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Abstract: Lithium layered oxide LiNig4Co,,Mn,,0, (NCM622) is one of the most promising cathode materials in high-energy
lithium-ion batteries for electric vehicles. However, one drawback for NCM622 is that its initial coulombic efficiency (ICE) is only
about 87%, which is at least 6% lower than that of LiCoO, or LiFePOQ,. In this work, we investigated the effects of surface chemical
residues (e.g., LiOH and Li,CO;) and Li/Ni cation disorder resulted during the sintering on the ICE. We found that the ICE of the
as-prepared samples could be boosted from 80.80% to 86.68% as the sintering temperatures were increased from 825 to 900 °C. The
corresponding Li/Ni cation disorder and surface chemical residues were also reduced with the increasing sintering temperatures.
Furthermore, the ICE of the sample sintered at 825 °C could be enhanced by 3.57% after washing with HNO; solution to remove the
surface residues despite the Li/Ni cation disorder being increased. These results demonstrate that minimizing the amount of surface
residuals and the degree of Li/Ni cation disorder through an appropriate sintering process and post-treatment technology is critical to

achieve a high ICE and improve the electrochemical performances of NCM622.
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1 Introduction

Pursuing high energy density lithium-ion batteries
(LIBs) is one of the main trends in energy storage
systems !, while traditional LiCoO, (LCO) cathode
is incapable of meeting the demand for future electric
vehicle applications because of the bottleneck of lim-
ited capacity and high cost. To address these issues,
Mn and Ni are commonly used to replace Co in the
lithium layered metal oxide (i.e., LiNi,..,Co.MnyO,,
NCM) ™", Hence, Ni-rich layered NCM622 cathode

has become a great potential cathode material for
high-energy LIBs due to its advantages with higher
capacity (>180 mAh-g™), lower cost, and improved
cycling stability™'7,

However, one main issue of the NCM622 cathode
is the low initial coulombic efficiency (ICE) compared
to LCO cathode (~95%)"®. Low ICE means a largely
irreversible capacity loss in the first charge-discharge
process, in which more amount of anode (e.g., graphite)

is needed to accept the irreversible Li’, resulting in a
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1921 The energy densi-

dropping of the energy density
ty of graphite| NCM battery dropped by about 3.5% if
the ICE of NCM decreased from 95% to 87%. The
low ICE is commonly believed to be from the cation
disorder of Li/Ni in the crystalline structure!'>**! and
the oxidation of electrolytes!™®*4. Li/Ni cation disorder
always occurs because of the similar radii of Ni*" ion
(0.69 A) and Li* ion (0.76 A), in which the Ni** ion in
3b sites can migrate to the 3a site of Li" during the
sintering process®.. As a result, the Ni*" in the 3a site
can block the diffusion of Li* during the Li" (de-)in-
tercalation, leading to a low ICE and low-rate capa-
bility for Ni-rich NCM materials. To reduce the Li/Ni
disorder, cation substitutions using Mg®!, Na™, Zr*,
and Nb® have been investigated. Huang et al.”” intro-
duced Na' ion into the lithium layer to form
Li,.Na,NigC0o>Mny,0,, and an increased ICE from
83.3% to 86.2% was obtained as the degree of Li/Ni
disorder lowered from 2.06% to 0.5% . However, a
decreased ICE was reported when the Li/Ni cation
disorder of a Ni-Rich LiNiysCoyMny,0, is reduced

231 These controversial observations

by doping of Ca
have not yet been fully understood.

Jo et al. ®7 also reported a decrease ICE after
re-heating the Ni-rich LiNiy;Mng;0, materials, where
the surface chemical residues (e.g., LiOH and Li,CO;)
were increased during the sintering process. Howev-
er, they did not further discuss the effects of residues.
It is well accepted that LiOH can react with LiPF to
generate acidic HF in the electrolyte, while the de-
composition of Li,CO; can give rise to severe
swelling upon storage at high temperatures®"*2. Both
side reactions can lead to a decline in electrochemi-
cal performance, but their effect on ICE is rarely
studied to the well of our knowledge. To study their
effects, the content of surface chemical residues and
Li/Ni cation disorder were finely measured and stud-
ied through the washing of samples in H,O and/or
HNO; solutions for NCM622. We found that ICE
could be boosted after the washing, especially for the
samples sintered at low temperate (e.g., 825 °C), where
the surface residues significantly affect the ICE com-

pared with the Li/Ni cation disorder effect. These re-

sults demonstrate that minimizing the residual amount
through an appropriate sintering process and post-
treatment is critical to achieving high ICE and elec-
trochemical performance for NCM622.
2 Experimental
2.1 Preparation of NCM622

NiSO, -6H,0, CoSO, -7H,0, and MnSO, -H,0
were mixed by a molar ratio of Ni:Co:Mn = 6:2:2
in distilled water (MSO,, 2.0 mol:L™). The mixed so-
lution was pumped into a continuous stirred tank re-
actor (CSTR, 2.0 L) under N, atmosphere®. At the same
time, NaOH solution (10.0 mol-L™") and NH, - H,0
solution (10.0 mol-L™) were fed into the CSTR sep-
arately, where NHj; acts as a chelating agent and the
ratio of NHy/MSO, was controlled at 0.8. The pH,
temperature, and stirring speed were monitored and
controlled carefully during the precipitation. After
the precipitation, the suspension was stirred for an-
other 24 h under N, atmosphere, then filtered, washed,
and finally dried at 120 °C for 12 h. As-obtained
Nip¢C092Mny, (OH), powder was mixed with LiOH -
H,O by a molar ratio of 1:1.05 and then sintered at
500 °C for 5 h, 800 °C for 5 h, and 825 °C (or 850, 875,
900 °C for other samples) for 6 h in air under a rising
rate of 1 °C-min™. Afterward, the product was slowly
cooled to 800 °C for another 5 h, then to 500 °C with
a drop rate of 1 °C-min™.
2.2 Materials Characterizations and Elec-

trode Preparation

The morphology of NCM622 was characterized by
scanning electron microscope (SEM, Zeiss Merlin).
X-ray diffraction (XRD, Bruker D8 ADVANCE) da-
ta were collected over a 26 range of 10° ~ 80° with
Cu-K, radiation (A = 1.5406 A, 40 kV/40 mA). The
XRD data were refined by the software of Full-
Prof. The pH value was measured by an electronic
(Fisher Scientific, Accumet ABI15).
TGA-DSC measurement was carried out by syn-
chronous thermal analyzer (NETZSCH X70). X-ray
photoelectron spectroscope (XPS, Thermofisher ES-
CALAB 250Xi) was employed using an Al K, source
(1487 eV). The NCM622 electrode was prepared as
below. NCM622 powder, acetylene black, and poly

pH meter
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(vinylidene fluoride) (PVDF) were mixed with a mass
ratio of 90:4:6 in N-methyl pyrrolidinone (NMP) for
20 min using a Thinky mixer to obtain a uniform
slurry. The slurry was then cast on an aluminum foil
to form the NCM622 electrode. The electrode was
dried at 120 °C in a vacuum oven overnight and
roll-pressed before use. The loading density of the
active materials (i.e., cathode powder) was controlled
at around 8.5 mg-cm™.
2.3 Electrochemical Measurements

The electrochemical measurements were per-
formed using a 2032-type coin cell, in which the
counter lithium anode and the separator of Celgard
2320 were used. The electrolyte was 1.0 mol-L™ LiPF,
in EC/ EMC (3:7 by weight) with 2wt% VC as an ad-
ditive. The cell was assembled in an argon-filled

glovebox, where the contents of O, and H,O were
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strictly maintained below 1.0 ppm. The cut-off volt-
age was controlled at 3.0 ~ 4.3 V (vs. Li/Li"), and the
galvanostatic charge/discharge curves were recorded

by the Neware instrument.

3 Results and Discussion

TGA-DSC analysis curves of NiyCog,Mng, (OH),
and LiOH -H,O/NiyCo0¢,Mng,(OH), mixture are shown
in Figure 1. For the Ni;¢Coy,Mn,,(OH),, the weight
loss of 1.18% at 200 °C belonged to the loss of ad-
sorbed water (Figure la and 1c). The larger weight
loss (12.85%) near 300 °C could be ascribed to the
thermal decomposition of NiyCoy,Mn,,(OH), to ox-
ides®. Differently, the weight loss (14.07%) at 200 °C
observed (Figurelb and 1d) for the LiOH - H,O/Ni, 6
Coy,Mn,(OH), mixture was due to the loss of crys-
tallization water from LiOH -H,O, and the thermal

decomposition of Nij Co,.,Mn, ,(OH), occurred at
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Figure 1 TGA-DSC curves of NiysCo,,Mn,,(OH), (a, ¢) and LiOH - H,O/Ni,;sCo,,Mn,,(OH), mixture (b, d). The TAG-DSC tests

were under air atmosphere with a ramp-up rate of 10 °C-min™. (color on line)
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282.6 °C. In addition, two peaks of heat release were
observed between 428 and 469 °C, which was at-
tributed to the lithiation of the sample (Figure 1d).
Thus, a pre-lithiation was carried out at 500 °C for 5 h
before the sintering at high temperature (> 825 °C) to

reduce the evaporation of lithium salt.

The SEM images of the NCM 622 samples sin-
tered at 825, 850, 875 and 900 °C are shown in Fig-
ure 2a-d. All the samples present a sphere-like mor-

phology with a particle size of around 10 pm. The

Figure 2 SEM images of the NCM622 materials sintered at different temperatures: (a, e) 825 °C, (b, f) 850 °C, (c, g) 875 °C and (d,

h) 900 °C.
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Figure 3 (a) The initial charge/discharge curves of NCM622 cathodes sintered at different temperatures under 0.1C, where 1.0 C =
180 mA -g™". (b) A comparison of the ICE and charge/discharge capacity. (c) The cycling performance of the electrodes under 0.5C.
And (d) the rate capabilities of the 825, 875 and 900 °C sintered samples. (color on line)
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the improved electrochemical performance® 3,

Figure 3a shows the initial charge/discharge curves
of the NCM622 cathode sintered at different temper-
atures. The ICE increased from 80.80% to 86.68%

when the sintering temperature increased from 825

high-resolution SEM images in Figure 2e-h show that
the primary particle becomes thicker along with the
[001] crystal axis with the sintered temperature in-
creasing. This morphologic structure evolution would
lead to an increase in the active planes area, and thus
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Figure 4 (a) XRD plots of the NCM622 materials sintered at different temperatures. The Rietveld refinement from the XRD data of

samples sintered at (b) 825 °C, (c) 850 °C, (d) 875 °C and (e) 900 °C. (color on line)
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°C to 900 °C (Figure 3b). We found that there was no
obvious difference in the charge capacity while the
discharge capacity increased significantly from
168.89 to 178.0 mAh-g™. These results revealed that
the effect of charge capacity from the electrolyte oxi-
dation could be ignored and thus it had no obvious
effect on the low ICE under 4.3 V (vs. Li/Li"). The
cycling performance and the rate capability of the
samples are shown in Figure 3c-d. The sample sin-
tered at 875 °C exhibited the best rate capability and
cycling stability. A high capacity of 165.0 mAh-g™
was obtained at 0.5C with the capacity retention of
98.0% (i.e., 161.7 mAh-g™) over 100 cycles (Figure
3c¢). The rate capacities of the 875 °C sintered sample
were 5.4%, 11.4%, 13.4%, 18.3%, 20.4%, 23.1%,
25.1%, 28.5%, 31.6% and 34.4% higher than those of
the 825 °C sintered sample (Figure 3d). These values
were also 1.0%, 0.7%, 1.1%, 1.2%, 3.9%, 4.9%,
5.3%, 6.5%, 7.3% and 7.4% higher than those of the
sample sintered at 900 °C.

To analyze the ICE and electrochemical perfor-
mance, the structures of NCM622 sintered at differ-
ent temperatures were studied. The XR D analysis
demonstrated that all the samples have a layered struc-
ture (a-NaFeQ,) with a space group of R3m, where the
split of (108) and (110) peaks became more obvious
(Figure 4a). This revealed the crystallinity and lay-
ered characteristic increased as rising the sintering
temperature®?. The XRD data were further refined by
the software of FullProf (Figure 4b-¢) to obtain the
content of Li/Ni cation disorder for the NCM622
samples (Figure 5a). The results showed that the con-
tent of Li/Ni cation disorder decreased with the sin-

tering temperature increasing from 825 °C to 900 °C,
where the Li/Ni disorder was decreased from 2.86%
to 1.90% (Figure 5a). This variation trend confirmed
that the less Li/Ni disorder in the material, the higher
the ICE. Note that there was a slight increase in the
lattice parameters (Table 1). This is because the small-
er Ni2* (0.69 A) occupied the Li*(0.76 A) site in the Li
layers, rendering the lattice expansion, which was
good for the Li* migration™, and then is responsible
for the improved electrochemical performance for the
sample sintered at 875 °C.

Furthermore, the surface chemical residues (e.g.,
LiOH and Li,CO;) were expressed by the pH value
which was measured by dispersing 10wt% of the
NCM622 powder in water, and higher pH means
more content of the surface chemical residues. The
surface chemical residues were formed through the
reactions of Li,0 with CO; (i.e., Li,0 + CO, — Li,CO3)
and H,O molecules (i.e., Li,O + H;O — 2LiOH) in air
during the cooling process®”. We found that the pH
value also decreased from 11.49 to 11.40 with increas-
ing the sintering temperature (Figure 5b). To distin-
guish the effects of the Li/Ni disorder and surface
chemical residues on the ICE, the sample sintered at
825 °C was washed with water or diluted HNO; solu-
tion to remove the surface chemical residues. Figure
5c¢c-d compare the high-resolution SEM images of the
samples before and after the water washing. A clean
and smooth surface of the particle after the washing
indicates that the surface chemical residues were re-
moved (Figure 5d). XPS characterization was con-
ducted to analyze the surface structure of the sample
before and after washing with HNO; solution (Figure
6). Before the washing, the peaks at 855.5 eV, 854.5

Table 1 Cell parameters and cation disorder of Li, Ni,Niys,Li,C0,,Mn,,0, at different sintering temperatures.

T (°C) a(R) b(A) c(R) V(A% c/a Li/Nidisorder (%) Ry (%)  Rup (%) Chi?
800 2.86875 2.86875 14.22397 101.3764 4.95825 2712 7.30 527 1.92
825 2.86907 2.86907 14.22614 101.4143 4.95845 2.856 7.19 5.37 1.80
850 2.86918  2.86918 14.22696 101.3764 4.95855 2.568 7.89 5.15 2.35
875 2.86944  2.86944 14.22756 101.4504 4.95831 2.436 8.14 5.09 2.56
900 2.86944  2.86944 14.22770 101.4514 4.95835 1.896 7.89 4.90 2.59
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Figure 5 (a) The Li/Ni cation disorder plot obtained from the Rietveld refinement. (b) The pH value plot of the powder materials.

High-resolution SEM images of the 825 °C sintered sample (c) before and (d) after washing with water. (color on line)
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Figure 6 XPS spectra of Ni 2p, Co 2p, Mn 2p of the 825 °C sintered sample (a-c) before and (d-f) after washing with HNO; solution.
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Figure 7 The Rietveld refinement plots from the XRD data of the samples washed by (a) H,O and (b) HNO; solution (0.15 mol-L™).
(c) The initial charge/discharge curves of the 825 °C sintered sample washed with water and HNO; under 0.1C. (d) Charge/discharge
capacity and the ICE plots. (e) The cycling performance and (f) rate capability of the 825 °C sintered samples washed with water and

HNO:; solution. (color on line)

eV, 780.1 eV, and 642.3 eV were attributed to Ni**,
Ni*, Co*, and Mn* in LiNiy4C0y,Mn,,0,, respective-
lyP™ (Figure 6a-c). We found that the valence of the
transition metal elements was not altered after the
washing (Figure 6d-f).

Thus, several interesting results can be further

summarized: 1) Li/Ni cation disorder decreased a little

bit from 2.86% to 2.78% after H,O washing for the
sample sintered at 825 °C (Figure 7a), and the ICE in-
creased to 84.65% (Figure 7d), which was 3.7%
higher than that of the pristine sample; ii) alternative-
ly, the cation disorder increased to 3.9% after HNO;
solution washing (Figure 7b), but the ICE could still
increase to 84.54% (Figure 7d), which was about
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3.59% higher than that of the pristine; iii) the dis-
charge capacity almost had no obvious change (~168
mAh -g™), but the charge capacity decreased from
207.9 mAh-g™' to 198.8 mAh-g™' (Figure 7c-d);
iv) the capacity retention values of pristine NCM622
electrode, and washed by H,O and by HNO,, were
95.6%, 99.4% and 97.4% after 100 cycles, respec-
tively (Figure 7e); v) the rate capacities of H,O washed
sample were 3.4%, 8.4%, 9.3%, 9.7%, and 10.2%
higher than those of the pristine sample at 0.5C,
1.0C, 2.0C, 4.0C and 5.0C, respectively. Even for the
HNO; washed sample with the increased cation dis-
order, it could still exhibit increased capacities of
4.1%, 9.2%, 10.1%, 6.8%, and 5.9% over those of
pristine sample under the same variation of C rate
(Figure 71).

Our results confirmed that the removal of chemical
residues from the samples could minimize the afore-
mentioned side-reactions during the charging pro-
cess. More importantly, it also means that the surface
residues can affect the ICE, thus its amount becomes
a crucial role to determine the performance as that of
the Li/Ni cation disorder. We found that the ICE
could still be increased by 3.6% despite the increased
Li/Ni cation disorder after washing with HNO; solu-
tion. In this way, we can summarize that minimizing
the surface residues through an appropriate temperate
is critical to achieving a high ICE and improving

electrochemical performance.

4 Conclusions

In summary, the uniform and spherical NCM622
cathode materials were synthesized by co-precipita-
tion method. The effects of Li/Ni cation disorder and
surface chemical residues on the ICE and electro-
chemical performance were studied in detail with
varying sintering temperatures and post-treatment.
We found that the ICE increased from 80.8% to
86.7% as increasing the thermal-treating temperature
from 825 to 900 °C, and high performance could be
obtained at 875 °C. More importantly, we confirmed
that the surface chemical residues affect the ICE sig-
nificantly, especially for the samples sintered at a low

temperature. Our results interpreted the reason why

higher performance could be obtained at the tempera-
ture of 875 °C, under which the surface chemical
residues, Li/Ni cation disorder, and crystallinity can
be optimized through an appropriate sintering condi-
tion for high ICE and electrochemical performance.
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