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Abstract. LiC[,Ni0s ~Co0zO2compositions, where v = 0.000, 0.010, 0.025. 0.040, 0.050. 0.075 and 

0.100. were synthesized via a conventional ceramic route. X-ray diffraction studies indicated cation 

mixing for the compositions with y > 0.05. Cyclic voltammetric studies revealed that the systems were 

reversible only when v was lower than 0.05. High levels of substitutions with Cr resulted in highly 

irreversible systems, either due to cation mixing or the displacement of the substituent ions to the 

lithium inter-slab regions, or both. The charge-discharge characteristics of LiCr~.Ni0..~ ~Coo202 were 

similar to those of the unsubstituted material over ten cycles. All the other substituted compositions 

showed much lower capacities and reduced cyclability. LiCr,025Ni0:75Coc~_O, gave a first-cycle capacity 

of 169 mAh/g in the 3.0 to 4.4 V window at a 0.1 C rate, fading to 156 mAh/g in the tenth cycle. 

Differential scanning calorimetric studies revealed that substituting with chromium produced no 

benefit to thermal stability. The structural, thermal and electrochemical properties of the pristine and Cr- 

substituted LiNio sCoo_,O_, compositions are discussed. 

1. Introduct ion 
Mixed lithium nickel cobalt oxides have been investigated 

intensively in recent years as a possible replacement for 

LiCoO,, which is used in more than 95% of the present-day 

commercial lithium-ion batteries. The search for a long- 

term alternative to LiCoO2 stems from the associated cost 

and toxicity of cobalt as well as the high charging voltages 

required to tap more than about 130 mAh/g. Mixed lithium 

nickel cobalt oxides are complete solid solutions of the 

general formula, LiNi~ ,Co,O2 (0 -< v _< 1~. which possess 

the advantageous properties of both LiCoO_~ and LiNiO~_ [1]: 

the high charge density of the latter and the simple 

preparation of the former. The cobalt in these nickel-rich 

phases is believed to reduce cation mixing in the lithium 

layers and reduce disorder in the (Ni/Co)2 layers [2], which 

are major problems associated with LiNiO,. In the entire 

solid solution region, the nickel-rich phases exhibit 

remarkable electrochenfical properties with moderate safety 

characteristics [3]. In fact, according to Delmas et al. [4] and 

Aragane et al. [5], the solid solution of the composition 

LiNiosCo0.202 is a potential next-generation cathode mate- 

rial. 

Partial substitution of transition and non-transition 

metal cations in the mixed oxide matrix has been 

demonstrated as a means of improving the safety and 

electrochemical characteristics of LiNi0sCo0.2Oz. Mg as a 

substituent has been shown to be particularly effective 

towards improving cycling stability and safety [3]. Cho [3] 

reported the excellent safety and cycling performance of Mg- 

substituted LiNi~.~.~Co0.2602 prepared from co-precipitated 

spherulitic Ni0:~Coo2~,Mg,(OH)_~ and LiOH. Gao et al. [6] 

reported the improved cathodic properties of LiNi,~..7Co0.~O, 
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simultaneously substituted with Ti and Mg. Recently, we 

studied the effect of  simultaneous substituting 

LiNi0.sCo0.202 with Ti and AI/Mg/Zn on the electro- 

chemical and thermal characteristics of the products [7]. A1 

has also been shown to bestow improved electrochemical 

and safety characteristics [8,9]. 

Some studies reported the use of Fe as a substituent for 

Ni/Co [9,10]. Moderate success has been reported with 

lithium nickel cobalt oxide partially substituted with Mn 

[11]. In all the above studies, the substitution was effected 

with the intent to improve the electrochemical properties or 

thermal stability, or both. Such studies enable us understand 

the mechanisms behind the improvement in electrochemical 

and safety characteristics. Substitution with Cr has been 

very successful in circumventing problems of cooperative 

Jahn-Teller distortion in LiMn204, a major contributor to 

capacity fade in the 3-volt region [12-14]. Recently, 

Madhavi et al. [15] reported that chromium as a substituent 

in small concentrations suppressed the life-limiting 

hexagonal-to-monoclinic phase transitions that occur in 

LiCoO, at voltages above 4.1 V vs. Li+/Li. Among the 

transition metal ions only Fe and Mn have been studied as 

substituents in Li(NiCo)O2 [9-11]. 

In this paper, we investigate the effect of  susbtituting 

Cr for Ni in LiNi0sCo0202 on the structural, thermal and 

electrochemical properties. Such a study might be useful in 

understanding the fundamental differences between the role 

of  transition and non-transition metal ion substituents in 

enhancing the structural and thermal stability of  the 

products. 

2. Exper imenta l  Procedure  

LiCrsNios_~Co0202 (v = 0.000, 0.010, 0.025, 0.040, 0.050, 

0.075 and 0.100) compositions were synthesized by a solid- 

state fusion method. Stoichiometric amounts of  LiOH.H20, 

NiO, Co304 and Cr203 were thoroughly mixed, pressed into 

pellets, and loaded on alumina crucibles. The pellets were 

calcined at 800 ~ in two spells of  12 and 48 h in oxygen 

atmosphere, with an intermediate grinding step. The product 

was subsequently ground to a fine powder. 

Structural changes brought about by the incorporation 

of  Cr ions were studied by X-ray diffraction (Siemens, D- 

5000 Mac Science, MXP18) between scattering angles of 

20 and 80 ~ in increments of  0.05 ~ Galvanostatic charge- 

discharge studies were performed with 2032-type coin cells 

with lithium as the anode and a 1 M LiPF6 in a 50:50 (v/v) 

mixture of  EC/DEC (Tomiyama Chemicals) as the 

electrolyte. Cell assembly was done in an argon-filled glove 
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box (VAC MO 40-1), with an oxygen level less than 3 ppm 

and moisture content less than 10 ppm. The cycling was 

performed at a 0.1 C rate between 3.0 and 4.2 V in a multi- 

channel battery cycling unit (Maccor, 4000 Series) 

interfaced with an IBM PC. The cathode was prepared by 

blade-coating a slurry of  85% active material, 10% carbon 

black and 5% PVdF in NMP on to an aluminum foil, 

drying overnight at 120 ~ in an oven, roller-pressing the 

dried coated foil, and punching out circular discs. 

Cyclic voltammetry was performed in a three-electrode 

glass cell placed inside a glove box. The cathode materials 

were prepared as described above, but coated on both sides of 

the aluminum foil. The cells were assembled inside the 

glove box with lithium foil serving as the counter and 

reference electrodes. Cyclic voltammograms were recorded 

on a Solartron 1287 Electrochemical Interface at a scan rate 

of 100 gV/s between 3.0 and 4.4 V. 

The thermal characterization of the Cr-substituted 

LiNi0sCo0202 was done as follows. The coin cells were 

first galvanostatically charged to 4.4 V at a 0.1 C rate and 

then potentiostated at 4.4 V for 20 h in a multi-channel 

battery tester (Maccor 4000). During this period, the current 

dropped to microamps. After 20 h, the coin cells were 

opened inside the glove box, with the oxygen and moisture 

content maintained below 2 ppm. The cathodes were 

carefully removed and the excess electrolyte was wiped with 

a Kimwipes| cloth. The recovered material had 10-15 % 

electrolyte by weight. The material was carefully removed 

from the aluminum current collector, loaded on to an 

aluminum pan, hermetically sealed, placed in an airtight 

container, and immediately transferred to a DSC instrument 

(Perkin-Elmer DSC 7) for measurements. The DSC 

experiments were carried out in a nitrogen atmosphere bet- 

ween 150 and 350 ~ at a heating rate of  3 ~ 

3. Results  and Discuss ion  

3.1. Structural Studies. X-ray diffractograms of  the Cr- 

substituted LiNi0,Co0202 are shown in Fig. 1. All the 

diffraction patterns show peaks indexable in the R3m space 

group with a hexagonal setting. It is not surprising that Cr- 

substituted compositions showed no extra phase in the 

diffractograms, especially at low concentrations of the 

substituent employed here, because LiCrO2 is isostructural 

with LiCoO, and LiNiO2 [16]. This is in contrast with the 

repeated heating and grinding operations required for the 

preparation of  Cr-substituted LiNiO~ [ 17], or Cr-substituted 

LiCoO, for Cr concentrations of  >0.05 atom/molecule [15]. 

Although we did not obtain any linearity in the relationship 
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Fig. I. X-ray diffractograms of the various LiCr Ni,,~ ,Co0 O, 
compositions. 

between the lattice parameters and the Cr content (Table 1), 

the values of the lattice parameters were between those of 

the unsubstituted LiNi0.sCoo20 z, prepared by a sol-gel route 

[18] (a = 2.853 A and c = 13.93 A), and LiCrO~ [17] (a = 

2.899 A and c = 14.44 ,~). The sharp peaks indicate the 

high degree of  crystallinity of  the material. The clear 

splitting of  the characteristic hexagonal doublets 

(006)/(102) and (108)/(110) shows the good layered nature 

of  the products, ,'rod the absence of  significant cation 

mixing. The absence of  cation mixing is also reflected in 

the high values of the integrated intensity ratio, I~0031/I(104,, 

which is high up to Cr contents of 0.050. However, the 

decreased values of  the intensity ratios for Cr contents 

above 0.050 indicate a possibility of cation mixing, by 

way of  Cr occupying the lithium 3b sites at such 

substituent levels. A similar trend was noticed in a study of 

Cr-substituted LiCoO, [15]. The c(-NaFeO_, layered 

structures are characterized by their hexagonal unit cell 

volumes. According to Dahn et al. [ 19], the cell volume of 

Li,Ni2_,O, is the lowest for the ideal layered LiNiO~. In the 

present study, the unit cell volume was found to be the 

lowest for the LiCr0.0zsNi0.97sCo020_~ system. Both the 

cation mixing, as indicated by the integrated intensity ratio 

I,.0o3/I,.~o~,, and the unit cell volume, directly affect the 

electrochemical properties of the substituted compounds. 

3.2. Electrochemical Studies 

3.2.1. Cyclic Vo#ammetric Studies. According to Kavan 

and Gratzel [20], cyclic voltammetry is sensitive to phase 

transformations occurring during electrochemical reactions. 

Cyclic voltammograms recorded ['or the products with v = 

0.025, 0.050, 0.100 in LiCr, Ni0.8_,Coo202 are shown in 

Fig. 2. The cyclic voltammogram for the y = 0.025 sample 

shows a profile similar to that of  the host, LiNi0.sCo0n_O _, 

[19]. The oxidation peaks at 3.98 V and 4.28 V may be 

ascribed to the Ni4+/Ni 3~ and Co4+/Co 3+ couples, 

respectively, although Fey et al. [21] showed that the 

Table 1. Lattice constants and other crystallochenlical parameters for the LiCr,Ni0. ~ ,Co0_,O z 
compositions. 

System a(A) c(AI 
y in  LiCrNi,,~,.Coo~O~ 

0.010 2.865 14.152 

0.025 2.861 14.071 

0.040 2.882 14.152 

0.050 2.867 14.128 

0.075 2.866 14.069 

0.100 2.875 14.148 

c/a I,~.~3/IE.~ Unit cell volume 

IA)) 

4.94 1.97 100.6 

4.92 6.10 99.8 

4.91 1.88 101.8 

4.93 3.14 100.6 

4.91 1.27 100.1 

4.92 1.09 101.3 
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Fig. 2. Cyclic voltammograms of LiCryNi08_yCO0202. (a) y = 
0.025; (b) y = 0.050; (c) y = 0.100. 

unsubstituted LiNi0.sCo0.202 exhibited just  one oxidation 

peak at 4.28 V. LiCrO2 has been shown to delithiate at 

around 4.05 V vs. Li+/Li [15,17]. It is possible that because 

the susbstituent levels are small, any oxidation peak due to 

the substituent may get camouflaged among those of  the 

parent compound. Additionally, there is a broad reduction 

peak at 3.30 V, the origin of  which is not clear. Curiously,  

the 3.30 V peak was observed in the cyclic vol tammograms 

of  all the Cr-substituted samples (Fig. 2). However, no 

such peaks were observed in the case of  the Cr-substituted 

LiCoO2 samples [15]. The reduction peak at around 3.3 V 

becomes less defined as the Cr content is increased (Fig. 2). 

In fact, Madhavi  et al. [15] and Jones et al. [17] have shown 

that it is impossible to reversibly intercalate l i thium from 

LiCrO2 in 2.7-4.3 V range. 

Unlike in the case of  the sample with y = 0.025, no 

splitting of  the oxidation peak was observed in the samples 

with y = 0.050 and 0.100. Only one broad oxidation peak 

around 4.0 to 4.1 V could be observed in these cases. For  
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Fig. 3. Cycling performance of the various LiCr~Ni0. 8 yCo0:O z 
compositions.  

all the above composit ions,  the reduction peaks appeared 

very depressed, with the depression increasing with the 

chromium content. Thus, the cyclic vol tammograms show 

that at increased chromium substitution levels, the irre- 

versibility of  the electrochemical processes in this potential 

range increases. Similar  observations of depressed reduction 

peaks in LiCryCox_yO 2 have been made by Madhavi et al. 

[15]. 

It can be seen from the ratio of  the intensities of  the 

(003) to the (104) reflections that at a y value of  0.100 the 

extent of  cation mixing was the greatest among the 

composit ions studied. In the case of  substituted layered 

Table 2. The first- and tenth-cycle charge and discharge 
capacities of the various Cr-substituted compositions. 

y in 

LiCryNio.8 yCOo.202 

0.010 

0.025 

0.040 

0.050 

0.075 

0.100 

Capacity (mAh/g)* 

l~'cycle 10thcycle 

C.C D.C C.C D.C 

185 141 131 131 

195 154 150 147 

185 123 124 124 

165 125 124 122 

161 106 76 77 

142 44 18 18 

* Data at 0.1 C rate between 3.0 - 4.2 V 
C.C.: charge capacity, D.C.: discharge capacity, 
C.R.: charge retention. 

C.R. 

93% 

95% 

100% 

98% 

73% 

41% 
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LiNiO2 and LiNi,_~.Co,.O2 systems, there is a possibility 

that the substituent ions from the transition metal ion sites 

migrated to the lithium inter-slabs during the first charge 

[22]. Similarly, it is possible that during the first charge, 

Cr 3+ ions are displaced from the transition metal sites to the 

lithium inter-slab region. The presence of  Cr 3+ ions in the 

lithium plane should hinder lithium movement, drastically 

affecting the capacity of  the system. 

3.2.2. Charge-Discharge Studies. The cycling performance 

of  LiNio.sCoo202 and Cr-substituted LiNio.sCo0.202 com- 

positions is shown in Fig. 3. The first- and the tenth-cycle 

charge densities for LiNi0.sCo0.202 were 151 and 147 

mAh/g, respectively. The corresponding values obtained for 
the compound with y = 0.010 were slightly low at 141 and 

131 mAh/g (Table 2). However, the capacities rose to 154 

and 147 mAh/g in the first and tenth cycles, respectively, 
when the y value was increased to 0.025. Thus, there was 

practically no difference between the capacities of 

LiNio.sCo0.202 and LiCro.025Ni0775Co0.20 2 over the first ten 

cycles. The capacities of  the materials with the other 

compositions were lower, generally decreasing with an 

increase in the chromium content. Thus, substitution with 

chromium did not have any beneficial effect on the de- 

liverable specific charge of the material. Typical charge- 

discharge curves for LiCr0.025Ni~.775Coo.202 are shown in 

Fig. 4. 

The cyclic voltammetric data were complementary to the 

charge-discharge behavior and the structural characteristics of 

the compounds. As can be seen from Fig. 2, as the 

chromium content (y) was raised from 0.025, the current 

peak corresponding to the reduction reactions was in- 
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Fig. 4. Typical charge-discharge curves of the LiCr002 s- 
Nio  775C00.20 2 system. 

creasingly depressed, indicating a progressive lowering of 

the reversibility of  the system. As noted earlier from our X- 

ray diffraction data, cation mixing in the materials was high 

at a y value of 0.100. The high first-cycle charge capacity 

(142 mAh/g) and the corresponding low discharge capacity 

(42 mAh/g) appear to be fallouts of  the high levels of 

cation mixing. 

The above behavior can be explained in terms of cation 

mixing as well as the possible displacement of Cr 3+ ions 

from the transition metal ion sites to the lithium inter- 

slabs. It has been suggested that the increased cycling sta- 

bility in the case of  Mg-substituted LiNiO2 was due to the 

presence of  Mg 2+ ions in the lithium inter-slab regions 

[22]. In the case of LiNiO2 and the nickel-rich phases of 

LiNi,_yCo,O2, the first-cycle charging capacity is much 

higher than the discharge capacity. In other words, the first- 

cycle irreversible capacity is very high. The charging 

capacity stabilizes at lower values in the subsequent cycles, 

especially when the substituents are non-transition metal 

ions such as A1, Mg and Zn [3,7,23]. The stabilization of 

the capacity in the subsequent cycles is attributed to a 

'pillaring effect' [22]. The presence of  a size-invariant non- 

transition metal ion in the interslab region helps stabilize 

the layered structure during the charge-discharge processes 

[22]. In the present situation, where the substituent ion is a 

transition metal cation, as long as it does not undergo oxi- 

dation or reduction in the potential range under con- 

sideration, it should remain size-invariant. However, the 

cycling stability achieved with the Cr3+-substituted materials 

was not as impressive as with non-transition metal ions. 

Table 3. Charge and discharge capacities of 
LiCr~)025Ni077sCo0.202 and LiNi0.sCo0_,O ~. 

Cycle Number 

Capacity (mAh/g)* 

LiNi0.8Co0202 LiCro.ozsNio.775Coo.202 
C.C. D.C. C.C. D.C. 

l 184 168 213 169 

2 170 167 170 168 

3 169 166 168 167 

4 167 166 166 165 

5 168 165 165 164 

6 166 165 163 162 

7 165 164 162 160 

8 164 163 159 158 

9 163 162 158 157 

10 162 161 156 156 
*Data at 0.1 C between 3.0 and 4.4 V. 
C.C.: charge capacity; 
D.C.: discharge capacity 
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We are inclined to suspect that some irreversible reduction 

of the substituent occurs around 3.3 V, as suggested by the 

cyclic voltammograms of the Cr-substituted materials. 

Thus, Cr as a substituent cannot possibly provide size- 

invariant pillared structures for the layered matrix. Hence, 

from this study it appears that substitution with non- 

transition metal ions may result in improved cycling 

stability of the host, although at the expense of deliverable 

capacity. However, substitution with a transition metal ion 

such as Cr 3§ decreases both the capacity and the cycling 

stability. 

Although the coulombic efficiencies in the first cycle 

for the Cr-substituted materials were low, as would be 

expected if part of the substituent ions were to move to the 

lithium sites in the first charging step, they attained values 

as high as 100% in the tenth cycle, especially for y values 

around 0.040 (Table 2). High capacities and high coulombic 

efficiencies were obtained at a y value of 0.025. Any in- 

crease in the substituent level above y = 0.050 led to re- 

duced capacity and coulombic efficiency. The poor electro- 

chemical characteristics of these compositions are the result 

of substituent ions migrating to the lithium plane during 

the synthesis as well as during the first charge. 

In order to understand the cycling behavior of the sub- 

stituted systems in an extended voltage window, the cycling 

performance of LiNi0.8Co0.202 and LiCr0msNi0.775Co0.202 

were studied in the voltage region between 3.0 and 4.4 V. 

There was an increase in the charge and discharge capacities 

of both the substituted and unsubstituted systems. The first- 

and tenth-cycle discharge capacities of LiNi08Co0.202 were 

168 and 161 mAh/g, respectively. In the case of 

LiCr0.025Ni0.775Co0.20 2 they were 169 and 156 mAh/g, 

respectively. Although the capacities were similar, no 

benefit in terms of the cycling stability was observed, as 

summarized in Table 3. However, at higher substitution 

levels, the capacity fell. Similar results of reduced capacity 

for transition metal ion-doped LiNil_yCoyO 2 have been 

reported [9-11], For example, in the case of Fe-substituted 

LiNi085Co0.1502, the capacities were around 150 mAh/g [9]. 

Prado et al. [10] obtained a capacity of 125 mAh/g for Fe- 

substituted LiNil_yCoyO 2 compositions, while the cycling 

stability improved only moderately. Substitution with Mn 

in LiNil yCoyO z also resulted in discharge capacity values 

close to 150 mAh/g [11]. Hence, from these results it is 

clear that substitution with transition metal ions is not an 

effective means to improve the electrochemical properties of 

LiNil_yCo~O2. 

3.3. Thermal Stability. The thermal stability of battery- 

active materials, especially cathode materials based on 

LiNiO2, is an important criterion for civilian applications. 

Differential scanning calorimetry (DSC) is an effective tool 

for determining both the temperature of decomposition and 

the associated enthalpy. Lithiated nickel oxides decompose 

in an exothermic reaction near 200 ~ with the evolution 

of flammable gases [9]. LiNiO2 partially substituted with 

Co decomposes near 215 ~ In the case of 

LiTi0.05Ni0.75Co0.202 doped with a non-transition metal ion 

like Mg 2+ or A13§ the decomposition process was observed 

at an elevated temperature, 223 and 22l ~ respectively [7]. 

The DSC scans recorded for two Cr-substituted 

compositions (y = 0.025 and 0.050) are shown in Fig. 5. 

The decomposition temperatures of both the materials were 

the same, 213 ~ with similar values for the enthalpy. 

Thus, substitution with transition metal ions is not an 

effective method for postponing the thermal event. This 

contrasts with the effect of non-transition metal ion 

substituents in elevating the decomposition temperature [6]. 

Also, the heat of the reaction or the enthalpy associated 

with the decomposition process is generally believed to 

decrease with an increase in the substituent concentration 

[3,6]. In the present case, no such effect was seen with the 

Cr 3+ substituent ions. We thus conclude that Cr as a 

substituent does not enhance thermal stability. 
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4. Conclus ions  

LiCr,Ni~_,Co~:O, compositions, where v = 0.010, 0.025, 

0.040, 0.050, 0.075, 0.100, were synthesized by a con- 

ventional ceramic method. X-ray diffi-action studies indicated 

increased cation mixing for the compositions with 3' > 

0.05. Cyclic voltammetric studies revealed that the systems 

were reversible only when r was lower than 0.050. 

Increasing the Cr content produced highly irreversible 

systems, due to cation mixing or the displacement of the 

substituent ions to the lithium inter-slab regions, or both. 

The capacity and the cycling stability of the material with v 

= 0.025 were similar to those of the unsubstituted material. 

All the other substituted compositions showed much lower 

capacities and reduced cyclability. LiCr0u_~sNi0775Co0_,O_~ 

gave a first-cycle capacity of 169 mAh/g in the 3.0 to 4.4 V 

window, fading to 156 mAh/g in the tenth cycle. 

Differential scanning calorimetric studies revealed that 

substituting with chromium did not benefit the thermal 

stability of the host material. Thus, it is clear from our 

results on Cr-doped LiNi~ C0,O_,, as well as those of others 

on Fe- ,and Mn-substituted materials [9-11], that 

substitution with transition metal ions is not as effective as 

with non-transition metal ions [3,6-9,23]. in improving the 

cycling or thermal stability of lithium nickel cobalt oxides. 
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