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Abstract

This article presents a process for producing LiNi; Al O, (0 < X <0.05) cathode material with high capacity and enhanced
cycle properties of 145 mAh/g after 600 cycles. The LiNi; ,Al,O, (0< X <0.05) cathode material is prepared by mixing
coprecipitated Ni(OH), with LiOH and Al(OH);, followed by lithiation at temperature range of 650-710 °C, after which
any residual lithium from lithiation is washed from the particle surfaces. Electrochemical performance was studied within
full-cell and half-cell application; in addition, different material characterization methods were carried out to explain struc-
ture changes when certain amount of aluminum is introduced in the LiNi; ,Al, O, structure. Surface analyses were carried
out to demonstrate how washing process changes the chemical environment of the LiNi, ,Al, O, secondary particle surface.
The results demonstrate how Al doping, lithiation temperature, and the washing process affect the performance of the

LiNi, Al O, cathode material.
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Introduction

Lithium-ion batteries based on LiCoO, cathode material
were first introduced by J. B. Goodenough’s group in the
1980s [1], and since then, they have long been the most
used cathode material in Li-ion technology, especially
portable electronics. Electric vehicle (EV) battery technol-
ogy relies heavily on cobalt, which is a relatively rare and
expensive metal that is a limiting factor for growth of the
EV market. There is plenty of ongoing research and devel-
opment aimed at reducing the amount of cobalt in cathode
materials [2]. An attractive candidate for use in cathode
materials is LiNiO, due to its high theoretical capacity of
272 mAh/g at a reasonable voltage range of 4.2-2.6 V and
lower raw material costs than cobalt-based materials. For
these reasons, LiNiO, has been studied for decades [3—-6],
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and earlier studies identified several problems with the use
of LiNiO, as a cathode material, including Li/Ni mixing
during synthesis, bad electrochemical cycling stability [4,
7], and thermal instability [8].

Al doping has been studied by a number of researchers.
Guilmard et al. [9] prepared 10-50% Al doping during
precipitation and demonstrated that it is possible to sup-
press the phase transition of LiNiO, with Al doping. Cao
et al. [10] coated NiOH, particles with Al species before
the lithiation process and showed that 3-7% Al doping
improved the performance of LiNiO, cathode material.
Other studies have recently shown that elements other than
Co, such as Al, Mg, and Mn, can stabilize LiNiO, struc-
tures [11-14].

The present study presents a simple process to produce
high-quality LiNi,_ Al O, by adding aluminum during the
lithiation process. The results clarify the correlation of
the amount of aluminum and lithiation temperature with
the properties of LiNi;  Al,O, and show how residual
lithium washing after lithiation affects the material’s per-
formance. The washing process was conducted to remove
LiOH and Li,COj; from the particle surfaces. This wash-
ing process is essential for the Ni-based cathode material
to avoid forming CO,, Co, and H, gases during the first
charging cycle [15].
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Experimental
Synthesis of aluminum-modified LiNiO,

The Ni(OH), precursor precipitated at 50 °C [16] was
mixed with LiIOH and AI(OH); using Li:Ni:Al molar ratios
of 1.04:1-0.95:0-0.05. Samples prepared at 670 °C were
later named LNA0%, LNA0.8%, LNA1.2%, LNA1.6%,
LNA2.5%, LNA4.1%, and LNA5.2% based on the amount
of aluminum in the sample. Excess LiOH was used to com-
pensate for lithium loss during high-temperature calcina-
tion and to ensure homogeneous lithiation. The mixtures
were calcined with a 2.5 °C/min heating ramp and a 5-h
holding time at a temperature of 670 °C in an oxygen
atmosphere. Different lithiation temperatures were tested
(650 °C, 670 °C, 690 °C, or 710 °C), and samples were
named according to their respective quantity of aluminum
and calcination temperatures (for example, LNA2.5%690).
The material was subsequently milled and sieved to less
than 40 um in dry room conditions.

For the pouch cell tests, the residual lithium and other
impurities were washed from the surfaces of the second-
ary particles with deionized water. The samples were
later named according to the quantity of aluminum,
lithiation temperature, and W for washed (for example,
LNA2.5%690 W). For the LNA4.1% sample, results were
obtained for only the unwashed version.

Characterization methods

X-ray diffraction (XRD) was measured with Rigaku
SmartLab 9 kW X-ray diffractometers (Rigaku Corpora-
tion, Tokyo, Japan) using Co as a source at 40 kV and
135 mA. Diffractograms were collected in the 20 range
(5-120 at 0.01 intervals) with a scan speed of 4.06°/min.
Peaks were identified using the database from the Inter-
national Centre for Diffraction Data (PDF-4 +2022). A
detailed description of the XRD analysis is provided in
our earlier paper [16].

Rietveld refinement was carried out with the PDXL ver.
2 suite (Rigaku Corporation) using b-spline background
correction and split pseudo-Voigt peak shape modeling
against the target phase. The constraints used for modeling
were as follows: the same temperature factors for Lil and
Nil occupying the 3b site and the same temperature fac-
tors for site 3a occupied by Ni2 and Al ions. No vacancies
for sites 3a and 3b were allowed (i.e., the total occupancy
for each site was 1). Occupancy of oxygen ion was fixed,
and its position was set as a free parameter. Occupancy
of aluminum was obtained and fixed for the 3a site from
ICP measurements of prepared materials, while Ni and Li
ions were set as free parameters. Refinement continued
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until the parameters converged, and changes in consecutive
cycles were below a strict cutoff. In addition, the estimated
standard deviation (ESD) was low for the obtained param-
eters, and the final Rwp was affected by Kb ghost peaks,
which did not overlap with observed reflections.

The chemical environment at the surface area (thickness
of < 10 nm) was analyzed with X-ray photoelectron spectros-
copy (XPS) using a Thermo Fisher Scientific ESCALAB
250Xi XPS system (Thermo Fisher Scientific, Waltham,
MA, USA). The powder samples were placed on a gold
sample holder, and the high-resolution scan used a pass
energy of 20 eV, while the survey scan used a pass energy
of 150 eV. The monochromatic Al Ku radiation (1486.7 eV)
operated at 20 mA and 15 kV with an X-ray spot size of
900 um. The Li, Ni, Al, O, and C were measured for all
of the samples, and the measurement data were analyzed
with Avantage v.5 software (Thermo Fisher Scientific). The
charge compensation was carried out by applying the Cls at
284.8 eV as a reference to determine the presented spectra
and calibrate the binding energies.

Elemental mapping was obtained with a JEOL JXA-
8530F Plus field emission electron probe microanalyzer
(EPMA; JEOL, Tokyo, Japan). The epoxy samples were
prepared by mixing the epoxy resin and hardener following
established procedures and then adding the sample powders
at room temperature. The epoxy samples were cured and
polished to obtain flat surfaces. The EPMA was equipped
with a five-wavelength-dispersive X-ray spectrometer
(WDS) and an energy-dispersive X-ray spectroscopy (EDS)
detector with a minimum detectable element concentration
of 100 ppm.

The microstructures shown in the field-emission scan-
ning electron microscopy (FE-SEM) images were obtained
using a Zeiss Sigma FE-SEM (Zeiss Group, Oberkochen,
Germany) operating at 5 kV. XRD, EPMA, and FE-SEM
were performed at the Centre for Material Analysis of the
University of Oulu.

The ICP-OES determinations were carried out with an
Agilent 5110 VDV ICP-OES (Agilent Technologies, Santa
Clara, CA, USA) equipped with an SPS-4 autosampler, a
U-series concentric glass nebulizer, a cyclonic glass double-
pass spray chamber, and a 1.8 mm semi-demountable torch.
The analysis results are given as the mean value of five rep-
licated measurements. Yttrium (wavelength 371.029) was
used as an internal standard to correct for sensitivity drift
and matrix effects in the measurements.

Cell assembly and electrochemical characterization

Electrochemical performance testing was carried out using
both half-cells with metallic lithium as the counter electrode
and full cells with graphite as the anode material. All electrode
foils and battery cells were prepared in dry room conditions.
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A cathode slurry was prepared with a ThinkyMixer
ARE-250 (Thinky Corporation, Tokyo, Japan). The slurry
composition was 4% polyvinylidene fluoride (Kureha no.
1100), 4% carbon (Timcal C45) and 92% active material,
with 1-methyl-2-pyrrolidinone (Alfa Aesar, anhydrous
99.5%) as a solvent. The slurry was spread on aluminum
foil with 100 pm applicators before being dried on a hot
plate at 50 °C for 1 h and then placed in a vacuum oven at
120 °C overnight.

The cathode foil was calendered three times before coin
cell assembly. The active material loaded on the foil was
about 12 mg/cm?. Two 2016-type coin cells were assembled
from each sample foil, with metallic lithium as the counter
electrode and 1 M LiPF6 in 1:1:1 EC:DEC:DMC as the elec-
trolyte. The cells were cycled 62 times at 25 °C (see Table 1
for the C-rate used). The cells were first charged at a con-
stant current until 4.3 V was reached and then at a constant
voltage until the current decreased to 0.015 C for the first
two cycles. In subsequent charge cycles, the same method
was used, but the current threshold was raised to 0.02 C.
Discharge for the first two cycles was performed at a con-
stant current of 0.1 C until 2.6 V was reached and then with
a constant voltage until the current decreased to 0.015 C.
A subsequent discharge was conducted to 3.0 V with a con-
stant current. The cells were tested at 25 °C. The theoreti-
cal capacity used to calculate the C-rate was 200 mAh/g.
One electrode pair pouch cell (50 mAh) was prepared with
a graphite anode (Hitachi), an electrolyte of 1.15 M LIPF6
in EC:DMC:EMC (2:4:4), and 1% vinylene carbonate. After
the formation cycles, the pouch cells were first charged at a
constant current of 0.5 C until 4.2 V was reached and then
at a constant voltage until the current decreased to 0.03 C
and discharged to 2.5 V at 0.5 C. Every 200 cycles, a capac-
ity check cycle at 0.2 C was run. Before each capacity
check, the cells were discharged at 0.2 C [16].

Results and discussion

Effect of lithiation temperature and amounts
of aluminum on the electrochemical properties
of aluminum-modified samples

As shown in our earlier paper, precipitation was per-
formed in a continuous-flow reactor [16]. Here, we stud-
ied Al doping (0-5.2 wt%) of LiNiO, by optimizing the
lithiation temperature for the samples and comparing
them with our earlier pure LiNiO, results [16]. Figure 1a
shows the coin cell test program’s first 0.1 °C discharge
capacities for the pure LiNiO, and aluminum-modified
LNA samples. At all three tested temperatures, pure
LiNiO, had a higher first-cycle discharge capacity than
the aluminum-modified samples. For pure LiNiO, and

Table 1 Coin cell testing program [16]
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Fig. 1 a First-cycle discharge
capacity at a 0.1 °C current for
the pure and aluminum-modified
LiNiO, cathode materials
prepared at 650 °C, 670 °C,

690 °C, or 710 °C. b The last
discharge cycle after a 62-cycle
coin cell test program (Table 1)
for the pure and aluminum-
modified LiNiO, cathode
materials prepared at 650 °C,
670 °C, 690 °C, or 710 °C. ¢
The capacity retention values of
the prepared samples after 62
cycles. d—i Voltage profiles for
the samples prepared at different
temperatures. j Second cycle
charge/discharge voltage profiles
for LiNiO, lithiated at 670 °C
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the LNAO0.8% samples, 670 °C had the greatest discharge
capacity. Samples with a higher content of aluminum
(LNA1.6-LNA5.2%) exhibited a higher capacity for the
samples lithiated at 690 °C, compared to results at 670 °C.
These results indicate that 1.6-5.2% aluminum modifica-
tions to the LiNiO, structure using this process required
higher lithiation temperatures, such as 690 °C. Figure 1b
shows the discharge capacity at 0.1 °C after 62 cycles.
The LNAO0.8% aluminum-modified sample showed the
greatest capacity for all three preparation temperatures,
which means that, unlike pure LiNiO,, aluminum modi-
fication stabilizes the structure during cycling. Figure 1c
shows the capacity retention percentage after 62 cycles
and reveals that samples with more than 0.8% aluminum
had better capacity retention and yielded better results
with longer cycle tests. Conversely, capacity retention for
LNA4.1% and LNAS5.2% lithiated at 710 °C had very poor
capacity retention, indicating that 710 °C is a too-high
lithiation temperature. Figure 1a shows a low first-cycle
capacity for LNA0.8% at 650 °C and a greater capacity
for the pure LiNiO,, which indicates that aluminum modi-
fication hinders the lithiation process for LNA0.8%. The
results indicate that aluminum modification of LiNiO,
during the lithiation process requires temperatures of
670 °C for 0.8—1.6% aluminum and 690 °C for more than
1.6% aluminum for sufficient lithiation when compared
with pure LiNiO, lithiation. Figure 1 d—i shows the charge
and discharge voltage profiles for the samples prepared at
different temperatures. For the first cycle voltage, curves
were quite similar, and all of the samples showed normal
voltage plateaus for LiNiO,-type materials. However,
after 62 cycles, a clear difference can be seen between the
pure and higher aluminum-modified samples. According

a) LiNiO2
2000 LNA 5.2%

H1+M H2+H3
1000 - '
2 M+H2
2
< ~
<
E 0
>
9
g
O -1000 |
L
o)
(7]
Q.
D _2000 -
-3000 : : T T T T
32 34 36 338 40 42 44
Voltage (V)

to Li et al., pure LiNiO, undergoes multiple phase tran-
sitions during charge and discharge, including the H1
(first hexagonal) phase to the M (monoclinic) phase, the
M phase to the H2 (second hexagonal) phase, and the
H2 to H3 (3rd hexagonal) phase [17, 18]. These phase
transition can be seen as voltage changes between volt-
age plateaus in the Fig. 1j voltage profiles. Pure LiNiO,
crystal lattice suffered an abrupt volume change during
the H2 to H3 transition [19], and stabilizing this with Al
doping can better explain the cycling properties of Al-
doped materials.

Voltage curves showed higher capacity drops at the
beginning of the discharge cycle for the pure LiNiO, than
for the Al-modified samples, and the difference increased
with increases in the lithiation temperature, particularly with
the last-cycle discharge at 690 °C.

Figure 1h shows the difference between the pure and
aluminum-modified samples. The highest aluminum
amount in LNA 5.2% shows the lowest voltage drop at
690 °C. This indicates that aluminum modification sta-
bilized the LiNiO, crystal structure and enabled better
reversibility during high lattice volume changes in the H2
to H3 phase transition, which can be clearly seen in the
dQ/dV profiles shown in Fig. 2 a and b. Figure 2b shows
that in the last cycle of dQ/dV, pure LiNiO, had nearly
completely vanished; meanwhile, the aluminum-doped
sample showed a clear phase transition.

Effects of washing and amounts of aluminum
on LiNi, ,Al,O, structures

Table 2 shows the metal ratios of the samples after
the washing procedure and before washing for sample
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Fig.2 a The first cycle differential capacity profiles (dQ/dV) for pure LiNiO, and aluminum-modified LNA 5.2% samples. b The last cycle dif-
ferential capacity profiles (dQ/dV) for pure LiNiO2 and aluminum-modified LNA 5.2% samples
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Table 2 Mole ratios of nickel, Ni Co Al S Na Li/Me
cobalt, and aluminum. Impurity

content of sulfur and sodium. Sample mol % mol % mol % mg/g mg/g Ratio

zfﬁfngﬁ“riiﬁiazg‘wﬁé by LNA0.8% 99.17 0.01 0.81 226 0.18 1.05

ICPIOES LNAO%W 99.98 0.02 0.00 0.13 <0.03 0.99
LNAO4%W 99.58 0.01 0.41 0.14 <0.03 0.99
LNAO.8%W 99.17 0.02 0.82 0.20 0.02 1.01
LNAL2%W 98.77 0.01 121 0.21 <0.03 1.01
LNAL6%W 98.35 0.01 1.64 <02 0.07 0.99
LNA2.5%W 97.49 0.02 2.50 <02 0.08 0.97
LNAS5.2%W 94.83 0.00 5.17 <03 0.07 0.98

LNAO.8%. All of the samples contained a small amount  sulfur and sodium, were effectively removed from the
of cobalt from the nickel sulfate used in the precursor  particle surfaces during the washing process. Except for
precipitation. Residual lithium and impurities, such as  LNA2.5%W and LNAS5.2%W, the lithium-to-metal ratios

LNA2.5%690 LNA2.5%690 W
a b
) O1s CO3 )
60000 - . O1s M-O 60000 - O1s CO3
\ O1s M-OH "~ 01s MO
50000 | 50000
40000 40000 -
2 2
- -
3 300004 3 300001
o o
20000 A 20000
10000 4 10000 -
0 T T T T T T T ‘ O T T T T T T T
540 538 536 534 532 530 528 526 540 538 536 534 532 530 528 526
Binding Energy (E) (eV) Binding Energy (E) (eV)
3
LNA2.5%690W [ INi
©) 30000 - LNA2.5%690 NS d) 70000 ’ N
N Ni2pg,
60000 -
50000 . |
20000 . o . /
| Ni2p,, 40000 - 7\
2 ~ 2
= A C
3 - T 3 30000 - -
o o
10000 20000 - R
10000 -
0 -
0 T T T T 1 T T T T 1
890 880 870 860 850 840 890 880 870 860 850 840
Binding Energy (E) (eV) Binding Energy (E) (eV)

Fig.3 XPS spectra of a—b Ols and c¢—d Ni2p for unwashed LNA2.5%690 and washed LNA2.5%690 W
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were close to 1:1 after washing. The effect of washing
on the particle surface compositions and oxidation states
was further investigated with XPS analyses. Figure 3a
shows the O1 spectra for the sample before washing, with
the highest peaks at 531.6 eV assigned to the surface
oxygen CO; and OH species, indicating the presence of
the residual lithium compounds Li,CO; and LiOH. A
much lower peak of 529.1 eV was assigned to the lattice
oxygen in the metal framework. O1 spectra after wash-
ing in Fig. 3b shows that OH species and most of the
CO; species were washed away, and the amount of lattice
oxygen increased in the analyzed area. The Ni2p spectra
shown in Fig. 3¢ and d revealed that before washing,
the peak height of Ni2P;,, was much lower than after
washing because of the high amount of residual lithium
species on the surface. The Ni2p,,, peak was fitted in
the Ni** (854.4 ¢V) and Ni** (856 eV) species, and after
washing, the amount of Ni,, increased as compared to
Ni,,, indicating a greater amount of delithiated-phase
NiO. The effect of NiO on the electrochemical perfor-
mance is discussed later.

In Fig. 4, the XRD patterns show that the LiNi; ,Al, O,
materials had an a-NaFeO,-type structure (R-3 m), and no
impurity phases were detected. Magnification of the XRD
pattern peak (003) showed that the peak shifts to smaller
angles when the amount of aluminum was increased to
4.1% and 5.2%. A similar peak shift was reported by Liu
et al. in their study, when an Ni** (ry;5, =0.56 A) cation
was replaced with smaller AI**(r,;;, =0.53 A) in the
NiO, slab [20]. Magnification of the peak split 108/110
in the present study showed clear peak splits for all of
the samples, indicating a well-ordered layered structure.
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2000000 ~

(003)

1800000
1600000
1400000

-
N
o
o
o
o
o
1

1000000
800000 -

Intensity (cps)

600000
400000
200000

04

-200000 T T T T T T T
20,0 20,5 210 21,5 220 22,5 23,0 23,5

2 Theta (degree)

Figure 5a shows the lattice parameters obtained from the
XRD data. The c-axis increased, and the a-axis slightly
decreased as the amount of aluminum increased. The
same type of lattice changes were reported by Guilmard
et al. and Cao et al. for Al-doped LiNi, ,Al,O, materials,
and the researchers in both studies concluded that these
changes are the results of doping an aluminum element
into the NiO, slabs [9, 10]. Figure 5a shows that the wash-
ing process slightly increased the a- and c-lattice parame-
ters. However, this difference might be due to the residual
lithium and impurities being removed from the second-
ary particle surface [16]. Figure 5b displays the calcu-
lated c/3a and 003/004 integrated peak ratios. The c/3a
value increased in line with the amount of aluminum in
the LiNi,_ Al O, structure, indicating that the amount of
aluminum decreases cation/anion mixing in the structure
[21]. Furthermore, the Rietveld refinement occupancy
data shown in Table 3 confirmed that the amount of Ni**
in the Li* 3b site was slightly lower for the aluminum-
modified samples (LNA1.6%W and LNA5.2%W). Small
differences between the samples are due to optimal lithi-
ation temperatures for the pure LiNiO, samples, which
already had low levels of cation/anion mixing [9, 10]. A
higher level of cation/anion mixing can be observed when
the temperature was increased to 710 °C. In Fig. 4b, it can
be seen that the LNA0.8%W sample had the highest value
for the integrated peak ratio; however, all the materials
showed high integrated peak values, and the differences
between the samples are small. Ohzuku et al. showed
that electroactive LiNiO, has greater integrated intensity
ratios of 1(003)/1(104) [4]. Figure 5c shows the c/3a ratios
and integrated intensity peak ratios for LNA2.5%W and

LNA-0%

LNA-0.4%
LNA -1.2%
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LNA-5.2%
LNA -1.6%
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Fig.4 XRD patterns of different LiNi; ,Al,O, materials prepared at 670 °C (x=0, 0.004, 0.008, 0.012, 0.016, 0.025, 0.04, or 0.052); magnifica-

tions of peak 003 and peak split (108)/(110)
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Fig.5 a Cell parameters and b C/3a ratios and integrated intensity peak ratios for different LiNi, ,Al,O, materials prepared at 670 °C. ¢ °C/3a
ratios and integrated intensity peak ratios for different LNA2.5%W, LNA4.0%W, and LNAS5.2% materials prepared at 670 °C or 690 °C

LNA5.2%W prepared at 670 °C and 690 °C. Samples
prepared at 670 °C showed the highest integrated inten-
sity peak ratios, and the ratios increased as the aluminum
amounts increased in the structures. The c¢/3a values were
slightly higher for samples prepared at 670 °C, which
indicates less cation/anion mixing in the structure.

In Fig. 6, the FE-SEM images at 10,000 magnification
show that the LiNi, ,Al,O, secondary particles retained
their round-shaped morphology through the mixing, lithia-
tion, washing, and sieving processes. The images at 75,000

magnification show the secondary particle surfaces, and that
the primary particles have a similar shape and size of about
200 nm for the samples prepared at 670 °C. Samples prepared
at 690 °C and 710 °C showed slightly larger primary parti-
cles compared to samples prepared at 670 °C. EPMA/WDS
was performed on the cross sections of the samples to obtain
more information about aluminum distribution, with the
results illustrated in Fig. 7. Elemental mapping showed that
aluminum was uniformly distributed, and the aluminum ele-
ment contents increased in the Al-doping ratio of the samples.

Table 3 Lattice occupancies of

the Li, Ni, and Al sites Occupancy Rwp
Sample Lil (3b) Nil (3b) Ni2 (3a) All (3a) 01 (6¢) (%)
LNAO%W 0.9798 0.0202 1.0000 0.0000 1.0000 6.37%
LNA1.6%W 0.9800 0.0200 0.9879 0.0121 1.0000 6.09%
LNA5.2%W 0.9804 0.0196 0.9478 0.0522 1.0000 5.35%
LNA5.2%690 W 0.9800 0.0200 0.9417 0.0583 1.0000 5.90%
LNAS2%710 W 0.9771 0.0229 0.9486 0.0514 1.0000 5.75%
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Fig.6 FE-SEM images of
LNAO%W, LNA1.2%W,
LNA1.6%W, LNA2.5%W,

and LNA5.2%W samples
prepared at 670 °C. Sam-

ples LNA2.5%690 W and
LNAS5.2%710 W prepared at
different temperatures, shown
at magnifications of 10,000 and
75,000

LNAO%W

LNAL.6%W

Electrochemical performance of LiNi,_,Al,O, cathode
materials

Table 4 shows the first-cycle charge capacities, dis-
charge capacities, and capacity retention after 62 cycles
for the unwashed samples, and Table 5 displays the data
for the washed samples. Before washing, the first-cycle

LNAL2%W

capacity started to decrease when the amount of alu-
minum increased to 1.2%. Lower amounts of aluminum
did not affect the first-cycle capacities. When aluminum
modification exceeded 1.2%, capacity linearly decreased.
For the samples prepared at 670 °C, first-cycle effi-
ciency decreased, and capacity retention increased when
the amount of aluminum increased. For the samples
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Fig.7 Elemental mapping of aluminum for LNA0%670 W, LNA0.4%670 W, LNAO0.8%670 W, LNA1.2%670 W, LNA 1.6%670 W,

LNA2.5%670 W, LNA4.1%670 W, and LNA5.2%670 W with EPMA

LNA1.6-LNAS5.2%, increasing the lithiation tempera-
ture to 690 °C resulted in increased first-cycle capacities
and decreased capacity retention after 62 cycles. Table 5
shows that after the residual lithium was washed from the
particle surfaces, the first-cycle capacities decreased as
compared to the unwashed samples. However, aluminum
modification seemed to inhibit unwanted reactions on
the particle surfaces during the washing process. In par-
ticular, the LNA1.2%670 W sample showed only a 6.8
mAh/g decrease in the first-cycle capacity compared to

@ Springer

the unwashed LNA1.2% sample. The LNA1.2%W had the
highest discharge capacity of 175.8 mAh/g after 62 cycles.

Figure 8a, b show the voltage curves and cycling
performances of unwashed LNA0%670, LNA1.2%, and
washed LNAO%W, LNA1.2%W samples. The washed
samples had higher charge voltages and lower discharge
voltages, which indicates higher resistance, and that the
washing process lowered ionic conductivity on the sec-
ondary particle surfaces. This was confirmed as a larger
anodic and cathodic peak separation for the washed
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Table 4 First-cycle performance

. . Sample Charge43V DC30V DC26V 0.1C DC3.0V0.1C Retention after
and capacity retention after 62 0.1C+0.015C 0.1C (Ist) 0.1C (Ist) eff.2.6v (62) 62 cycles
cycles for samples LNA1.6%— (1st) (1st)

LNAS5.2% prepared at 670 °C

and at 690 °C mAh/g mAh/g mAh/g % mAh/g %
LNA0% 251.6 221.1 224.9 89.4 193.6 87.6
LNAO0.4% 250.9 220.1 224.0 89.3 194.9 88.5
LNAO0.8% 251.4 220.4 223.7 89.0 196.8 89.3
LNA1.2% 248.5 215.8 219.9 88.5 195.9 90.8
LNAL1.6% 248.6 212.1 215.3 86.6 183.3 86.4
LNA2.5% 248.8 208.9 212.2 85.3 183.7 87.9
LNA4.1% 2439 202.4 204.4 83.8 186.2 92.0
LNAS5.2% 241.2 199.2 201.3 83.4 188.8 94.7
LNAL1.6%690 249.1 214.7 217.5 87.3 181.1 84.4
LNA2.5%690 247.6 212.1 215.0 86.9 184.6 87.1
LNA4.1%690 245.7 211.2 213.7 87.0 183.0 86.6
LNA5.2%690 244.4 207.8 209.8 85.8 182.4 87.8

sample in the dQ/dV profiles shown in Fig. 8c—f. Fur-
thermore, XPS analyses shown in Fig. 3 revealed that
the amount of Ni** increased in the washed sample,
indicating the presence of NiO octahedra on the sec-
ondary particle surface. Xiong et al. showed a similar
effect for LiNi, ¢Mn,, ;Co, ;0, material after washing and
concluded that washing can lead to chemical delithia-
tion accompanied by the loss of oxygen from the crystal
lattice. Defective NiO octahedra cannot move electrons
as well as a pristine surface, and the amount of Li" is
reduced from the system, which explains lower rates of
performance and lower specific capacities of the washed
material [22]. Figure 9a shows how different levels of
aluminum modifications and the washing process affected
the cyclability properties in full-cell applications for the
samples prepared at 670 °C. The unwashed LNAO0.8%
sample showed the highest discharge capacity at 209.3

mAh/g at the beginning of the test, but the capacity
decreased much faster during cycling compared to the
washed LNAO0.8%W sample. LNA1.2%W showed the
highest initial capacity among the washed Al-doped sam-
ples prepared at 670 °C. The capacity for the first-check
cycle was at 189.5 mAh/g, and it was at 140.3 mAh/g
after 600 cycles. LNA1.6% showed a slightly higher
capacity of 142.7 after 600 cycles. The LNAS5.2%W
sample showed low initial capacity; however, its cycling
stability was better than that of other samples.

Figure 9b displays the full-cell results for the sam-
ples prepared at 690 °C or 710 °C and for LNA1.6%W
prepared at 670 °C. After 600 cycles, LNA2.5% pre-
pared at 690 °C had the highest discharge capacity of
145.2 mAh/g. Higher and lower temperatures, with dif-
ferent amounts of aluminum, resulted in slightly lower
capacities.

Table 5 First-cycle performance

. . Sample Charge 4.3V DC3.0V DC2.6V 0.1C eff. DC3.0V  Retention
and capacity retention after 62 01C+0.015C  01C(st) 0.IC(Ist)y 2.6v(Ist) 0.1C(62) after 62
cycles for the washed samples
(1st) cycles
prepared at 670 °C
mAh/g mAh/g mAh/g % mAh/g %
LNA0%W 239.7 203.2 207.1 86.4 163.5 80.5
LNA0.4%W  236.9 200.3 204.3 86.2 160.1 79.9
LNAO0.8%W  238.2 202.7 206.4 86.6 164.1 81.0
LNAL1.2%W 2439 209.0 212.2 87.0 175.8 84.1
LNAL1.6%W  236.7 201.2 205.7 86.9 171.7 85.3
LNA2.5%W 2333 198.5 203.0 87.0 169.4 85.3
LNA5.2%W 2242 190.3 194.4 86.7 165.2 86.8
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before and after washing. b Half-cell cycling performance before
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Fig.9 Specific discharge capacity of 0.2 °C capacity check cycles
between 0.5 °C cycling tests in the voltage range of 4.2-2.8 V for the
samples prepared at a 670 °C and b at the different temperatures of

Conclusions

Different amounts of aluminum were added to the
LiNi, ,AlL O, structure during the lithiation process with
a temperature range of 650-710 °C. The results showed
that when increasing the amount of aluminum, the lithia-
tion temperature should also be increased. At a lithiation
temperature of 670 °C, the best results of 142.7 mAh/g
after 600 cycles were achieved with 1.6% aluminum,
whereas at 690 °C, the best results of 145.2 mAh/g after
600 cycles were achieved with 2.5% aluminum. Greater
amounts of aluminum and higher lithiation temperatures
did not result in better electrochemical performance in
long-term cycling tests. Enhanced cycle properties of
aluminum-modified samples can be explained by more
stable crystal structure and better reversibility especially
during high lattice volume changes in the H2 to H3 phase
transition.

The washing process after lithiation effectively removed
residual lithium and impurities from the material surfaces.
However, it also lowered the conductivity of the mate-
rial surface and decreased electrochemical performance.
Future research will focus on preventing the unwanted
effects of the washing process on the LiNi,  Al,O, sur-
face structure.
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