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Abstract

Li[Li1/5Ni1/10Co1/5Mn1/2]O2 solid solutions were prepared by four different routes using a solid-state reaction method. All the

prepared samples were of a layered manganese oxide structure. The prepared samples were subjected to XRD, Raman and charge–

discharge studies. The addition of ethyl alcohol in the starting materials during the synthesis process has exhibited superior electro-

chemical properties and offered higher discharge capacity than the samples calcinated in the form of pellets without solvent. The

added ethyl alcohol not only assists to get a homogeneous mixing of reacting species, but also influences the chemical reaction

during the synthesis process. The materials are found to be superior in terms of minimum capacity fading per cycle than the

materials so far reported. The other electro-chemical properties like irreversible capacity and discharge capacity of the synthesized

materials have also been discussed based on the experimental observations.

# 2006 Elsevier Ltd. All rights reserved.

Keywords: Layered compound; X-ray diffraction; Raman spectroscopy; Electro-chemical properties; High discharge capacity

1. Introduction

Recently, solid solutions of layered manganese oxides have been identified as promising cathode materials for

lithium secondary batteries because they showed good structural stability and excellent electro-chemical properties

[1–10]. Solid solutions with layered manganese oxides can be prepared either by a sol–gel [11–16] or by a solid-state

reaction method [17,18]. But most of the solid solutions are synthesized using a sol–gel method because it provides a

homogeneous mixing of starting materials, a high reactivity of the mixture even at a lower heating treatment and at a

shorter reaction time. This homogeneous mixing results in an easier control of the stoichiometric synthesis of the
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materials at an atomic level. For commercialization, however, the solid-state reaction method has been mainly

employed for the preparation of cathode materials since the former is a more expensive process than the latter.

Poor solid-phase diffusivity of the chemical species during the synthesis process generally causes the formation

of material with unstable structures, resulting in poor electro-chemical behaviors [19,20]. In order to circumvent

these drawbacks, many researchers switched over to other alternative processes, such as calcination of starting

materials at high temperature, calcinations of materials in the form of pellets or/and addition solvents during the

synthesis process [21–23]. But high temperature synthesis frequently causes the sublimation of the Li ion from

lithium metal oxides, whereas pellet-shaped calcination process needs a longer synthesis time. Spinel LiMn2O4 was

synthesized by grinding MnO2 and LiOH starting materials with alcohol as a dispersing agent to obtain high

material utilization and to extend cycleability at high rates. The spinel showed a limited discharge capacity fading

even at 6 mA/cm2 (520 mAh/g) [21]. It was reported that the (low temperature) LT a-LiFeO2 could be synthesized at

a low temperature route via the H+/Li+ ionic exchange reaction in LiOH–H2O/a-FeOOH/alcohol system with a high

water concentration and the disordered rock-salt LT a-LiFeO2 was subjected to cycling studies with a cycling

capacity of ca. 0.2Li/LiFeO2 [23]. Although some studies were made on the solid-state synthesis of lithium metal

oxides (LiFeO2, LiFePO4, etc.) using alcohol and its derivative as a reaction medium [22,23], not much studies have

been reported on the synthesis of lithium manganese oxides using alcohol as a solvent. Moreover, the effect of

addition of solvent during the synthesis process was not studied for the layered manganese oxides solid solutions.

Moreover, it is not clearly understood how alcohol (or/and alcohol derivatives) affects the structural and electro-

chemical properties of the synthesized materials.

In the present study, Li[Li1/5Ni1/10Co1/5Mn1/2]O2 solid solution composition was synthesized by solid-state method

with various synthesis processes. We employed four synthetic routes; with and without addition of alcohols in the

precursors, and powder- and pellet-shaped calcination of precursors. We examined the effect of addition of the alcohol,

and the form of the starting materials, pellet or powder during the synthesis process on the structural and electro-

chemical properties of the synthesized solid solutions. The influence of alcohol on the structural and electro-chemical

properties of the layered Li[Li1/5Ni1/10Co1/5Mn1/2]O2 solid solution is presented.

2. Experiment

Stoichiometric amounts of lithium, nickel, cobalt, and manganese hydroxides (LiOH, Ni(OH)2, MnOOH, and

Co(OH)2) were mixed with a cation ratio of Li:Ni:Co:Mn = 6/5:1/10:1/5:1/2 for the preparation of Li[Li1/5Ni1/10Co1/5

Mn1/2]O2. The mixture of the starting materials was ground using a ball miller (FRITSCH; Planetary Mono Mill-

Pulverisette 6). The ground mixture was calcined using two different processes. Table 1 depicts the sample name and their

method of preparation. The first process involved the calcination of the mixture in the form of a powder. The ground

mixture was pre-calcined at 600 8C for 10 h. The pre-calcined powders were ground with the ball miller and calcined

again at 940 8C for 10 h. This synthesized sample was named as sample A. The second process involved the calcination of

the mixture in the form of a disc-shaped pellet. The ground mixture was pressed at 400 kg cm�2 to form a disc-shaped

pellet and the pellet was heated at 600 8C for 10 h. The pre-calcined sample was ground and was pressed to make the

disc-shaped pellet again. The pellet was calcined at 940 8C in air for 10 h. The prepared sample was named sample B.

The grinding time was 4 h for all the processes, and the calcinations were performed in air. To study the effect of ethyl

alcohol on the mixing of solid-phase starting materials, the same stoichiometric amounts of the materials were mixed in

the presence of ethyl alcohol (0.5 cc/g of solid), and the mixture was ground using a ball miller. To evaporate

ethyl alcohol, the ground mixture was heated at 70–80 8C for 10 h in air. The same procedure was employed for the

preparation of Li[Li1/5Ni1/10Co1/5Mn1/2]O2 without ethyl alcohol. The structure of the prepared samples was

characterized using X-ray diffraction (XRD, D/Max-3A, Rigaku) with a Cu Ka radiation. XRD measurements were
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Table 1

Sample names and their preparation method

Sample Preparation method of the sample

A Powder without alcohol

B Pellet without alcohol

C Powder with alcohol

D Pellet with alcohol



carried out in the 2u range of 10–808with a scan speed of 48/min. In order to avoid the loss of lithium due to evaporation,

an excess of lithium up to 10% was added. The Li, Co, Mn, Ni contents in the resulting materials was analyzed using an

inductively coupled plasma/atomic emission spectrometer (ICP/AES, Kontron-S 35). Energy Dispersive X-ray

spectrometer (EDX: EMAX, HOBRIBA) measurements were carried out to analyze the chemical composition of the

synthesized materials.

The electro-chemical characterization was carried out using CR2032 coin-type cells. The detailed description of

the cell fabrication was reported elsewhere [4,5]. The charge and discharge processes were carried out at a current

density of 0.4 mA/cm2 (20 mA/g) with cut-off voltages between 2.5 and 4.5 V (versus Li/Li+).

3. Results and discussion

Fig. 1(a)–(d) show the XRD patterns with their corresponding Miller indices for the samples A, B, C, and D,

respectively. All samples are indexed as a layered manganese oxide structure based on a hexagonal a-NaFeO2

structure (space group: R3_m, 166) [24], except the superlattice ordering peaks between 208 and 258. The impurity

peaks are resulted from the short range ordering of Li, Co, Ni and Mn atoms in the transition metal layers [24,25],

indicating the characteristic feature of Li2MnO3 structure [1,24,25]. The characteristic XRD peaks of the

hexagonal structure apparently appear at 2u = 18, 37, 38, 38.5, 45, 64.5, and 65.5 for 0 0 3, 1 0 1, 0 0 6, 0 1 2, 1 0 4,

0 1 8, and 1 1 0 planes, respectively. The intensity ratios of (0 0 3)/(1 0 4) peaks for all samples are above 1.38.

According to Morales et al. [26] who reported that the (0 0 3) peak occurs from the diffraction of the layered rock-

salt structure (R3̄m), whereas the (1 0 4) peak appears from both the diffractions of layered as well as cubic rock-

salt structures. It has been observed that layered cathode materials produce good electro-chemical properties when

the intensity ratio of (0 0 3) and (1 0 4) peaks is higher than 1.2, and the (1 0 1), (0 0 6) peaks and (1 0 8), (1 1 0)

peaks are clearly split. The above structural characterization clearly substantiates that all the samples are

synthesized with a typical layered structure.
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Fig. 1. X-ray patterns of Li[Li1/5Ni1/10Co1/5Mn1/2]O2 materials prepared for the samples (a), (b), (c) and (d).



The chemical composition of the samples synthesized by four different synthetic processes was measured by EDX

measurements. The moles of constitute elements were measured from EDX data of the samples and were divided by

the moles of Ni to calculate the molar ratios of each chemical species. The molar ratios of each species for the samples

were compared with those of theoretically calculated from the stoichiometric composition of the sample. Although not

shown in this paper, the measured molar ratios of each species for the samples were in accordance with the

theoretically calculated values, indicating that our samples were synthesized with good stoichiometry. The ICP-AES

studies reveal that the samples A, B, C and D have the composition of Li1.18Ni0.1Co0.2Mn0.5O2, Li1.19Ni0.1-

Co0.2Mn0.5O2, Li1.20Ni0.1Co0.2Mn0.5O2 and Li1.22Ni0.1Co0.2Mn0.5O2, respectively.

The discharge capacities versus voltage profile of the samples A, B, C and D at room temperature are shown in

Fig. 2(a)–(d), respectively. All the samples show a monotonic discharge curve, although their electro-chemical

performances are different. This is a characteristic feature of typical layered manganese oxides solid solutions. For

example the sample A shows a charging capacity of 153 mAh/g and a discharge capacity of 107 mAh/g with an

irreversible capacity loss of about 46 mAh/g. Similarly the samples B, C and D, respectively, shows an irreversible

capacity loss of 60, 85 and 96 mAh/g during their first charge–discharge cycle. (This irreversible capacity loss is shown as

a square box in Fig. 2.) According to Lu and Dahn [25], who clearly demonstrated with in situ XRD for Li[NixLi(1/3�2x/3)

Mn2/3�x/3]O2, the appearance of this plateau region is attributed to the irreversible loss of oxygen. Another possibility for

the charge compensation at voltage higher than 4.5 V is participation of oxygen ions in the redox reaction. A similar

observation was reported by Kang et al. [13] for the Li(Li0.2Ni0.2Mn0.6)O2 system. Fig. 3 shows the discharge capacities

of the samples measured at room temperature as a function of the cycle number. The samples A, B, C, and D deliver the

initial discharge capacities of 107, 116, 147, and 146 mAh/g, respectively. Upon 50 cycles the discharge capacities of the

samples were found to be 139, 150, 174, and 185 mAh/g for the samples A, B, C and D, respectively. These values are

much lower than the capacity of the material (231 mAh/g) synthesized by a sol–gel method [4], but are comparable or

superior to those of so far reported cathode materials synthesized by a solid-state synthesis [17,18]. The discharge

capacities of the samples are summarized in a table in Fig. 3, together with their retention ratios.

It is interesting to note that the discharge capacities of the samples prepared with ethyl alcohol (samples C and D)

are much higher than those of the samples prepared without ethyl alcohol (samples A and B). But the samples
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Fig. 2. Voltage vs. capacity for Li[Li1/5Ni1/10Co1/5Mn1/2]O2 materials prepared in the forms of (a) powder, (b) pellet form, (c) powder with ethyl

alcohol and (d) pellet form with ethyl alcohol. The first and fiftieth cycles are indicated. Rectangle box indicates the irreversible capacity region.



synthesized in the form of pellets (samples B and D) show slightly higher discharge capacities than the samples

prepared in the un-pelletized form.

The effect of alcohol in the mixing of solid-phase precursors was reported on the solid-state reaction synthesis of

other cathode materials, such as LiFeO2, spinel LiMn2O4, etc. [21–23,27]. It was suggested that the use of various

alcohols enhances the homogeneous mixing of solid precursors, resulting in the synthesis of better crystallographic

structures. But the exact synthesis mechanism of the solid-state reaction system has not yet been proposed.

Meanwhile, it was generally reported that pressing method enhances solid-phase diffusion of precursor components

during calcinations, leading to better crystallographic ordering [22,23]. But for the palletized samples B and D no

discernible changes could be observed from our experiments.

It is evident, that the use of ethyl alcohol is very effective in obtaining a higher discharge capacity than the

calcinations method in the solid-state synthesis. It suggests that ethyl alcohol functions as a good medium to

successfully synthesize Li[Li1/5Ni1/10Co1/5Mn1/2]O2 solid solution by a solid-state reaction. In solid-state reaction

synthesis in the absence of alcohol, solid-phase diffusion generally occurs by the mechanical mixing and thermal

effect. Therefore, the diffusion rates of the solid reacting species may be slow. The poor solid-phase diffusivities of

the reacting species generally cause the formation of unstable structured materials, resulting in poor electro-

chemical behaviors. Synthesizing the samples with the addition of solvents during the ball mill mixing, on the other

hand, seems that the added solvent not only enhances the homogeneous mixing of reacting species, but also

facilitates the chemical reaction during the synthesis. Our ICP-AES analysis also supports this phenomena i.e., the

samples prepared with the addition of alcohol and pelletized were found have better stoichiometry with higher

lithium ion content.

To understand the abrupt increase of the discharge capacity of the samples C and D synthesized in the presence of ethyl

alcohol, the chemistry of alcohol and starting materials was studied. The preparation of Li[Li1/5Ni1/10Co1/5Mn1/2]O2

solid solution was performed with corresponding metal hydroxides in the presence of ethyl alcohol. In the presence of

ethyl alcohol, lithium hydroxide reacts with the alcohol, which forms lithium alkoxide (LiOR), as written in the following

equation:

LiþOH��xH2O þ RO�-Hþ$LiþOR� þ xH2O ðR : CH3CH2
�Þ: (1)
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Fig. 3. Discharge capacity vs. cycle number for Li[Li1/5Ni1/10Co1/5Mn1/2]O2 materials prepared in the forms of powder (a) powder, (b) pellet form,

(c) powder with ethyl alcohol and (d) pellet form with ethyl alcohol.



LiOH dissociates into Li+ and OH� and, similarly, ethyl alcohol decomposes into RO� (CH3CH2O�) and H+. During

the reaction, a negatively charged RO�will combine with a positively charged Li+ ion and forms LiOR. Accordingly, the

OH� ion will combine with H+ ion to form water molecules. However, this reaction is reversible. Forward reaction is

much more favorable than the reverse reaction, because LiOH is a stronger base than LiOR. The LiOR formed in reaction

(1) participates in the reaction with Ni(OH)2, Co(OH)2, and MnOOH to form Li[Li1/5Ni1/10Co1/5Mn1/2]O2 in the

following equation:

5=6LiOR þ 1=10NiðOHÞ2þ 1=5CoðOHÞ2þ 1=2MnOOH

! Li½Li1=5Ni1=10Co1=5Mn1=2�O2þ 5=6R-OHþ xH2O:

(2)

This suggests that the added ethyl alcohol in the mixing process participates not only in the chemical reaction

during the synthesis, but also apart from enhances the diffusivity of the chemical species. However, these effects are

not observed in the synthesis of the samples without the addition of alcohol, which results in poor electro-chemical

behaviors.

More interestingly this is observed from Fig. 3 that the discharge capacities of all the samples initially increased

with cycling to saturation at maximum discharge capacities, although the discharge capacities of the samples are

different. The electro-chemical behavior, which shows an increase of discharge capacity at initial cycle numbers, was

frequently observed in layered manganese oxide solid solutions with a Li ion in their transition metal layers

[1,6,11,14,24] and is attributed to the stabilization of synthesized solid solutions with cycling [1] or due to the change

of Mn oxidation state from 4+ to 3+ (during discharge process) or from 3+ to 4+ (during charge process) during cycling

[3], or due to the contribution of lithium ions removed from transition metal layers while cycling [4,14,15]. However,

the increase of capacity upon cycling has not yet been clearly understood. Hence, it appears that as a general consensus

these materials have extremely complex structures.

Kim and Sun [11] explained that the fast rates of the Li ion insertion/extraction gradually stabilize the structure

of manganese oxides with cycling, resulting in the increase of discharge capacity at initial cycles. The increase of

the initial discharge capacity is also explained by the contribution of Mn [4,5,11,13,14]. Yoon et al. [28] demonstrated

by X-ray absorption spectroscopy that the Mn ions in the pristine samples are already in the Mn4+ oxidation state

and are not oxidized as a result of the Li-deintercalation; however, the average oxidation state of Ni increases during

the charge.

It is noted that all the samples produce the irreversible capacity at the first charging cycle (shown with an inset

rectangular box in Fig. 2), although the magnitudes of the capacities are different. The irreversible capacities of

samples C (86 mAh/g) and D (97 mAh/g) synthesized in the presence of ethyl alcohol are longer than those of samples

A (47 mAh/g) and B (60 mAh/g) synthesized without the alcohol. The values of the irreversible capacities of the

samples decreased in the order of sample D > sample C > sample B > sample A. The origin of the irreversible

capacity is still unclear. It is reported that the irreversible capacity results from oxygen loss in the structure [1,4,5] or

extraction of the Li ion from transition metal layers [13]. It is observed that the cathode materials, which produce the

irreversible capacity, increase the discharge capacity at the initial cycle numbers. Higher discharge capacity is

generally attained from the materials [29] and the saturation capacities of these materials increase in proportion to the

magnitude of the irreversible capacity [17,29].

The lattice parameters, a and c, were calculated using Rietveld refinement for XRD data of all samples and are

shown in Fig. 4. It is seen that the lattice parameters a and c for samples A and B are smaller than those of samples C

and D. The values of the lattice parameters (a and c) of the samples decrease in the order of sample D > sample

C > sample B > sample A. The a and c axes increase with the increased Li ion content in the transition metal layers,

because the radius of Li+ ion (g = 0.76 Å) is bigger that that of Ni2+ (g = 0.69 Å), Co3+ (g = 0.545 Å), Mn4+

(g = 0.53 Å) 12. This implies that the Li ion content in the transition metal layers of Li[Li1/5Ni1/10Co1/5Mn1/2]O2

solid solution increases in the order of sample D > sample C > sample B > sample A. The values of a and c for

Li[Li1/5Ni1/10Co1/5Mn1/2]O2 synthesized using a sol–gel method were 2.8477 and 14.2282, respectively [4]. This

indicates that the stoichiometry of the samples was obtained in the presence of ethyl alcohol by the increased

substitution of Li ions in the transition metal sites. Consequently, it is considered that ethyl alcohol added in the

mixing process of solid-phase starting materials enhances the solid diffusivity and chemical reaction rate in the solid-

state synthesis to form a favorable structure of Li[Li1/5Ni1/10Co1/5Mn1/2]O2 solid solution with increased Li ion

content in the transition metal layer.
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Fig. 5 shows the plot of dQ/dV curves versus voltage in the range of 2.5–4.5 V for sample D. For other samples,

although not presented in this paper, the dQ/dV curves were almost similar in shape. In the charge process, the peaks

observed between 3.7 and 4.1 Vare due to the oxidation of Ni2+ to Ni4+ in the material. The oxidation peak of Mn3+ to

Mn4+ rises and ends 3.5 V, which is not observed at the first charge process in any of the samples. The drastically

increased oxidation peak above 4.46 V is due to the irreversible capacity, corresponding to the irreversible plateau in

the first cycle as shown in Fig. 2. The corresponding reduction peaks of Ni4+ to Ni2+ and Mn4+ to Mn3+ appear in the

discharge process around 3.7 and 3.3 V, respectively. In the first charge process, the oxidation peak from Mn3+ to Mn4+

is not generated from all the samples. This indicates that the as-prepared samples were synthesized with maintaining
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Fig. 4. The plot of the lattice constants, a and c, vs. type of the synthesized samples.

Fig. 5. Differential capacity vs. potential for Li[Li1/5Ni1/10Co1/5Mn1/2]O2 materials prepared in the forms of pellet with ethyl alcohol. (a) Cut-off

voltage: 2.5–4.5 V, (b) cut-off voltage: 2.5–4.3 V. First to fiftieth cycles are indicated.



the oxidation state of 4+. The peak begins to appear, however, from the second charge process in the as-prepared

samples. Another typical characteristic in the shape of the dQ/dV curves of the samples is that the irreversible peak

occurs above 4.46 V in all the samples. The irreversible peaks for samples C and D are higher in the amplitude than

those of samples A and B. In addition, samples C and D show the irreversible peak even after more cycles, although the

peak decreases with cycle number. This electro-chemical behavior results in a continuous capacity increase with cycle

number with the delivery of higher capacity, as observed by many researchers [1,4–6,13].

The oxidation/reduction of the Mn ion peaks is also observed below 3.5 V in samples A, B, C, and D during charge/

discharge cycles. This means that the growth of Mn3+/Mn4+ coupled peaks is closely related to the gradual increase of

the discharge capacity during initial cycles. There are some discussions on the relationship of irreversible capacity,

increased initial capacity, and high capacity in the literature [4–6,11,13,14]. During the first charge, Li ions were

removed from the lithium layer and, simultaneously, Ni2+ is oxidized to Ni4+ upon charge to 4.45 V. Further charging

above 4.5 V brings about oxygen loss and Li ion extraction from the transition metal layers. The extraction of the Li

ion from the transition metal layers induces a change in the oxidation state of the manganese in order to keep the

electroneutrality, which results an increase in the capacity of the Li[Li1/5Ni1/10Co1/5Mn1/2]O2 electrode. As shown in

Fig. 4, which presents the saturation of discharge capacity curve after few cycling, the growth of the Mn oxidation peak

levels off after a few cycles [4,5].

Further, in order to confirm our statement, that the increase of the discharge capacity is due to the change of the Mn

oxidation state, we examined the dQ/dV curves versus voltage in the range of 2.5–4.3 Vand are shown in Fig. 5(b). It is

interesting to note that the peaks due to the irreversible capacity and the Mn3+/Mn4+ couples are not detected in the

measurements. The Ni2+/Ni4+ couple peaks are only observed during the oxidation and reduction processes. This

clearly demonstrates that there is a close relationship among irreversible capacity, increased initial capacity, and high

capacity, and the change of the Mn oxidation state during the charge and discharge processes.

4. Conclusions

The Li[Li1/5Ni1/10Co1/5Mn1/2]O2 solid solution was synthesized using a solid-state reaction with various

synthesis processes. The structural and electro-chemical characterization was performed for the samples

synthesized with and without ethyl alcohol during synthesis process. The samples were all synthesized with a

typical layered structure with a good stoichiometry. The discharge capacities of the samples prepared with ethyl

alcohol were much higher than that of the samples prepared without ethyl alcohol. The sample synthesized in the

form of pellets makes no difference in terms of capacity with the samples prepared in the form of powders. It is quite

obvious from our results that the use of ethyl alcohol is an effective way to obtain materials with higher discharge

capacity. The irreversible capacity, the increased initial capacity, and the high discharge capacity were

systematically correlated based on the experimental observations.
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