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The existence of residual lithium compounds (RLCs) on the surface of layered Ni-rich
materials will deteriorate the electrochemical properties and cause safety problem.
This work presents an effective surface washing method to remove the RLCs from
LiNig.90C00.06Mnp.040»> material surface, via ethyl alcohol solution that contains low
concentration of boric acid. It is a low-cost process because the filter liquor can be
recycled. The optimal parameters including washing time, boric acid concentration,
and solid-liquid ratio were systematically studied. It has been determined by powder
pH and Fourier transform infrared spectra results that the amount of RLCs was
reduced effectively, and the storage performance was significantly enhanced for the
washed samples. The 150th capacity retentions after storing had increased from
68.39% of pristine material to 85.46-94.84% of the washed materials. The performance
enhancements should be ascribed to the surface washing process, which removed not
only the RLCs, but also the loose primary particles effectively.

Keywords: Ni-rich materials, surface washing, boric acid, residual lithium compounds, storage performance

INTRODUCTION

Nowadays, lithium-ion batteries (LIBs) have been considered as the most feasible equipment to
utilize the electrical energy. However, it is still urgent to develop high-energy density LIBs to satisfy
the ever-growing demands of electric vehicles (He et al., 2018; Su et al., 2018a; Kong et al., 2019;
Liang et al., 2019). The cathode materials have been considered as the focus and weak link of high-
energy LIBs; thus, the high-capacity layered Ni-rich LiNi,Co,Mnj_»,0, (0.5 <x < 1,0 <y <0.5)
materials emerged and had been studied widely as one of the most promising cathode materials in
recent years (Lin et al., 2014; Wu et al., 2018, 2019; Qiu et al., 2019).

However, although increased nickel content in Ni-rich cathode materials enables them to deliver
higher capacity, more residual lithium compounds (RLCs) will be formed on their surface. The RLC
mainly contains Li, O, LiO,, LiOH, LiHCO3, and Li;CO3 (Liu et al., 2004; Kim et al., 2006; Bichon
etal,2019; Xu S. etal., 2019; Zhang et al., 2019), which origins from the vestigial of lithium salts and
spontaneous reduction reaction of Ni** during the synthesis and storage process (Junhyeok et al.,
2018). In detail, excess 5 mol% lithium salts are usually applied to compensate the evaporation loss
during high-temperature calcination process (Liang et al., 2017). The obvious side effect, however, is
that in the event of an inadequate calcination process, it will bring excessive lithium salts (e.g., LIOH
and Li;CO3), and the undecomposed lithium compound intermediates (like Li, O and Li;O,) that
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linger on the surface of Ni-rich cathode materials. Especially,
with higher nickel content (especially >60%), the calcination
temperature needs to be lower and thus more likely leading to
the formation of RLC (Junhyeok et al., 2018; Park J. -H. et al,,
2018). On the other side, the surface active lattice lithium and
oxygen species of Ni-rich cathode materials would react with the
H,0 and CO; in the air during storage under the influence of
reduction of sensitive Ni**, forming the undesirable RLC and
surface NiO rock-salt layer (Huang et al., 2019).

This undesired RLC has many adverse effects on the Ni-
rich materials. First, RLC would absorb the trace water in
the air and increase the powder alkalinity, which will further
gel the slurry during electrode fabrication process, corrode the
current collector, and worsen the consistency of electrode and
the corresponding batteries (He et al,, 2018; Junhyeok et al.,
2018; Bichon et al., 2019). Second, this insulating RLC would
also react with the electrolyte and produce gas such as CO,,
thus deteriorating the electrochemical performances and causing
safety problem (Hatsukade et al., 2018). Third, Grenier et al.
(2017) had proved that the existence of Li,CO3 layer on the
surface of Ni-rich materials will induce a “two-phase” behavior
during the initial charge process, which severely hinders the
exploration of the intrinsic reaction mechanism of Ni-rich
materials. Last but not least, the formation of RLC during
the storage consumes the lithium inventory, which will cause
deteriorative electrochemical performance.

The most common way to reduce the RLC is water washing
(Kimijima et al., 2016; Li et al., 2018). Unfortunately, although
this treatment can remove the RLC on the surface of materials,
it cannot prevent the treated materials from keeping reacting
with water and carbon dioxide in the air. More seriously, the
water washing process will worsen the thermal stability of the Ni-
rich materials at some extent and make the washed materials be
more sensitive to the air (Xiong et al., 2013). As a result, some
improved strategies have emerged; for instance, Xu et al. (2017)
used protonated polyaniline (PANI) in N-methyl pyrrolidone
solvent to wash the LiNig gCog 1 Mng O, material. The HY in the

solvent reacted with the RLC, whereas the remained conductive
PANI formed a protective layer on LiNig gCop .1 Mng O, surface
after washing. Liu et al. (2018) adopted the pure ethanol solvent
instead of water to wash the LiNipgCoq15Al0,050, materials.
These results show that washing method is indeed an effective
way to reduce the amount of RLC, whereas the ethanol solvent
can further enhance the material resistance to the humidity in
the air.

Here we propose a universal surface washing method via
ethanol solvent with appropriate amount of boric acid (BA)
for Ni-rich LiNigg9Cog0sMng 040, cathode material. Boron
element has been widely used to modify the Ni-rich cathode
materials (Hu et al., 2017; Lv et al., 2017; Chen et al., 2018;
Park K. -J. et al., 2018), whereas BA can react with RLC
easily without bringing harmful effects because it is a weak
acid. Besides, the ethanol solvent also could remove the RLC.
The schematic diagram for the washing process is shown in
Figure 1. During this process, the filtrate can be recycled and
used to wash the cathode materials again, which lowers the
cost. The key parameters of this washing method, including
washing time, concentration of BA, and solid-liquid ratio of
LiNig 90 Cog.06Mng 04O, material to ethyl alcohol solution, had
been investigated systematically in this work. The testing results
show that benefiting from the washing process, the pH values
of treated materials were reduced effectively. Accordingly, their
electrochemical performances, especially the short-time storage
performances, had been significantly enhanced. Overall, our
work provides a promising strategy for treating the RLC on
Ni-rich material surface with lower cost and simple steps.

EXPERIMENTAL SECTION

The Preparations of Pristine and Washed
Materials

The LiNig 99Cog.06Mng 0402 was prepared via a coprecipitation
method with solid-state reaction method according to our
previous report (Su et al., 2018a), and the details are exhibited

FIGURE 1 | The schematic diagrams for the washing process of LiNig g0C0o.06Mno.0402 materials.

% co, T
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TABLE 1 | Summary of the treat parameters and Li/Ni/Co/Mn molar ratios
calculated from ICP-OES of all the samples.

Sample Solid-liquid Washing Concentration Li/Ni/Co/Mn
no. ratio (g:mL)  time (min) of BA (g/L) calculated from
ICP

BA-0 0 0 0 100.5:90.1:5.9:4.0
BA-1 11 5 0.25 100.3:89.9:6.0:4.1
BA-2 11 10 0.5 100.1:90.0:6.1:4.0
BA-3 11 20 1 99.9:89.8:6.1:4.1
BA-4 1:5 5 1 100.0:90.1:6.0:3.9
BA-5 1:5 10 0.5 100.0:90.0:6.0:4.0
BA-6 1:5 20 0.25 100.0:90.0:5.9:4.1
BA-7 1:10 5 0.25 100.3:89.9:6.0:4.1
BA-8 1:10 10 1 99.8:90.2:5.8:4.0
BA-9 1:10 20 0.5 100.1:90.1:6.0:3.9

in the Supporting Information. The pristine sample was labeled
as “BA-0” and used for further modifying experiments. To
prepare the washed materials, some amount of BA was dissolved
in pure ethyl alcohol to form a clear washing liquid first.
Then 1g of the freshly prepared powders was dispersed in
the ethanol solvent and stirred for several minutes. After the
washing stage, the powders were filtered, and the filtrate was
collected for reusing. The parameters of washing process, labeled
as washing time, concentration of BA, and solid-liquid ratio
of LiNig99Co0,06Mng0402 material to ethyl alcohol solution,
are summarized in Table 1, and their corresponding samples
were labeled as BA-1 to BA-9. After the filtration, the powders
were stored in the air randomly. Before fabricating the cathode
electrodes, all the powders, including BA-0, were dried up
at 80°C for 1h and then sintered at 400°C for 2h under
oxygen atmosphere to remove all possible ethyl alcohol remained
on the NCM particle surface and rule out the influences of
reheat process.

Characterizations of the Materials

The compositions, morphologies, and crystalline structures
of all samples were detected by inductively coupled plasma
optical emission spectrometry (ICP-OES; Agilent ICPOES730,
USA), powder X-ray diffraction (XRD; Rigaku UltimalV-185
instrument, Japan), X-ray photoelectron spectroscopy (XPS;
ULVAC-PHI, Inc., Japan), field-emission scanning electron
microscopy (SEM; FEI Quanta 250 instrument, USA), and high-
resolution transmission electron microscopy (HR-TEM; JEOL
JEM-2100 instrument, Japan). The pH values were confirmed by
a Mettler Toledo FE20 pH meter (Mettler Toledo, Switzerland),
while the existence of RLC was proven by Fourier transform
infrared spectra (FT-IR; Nicolet IS10, USA).

Electrochemical Measurements

All the samples were assembled into CR2025 coin-type half
cells, which consist of lithium metal anode and a commercial
Celgard 2500 separator. The manufacturing details of cathode
electrode and cells were kept the same with our previous

work (Su et al, 2019). The electrochemical cycling tests
(2.75-4.3V, vs. Lit/Li) and the potentiostatic intermittent
titration technique (PITT) experiments of cells were operated
on the CT2001A Land Instruments (Wuhan, China) at room
temperature. Electrochemical impedance spectroscopy (EIS)
and measurements were operated at CHI660E electrochemical
workstation (Shanghai, China).

RESULTS AND DISCUSSION

The compositions of all the samples were tested by ICP-OES,
and the results are listed in Table 1. The similar molar ratio
values, as we expected, reveal that the faintly acid BA had not
damaged the samples as the transition metal elements were not
leached out after washing. Note that the lithium contents of
the washed materials are decreased with the increasing washing
time and BA concentration. The cause of reduced amount of
lithium needs further confirmation, which may originate from
the reduction of RLC or the dissolution of lattice lithium from
HT/Li" ion exchange.

To further ascertain the influences of washing process to
Ni-rich materials, the morphologies of all the washed samples
were observed by SEM images as exhibited in Figure 2, whereas
that of BA-0 is shown in Figure S1. The secondary particles
exhibit similar morphology, but the magnified inserts indicate
that there are slightly differences in primary particles. Not only
that the primary particles size of the washed materials seems
larger, but also their surface becomes clearer than those of
pristine material. The larger particle size may result from the
introduction of boron element (Chen et al., 2018), whereas the
cleaner surface may ascribe to falling off of RLC (Xu S. et al,
2019).

The surface changes in morphology are generally
accompanied by the changes in lattice structure. The XRD
patterns exhibited in Figure 3 reveal that all samples belong
to a hexagonal a-NaFeO, structure with an R3m space group
(Xie et al, 2019; Su et al,, 2020). The clear splitting between
(006)/(102) peaks and (018)/(110) peaks of all samples proves
that the materials have a well-ordered layered structure, whereas
the BA or ethyl alcohol has not deteriorated the bulk structure
of Ni-rich materials. Another comforting phenomenon is that
all XRD patterns show no extra impurity peaks, indicating that
the contents of impurity phases such as RLC or the possible
H3BOj-based materials are absent or very low (Xu G. -L.
et al., 2019). The ratios of I(g93)/I(104) of all samples were also
calculated, and the results are listed in Table S1. Although the
ratio values of some samples are reduced, all the calculated values
are still higher than 1.2, meaning the low cation mixing degree
(Zhang et al., 2018; Weigel et al., 2019). The changed I(g93)/I(104)
values of the washed samples indicate the washing process may
affect the lattice structure. To further investigate the detailed
structure changes after washing, the (003) peaks of all samples
are magnified as shown in Figure 3 and Table S1. Comparing
with the peak position of the BA-0 sample, the (003) peaks of
all washed materials shift to a lower angle in varying degrees,
which manifests larger interplanar spacings (Wang et al., 2016).
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FIGURE 2 | The magnifying SEM images of (A-I) BA-1 to BA-9. The inserts are SEM images of their corresponding particles.

The larger interplanar spacing may result from the dissolution of
lattice lithium during the washing process, which consists with
the ICP-OES results.

The pH measurements were adopted to check if the RLC had
been removed from the samples surface. The pH value curves are
presented in Figure 4A. All the pH curves in Figure 4A exhibit
an increasing tendency followed by stable values. The increase
in pH value at the first 30 s may ascribe to the dissolution of
alkaline LiOH (Xiong et al., 2013), and the final pH value of BA-
0 is much higher than all those of the treated materials. Because
the pH value could reflect the total amount of RLC on the surface
of materials as mentioned previously, therefore it is indubitable
that the washing process we proposed could reduce the amount
of RLC effectively.

To further confirm the content of the RLC on the samples
surface, the FT-IR test was applied, and the results in Figure 4B
give more evidence of the surface changes. The peak at 3,200-
3,650 cm~! belongs to the O-H stretching vibration from
LiOH, whereas the other two bands at 870 and 1,450 cm™!,
respectively, originated from the C=0 and O=C=0 vibration in
Li;CO3 (Xiong et al., 2013). All the FT-IR patterns demonstrate

stronger signal of LiOH than that of Li,COj3, which means
there are more LiOH on the surface of samples before storage.
Meanwhile, compared with the BA-0, the washed materials show
significantly decreased peak intensities of LiOH, indicating an
effective removal of RLC via our washing process.

The washing process may influence the valence states of
elements and microstructures of Ni-rich materials. Therefore,
the XPS measurements and HR-TEM analysis were applied to
the BA-0 and BA-7 samples to verify the washing effects and
structural changes, and the results are shown in Figure S2.
Figures S2A-D exhibits the XPS spectra of BA-0 and BA-7,
proving the similar binding energies of two samples and the
same valence states of Co and Mn. It should be noted that the
binding energies of Ni 2p3/, in Figure S2B are different, which
originated from the different content ratios of Ni**/Ni** in these
samples. The Ni>T/Ni** ratio value decreases from 0.52 to 0.33
after washing process, and the reduction of Ni?* implies that
there might be structural variations in Ni-rich materials, which
could be confirmed by the HR-TEM tests. As can be seen from
Figures S2E,F, the surface of BA-0 could be divided into two
regions, as circled in rock-salt phase E1 and layered phase E2,

Frontiers in Chemistry | www.frontiersin.org

July 2020 | Volume 8 | Article 573


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Suetal. Clean Cathode With Boric Acid

(003)

—

(101)
t' C(006)
(102)
_(104)
| (015)
(107)
(018)
f (110)
w
>
o

J _— JLA___J,_ A A__Aj o - ,///\ ?\Ag o
=] L S L : - J\.\
- BA-4 :
2 —
¢ l J . o J;
= BA-6
| e A N ) S
l e _J;
)t . A
1 e — L n

10 20 30 40 50 60 70 80 18 19 20
20/° 20/°

-

N

N
T

-

N

o
T

pH Value
&
Absorbance / a.u.

11'00 1|0 2|0 3I0 4|0 5I() 60 4000 3500 3000 2500 2000 1500 1000 500

pH measuring time / s Wavenumber / cm’™

FIGURE 4 | (A) Plot of pH vs. the pH measuring time and (B) the FT-IR spectra of all the samples.

whereas le that of BA-7 is keeping the same layered phase (as  I(go3)/I(104) Values in Table S1 also exhibit that some of the
circled in F1 and F2) from surface to bulk. The disappearance of =~ modified materials suffer more severe cation mixing than BA-0,
rock-salt phase, which is also known as NiO in Ni-rich materials,  conflicting with the conclusions in Figure S2. Therefore, we put
explains the reduction of Ni?* in Figure S2B. However, the  forward a hypothesis that weak acid such as BA has uneven
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FIGURE 5 | The comparisons of cycling performance of (A-l) BA-1-S to BA-9-S with BA-0 and BA-0-S at 0.2 C rate.

leaching effect on the Ni-rich materials based on the results
mentioned previously, which will be explored in the future.

There are several literatures pointing out that the materials
will be more sensitive to the air/water after water washing (Xiong
et al.,, 2013; Junhyeok et al., 2018). Hence, we also checked the
storage performances of all the washed samples here. All of them
were stored in the air for 15 days, and the relative humidity
curve during store stage is shown in Figure S3. We renamed
the samples after storage as BA-1-S-BA-9-S to distinguish the
samples before from after storage. The TEM measurement was
carried out first. As displayed in Figures S4A,B, the amount
of impurity phase on the BA-0-S is much higher than BA-0,
indicating that the RLC would easily form on the particles surface
during storage. The TEM image of BA-7-S, one of the stored
washed materials, is also placed in Figure S4C. There is only a
little of amorphous impurities (which was marked by red circle)
on the particle surface, suggesting the sensitivity of the treated
samples to humid air had not been improved.

The electrochemical performances of stored materials, BA-
1-S-BA-9-S, were tested as shown in Figure 5, Figure S5, and
Table 2 (1 C = 200 mA/g). BA-1 and BA-0-S were also exhibited

for comparisons. Figures S5A,C, Figure5 point out that the
BA-0 and BA-0-S have similar rapid drop tendency during
cycling with a ~40 mAh/g difference, indicating an abrupt
electrochemical performance degradation of Ni-rich material
after storage. The first cycle voltage profiles of BA-0 and BA-0-S
at 0.2 C rate are exhibited in Figure S5B, in which the BA-0-
S owns a huge IR drop at discharge stage and a long constant
voltage platform during charging. The huge IR drop comes from
drastic parasitic reactions. Moreover, the charge capacity of all
washed samples at constant voltage stage is shorter than BA-0-
S as demonstrated on the bottom of Figure S5B, implying that
the side reactions between RLC and electrolyte were suppressed
after washing (Zhang et al., 2019). Figure 5 exhibits the detailed
comparisons of stored treated materials with BA-0 and BA-S
at 0.2C cycling, which splits from Figure S5A. Even though
the initial discharge capacities of all stored treated materials
are lower than that of BA-0, their discharge capacity values are
much larger than that of BA-0-S, indicating enhanced storage
performances. The 150th capacity retentions after storing had
increased from 68.39% of pristine material to 85.46-94.84% of
the washed materials.
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The side reactions between RLC and electrolyte will form
a cathode-electrolyte interphase (CEI) film and influence the
electrochemical kinetics (Grenier et al., 2017). The EIS analysis
of all stored samples was applied after the 1st and 150th cycles to

TABLE 2 | Summary of the electrochemical performances of all the samples.

Sample Initial discharge 150th capacity Initial discharge 150th capacity

estimate the electrochemical kinetics changes, and the fresh BA-0
was also tested as a comparison. As the Nyquist plots shown in
Figure 6, all curves consist of two semicircles and a line. The first
semicircle at high frequency corresponds to the resistance of CEI
film (Rint), whereas the secondary one at intermediate frequency
presents the charge transfer resistance (R¢¢) (Su et al., 2018a). All
the samples exhibit different electrochemical kinetics even only
after the first cycle (Figure 6A). BA-0-S owns the highest Riy
and R values among all samples, whereas the BA-0 owns the
small Rjy¢ value but the second largest R value. Because BA-0-

no. capacity at 0.2 C retention at 0.2 C capacityat1C retentionat1C
S inherited from BA-0, it is easy to speculate that the large Rjpy
BA-0 190 80.42% 188.9 71.36% values resulted from the RLC on the surface, which is formed
-0- 0, 9 . .
BAD-S 1664 68.9% 1678 59.83% during the storage. Benefiting from the reduced RLC amount, the
BA-1-S 188.9 90.95% 180.4 84.87% o .
BAS ‘8.8 86,189 181 65,67 washed samples exhibit better surface charge transfer, according
BA3S ) 8“‘ 5 4' 5 40/0 175' 5 85'790/0 to their smaller R values than those of BA-0 and BA-0-S, no
BA4-S 179.9 93.16% 1843 86.00% ¥n:?1tter in 1st (.)r 150th cycle. The low R value of cathode material
BA5.S 1777 91.33% 1707 90.29% is in favor of its electrochemical performances (Su et al., 2018b),
BA-6-S 1832 86.14% 1833 79.71% which is in accord with the better electrochemical performances
BA-7-S 188.8 93.22% 183.6 88.73% of washed samples shown in Figure 5 and Table 2.
BA-8-S 187.1 85.46% 177.6 85.25% Not only the EIS, but also the PITT test, was performed
BA-9-S 189.6 91.24% 179.5 83.73% to calculate the LiT diffusion coefficient for analyzing the
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FIGURE 6 | Nyquist plots of all samples after (A) 1st and (B) 100th cycles at 1 C/1 C rate and (C) the magnified area of marked area in (B). The insert in (A) is the
equivalent circuit model of all samples.
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electrochemical kinetics of electrodes. The details of PITT test
curves are shown in Figure $6, and the calculated Li* diffusion
coefficients are shown in Figure 7. We present three Li* diffusion
coefficient curves in Figures 7A-I, including one of stored
washed materials, BA-0 and BA-0-S. The Li™ diffusion coefficient
of BA-0-S is much smaller than BA-0 and all washed materials,
which may ascribe to the block effect of RLC on the material
surface. Meanwhile, the Li™ diffusion coefficient curves of BA-
0 and all stored treated materials are similar, illustrating that the
washing process will enhance the resistance of Ni-rich material to
the air, suppressing the formation of RLC (Su et al., 2018a).

In conclusion, the positive effects of surface washing
method via ethanol solvent with a little BA for Ni-rich
LiNip.99Co¢.06Mng 04O, material have been proved, whereas the
influences of washing parameters on the storage materials should
also be evaluated. The analysis results of orthogonal factor
level table, which were based on the capacity retention of
stored materials at 0.2 C rate, are listed in Table 3. The ranking
numbers of electrochemical result of all samples were defined
from 1 to 9, and the material with higher capacity retention

owns a lower number value. The Iy,II;, and III}, values could
be used to estimate the effects of levels A, B, and C on the
corresponding factors. The K;, K,, and K3 values reflect the
average rate of change, which equal to the values of 1r/3, II1./3,
and III /3, respectively, in this work. R is the max-min values
of corresponding K columns, reflecting the extent of effect of
factors. According to the calculated estimates of the horizontal
effects, we can figure out that the smaller solid-liquid ratio,
shorter washing time, and higher concentration of BA would be
better for the washing process. The optimal parameters are as
follows: the solid-liquid ratio is 1 g/mL, the concentration of
BA is 1 g/L, and the washing time is 5min. Because the final
pH values of all washed samples are still higher than 11.5, we
can easily draw a conclusion that there are still lots of RLC on
the surface of treated samples. The superfluous RLC means the
whole washing process is incomplete, reflecting that more BA
is needed in this treatment. With lower solid-liquid ratio and
higher concentration of BA, the removal of RLC and undesired
NiO phase would be more complete, which is a benefit for
the electrochemical performances of Ni-rich materials. It is also
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TABLE 3 | Orthogonal factor level table of washed samples based on the
electrochemical performance of stored materials at 0.2 C rate.

Sample Factors
no.
Solid-liquid Washing Concentration Electrochemical
ratio (g/mL) time (min) of BA (g/L) results
Level
A B C No.
BA-1 1 5 0.25 6
BA-2 1 10 0.5 7
BA-3 1 20 1 1
BA-4 5 5 1 3
BA-5 5 10 0.5 4
BA-6 5 20 0.25 8
BA-7 10 5 0.25 2
BA-8 10 10 1 9
BA-9 10 20 0.5 5
I 14 11 16 T =45
i 15 20 16
Il 16 14 13
Ky 4.67 3.67 5.33
Ko 5 6.67 5.33
Ks 5.33 4.67 4.33
R 0.66 3 1
Better Ay By Cs

level

worth noting that when prolonging the washing time, the positive
effect was also achieved. With the largest R value in washing time
column, it could be explained by the following reasons. When the
washing time is short, the reaction products between BA and RLC
would adhere on the surface of Ni-rich materials and transform
into a thin layer of LiBO, after calcination (Hu et al., 2017). The
fast ionic conductor LiBO; could not only improve the migration
of Li™, but also protect the cathode material from the electrolyte
erosion. Meanwhile, when the washing time become longer, the
washing process would be thorough. The RLC and the reactants
between BA and RLC, even some nanoparticles (Xu S. et al,
2019), would fell off from the surface of the secondary particles.
Without the side reactions between RLC and small primary
particles with electrolyte, the cycling stability of materials should
be enhanced.

CONCLUSION

We proposed a low-cost surface washing method via
ethanol solvent that contains low concentration of BA for
LiNig 99Co00.06Mng 04O, material. It has been determined that

REFERENCES

Bichon, M., Sotta, D., Dupré, N., De Vito, E., Boulineau, A., Porcher, W., et al.
(2019). Study of immersion of LiNigs5Mng3Cop,0, material in water for

this treatment has the positive effects on removing the RLCs
from the surface of Ni-rich cathode material. The fluid washing
process could not only remove the RLC effectively, but also
suppress the formation of RLC during the storage, leading to
the superior storage electrochemical performances. The 150th
capacity retentions after 15-day storing had increased from
68.39% of pristine material to 85.46-94.84% of treated materials.
Besides, the effects of washing parameters such as solid-liquid
ratio, washing time, and the concentration of BA to materials
were also systematically studied. According to the orthogonal
analysis, the suitable washing process needs smaller solid-liquid
ratio, shorter washing time, and higher concentration of BA.
This work provides a promising surface washing strategy
for Ni-rich materials, which shows a great prospect in the
industrial application.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

YS, GC, and LC designed the experiment, characterized the
samples, and wrote the manuscript. LL, CL, RD, and JL
helped to the material synthesis. ZL contributed to the TEM
test and corresponding analysis. YL, LB, GT, SC, and FW
contributed to the data analysis and manuscript revision. All
authors reviewed and approved the final submitted version
of manuscript.

FUNDING

This work was supported by National Key R&D Program of
China (2016YFB0100301), National Natural Science Foundation
of China (21875022, 51802020, and U1664255), Science and
Technology Innovation Foundation of Beijing Institute of
Technology Chongqing Innovation Center (2020CX5100006),
and Young Elite Scientists Sponsorship Program by CAST
(2018QNRCO001). LC acknowledges the support from the Beijing
Institute of Technology Research Fund Program for Young
Scholars and GT acknowledges the support from the Beijing
Institute of Technology (BIT) Teli Young Fellow Program
(No. 3090011181903).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00573/full#supplementary-material

aqueous processing of positive electrode for Li-ion batteries. ACS Appl. Mater.
Interfaces 11, 18331-18341. doi: 10.1021/acsami.9b00999

Chen, T., Li, X., Wang, H., Yan, X., Wang, L., Deng, B., et al. (2018). The
effect of gradient boracic polyanion-doping on structure, morphology,

Frontiers in Chemistry | www.frontiersin.org

July 2020 | Volume 8 | Article 573


https://www.frontiersin.org/articles/10.3389/fchem.2020.00573/full#supplementary-material
https://doi.org/10.1021/acsami.9b00999
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Suetal.

Clean Cathode With Boric Acid

and cycling performance of Ni-rich LiNiggCog15Alp050, cathode
material. . Power Sources 374, 1-11. doi: 10.1016/j.jpowsour.2017.
11.020

Grenier, A., Liu, H., Wiaderek, K. M., Lebens-Higgins, Z. W,
Borkiewicz, O. J, Piper, L. F. ], et al (2017). Reaction
heterogeneity in  LiNipgCog.15Alp0502 induced by surface layer.
Chem. Mater. 29, 7345-7352. doi: 10.1021/acs.chemmater.
7b02236

Hatsukade, T., Schiele, A., Hartmann, P., Brezesinski, T., and Janek, J.
(2018). Origin of carbon dioxide evolved during cycling of nickel-rich
layered NCM cathodes. ACS Appl. Mater. Interfaces 10, 38892-38899.
doi: 10.1021/acsami.8b13158

He, T., Lu, Y., Su, Y., Bao, L., Tan, J., Chen, L., et al. (2018). Sufficient utilization
of zirconium ions to improve the structure and surface properties of nickel-
rich cathode materials for lithium-ion batteries. ChemSusChem 11, 1639-1648.
doi: 10.1002/cssc.201702451

Hu, W. Zhang, C, Jiang, H. Zheng, M., Wu, Q-H., and Dong,
Q. (2017). Improving the electrochemistry performance of layer
LiNig5Mng3Co9,0, material at 4.5V cutoff potential using lithium
metaborate. Electrochim. Acta 243, 105-111. doi: 10.1016/j.electacta.2017.
05.075

Huang, B., Liu, D., Qian, K., Zhang, L., Zhou, K,, Liu, Y., et al. (2019). A
simple method for the complete performance recovery of degraded
Ni-rich  LiNig70Co0p15Mng 150, cathode via surface
ACS Appl.  Mater. Interfaces 11, 14076-14084. doi:
8b22529

Junhyeok, K., Hyomyung, L., Hyungyeon,
P, and Jaephil, C. (2018). Prospect
cathode for commercialization.  Adv.
doi: 10.1002/aenm.201702028

Kim, J., Hong, Y. S, Ryu, K. S., Kim, M. G., and Cho, J. (2006). Washing effect
of a LiNig g3Co0.15Al9,020; cathode in water. Electrochem. Solid State Lett. 9,
A19-A23. doi: 10.1149/1.2135427

Kimijima, T., Zettsu, N., Yubuta, K., Hirata, K., Kami, K., and Teshima, K.
(2016). Molybdate flux growth of idiomorphic Li(Ni;/3Co;/3Mn;/3)O; single
crystals and characterization of their capabilities as cathode materials for
lithium-ion batteries. J. Mater. Chem. A 4, 7289-7296. doi: 10.1039/C6TA
01593]

Kong, D., Hu, J., Chen, Z.,, Song, K., Li, C., Weng, M., et al. (2019). Ti-
gradient doping to stabilize layered surface structure for high performance
high-Ni oxide cathode of Li-ion battery. Adv. Energy Mater. 9:1901756.
doi: 10.1002/aenm.201901756

Li, H, Li, J, Ma, X,, and Dahn, J. R. (2018). Synthesis of single crystal
LiNig 6 Mng,Cog, O, with enhanced electrochemical performance for lithium
ion batteries. J. Electrochem. Soc. 165, A1038-A1045. doi: 10.1149/2.09518
05jes

Liang, M., Song, D., Zhang, H., Shi, X,, Wang, Q., and Zhang, L. (2017).
Improved performances of LiNig g Cog.15Alp,050, material employing NaAlO,
as a new aluminum source. ACS Appl. Mater. Interfaces 9, 38567-38574.
doi: 10.1021/acsami.7b12306

Liang, M., Sun, Y., Song, D., Shi, X,, Han, Y., Zhang, H., et al. (2019).
Superior electrochemical performance of quasi-concentration-gradient
LiNiggCo0.15Al9050, cathode material synthesized with multi-shell
precursor and new aluminum source. Electrochim. Acta 300, 426-436.
doi: 10.1016/j.electacta.2019.01.125

Lin, F., Nordlund, D., Markus, I. M., Weng, T.-C., Xin, H. L., and Doeff,
M. M. (2014). Profiling the nanoscale gradient in stoichiometric layered
cathode particles for lithium-ion batteries. Energy Environ. Sci. 7, 3077-3085.
doi: 10.1039/C4EE01400F

Liu, H. S., Zhang, Z. R., Gong, Z. L., and Yang, Y. (2004). Origin of deterioration
for LiNiO; cathode material during storage in air. Electrochem. Solid State Lett.
7, A190-A193. doi: 10.1149/1.1738471

Liu, W, Qin, M., Xu, L, Yi, S,, Deng, J., and Huang, Z. (2018). Washing
effect on properties of LiNipgCop15Al9050, cathode material by
ethanol solvent. Trans. Nonferrous Met. Soc. China 28, 1626-1631.
doi: 10.1016/S1003-6326(18)64805-8

Lv, D, Wang, L, Hu, P, Sun, Z, Chen, Z, Zhang, Q., et al. (2017).
Li;O-B,03-Li;SO4 modified LiNi;/3Co;/3Mn;/30, cathode material for

reconstruction.
10.1021/acsami.

C., Moonsu,
and
Energy  Mater.

Y., Minjoon,
of  Ni-rich
8:1702028.

reality

enhanced electrochemical performance. Electrochim. Acta 247, 803-811.
doi: 10.1016/j.electacta.2017.07.068

Park, J. -H. Choi, B, Kang, Y.-S., Park, S. Y., Yun, D. J, Park, I,
et al. (2018). Effect of residual lithium rearrangement on Ni-rich layered
oxide cathodes for lithium-ion batteries. Energy Technol. 6, 1361-1369.
doi: 10.1002/ente.201700950

Park, K. -J., Jung, H.-G., Kuo, L.-Y., Kaghazchi, P., Yoon, C. S., and Sun,

Y.-K. (2018). Improved cycling stability of Li[Nigg9Copo5Mngs5]O02
through microstructure modification by boron doping for Li-ion
batteries. Adv. Energy Mater. 8:1801202. doi: 10.1002/aenm.2018
01202

Qiu, L., Xiang, W., Tian, W, Xu, C-L, Li, Y.-C, Wu, Z.-G, et al
(2019). Polyanion and cation co-doping stabilized Ni-rich Ni-Co-
Al material as cathode with enhanced electrochemical performance
for Li-ion battery. Nano Energy 63:103818. doi: 10.1016/j.nanoen.2019.
06.014

Su, Y, Chen, G., Chen, L, Li, W, Zhang, Q., Yang, Z., et al. (2018a).
Exposing the {010} planes by oriented self-assembly with nanosheets to
improve the electrochemical performances of Ni-rich Li[Ni0.8Co00.1Mn0.1]O2
microspheres. ACS Appl. Mater. Interfaces 10, 6407-6414. doi: 10.1021/acsami.
7b18933

Su, Y., Chen, G., Chen, L, Lu, Y., Zhang, Q. Lv, Z, et al. (2019). High-
rate structure-gradient Ni-rich cathode material for lithium-ion batteries.
ACS Appl. Mater. Interfaces 11, 36697-36704. doi: 10.1021/acsami.
9b12113

Su, Y., Yang, Y., Chen, L., Lu, Y., Bao, L., Chen, G., et al. (2018b). Improving
the cycling stability of Ni-rich cathode materials by fabricating surface
rock salt phase. Electrochim. Acta 292, 217-226. doi: 10.1016/j.electacta.2018.
09.158

Su, Y., Zhang, Q. Chen, L., Bao, L, Lu, Y., Shi, Q. et al. (2020).
Improved stability of layered and porous nickel-rich cathode materials by
relieving the accumulation of inner stress. ChemSusChem 13, 426-433.
doi: 10.1002/cssc.201902385

Wang, D., Wang, Z, Li, X, Guo, H, Xu, Y, Fan, Y,
(2016). Effect of surface fluorine substitution on high voltage
electrochemical performances of layered LiNig5Co92Mng30;, cathode
materials. Appl.  Surf. Sci 371, 172-179. doi: 10.1016/j.apsusc.2016.
02.224

Weigel, T., Schipper, F., Erickson, E. M., Susai, F. A., Markovsky, B., and Aurbach,
D. (2019). Structural and electrochemical aspects of LiNiggCop1Mng;O;
cathode materials doped by various cations. ACS Energy Lett. 4, 508-516.
doi: 10.1021/acsenergylett.8b02302

Wu, F, Li, Q, Bao, L, Zheng, Y., Lu, Y, Su, Y, et al. (2018). Role
of LaNiO3 in suppressing voltage decay of layered lithium-rich cathode
materials. Electrochim. Acta 260, 986-993. doi: 10.1016/j.electacta.2017.
12.034

Wu, F, Li, Q., Chen, L, Lu, Y., Su, Y., Bao, L., et al. (2019). Use of Ce to
reinforce the interface of Ni-rich LiNiggCog1Mng 0, cathode materials for
lithium-ion batteries under high operating voltage. ChemSusChem 12, 935-943.
doi: 10.1002/cssc.201802304

Xie, Q., Li, W., Dolocan, A. and Manthiram, A. (2019). Insights into
boron-based polyanion-tuned high-nickel cathodes for high-energy-density
lithium-ion batteries. Chemn. Mat. 31, 8886-8897. doi: 10.1021/acs.chemmater.
9b02916

Xiong, X., Wang, Z., Yue, P, Guo, H, Wu, F, Wang, ],
(2013). Washing effects on electrochemical performance and storage
characteristics of LiNiggCop1Mng 0O, as cathode material for lithium-
ion batteries. J. Power Sources 222, 318-325. doi: 10.1016/j.jpowsour.2012.
08.029

Xu, G. -L,, Liu, Q,, Lau, K. K. S,, Liu, Y., Liu, X., Gao, H,, et al. (2019). Building
ultraconformal protective layers on both secondary and primary particles
of layered lithium transition metal oxide cathodes. Nat. Energy 4, 484-494.
doi: 10.1038/s41560-019-0387-1

Xu, S, Du, C, Xu, X, Han, G, Zuo, P, Cheng, X, et al. (2017).

et al

et al

A mild surface washing method wusing protonated polyaniline for
Ni-rich  LiNipgCop1Mng O, material of lithium ion batteries.
Electrochim. ~ Acta 248,  534-540.  doi:  10.1016/j.electacta.2017.
07.169

Frontiers in Chemistry | www.frontiersin.org

10

July 2020 | Volume 8 | Article 573


https://doi.org/10.1016/j.jpowsour.2017.11.020
https://doi.org/10.1021/acs.chemmater.7b02236
https://doi.org/10.1021/acsami.8b13158
https://doi.org/10.1002/cssc.201702451
https://doi.org/10.1016/j.electacta.2017.05.075
https://doi.org/10.1021/acsami.8b22529
https://doi.org/10.1002/aenm.201702028
https://doi.org/10.1149/1.2135427
https://doi.org/10.1039/C6TA01593J
https://doi.org/10.1002/aenm.201901756
https://doi.org/10.1149/2.0951805jes
https://doi.org/10.1021/acsami.7b12306
https://doi.org/10.1016/j.electacta.2019.01.125
https://doi.org/10.1039/C4EE01400F
https://doi.org/10.1149/1.1738471
https://doi.org/10.1016/S1003-6326(18)64805-8
https://doi.org/10.1016/j.electacta.2017.07.068
https://doi.org/10.1002/ente.201700950
https://doi.org/10.1002/aenm.201801202
https://doi.org/10.1016/j.nanoen.2019.06.014
https://doi.org/10.1021/acsami.7b18933
https://doi.org/10.1021/acsami.9b12113
https://doi.org/10.1016/j.electacta.2018.09.158
https://doi.org/10.1002/cssc.201902385
https://doi.org/10.1016/j.apsusc.2016.02.224
https://doi.org/10.1021/acsenergylett.8b02302
https://doi.org/10.1016/j.electacta.2017.12.034
https://doi.org/10.1002/cssc.201802304
https://doi.org/10.1021/acs.chemmater.9b02916
https://doi.org/10.1016/j.jpowsour.2012.08.029
https://doi.org/10.1038/s41560-019-0387-1
https://doi.org/10.1016/j.electacta.2017.07.169
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Suetal.

Clean Cathode With Boric Acid

Xu, S., Wang, X., Zhang, W., Xu, K., Zhou, X, Zhang, Y., et al. (2019). The effects
of washing on LiNig g3Cog.13Mn 040> cathode materials. Solid State Ionics 334,
105-110. doi: 10.1016/j.5s1.2019.01.037

Zhang, Q., Su, Y., Chen, L,, Lu, Y., Bao, L., He, T, et al. (2018). Pre-oxidizing the
precursors of Nickel-rich cathode materials to regulate their Li*/Ni?* cation
ordering towards cyclability improvements. J. Power Sources 396, 734-741.
doi: 10.1016/j.jpowsour.2018.06.091

Zhang, S. S, Fan, X, and Wang, C. (2019). Enhanced electrochemical
performance of Ni-rich layered cathode materials by using LiPFs as a
cathode additive. ChemElectroChem 6, 1536-1541. doi: 10.1002/celc.2018
01858

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Su, Chen, Chen, Li, Li, Ding, Liu, Lv, Lu, Bao, Tan, Chen and Wu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

11

July 2020 | Volume 8 | Article 573


https://doi.org/10.1016/j.ssi.2019.01.037
https://doi.org/10.1016/j.jpowsour.2018.06.091
https://doi.org/10.1002/celc.201801858
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Clean the Ni-Rich Cathode Material Surface With Boric Acid to Improve Its Storage Performance
	Introduction
	Experimental Section
	The Preparations of Pristine and Washed Materials
	Characterizations of the Materials
	Electrochemical Measurements

	Results and Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


