a re-
view and a comparative study of the sol-gel synthesis of
LiNig.gC 202 by saturated linear aliphatic dicarboxylic

acids such as oxalic, malonic, succinic, adipic, suberic and
sebacic acids. The influence of the acids on the electro-

chemical characteristics of the final products is compared in
terms of the numben, of —(CH,)— groups between the two
carboxylic acid groups in their formulae. Additionally, some
related work on LiNy sCag 202 prepared with citric, maleic
and tartaric acids as chelating agents is also reviewed.

2. Experimental

Layered LiNpgCop 202 products were synthesized by a
sol—gel procedure. Stoichiometric amounts of the nitrates of
the cations were dissolved separately in a minimum volume
of ethanol. A solution of the required dicarboxylic acid in

ethanol was gradually added to the solutions with constant

stirring such that the acid-to-total cations molar ratio was
1. The initial pH of the mixture was found to be in the
0.05-1.58 range. The pH value was found to vary nearly
linearly with the (K51 values of the acids (oxalicKa 1.23,

pH 0.05; malonic: a1 2.83, pH 0.51; succinic:Ky1 4.16,

pH 1.10; adipic: a1 4.43, pH 1.29; suberic:Ky1 4.52, pH
1.45). The mixture upon stirring turned into a viscous ‘sol’,
which on heating gently at 8@ resulted in the formation
of a ‘gel’, with the evaporation of ethanol. The gelly mass
was dried at 120C to obtain the precursor. The dried mass
was then calcined in flowing oxygen at 600, 700 and 8D0

The thermograms and the corresponding differential ther-
mograms of the different precursor samples derived from
ethanolic solutions are shown kfig. 1 The weight loss be-
low 150°C is due to the evaporation of superficial ethanol
and moisture in the gel precursors. Major thermal events
set in after about 250C, with further weight losses up to
500°C, beyond which there is hardly any discernible change
in the profiles. Although the crystal-building processes have
been initiated in the temperature region between 350 and
500°C, calcination at higher temperatures is essential to
impart a degree of crystallinity favorable for good battery
performance.

In the case of oxalic acid and malonic acid there is a
thermal event in the vicinity of 250C, attributable to the
melting of LINOs [41], accompanied by its decomposi-
tion [42]. The exothermic decomposition reactions between
about 370 and 42TC for the oxalate precursor, and be-
tween 260 and 350C for the malonate precursor are ac-
companied by major weight losses. This is attributable to
the highly exothermic combustion reactions between the ni-
trates and the carboxylate moieties. The exothermicity of the
combustion processes triggers the calcination of the oxide
product[43—-45] The decomposition reaction can be repre-
sented, for example, for the oxalic acid-based precursor as
follows:

LINO3 + 0.8Ni(NO3); + 0.2Co(NO3)2 + 2C;H204
+3 02 — LiNiggC0p 202 + 4C0z + 2H,0 + 3NO;
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Fig. 1. TG and DTG curves of the different precursor samples derived from ethanolic solutions.

It can be deduced from the above equation that three ex-ion in LiCoO, during combustion in air, the formation of
tra oxygen molecules are required for the combustion reac-LiNiO» needs the reaction to be performed under flowing
tion for every additional —(Ck)— unit in the carboxylic acid  oxygen. Thus, as the value is increased, the partial pres-
chain. Thus, as the value nfn the complexing dicarboxylic ~ sure of oxygen needs to be higher in order to burn away the
acid increases, the requirement of the external oxidant (oxy-organic moieties as well as to provide a sufficiently oxidiz-
gen) becomes higher. This is particularly significant becauseing atmosphere for the formation of Hi.

of the necessity of a highly oxidizing atmosphere to stabi-  Curiously, the differential thermograms of the precursors
lize the NP+ state in LiNp gCop20> [46]. A non-oxidizing derived from succinic, adipic, suberic and sebacic acids
atmosphere can lead to the formation 0$CO3; and NiO showed only minor dips corresponding to the melting and
[43]. According to Barboux et a[43], LioCQOs is stable to- subsequent decomposition of LiNOHowever, all the di-
wards NiO. The resistance to oxidation to the higher valence carboxylic acids displayed sharp peaks corresponding to the
states as we move from the left to the right in the first row final decomposition processes. Barring the case with oxalic
transition metals is manifested in the difficulty in stabilizing acid, the temperature at which this peak appeared increased
the NP+ state in LiNiQ.. While Cc*t is formed as a stable  linearly with then value Eig. 2). This possibly suggests that
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According to Carewska et g47], lithium when present
as an acetate goes through the@®; stage before reacting
with cobalt oxides to produce LiCaOHowever, when both
lithium and cobalt are present in the form of acetates in the
precursor, the mixture decomposes into thermal intermedi-
ates that readily react at low temperatures to yield LigoO
[47]. In our case, the carboxylate mixtures could decom-
pose into several intermediates, their decomposition aided
by the nitrate ions. The several steps in the thermograms and
differential thermogramsHg. 1) indicate the formation of
such intermediates. Carewska et[dl/] also report several
such steps in their thermal analytical patterns of mixtures of
lithium and cobalt acetates. Lundblad and Bergij@&@j and
Ramesh Babu et aJ49] have discussed the reaction mech-

Max. decomposition temperature (°C)

1 HOOC~(CH,),~COOH anisms in the formation of LiCo©and LiNi,Co;_,0O5, re-

100.0 . I . I . I . | spectively, from carbonate precursors. In accordance with
0 2 4 6 8 the general conclusions arrived at by these autfts49]

n the following decomposition scheme is suggested. Succinic

Fig. 2. Variation of the temperature of decomposition of the precursor gud is chosen as an example, an.d' fo_r simplicity, the reac-
with . tions are shown as those for the individual metal carboxy-
lates:

the nitrate-aided oxidation—decompositi(_m of the dicarboxy- Li—~O—C(=0)—(CHy)—(CHy)—C(=0)—O-Li + %Oz
::;egtclfloir:glg;:zdt')ecame increasingly difficult as the chain s Li,COs + 3COp + 2H,0

According to Tsumura et a[45], the structure of the
lithium-transition metal carboxylate formed by the bidentate
acid ligand determines its decomposition pattern. According O= C\ /C 0+ 3+ zx)oz
to the authorg45], the structure of the dicarboxylate com-
plex is possibly determined by the size of the ring, whichis — MOx +4CQ; + 2H0
formed by the coordinating acid. The authf48§] suggest
that the oxalic acid molecule is too short that the formation
of a ring-like coordination with the metal ion would involve
much strain in its structure. Therefore, oxalic acid may form
a linear complex such as

CH,—CH»

where the oxide product is @04 whenM = Co, and NiO
when M=Ni. Thus, finely divided CgO4 and NiO in LCO3

is obtained, which subsequently turn partially into the metal
oxides with interstitial L3O [48]. The final step of formation

of the product involves the reaction between@Os and
Li-O-C(=0)-C(=0)-0-M-0-G=0)-C(=0)—0O-H, the transition metal oxides with the interstitial,0 [48],

. . . . .. which may be represented by the reaction
where M is Co or Ni. However, malonic acid may be a suit- y P y

able configuration for bending to coordinate as a bidentate [g 5| j,0-24Ni0-02C0;04] + Li»COs + 0.650,
[45]. The highly stable ring of the anhydrous form of suc- 3LiNia8COn 2Oy + C
cinic acid suggests that it is possible to bend this molecule > SN 0.8400202 + :

to prOVide a bidentate coordination through a ring structure where the Composition in the square brackets represents

as shown below. the transition metal oxides with the interstitial lithium
CH,—CH, oxide.
0=C \C:O i ) i
\M/ 3.2. X-ray diffraction studies

The strong bonding provided by these carboxylic acids must  XRD patterns of the products synthesized at 600, 700 and
result in higher decomposition temperatures for their com- 800°C (12 h calcination) from an oxalate precursor are pre-
plexes. Going to the higher values, the strain involved in  sented inFig. 3 [50] The patterns show that the products
bending the long molecules for a double coordination may are iso-structural witln-NaFeQ (space groupR3m) [51]
reduce. However, because the dissociablity of the acid, asThe XRD pattern of the 600C-product shows broad peaks,
reflected by its [ values, decreases as the chain length suggesting a low degree of crystallinity as well as small par-
increases, the ionization of the carboxylic groups, and the ticle size of the products. The XRD pattern is well defined at
subsequent bonding with the cations, may be expected to800°C, at which the hexagonal doublets (006)/(102) and
become progressively weaker. (108)/(110) show a clear splitting, indicating a high degree
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Fig. 3. Powder X-ray diffraction patterns of LipCoy 20, synthesized by a 12 h calcination at different temperatures from an oxalate precursor: (a)
600°C; (b) 700°C; (c) 80C°C.

of crystallinity and good hexagonal ordering. According to an increase in temperature. For the product heat-treated at
Dahn and coworker§s2], the R value, defined as the ra- 600°C, thec/a value was 4.81, suggesting that cation mix-
tio of the intensities of the hexagonal characteristic doublet ing was considerable in the two-dimensional lat{s®,56]
peaks (006) and (102) to the (101) peak, is an indicator However, the samples heat-treated at 700 and®80fave
of hexagonal ordering. According to these autié8, the c/a values of 4.89 and 4.86, respectively. It must be men-
lower the R value, the better the hexagonal ordering. The tioned here that a/a value of 4.95-4.96 range is expected
R values of the products obtained at 600, 700 and°80 for a two-dimensional layered structui20,55,56]
were 0.87, 0.55 and 0.48, respectively, suggesting that the Similarly, an increase in the duration of calcination was
600°C product did not have a completely ordered layered shown to improve the ordering of the lattif®0]. The R
structure, while the 800C product had good hexagonal values for the products obtained by an 8@3calcination
ordering. for 6, 12 and 24 h were 0.51, 0.48 and 0.49, respectively.
Furthermore, the intensities of the (0 0 3) reflections were This ordering is crucial in determining the ease with which
higher than those of the corresponding (104) reflections the topotactic charge—discharge processes occur. Thus,
[50], indicating that these samples had good cation order-the optimized heat treatment protocol for the synthesis of
ing [53]. The good cation ordering is also evident from the LiNiggCay 20, from the oxalic acid precursor was deter-
well-separated (108) and (1 10) reflectidb8,54] It was mined to be calcination at 80C for 12 h. This was the
shown[50] that thec/a ratio also generally increased with case with the other dicarboxylic acids also.
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Lattice and structural parameters of the various products synthesized by a 12 h calcinatiori@t 800

251

Complexing agent c(A) a (A cla lood/l104 R parameter

Oxalic acid HOOC-COOH 14.228 2.928 4.86 1.15 0.49

Malonic acid HOOC-ChH-COOH 14.113 2.910 4.85 1.23 0.49

Succinic acid HOOC—(Ch),—COOH 14.215 2.925 4.86 1.21 0.47

Adipic acid HOOC—(CH);—COOH 14.363 2.937 4.89 1.28 0.45

Suberic acid HOOC—(Ck)e—COOH 14.375 2.922 4.92 1.30 0.46

Sebacic acid HOOC—(CHe—COOH 14.313 2.915 491 1.33 0.47
Table 1shows that the/aratio increased with. This indi- 4.3

cates a preferential expansion of the lattice indftrection 10

as then value is increased. However, beyond= 6, the S

value ofc/a dropped slightly. The increase in the value of Eﬂ 3.8

thelgod/l104 ratio with n suggests that all the products had 8 25 |

not only better cation orderin3], but also that the cation S

ordering improved with. It was noted Fig. 2) that the de- 3.3

composition temperature generally increased witfhus, it 3.0

is possible that the higher decomposition temperature of the

metal-dicarboxylic acid complex triggered an initial crystal- . ' 4'0 ' 8|0 ' 1;0 ' 1!30

lization process in the products, conferring on them greater Capacity (mAh/g)

ordering. According to Dahn et §67] the unit cell volume
of Li,Ni>_,05 is the lowest for the ideal layered LiNjO

Fig. 4. A typical charge—discharge curve of the LghCoy 20, product

In the present study, the unit cell volumes were smaller for obtained from an oxalate precursor. Calcination conditions=°80a.2 h.

the products derived from acids with> 2 (Table 7). The
minimum unit cell volume was obtained for the product de-
rived from the adipic acid complex. The low levels of cation
mixing, as indicated by the high integrated intensity ratio
loo3/l104, and the better layered nature of the products, as
revealed by the low unit cell volumes, suggest that the prod-
ucts obtained with dicarboxylic acids with> 2 would be
structurally beneficial for electrochemical applications. All
the products ha® values below 0.5, indicating good hexag-
onal ordering of their lattices. However, the lowBstalue of
0.45 was obtained for the product derived with adipic acid.

Thus, based on the structural parameters, it appears that the

product derived from the adipic acid-complexed precursor
should display the best electrochemical properties.

3.3. Charge—discharge studies

The charge—discharge curves of the lgilCay 20, prod-
uct obtained from an oxalate precursor (8a) 12h) are
shown inFig. 4 The monotonous nature of the discharge
plateau in the 3.4 to 3.6 V region signifies that only the nickel
ions undergo redox reactions in the battery cycling range
[58] according to

Li[Ni , ;3 Cop2%*] 0,
< OoseLioa[Niy,> Niy,*Ca, >0, + 0.6Li* + 0.6e

The first-cycle discharge capacities of the 12 h-calcined
oxalate-derived products were 57, 155 and 163 mAh/g, re-

erties with calcination temperature is attributed to increased
hexagonal ordering of the 3b transition metal ion and 3a
lithium ion sites, as substantiated by our XRD results.

The variation in the first-cycle capacity of the 8GD for

Discharge Capacity (mAh/g)

lst

180 —

176 —

172 —

168 —

164 —

12 h calcined products as a functionrois shown inFig. 5.
It can be seen that the first-cycle capacity was the highest
for the product derived from an adipic acid-based precur-

HOOC-(CH,),-COOH

160

spectively, for calcination temperatures of 600, 700 and Fig. 5. variation in the first-cycle discharge capacity of L§NC0p20»
800°C [50]. The improvement in the electrochemical prop- as a function ofn. Calcination conditions: 80TC, 12 h.
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sor. From a value of 163mAh/g for = 0, the capacity  intermediate performance were obtained with methanol and
value increases to 178 mAh/g for the adipic acid-based prod-2-propanol.

uct (z = 4), and then drops to 163 mAh/g far= 8. The Recently, we demonstrated the inferior performance
excellent performance of the adipic acid-based product isof LiNiggCoy 20, derived from an aqueous maleic

in agreement with our structural data, which show the best acid-complexed precursor as compared to products derived
hexagonal ordering for this product. The cycling behavior from solutions made in ethanol, 1-propanol and 1-butanol
of the 800°C for 12 h calcined products showed that those [32]. A similar trend was noted with precursors with other
derived with succinic, adipic and suberic acids yielded the dicarboxylic acids too. For example, the initial discharge
highest capacities. Incidentally, these products had the low-capacities of the products derived from ethanolic and aque-
estRvalues. Although the adipate-derived product gave the ous solutions of malonate precursdB5] were 173 and
highest first-cycle capacity, cycling data indicated a superior 168 mAh/g, respectively. The corresponding values in the
performance for the suberic acid-based product. Therefore,10th cycle were 169 and 158 mAhJ85].

in general the suberic acid-based product with low values Although a major participation of the solvent in the com-
for theR parameter and unit cell volume, and high values for bustion process is ruled out, its role in coordinating with
the c/a andlgg3/l104 ratios gives the best electrochemical the cations cannot be discounted. The coordinated solvent
performance. This is reflected in its high first-cycle capacity molecules can be expected to participate in the combus-
of 174 mAh/g and a charge retention of 98.3% in the 10th tion process and to provide local heat for the formation of

cycle. the product. Solvents generally tend to donate electrons to
cationic species (which act as Lewis acids). This tendency
3.4. Effect of solvent of solvents to donate electrons, called donicity, is expressed

in terms of donor number$2]. The donor numbers of the

Solvents other than water have been employed for solution SOIVents used in our studyig. 6) are: 2-propanol: 21.1;
synthesis of inorganic oxidei&9-61] In our studies we ethanol: 19.2; methanol: 19.1; water: 18.0. Thus, it appears
investigated the effect of different solvents in the solution that the tendency of the solvent molecules to bond with
synthesis of LiNo.sCap202. The effect of solvents on the the cations is the h|ghes.t for 2—propano_|, _and the least for
discharge behavior of the products obtained from an adipateVater. However, the steric hindrance arising from the two
precursor is shown iffig. 6. Ethanol gave a product with ~ flanking methyl groups in 2-propanol should result in di-

the best performance, while water gave one with the worst minis_hed coordination/solvation. Thl_Js, 2-propanol may only
performance: the first and tenth-cycle discharge capacitiescont”bUte less towards the combustion process. On the other
of the former were 178 and 166 mAh/g, respectively, those hand, the presence of water molecules in the coordination
for the latter were 142 and 86 mAh/g. The capacity fade Sheath would, instead of fueling the decomposition reac-
of the aqueous precursor-based product were also steepefio™: impede the combustion process. Given the closeness of
the capacity fade over 10 cycles being 39.5% as comparedthe'r donor numbers, both ethanol and methanol should pro-

to just 6.7% for the ethanol-based product. Products with duce similar coordinations with the cations. However, the
higher fuel calorific value of ethanol as compared to that of

180 methanol should ensure a product with improved structural
and electrochemical properties for the ethanol-based precur-

*M*\p sor. Thus, the organic solvents, participating in the form of
160 - an additional coordination species, would yield precursors
<M more amenable to combustion. Hence, it would appear that
| the use of a combustible solvent with high donicity and co-
ordinating ability would facilitate a definitive design of the
final product.

120 — + Ethanol 3.5. Effect of pH
4 Methanol
| © 2-Propanol It is known that the complexing ability of any acid-type

O water

Discharge Capacity (mAh/g)

ligand depends on the pH of the medium, which determines
the dissociability of the ligand-laden molecule. The effect of
the pH of the precursor solution on the product characteris-
80 — 1 1 T tics is illustrated for malonic acid ifig. 7. The pH values

2 4 6 8 10 of the aqueous precursor were fixed at 4, 7 and 9. Malonic
acid is a dicarboxylic acid with dissociation constants of
pKa1 = 2.83 and [K42 = 5.69. Thus, at pH value of 4 with

Fig. 6. Effect of solvent on the cycling behavior of Lg#Co 20, derived only one carboxylic acid group dissociated, the complexa-
from an adipate precursor. Calcination conditions: 80012 h. tion process is just about half accomplished. On the other

Cycle Number
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160 190 mAh/g between 3.0 and 4.2V at a 0.1C r§e].
EM This is the highest capacity reported so far for this ma-
140 — terial. However, the first-cycle capacities obtained with
LiNi0.gCay.202 obtained from complexes of citri@4] and
tartaric acids[64] were 176 and 174 mAh/g, respectively.
120 AM—H In all the cases, the LiNigCop 202 phases obtained under
a 12h calcination at 80@C had the lowesiR parame-
ter values, suggesting the superior hexagonal ordering of
their lattices. The charge—discharge behavior of the maleic
o oH=4 acid-derived LiNy gCap 20> in electrolytes of 1 M LiPk in
o ’; H_:7 mixtures of carbonate electrolytes—50:50 (v/v) EC:DEC,
epH=9 50:50 (v/v) DEC:DMC, 50:50 (v/v) PC:DMC, and 35:15:50
(v/v) EC:DEC:DMC—showed that the best performance
was obtained in the electrolyte based on EC-DJESE].
Although the electrochemical impedance response of the
40 | | | | | | | | : cell was independent of the electrolyte, it was suggested
1 2 3 4 5 & 7 8 9 10 that the variation in the performance had to do with ester

exchange reactions between the carbonate efiér67],
which would dictate the characteristics of the passive film

Fig. 7. Effect of the pH of the precursor solution on the cycling behavior of formed On. the cathode surface.
LiNi g.gCop 20, derived from a malonate precursor. Calcination conditions: Other LiNiyCo;_,0, phases = 0.1 and 0.3) were also
800°C, 12h. investigated. Here again, the capacities were commensurate

with the values of th&® parameter. For example, the values of
) ) theR parameter for LiNjCo;_, 0, phases obtained by a cit-

hand, at a pH value of 7 both the carboxylic acid groups ic acid-assisted sol-gel process were 0.60, 0.49 and 0.61 for
have dissociated, enabling their availability for co-ordination y = 0.3,0.2 and 0.1, respectivelg4]. The first-cycle capac-
with the metal ions. At pH 9, the dissociation equilibrium is  jties of the respective phases were 159, 176 and 140 mAh/g
shifted so far that no undissociated malonic acid should be [34]. It is pertinent to note that according to CF@8], in
available. However, the additional competition for coordina- he entire solid solution range LiNCoy_, 0, the phase with
tion from the strong_OH nupleophile renders coordination y = 0.26 was identified as the best-performing composition.
by the carboxylate ligands incomplete. The effect of doping LiNigCoy 20, was also studied.

According to Kim et al.[63] LiCoO; prepared at pH 7 The pest results were obtained with LiNCop.20, doped
with malonic acid as the complexing agent showed excellent it g2+ [34]. At a dopant level of S /Lit = 1073, the
electrochemical behavior. Our results are in agreement Withfirst-cycle capacity was 187 mAh/g for a material obtained
the results of Kim et al[63]. As the pH was increased from  ith citric acid as the complexing acid. The capacity faded
4 to 7, the first-cycle capacity slightly decre_ased from 157 {5 183 m Ah/g in the 10th cycle, registering a capacity fade
to 153 mAh/g[35]. However, the corresponding 10th cycle  of only 204 in 10 cycles. This is a definite improvement over
capacities were 143 and 145mAh/g. Thus, as the pH wasihe yndoped material, which gave 176 mAh/g in the first
increased, the charge retention in the 10th cycle was foundcyde but faded by as much as 6% by the 10th cycle. The
to increase from 91.1 to 94.8%, in accordance with the fact paoneficial effect of the dopant was explained by a defect

that at a pH 67 a more complete coordination with the ,54el proposed by Van der Ven and Cefg,70]
carboxylic acid ensues. However, there was a drop in the

capacity to 122 and 115 mAh/g, respectively, for the first
and tenth cycles when the pH was raised to 9. 4. Conclusions

100 —

80 —

60 —

Discharge Capacity (mAh/g)

Cycle Number

3.6. Other carboxylic acids as complexing agents The dicarboxylic acid-aided sol-gel process provides
a simple soft chemistry route for the elaboration of
We also investigated the use of other carboxylic acids LiNiggCoy202. The decomposition temperature of the di-
such as citric, maleic and tartaric acids as complexants incarboxylate precursors was found to increase linearly with
the sol-gel synthesis of LigCao20,. We found that the numbern, of —(CHy)— groups in the dicarboxylic acid.
the temperature protocol for producing L§¥ICo 202 A possible mechanism involving an intermediate of the tran-
with desirable performance characteristics was a 12 h cal-sition metal oxides with interstitial LD is presented. XRD
cination at 800C, the same as the optimal conditions results suggested that the 8@ for 12h calcined sam-
for the dicarboxylic acids discussed above. Under theseples from dicarboxylic acid complexes with > 2 would
conditions, LiNpgCop202 derived with maleic acid as be structurally beneficial for electrochemical applications.
the complexing agent delivered a first-cycle capacity of Charge—discharge studies showed that the adipate-derived
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product gave the highest first-cycle capacity (178 mAh/g), [22] A.G. Merzhanov, in: C.N.R. Rao (Ed.) Chemistry of Advanced
although cycling data indicate a superior performance for Materials: A Chemistry for the 21st Century, Blackwell, London,
the product derived from the suberic acid complex. We also 1993, p-19. _
. . . . [23] J. Livage, F. Beteille, C. Roux, M. Chatry, P. Davidson, Acta Mater.

conclude that organic solvents, participating in the form of 46 (1998) 743
an additional coordination s.pecies, would y'ield PreCUrSOrS [24] Y. Sun, LH. Oh, K.Y. Kim, J. Mater. Chem. 7 (1997) 1481.
more amenable to combustion. Products with well-defined [25] c. Julien, S.S. Michael, S. Ziolkiewicz, Int. J. Inorg. Mater. 1 (1999)
characteristics are obtained at such pH values at which  28.
both the carboxylic acid moieties are free to coordinate [26] C. Julien, L. El-Farh, S. Rangan, M. Massot, J. Sol-gel Sci. Technol.
with the cations, free from other competing nucleophiles. 15 (1999) 63, o
Studi ith th . b i id h d th [27] C. Julien, C. Letranchant, S. Rangan, M. Lemal, S. Ziolkiewicz, S.

_tu_ ies with the yarlous_ car ox_y Ic .aC| S showe _t at Castro-Gracia, L. El-Farh, M. Benkaddour, Mater. Sci. Eng. B 76
LiNi0.8C0p.202 obtained with maleic acid as a complexing (2000) 145.
agent gave a first-cycle capacity of 190 mAh/g between [28] C.C. Chang, J.Y. Kim, P.N. Kumta, J. Power Sour. 89 (2000) 56.

3.0 and 4.2V at a 0.1 C rate, which is the highest capacity [29] G.TK. Fey, V. Subramanian, J.G. Chen, Electrochem. Commun. 3

reported so far for LiNjgC0p.205. (2001) 234. _
[30] R.V. Chebiam, F. Prado, A. Manthiram, Chem. Mater. 13 (2001)
2951.
[31] G.T.K. Fey, R.F. Shiu, V. Subramanian, C.L. Chen, Solid State lonics
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