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Lithium-rich layered oxide Li[Lig23Nig15Mng62]O2 and its Al-doped product
Li[Lig23Nig15Mngs2Alp.10]O, are synthesized via a sol—gel and calcining method, and are used as the
cathode materials for lithium-ion batteries. Both samples show a layered a-NaFeO; structure with R3m
Symmetry. Compared with Li[Li0_23Ni0_15Mn0_52]02, Li[Lio_23Nio_15Mno_52A|0_10]02 shows better
crystallinity, and exhibits more stable capacities and better rate performance during cycling. It
possesses a capacity of >180 mAh g * at the current density of 20 mA g*, and displays nice capacity
retention  after  rapid  charging/discharging.  Although  the doped aluminum in
Li[Lio23Nig15Mngs2Alp1]O2 does not show obvious redox during cycling, it enhances the structural and
electrochemical stability of the lithium-rich layered oxide.
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1. INTRODUCTION

Today, lithium-ion batteries are widely applied in portable electronic devices due to their high
energy densities, low self-discharge, and tiny memory effect [1]. However, the first commercialized
cathode material, LiCoO,, is suffering high cost, toxicity, and safety problems. Besides the
commercialized nickel-manganese-cobalt oxide, other similar layered structure materials, such as
LiNiO,, LiMnO,, LiMn,O,4, and so on, have been widely studied as the potential cathode materials
[2—15]. But they have some flaws as being cathode materials. It was reported that LiNiO, is difficult to
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be synthesized, and its capacity rapidly decays due to the formation of NiO, phase [2,3]. The
exothermic decomposition of LiNiO; in charged state at a higher temperature raises safety concerns.
LiMnO, is unstable as its layered structure transforms to a spinel structure during cycling [4,5].
LiMn,O, also suffers severe capacity fade at high temperature, Jahn-Teller distortion of Mn**,
manganese ions dissolution in electrolyte, formation of two cubic phases and development of
microstrain [6,13]. LiNipsMnosO, material has been extensively investigated since the first report in
1997 [2,9]. It has a highly reversible capacity, good cyclic performance, and excellent thermal
stability. Compared with LiNiO, and LiMnO,, LiNiysMngs0, does not transform to a spinal structure
during cycling and doesn’t have sign of structure degradation due to multiphase reaction at high
voltage [9,12,14]. Simultaneously, LiNigsMngs0- also has high thermal stability and low toxicity. But
LiNipsMngsO; has inherent disadvantages such as unstable characteristic at a high voltage (> 4.3 V),
structural impurities, and existing substantial Li/Ni cation mixing [15,16].

Various metals such as Co, Al, Mg, Fe, Zn, and Ti were doped in Li—Ni—Mn—0O system, and
effectively improve the electrochemical performance of cathode materials [11,13—19]. Specially, it
was reported that Al-doped LiNig475Mng475Al00s02 reduces the cation mixing of LiNigsMngsOa,
which may overcome the initial irreversibility and enhance the cycling performance of cathodes [7].
The Al-contained LiNig475Mng 475Al00502 shows improved discharge capacities from 120 to 142 mAh
g 1 [8]. The Al-doped LiNiggCoq.,0- also possesses modified cycle lifetimes and thermal stability [9].

It was reported that the lithium-doped Li—Ni—Mn—O oxide called lithium-rich layered oxide,
such as Li[Lio23Nio.15Mnog2]O2, can deliver high capacities (>200 mAh g %) [20—27]. The lithium-rich
oxide has a layered structure with an interlayer spacing of ~0.47 nm, which facilitates the transferring
of lithium ions during charging/discharging. The layered structure is built by transition metal layers
and lithium layers. The transition metal layer consists of MOg (M = Mn, Ni, Li) octahedra. Not only all
manganese and nickel but also partial lithium (i.e., the “rich lithium”) are located in the transition
metal layers [25—27]. It is widely accepted that the lithium-rich layered oxide rearranges its structure
during the initial charge at a high voltage (~4.6 V), and possess high capacities. We think that lithium-
rich layered oxide is a potential cathode material in industry.

Various methods, including hydrothermal method, sol—gel method, spray-drying method, co-
precipitation, and electrospinning method, have ever been applied to prepare the doped Li—Ni—Mn—O
materials or their precursors. Among them, the sol—gel method is one simple route without multistep
process, and does not suffer metal ions loss.

In this paper, we synthesized two lithium-rich layered oxides, Li[Lig23Nig15Mngs2]O2 and its
Al-doped product Li[Lig23Nig15Mngs2Alp10]O2, via sol—gel method following by a calcining process.
Their crystal structures and cathode performance are studied. The Al-doped lithium-rich layered oxide
shows more stable capacities during cycling, and exhibits improved rate performance.

2. EXPERIMENTAL

The precursors of two lithium-rich layered oxides, Li[Lig23Nip15Mnge2]O, and Al-doped
Li[Lig23Nig15Mnos2Alp10]O02, were synthesized via a sol—gel method by using citric acid as the
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chelating agent. The main raw materials include LiNO3, Ni(NOj3),-6H,0, Mn(NOs3),, AI(NO3)3-9H,0,
and CgHgO7-H,0. Stoichiometric raw materials were dissolved in distilled water. The molar ratio of
citric acid to total metal ions was 1:1. The solution’s pH value was adjusted in a range of 8.0-9.0 by
ammonium hydroxide solution. After being continuously stirred at 80 °C for about 24 h, the mixed
solution was evaporated at 80 °C until a dried gel forming. The gel was dried in a vacuum oven at 120
°C for 24 h. The precursor was heated at 1 °C min™* to 800 °C and held at800 °C for 12 h before
cooling.

The synthesized samples were analyzed by a powder X-ray diffractometer (Rigaku D/Max
2200 PC) using Cu Ka radiation (A= 0.15418 nm). The samples’ morphology and structure were
recorded by a field emission scanning electron microscope (SEM, S4800, HITACHI) and a high-
resolution transmission electron microscope (HRTEM, JEM-2100F, JEOL). Their electrochemical
properties were measured using CR2430-type coin cells with metallic lithium served as anode
electrodes. The cathode electrodes were prepared by coating slurry on aluminum current collector foil.
The slurry consists of 80 wt% active material, 10 wt% Super P carbon black, and 10 wt%
polyvinylidene fluoride using N-methyl-2-pyrrolidone as a solvent. The electrodes were dried at 120
°C under vacuum. LiPFg (1.0 M) in ethylene carbonate-dimethyl carbonate (1:1 in volume) and
microporous polypropylene film (Cellgard 2400) were used as the electrolyte and separator,
respectively. The galvanostatic discharge/charge tests were performed on a battery program control
test system (LAND CT2001A, China) between 2.0 and 4.8 V at a current density 20 mA h-g™*. The
rate capability was tested at a current density range from 20 to 600 mA-g*. The cyclic voltammetry
(CV) measurement was carried out by an electrochemical working station (CHI604E, CH Instruments,
China) at a scanning rate of 0.1 mV-s™* from 2.0 to 4.8 V.

3. RESULTS AND DISCUSSION

Fig. 1 presents the synthesized samples’ XRD patterns. Either sample possesses a layered a-
NaFeO; structure with a space group of R3m symmetry, in which the iron sites are occupied by Ni,
Mn, Al and Li, and the sodium sites by Li [13]. The diffusion peaks between 20° and 25° indicate trace
monoclinic Li,MnO3; with a space group of C2/m existing in the samples. No other impurity-related
peaks are observed. The samples are composed of a main trigonal system and a trace monoclinic
system, which agrees with previous reports [25,26]. According to literature [8,20], Li.MnO3 originates
from the random stacking of layers, and may enhances the material stability during cycling. Compared
with the XRD pattern of LiNiO,, whose close diffusion peak couples (006) and (012), and (108) and
(110) almost overlap, the two double peak couples for either synthesized sample are splitting. It
possibly results from the different ion sizes of AI** (0.535 A) and Mn** (0.53 A) than that of Ni®* (0.69
A). Generally, smaller foreign ion AI** can easily dope into the host crystals. The lattice parameters of
samples are showed in Table 1. The intensity ratio of lgos/l104 for two samples are above 1.2, implying
the undesirable cation mixing being suppressed [18]. Compared with Li[Lig23Nip15Mng2]O, the Al-
doped sample shows less different lattice parameters, implying a successful doping. The results prove
that Al easily dopes the lithium-rich layers oxide via a simple sol—gel and calcining method. The
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bonding energy of Al-O bonds (512 kJ mol™) is higher than that of Ni—O bonds (392 kJ mol™*) and
Mn—-0O bonds (402 kJ mol ™) [28]. So the synthesized Li[Lio 23Nio15Mnos52Alg.10]O> may possess a more

stable crystal structure.
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Figure 1. XRD patterns for the synthesized Li[Lio23Nip.15sMnge2]O2 and Li[Lig.23Nig.15Mng 52Al0.10]O2
samples.

Table 1 Lattice parameters of the synthesized samples

Li[Lio.23Nio.15Mno.62] O2 Li[Lio.23Nio.15Mng.52Al0.10] O2
a(A) 2.8472 2.8537
c(A) 14.2453 14.2336
loos/ 1104 1.6329 1.2873
cla 5.0033 4.9878
Unit volume (A%  100.01 100.39

The two samples’ particles display similar shapes, as shown in Fig. 2. They accumulate with
each other, and have a size of less than 1.0 pm.

Fig. 3 exhibits the samples’ HRTEM images. The Li[Lig 23Nip.15Mnge2]O, sample consists of
bigger crystallites with a size of ~200 nm than the Al-doped one (~150 nm) (Figs. 3a and 3b). The
magnified crystallites show the particles’ well-ordered layered structures with a lattice distance of 0.47
and 0.43 nm, respectively (Figs. 3c and 3d). The diffraction patterns in Figs. 3e and 3f indicate a
typical hexagonal structure. These results agree with the results of XRD shown in Fig. 1.
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Fig. 4 shows the samples’ charge/discharge curves at a low current density of 20 mA g *. Their
initial charge curve can be roughly divided into a slope line and a plateau. The voltage plateau of Al-
doped sample (~4.22 V) is higher than that of un-doped one (~3.80 V), implying their different
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Figure 3. TEM images for (a) Li[Lio,23Nio,15Mno,52]Oz, and (b) Li[Lio,23Nio,15Mno,52A|o_1o]02; HRTEM
images for (C) Li [Lio,ngio,lsMnolez]Oz, and (d) Li[Lio,ngio_15Mn0,52A|0,10]02; Diffraction
patterns for (e) Li [Lio_ngio_wMﬂo_ez]Oz, and (f) Li[Lio_ngi0_15Mn0,52A|0_10]02.
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properties. The discharge capacity of Li[Lig23Nig15Mngs2]O2 slowly increases from 65 to 200 mAh g‘l
during 50 cycles. Whereas, the Al-doped sample keeps a relative stable capacity (>180 mAh g *) after
the initial charge. Its charge/discharge curves almost overlap since the second cycle. The capacity loss
of Li[Lio23Nio15Mnoe2]O2 during the first cycle is 745 mAh g*, which is much larger than that of the
Al-doped sample (65 mAh g *). The irreversible capacity loss mainly originates from the lithium loss
due to the formation of solid electrolyte interface (SEI) layers [8,27]. Some oxygen resulted from the
decomposition and rearrangement of lithium-rich oxide participates in the formation of SEI layers. The
experimental results indicate that the Al-doped sample has a more stable structure, and exhibits more
stable capacities during cycling.
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Figure 4. Charge/discharge curves of the samples in a voltage range of 2.0—4.8 V at 20 mA-g * for (a)
Li[Lio.23Nio.15Mng62] Oz, and (b) Li[Lio 23Nig.15Mng52Al0.10]O2.

The cyclic voltammetry is used to study the oxidation/reduction of cathode material during
cycling. As shown in Fig. 5, during the initial charge, either sample shows an oxidation peak at >4.70
V, which originates from the oxygen loss and crystal structure arrangement of the lithium-rich oxides.
The Li[Lig23Nig15Mngs,]O2 sample exhibit two oxidation/reduction peak couples at ~3.0 /2.7 V and
~4.5 /4.0 VV, which are attributed to the redox of Mn**/Mn** and Ni?*/Ni**, respectively [27]. The Al-
doped sample also display two similar oxidation/reduction peak couples. Therefore, we think that the
doping aluminum is electrochemical inactive during cycling. In the first cycle, the oxidation peaks has
a larger area than the reduction peaks, indicating the irreversible capacity loss. In subsequent cycles,
the two areas of oxidation peaks and reduction peaks close to unity along with the improved reversible
capacity.

Fig. 6 shows the samples’ cycling performance. Compared with Li[Lig 23Nig.15Mngg2]O2, the
Al-doped sample display more stable capacities during the cycling, indicating its well reversible
lithium insertion/de-insertion. The Li[Lig23Nig.15Mngg2]O2 sample’s unstable capacity increases with
the increasing cycle number, and reach the discharge capacity of 203 mAh g* during the 52th cycle.

The samples’ rate performance is shown in Fig. 7. Both samples’ discharge capacities rapidly
decay with an increasing current density from 20 to 600 mA g’l. For Li[Lig23Nip15Mngs2]O2, the



Int. J. Electrochem. Sci., Vol. 12, 2017 9057

discharge capacity drops from 120 mAh g * to 13 mAh g *. The Al-doped sample exhibits better rate
performance. Its discharge capacities decrease from 194 to 42 mAh g * with the increasing current. As
the current density drops back to 20 mA g *, the Al-doped sample quickly regains a discharge capacity
of 187 mA g* with capacity retention of 96.4%. Generally, the Al-doped sample has a higher

discharge capacity than Li[Lig 23Nig15Mng¢2]O2 during cycling.
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Figure 5. Cyclic voltammetry curves of the samples in a voltage range of 2.0-4.8 V for (a)

Li[Li0.23Ni0.15Mn0.52]02, and (b) Li[Liolngio.15Mno.52A|o_1o]Oz.
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Figure 6. Cycling performance of the samples at 20 mA-g™* for (a) Li[Lio.23Nig.15Mno62]O-, and (b)
Li[Lio.23Nio.1sMng 52Al0.10] O2.

The Al-doped sample shows improved rate capacities and better stability during cycling. It is
widely accepted that lithium-rich layered oxide is built by transition metal layers and lithium layers.
The transition metal layer consists of MOg (M = Mn, Ni, Li) octahedra. All transition metal and the
“rich lithium” are located in the transition metal layers [25—27]. Therefore, the doped aluminum
substitutes partial manganese, and enters the transition metal layer. Aluminum ion keeps a fixed
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valence state during charging/discharging, and reduces or buffers the Jahn-Teller distortion of Mn®".
As a result, Li[Lig23Nig15sMngs2Alp.10]O- displays improved stability and better rate performance.
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Figure 7. Rate performance of the samples at a current density between 20 and 600 mA g *: (a)
Li[Lio.23Nio.1sMng 2] O2; (b) Li[Lio.23Nio.15Mno52Alg.10] O

There are some investigations about the doped lithium-rich layered oxides. Common doped
elements include Co, Al, F, Mg, and Fe. Their effects are different. Kim et al [29] ascribed the
improved capacity and rate capability of Co-doping Li[Lig1Nip3C001Mngs]O, to the reduced
resistance of electrode. Park et al [8] found that Al doping prevents the structural degradation of
Li[Lio.15Nio245Al0.06MnNo545] O2 during cycling, which delivered a discharge capacity of >200 mAh g’1
during cycling. F often is used to substitute O. A small amount (<5 mol%) of Al or/and F doping may
result in the decreased irreversible oxygen loss during the first charge [30]. Therefore, Al or/and F
doping may prove a useful way to control and tune the irreversible oxygen loss and capacity of
lithium-rich layered oxides. However, less oxygen loss caused by Al or/fand F doping means less
lithium being extracted during the first charge. As a result, the Al/F mono-doping or co-doping often
leads decreasing discharge capacities. Nevertheless, the doped lithium-rich layered oxides’ structural
and electrochemical stability often be improved. Huang et al [31] found that the Mg-doped
Li1.2[Mnos54Nio.13C00.13]0.96Mg0.0102 exhibits a higher capacity retention (~83%) compared with the un-
doped Li; 2[Mngs4Nig.13C00.13]O2 with a value of 54% in the 100th discharge at a current density of 250
mA g *. They considered that Mg doping could reduce the barrier during the Li* transferring and
stabilizes the crystal structure. Li et al [32] reported that the Fe-doped Li[Lip23Mng47Feg2Nip1]O-
cathode material presents high capacities and a nice capacity retention of 97% after 20 cycles at
different rate. Both XPS and first principles studies done by Laisa et al [33] reveal that the doped Fe in
Li1 5Nio.13F€0.13Mno 540, participated in the Fe**/Fe** redox during charging/discharging. The Fe-doped
cathode material exhibits a discharge capacity of ~200 mAh g .

The results in this study reveal that the doped aluminum did participate in the formation of
lithium-rich layered oxide. Although the doped aluminum did not show obvious redox during cycling,
it enhances the structural and electrochemical stability of the lithium-rich layered oxide.
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4. CONCLUSIONS

In this study, the Al-doped lithium-rich oxide Li[Lig23Nip.15Mngs2Alg10]O2 is synthesized
successfully, and consists of well-order crystallites with a layered structure. As cathode material for
lithium-ion batteries, the Al-doped sample exhibits better cycling and rate performance than
Li[Lig23Nig15Mng62]O2 during cycling. The doped aluminum does not change its valence state during
cycling. However, it enhances the structural stability and rate performance of the lithium-rich layered
oxide cathode material.
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