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Abstract

Layered Li[Lig 15Ni(0.275—v2)ALMn (g 575_./2)]0> materials were synthesized via a sol-gel method at 900 °C in air. Li[Lig ;5Ni(0 275—x/2)-
AlMng 575-2)]O2 and Li;,MnO; phase mixed compounds were obtained. Substitution of AP ions were shown to prevent the structural
degradation of the electrode material allowing higher discharge capacities. The 6 mol% aluminum-doped Li[Lig ;5Nig 245Al0.06Mng 545102
electrode delivered approximately 210 mAh g~ discharge capacity in a cut-off range between 2.5 and 4.6 V. It was found that the Al doping
on Li[Lig 15Nig 275—v2)ALMno 5754210, material could decrease the area specific impedance (ASI).
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1. Introduction

At present, LiCoO, materials are the only commercially
used cathode material in rechargeable lithium batteries. But
LiCoO, has many problems, such as high cost and environ-
mental disadvantages. Consequently, layered LiMO,
(M = Ni, Mn) and spinel LiMn,0, have been extensively
researched for use as the cathode material for commercial
lithium secondary batteries [ 1-3]. However, LiNiO, still has
some severe problems, such as difficulty in the synthesis of
stoichiometric LiNiO,, capacity decay due to the formation
of NiO, phases and thermal instability. Many researchers
also have attempted to overcome these problems by sub-
stituting some other transition metals for Ni in LiNiO, to
make LiM,Ni; O, M = Al, Co, Ga, Mg, Ti, etc.) [4-9].
Layered LiMnO,; can be transformed into the cubic spinel
structure through minor cationic rearrangements during the
cycling, leading to degradation of electrode performance
[10,11]. In order to stabilize the layered structure, many
research groups have studied the Mn-substituted Li,.
M,Mn,;_,0, (M = Al, Cr, Co, Ni, Li, Ti, Mg) [12-17].
Recently, Paulsen et al. [16] reported that high temperature
02-type Liy/;3[Nij3Mn,/3]O, was prepared by ion exchange
from P2—type Na2/3[Ni],3Mn2/3]02.
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Recently, many researchers have tried to make the solid
solutions in the system of LiNiO, and LiMnO,. Ohzuku and
Makimura [18] reported that Li(Nig sMng 5)O, materials are
able to overcome the disadvantages of LiNiO, and LiMnOs,.
Lu et al. [19] reported that Li[NixLi(1/3_2X/3)M1’1(2/3_x/3) is
derived from Li,MnOj or Li[Li;;3sMn,/3]O, by substitution
of Li™ and Mn*™" for Ni*" while maintaining all the Mn ions
in the 44 oxidation state. Also, several researchers reported
on the Li-Mn-Cr-O system [20,21]. These materials are
solid solutions of Li,MnQO; and LiCrO,, the electrochemical
properties of which are derived from the oxidation of Cr ions
(Cr¥t — Crh).

In this work, a sol-gel method was employed to prepare
Li[Lig.15Ni0.275-x2)AL:Mn(g 575202 (x = 0-0.1) pow-
ders using glycolic acid (HOCH,COOH) as a chelating
agent. The structural and electrochemical properties of
the synthesized materials were investigated.

2. Experimental

Al-doped Li[Lig.15Ni(0.275—x2)AlL:Mn(g.575x2)]O2 (x =0~
0.1) powders were prepared using a sol-gel method. Lithium
acetate (Li(CH3COO)-2H,0, Kanto Chemical Co.), alumi-
num nitrate (AI(NO3)3-9H,0, Aldrich), manganese acetate
(Mn(CH3;C0O0),-4H,0, Acros Organics), and nickel acetate
(Ni(CH3COO0),-4H,0, Aldrich) salts were used as starting
materials for the synthesis of Li[Lig sNig 275-w2)Al.
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1\/11'1(0.575 Xm]02 powders. For Li[Lio_15Ni0_225A10.1Mn0_525]02,
for example, stoichiometric amounts of Li (Li(CHj.
COO0)-2H,0), Al (AI(NO3);-9H,0), Mn (Mn(CH3COO),-
-4H,0), and Ni (Ni(CH5COO),-4H,0) salts (cationic ratio
of Li:Al:Mn:Ni = 1.15:0.1:0.525:0.225) were dissolved in
distilled water. The solution was added into a continuously
agitated aqueous solution of glycolic acid (HOCH,COOH,
Kanto Chemical Co.), the chelating agent for the reaction. The
molar ratio of glycolic acid to total metal ions was unity. The
pH of the solution was adjusted in the range of 8-9 by adding
ammonium hydroxide solution. The prepared solution was
evaporated at 90 °C for several hours until a transparent sol
was obtained. As the water evaporated further, the sol turns
into a viscous transparent gel. The resulting gel precursors
were heated at the rate of 5°C min~' and decomposed at
480 °C for 5 h in air to eliminate organic elements. The pre-
calcinated powders were ground thoroughly for 30 min in an
agate mortar before pelletizing. The pellets were calcined at
900 °C in air for 10 h, and then quenched to room tempera-
ture.

After the synthesis, powder X-ray diffraction (XRD,
Rigaku) measurements using Cu Ko radiation were used
to characterize the structures of the synthesized powders.
Particle morphology of the powders after calcination was
observed using a scanning electron microscope (SEM,
JEOL, JSM 6400). Rietveld refinement was performed with
the XRD data to obtain lattice parameters of the synthesized
powders.

The electrochemical characterization was performed
using CR2032 coin-type cells. This cell consisted of a
cathode and a lithium metal anode (Cyprus Foote Mineral
Co.) separated by a porous polyethylene film (Celgard
3401). The cathode was fabricated with 20 mg of accurately
weighed active material and 12 mg of conductive binder
(8 mg of teflonized acetylene black (TAB) and 4 mg of
graphite). It was pressed onto a 20 mm? stainless steel mesh
used as the current collector at 300 kg cm™? and dried at
130 °C for 12h in an vacuum oven in order to remove
moisture. The electrolyte used was 1 M LiPFg in an ethylene
carbonate—diethyl carbonate (EC-DEC, 1:1 by volume)
solvent mixture. The cell was assembled in an argon-filled
dry box and tested at room temperature (30 °C). The cell was
charged and discharged at a current density of 0.4 mA cm >
(C/4) with cut-off voltages of 2.5-4.6 V (versus Li/Li™).

3. Results and discussion

Fig. 1 shows the XRD spectra for Li[Lig ;5Ni 275—x/2)-
AlMng 575_2)10, (x = 0-0.1) powders. The XRD spectra
show that the prepared samples have the typical hexagonal
layered structure (R3m) and a minor amount of Li,MnO;
monoclinic phase. The peak near 21° appears to be char-
acteristic of the Li,MnOs; monoclinic structure, which
would result from the random stacking of the ordered layers
[19]. No other impurity-related peaks are observed in the
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Fig. 1. The X-ray diffraction patterns for Li[Lig ;5Ni275-x2)Al-
Mn(g 575—x/2)]O> powder prepared at various aluminum contents, x in (a) 0,
(b) 0.02, (c) 0.04, (d) 0.06, (e) 0.08, and (f) 0.1.
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Fig. 2. The X-ray diffraction patterns for peak split condition of (a)
(006)/(102), and (b) (108)/(110) directions, prepared at various
aluminum contents, x in (a) 0, (b) 0.02, (¢) 0.04, (d) 0.06, (e) 0.08, and () 0.1.
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Fig. 3. Rietveld refinements to the diffraction pattern of Li[Ligs-
Ni(9.275—x2)ALMN (g 575_4/2)]0, with x = 0.06. The calculated patterns are
based on the LiNiO, structure (R3m).

XRD spectrum of Li[Lig.15Ni(0.275x2ALMn.575- 2102
powders with increasing aluminum doping contents. These
results indicate that the Al ions can substitute for Ni and Mn
at the 3a site. Fig. 2(a) and (b) shows that the (0 0 6) peak
shifts toward lower diffraction angles and the (1 1 0) peak
shifts toward higher diffraction angles as the aluminum
content increases. The transition of these diffraction angles
results in a clear split of the (0 0 6)(1 02) and (1 0 8)(1 1 0)
directions. These phenomena can be explained by the fact
that the AI>" ion substituted into the 3a site generates a
microscopic stress in the basal plane of the R3m structure
[22]. All of the full width half maximum (FWHM) of all the
peaks become wider with the increase of aluminum content,
which suggests a microscopic strain due to mismatch of
AP, Ni*" and Mn*" ions. Fig. 3 shows the XRD patterns of
Li[Lig.15Ni(0.275-x2)AL:Mn(g.575 5202 (x = 0.06) and the
calculated pattern based on the best Rietveld refinement.
Except for the 22° Li,MnOj5 superlattice peaks, the entire
XRD pattern is well fitted by the same structure model as
03-LiNiO, hexagonal structure. Small differences between
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Fig. 4. The lattice constants a, ¢, and the c/a ratio vs. x in Li[Lig s-
Ni(9.275-x/2)ALMD(0. 575 -x/2)]O2 powder.

both intensities and R,,, of 12.67-13.79% would show a
successful refinement [23]. The lattice constants, a, ¢, and
cla ratios of Li[LiO.15Ni(0_275_x/z)Alan(0.575_x/z)]OZ were
calculated by the Rietveld refinement method using the
XRD data and are presented in Fig. 4. As the aluminum
content increases, the lattice constant a and ¢ decreases from
2.8671 to 2.8582, and 14.2665 to 14.2566 A, respectively.
The decrease of a and ¢ is because the ionic size of AI>"
(0.535 A) is smaller than that of Ni** (0.69 A) and similar to
Mn™ (0.53 A). The c/a ratios are over 4.97, indicating the
hexagonal phase for all aluminum contents.

SEM SEI 10.0kV  x20,000  1um WD15mm

Fig. 5. Scanning electron micrographs for Li[Lig 15Nig.275—2)AL.Mn 575_1/2)]0, powder: (a) x = 0, (b) x = 0.06.
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Fig. 6. Plots of specific discharge capacity vs. number of cycles for the
various aluminum contents in Li[Lig15Ni275-x2)ALMn( 57512102
powder.

Fig. 5(a) and (b) show the SEM photographs for
Li[Lig.15Ni.275—x2)ALMn(g 5752102  (x = 0.06) and
undoped powders, respectively. The average particle size
is about 50-200 nm. All prepared samples have a spherical
shape. It was concluded that the aluminum doping did not
influence powder morphology.

Fig. 6 shows plots of the discharge capacity measured at
room temperature as a function of the cycle number for
Li[Lig,15Ni0.275—x2)AL:Mn(o 575_172)]O02  (x = 0-0.1) elec-
trodes. The cells were tested under a constant charge—
discharge current density of 0.4 mA cm > (C/4) between
2.5 and 4.6 V. The Li[Lig ;5Nig275Mng 575]O, electrodes
delivered initial discharge capacities of 150 mAh g~', which
increased steadily on subsequent cycling. However, alumi-
num dOped Li[LiQ.15Ni(0_275,x/z)Alan(0V575,x/2)]02 electro-
des showed higher capacity than undoped electrodes, with
excellent cyclability.

Fig. 7(a) and (b) shows the charge—discharge curves of
Li[Lig.15Ni.275-x2)ALMng 575 _2)]0, electrodes (x =0
and 0.06). The reversible specific capacity of Li[Lig 5.
Nigo4sMng 54510, was 160 mAh g~!, and that of the
6 mol% aluminum-doped sample was around 210 mAh g~ ".
However, the first irreversible charge capacity (over 4.45 V)
of the Al doped sample was greater than in the undoped
sample. This irreversible charge capacity (plateau) was
already reported by Lu and Dahn [24]. They suggested that
expelled oxygen causes this anomalous plateau. However, at
present we do not clearly understand this phenomenon.

Fig. 8 shows the differential capacity versus voltage of
Li[Lig,15Ni275—xv2)ALMng 57520, (x =0, 0.06, and
0.1) electrodes first cycled between 2.5 and 4.6 V. In the
charge, the oxidation peaks at 4.5 V of Li[Lig ;5Ni( 275—2)-
Al Mg 575_1/2)105 electrodes were strikingly different than
other oxidation peaks. The drastic oxidation peak (4.5 V)
correspond to the plateau as shown in Fig. 7. These peaks
suggest that two single phases are sandwiched, one phase
below 4.4 Vand another above 4.5 V. However, the differential
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Fig. 7. Specific capacity vs. voltage curves for Li[Lig ;5Ni275-x2)-
AlLMn g 575 4/2)]0, powders (x = 0, and 0.06).

capacity versus voltage curve of the aluminum doped elec-
trode is different from that of the undoped sample. The
undoped electrode has three oxidation peaks at 3.8, 4.05,
and 4.5 V. These results indicate four-stepped structural
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Fig. 8. Differential capacity vs. voltage for Li/Li[Lig5Ni275-v
2ALMN(g 575-1/2)]0; cells. The cells were charged—discharge between 2.5
and 4.6 V using a specific current of 0.4 mA cm™ 2 (C/4).
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Fig. 9. Area specific impedance (ASI) vs. state of charge (SOC) for
Li[Lig.15Ni(0.275—x2)ALMn g 575_1/2)]O5 €electrode: (a) x = 0, (b) x = 0.06,
and (c) x =0.1.

changes in the charge process. Meanwhile, for the Al doped
sample, the oxidation peak at 3.8 V disappears at 4.05 V
oxidation peak increase with increased Al content. The obser-
vation of a monotonous curve indicates that the doped alu-
minum ion enhances the structural stability, because the
bonding energy of Al-O bonds (512 kJ mol ") is higher than
that of Ni—-O bonds (391.6 kJ molfl) or Mn-O bonds
(402.34 kJ mol ") [25].

Area specific impedance (ASI) indicates the power
capability of a battery performance. During the lithium
intercalation—de-intercalation processes, a combination of
electrode polarization, Ohmic drop, Li* ion diffusion through
the electrolyte, and solid-state lithium ion diffusion within the
electrode cause the overall cell voltage to change [26]. Fig. 9
shows the ASI as a function of state of charge (SOC)
measured with Li/Li[Lig ;5Ni 275—x2)ALMDn g 575_2/2)02
(x =0, 0.06, and 0.1) cells. The ASI was determined by
A-AV/I, where A is the cross-sectional area (2.0 cm?), AV the
voltage drop during current interruption (V,—V) for 60 s at
each SOC, and [ the constant current applied during the
galvanostatic cycling. The 6 mol% aluminum doping on
Li/Li[Lig 15Ni 275—x2)ALMn(g 5751202 cell exhibited a
smaller ASI value than the undoped sample. It is speculated
that partly Al doped materials have a faster chemical diffu-
sion than undoped materials in lithium ion batteries.

4. Conclusion

Layered Li[Lio.15Ni(.275—x2ALMng.575 w2102 (x =
0-0.1) materials were synthesized using a sol-gel method.
The Li[Lig ;5Nip275Mng 5750, material delivered a dis-
charge capacity of 150 mAh g~ ' between 2.5-4.6 V. How-
ever, 6 mol% aluminum doped of Li[Lig ;5sNi 275—x2)Al,-
Mn g 575-2)02 materials delivered a discharge capacity of

210 mAh g~ and good capacity retention. The area specific
impedance (ASI) was determined by A-AV/I at each SOC.
The 6 mol% A’ doped material showed decreased area
specific impedance (ASI) when compared to the undoped
sample.
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