Journal of Electroanalytical Chemistry 847 (2019) 113197

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier.com/locate/jelechem

Enhanced electrochemical performance and thermal properties of Ni-rich )

LiNip.gCop.1Mng ;05 cathode material via CaF, coating s’
Shican Dai, Guanjie Yan, Long Wang, Liming Luo, Yaping Li, Yuting Yang, Hanhui Liu, Yue Liu,
Mingliang Yuan®

Key Laboratory for Mineral Materials and Application of Hunan Province, School of Mineral Processing and Bioengineering, Central South University, Changsha, 410083,
China

ARTICLE INFO ABSTRACT

LiNi gC0g.1Mnp 0, (NCM811) is demonstrated as potential cathode material for next-generation lithium-ion
batteries. However, the electrochemical performance of this material is severely inhibited by structural de-
gradation and capacity decay, especially at elevated temperatures. Herein, we try to design an ultra-thin CaF,
coating on the surface of NCM811 and examine the electrochemical performance. Physicochemical character-
ization results show that a CaF, layer with a thickness of 5-12 nm was successfully attached to the surface of
microspheres, without significant changes in structure or morphology. Electrochemical tests indicate that cal-
cium fluoride modified samples especially 3 wt% exhibit a surprising cycle capability and rate performance.
What's more, Calcium fluoride coating can also improve the high temperature stability of cathode material,
sample with 3 wt% CaF,-coated shows an initial discharge specific capacity of 149.6 mAhg ~! and a capacity loss
of 20.32% after 50 cycles at 55 °C, whereas the pristine material is 150.4 mAhg ~! and a severely capacity loss of
40.68%. The cyclic voltammograms (CV) and electrochemical impedance spectra (EIS) tests show that coated
samples deliver a smaller potential difference (AV) and impedance after cycles, further confirming that CaF,

Keywords:

Lithium ion batteries
Li-rich cathode materials
CaF, coating

Storage deterioration
Elevated temperature

coating can enhance the electrochemical performance of NCM811 material.

1. Introduction

Lithium-ion batteries (LIBs) are applied more and more widely in
the field of energy storage system (ESS) and hybrid electric vehicles
(HEVs) over the past decades. Among the main components of lithium
battery, the anode material has been highly developed. What impedes
further development of lithium ion battery is cathode material with low
lithium storage capacity [1-3]. Therefore, it is of great significance to
develop high performance cathode materials. Layered Li-
Ni,CoyMn; O, (x > 0.5) cathode with high energy density and
acceptable price is one of the most promising materials for next gen-
eration of lithium-ion batteries, especially LiNipgCop1Mng ;02
(NCM811) [4,5]. However, the practical applications of this material at
high voltages and high temperatures are seriously hindered by the rapid
decay of capacity and insufficient safety [6-8]. For example, the first
discharge capacity of NCM811 was 144 mAhg ™! at room temperature
25°C (1 Q), and its capacity retention was 82.20% after 200 cycles,
while which sharply decline to 74.9% after 100 cycles at 55 °C [9]. It
can be clearly seen that nickel-rich materials delivered terrible capacity
retention at elevated temperatures. Generally speaking, the decline in
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lithium-ion battery capacity is mainly due to the degradation of the
cathode. On the one hand, high delithiated cathode materials are prone
to side reactions with electrolytes, leading to the dissolution of transi-
tion metal ions into electrolytes. On the other hand, highly reactive
Ni** ions tend to generate inactive product (NiO) and release oxygen,
both of them will cause serious structural instability and cation mis-
cibility of cathode materials [10-15]. In addition, ever-increasing dis-
solved metal ions migrate and deposit on the negative electrode hinders
the migration of lithium ions, it also increases the accumulation of
electrolytic decomposition products and affects the electrochemical
reaction at the interface between the electrolyte and active cathode
material, especially at elevated temperature [16]. These side reactions
have a profound impact on the lithiation kinetics at the cathode/elec-
trolyte interface and finally trigger a substantial decline in capacity
retention. What's more, with the increasing demands for lithium-ion
batteries, the working temperature range of lithium ion battery in-
creases gradually. At present, surface coating is the most direct and
effective way to reduce the degradation of the cathode, various coating
materials which have been investigated in detail can be divided into
following categories: metal oxide, metal fluoride, metal phosphate and
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metal carbonate, such as Al,Os [17], CrgO5 [18], CuO [19], ZrO,
[201,AlF; [21], LiF [22], LaAlOs [12], LaPO, [23], LiAlO, [24], Li,SiOs
[25], Li,CO3 [26] et al. Although the side reactions during the cycling
process have been effectively depressed by these coating materials.
However, the initial irreversible capacity loss of various coating mate-
rials has not been significantly reduced, and the electrochemical per-
formance under high temperature conditions has not been fully studied.

As compared with other coating materials, the calcium fluoride
(CaF;) possesses more excellent thermodynamically stability for the
property of higher bond energy AH; (Ca—F) = 527 kJ/mol compared to
AH¢ (Zr—0) = 159 kJ/mol, AH; (Mg—0) = 363.2 kJ/mol, AH; (Mg—F)
= 461.9 kJ/mol, AH; (Si—0) = 460 kJ/mol and AH; (Al-0O) = 511 kJ/
mol. While to our knowledge, relevant reports on the electrochemical
performance of CaF, coating NCM811 have not been reported. Herein,
to gain further insight into the effects of calcium fluoride coating high
nickel materials, a certain amount of calcium fluoride has been coated
on NCM811 via wet-chemical method. The structure and morphology of
both CaF,-modified sample and the bare one were discussed in detail.
Furthermore, the electrochemical performance of cathode materials
with or without CaF,-modified were systematically investigated and
analyzed.

2. Experimental
2.1. Synthesis of CaFs-modified cathode materials

To prepare CaF,-modified NCM811, a certain amount of prepared
NCMS811 (synthesized as previous report [5]) and calcium chloride
were dissolved in a solution containing ethanol and distilled water,
after ultrasonic dispersion for 20 min, ammonium fluoride solution was
slowly dribbled into it under strong magnetic agitation, then kept
stirring for 1 h at room temperature. After the reaction, the mixed so-
lution was filtered and washed for three times. Finally, the mixed
powder was dried in an oven at 80 °C for 60 min, then baked in a muffle
furnace at 500 °C for 5h to obtain CaFy-coated material. The coating
process is schematically shown in Fig. 1. The samples without and with
1.5 wt%, 3.0 wt%, 4.5 wt% CaF,-modified were marked as M-NCMO
and M-NCM1.5, M-NCM3, M-NCM4.5 in sequence.
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2.2. Structure and morphology

The crystalline structure of all samples was determined by X-ray
diffraction (XRD, DX-2700) with Cu-Ka radiation within a 26 between
3° and 80° at a scan rate of 2°/min. The morphologies and elemental
distributions of the samples were conducted on high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM 2010) and scanning
electron microscopy (SEM, JEOL JSM-6360LV) equipped with energy
dispersive X-ray spectroscopy (EDS). In addition, surface element
composition and oxidation state were elucidated by X-ray photoelec-
tron spectroscopy.

2.3. Electrochemical measurement

Electrochemical performance evaluations were carried out using
CR2025 coin-type half cells. The working electrodes were composed of
80 wt% active materials, 10 wt% Super P, and 10 wt% polyvinylidene
fluorides (PVDF) dissolved in N-methyl-2-pyrrolidinone (NMP). The
obtained slurry was then spread uniformly onto an Al foil current col-
lector with a thickness of 50 um and dried at 120 °C in a vacuum oven
for 12 h. The diameter of the circular electrode is 12 mm and the mass
of active material on it is approximate 1.65 mg/cm? The electrolyte
was 1 M LiPF¢ dissolved in ethylene carbonate (EC) + dimethyl car-
bonate (DMC) + ethyl methyl carbonate (EMC) (1:1:1 in volume) so-
lution. The CR2025 coin-type half cells were assembled in an argon-
filled glove box with pure lithium metal as the counter electrode and
Celgard 2400 as the separator, and then aged for 12h so that the
electrolyte can be fully soaked. Galvanostatic charge/discharge tests
were measured between 2.7 and 4.3V using Neware Battery Test
System BTS-XWJ-7.4.16S (Neware, China) at different temperatures
(25, 55 °C). Besides, the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were measured on GAMRY Reference
600 electrochemical workstation, with a scan rate of 0.1 mV/s and a
frequency range from 100 kHz to 0.01 Hz, respectively.

3. Results and discussion
3.1. Bulk structure and surface properties of cathode materials

XRD patterns of M-NCMO, M-NCM1.5, M-NCM3 and M-NCM4.5 are
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Fig. 1. Schematic of material preparation and CaF, coating procedure.
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Fig. 2. The XRD patterns of pristine (a), M-NCM1.5 (b), M-NCM3 (c) and M-
NCM4.5 (d).

shown in Fig. 2. It is noted in Fig. 2a that all diffraction lines are similar
and can be indexed to a rhombohedral a-NaFeO, structure with a space
group of R-3m (PDF#85-1978). The major peaks of all coated samples
are generally aligned with the bare one except several extra peaks in-
dexed to CaF, phase (PDF#77-2095), these extra peaks are very low
and narrow compared to the characteristic peaks of the main phase,
which reveals that CaF, modification does not change the bulk struc-
ture of NCM811. The enlarged XRD patterns in selected 20 range were
shown in Fig. 2b, it can be seen clearly that the characteristic peak of
(003) move left slightly and the adjacent peaks (006)/(102) and (108)/
(110) are separated distinctly with a little deviation, indicating that
both coated and uncoated samples presented a similar well-developed
layered structure [27]. Additionally, with the coating amount increases,
the diffraction intensity of the main peaks (111) and (220) of CaF,
enhanced gradually, which initially suggests that CaF, was successfully
designed in the cathode material.

Table 1 shows the lattice parameters of all samples, the ratio of
I003)/I104) for different coating amounts was 1.3299 (b), 1.3343 (c),
1.3321 (d) respectively, while the bare one was 1.3274, indicating that
CaF, coating through wet chemical coating process almost has no ad-
verse effect on the mixing degree of Ni* in the materials [28]. Fur-
thermore, the c/a ratios of the bare and CaF,-coated samples are both

Table 1

Lattice parameters of the pristine and CaF,-modified NCM811 samples.
Samples a(d) ¢ (A) c/a T003)/Ic004)
M-NCMO 2.877 14.188 4.9315 1.3274
M-NCM1.5 2.875 14.192 4.9363 1.3299
M-NCM3 2.872 14.198 4.9436 1.3343
M-NCM4.5 2.882 14.205 4.9289 1.3321
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bigger than 4.9, further indicating that the layer structure of all samples
possess well crystallinity [29].

To clarify the surface elements and the oxidation states of materials,
XPS measurements have been carried out. As shown in Fig. 3(a—c), the
binding energies of Ni 2p3,», Co 2p3,2, Mn 2p3,» show a similarly value
of 854.9/855.1, 779.3/779.4, 642.1/641.9 eV before and after coating,
respectively, which correspond to Ni**, Co®* and Mn*" in the sam-
ples, these results reveal that the coating process has little effect on the
chemical stability of NCM811 surface elements [23]. However, for M-
NCMS3, the emerging of Ca 2p3,» and F 1s peaks at 347.8 and 684.5 eV
in Fig. 3(d-e) implying the existence of Ca®>* and F~, suggesting that
CaF, was formed on the surface of NCM811.

Typical SEM tests were performed on the pristine and different
coating materials to get a visualized impression of the materials. As is
shown in Fig. 4, all samples present similar monodisperse secondary
spherical particles with 8-12 um in diameter, which consisted of nu-
merous aggregated hexagonal flake particles. Contrary to the smooth
and regular M-NCMO surface, the magnified region shown in Fig. 3(e-h)
reveals that the surface morphologies of different coating materials
exhibit a rougher and obscured surface morphology, especially at the
interface of grains with the increase of coating content. As is clearly
seen in Fig. 3h, countless small particles are uniformly attached on the
surface of the NCM811 sphere, which preliminary show that CaF, layer
were successfully coated onto the material surface.

The elementary distribution of 3 wt% calcium fluoride coated
sample was illustrated in Fig. 5. It is not difficult to find that the ele-
ment mappings of Ca and F are homogeneously distributed in the se-
lected region and significantly weaker than that of Ni, Co and Mn. In-
dicating that the coating thickness is very thin, it is also implied that the
coating particles are evenly dispersed and have little effect on the lat-
tice parameters. This is consistent with the XRD and SEM test results.

In order to further evaluate the microscopic structure of pristine and
M-NCM3 materials, High-resolution transmission electron microscopy
(HRTEM) tests were carried out subsequently. The surface of pristine
sample is very smooth without any coating layer, while M-NCM3 par-
ticle presented obvious coating layer with a thickness of 5-12 nm,
which can be clearly seen at low magnification in Fig. 6a and c, this
results strongly support that CaF, coating layer has been designed
successfully. Moreover, the HRTEM images (Fig. 6b and d) manifest
that the lattice fringes of both the bare material and M-NCM3 are ap-
proximately 0.47 nm, which is consistent with the (003) plane of high
nickel material [30]. It further certificates that the coating process do
not affect the internal structure of the material.

Fig. 7a displays the initial charge/discharge performance of the
pristine and CaF,-coated samples at 0.1 C (27.5 mAhg ~!). It shows that
the bare sample has the highest initial charge and discharge specific
capacity value of 240.4 and 195.5 mAhg~?!, while the lowest is M-
NCM4.5 of 215.9 and 190.6 mAhg !, which may be related to the
different energy storage space of lithium. As shown in Table 1, as the
amount of calcium fluoride coating increases, the initial charge and
discharge capacity of coated samples decrease slightly. Among them,
the initial discharge specific capacity of M-NCM4.5 sample is
190.6 mAhg ~! with a coulombic efficiency of 88.28%, while the bare
sample is 195.5 mAhg ~! with 79.24% retained, it is not difficult to find
that all the coated samples kept slightly higher coulombic efficiency
than that of the bare material. This may be because CaF, coating layer
blocks the direct contact between cathode material and electrolyte, thus
better protecting the cathode active material and improving its cou-
lombic efficiency. Fig. 7c presents the cycling properties of all samples
at 0.1 C between 2.7 and 4.3 V. After 100 cycles, all samples exhibited a
slightly decrease in capacity, while compared with the bare NCM811,
the surface-modified cathodes maintained a higher discharge capacity.
To be specific, with the increasing of calcium fluoride content, the ca-
pacity retention rate of pristine, 1.5 wt%, 3 wt%, and 4.5 wt% samples
are 95.45, 96.30, 97.72 and 97.80%, respectively. These results pre-
liminarily indicate that CaF, coating can provide a higher capacity
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Fig. 4. SEM images of pristine (a, b), M-NCM1.5 (c, d), M-NCM3 (e, f) and M-NCM4.5 (g, h).

retention and better structural stability when cycling at a low current high rate, cells assembled with bare and surface-modified materials
rate. were cycled for 200 times at the rate of 1 C, respectively. As shown in
To investigate the influence of CaF, coating on cyclic stability at Fig. 8, the capacity of each sample decreased significantly, while it is
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Fig. 5. (a) SEM image of M-NCM3 sample, (b-f) EDS mappings of, Ni, Co, Mn, Ca and F.

worth noticing that the capacity of CaF,-modified materials declined
much more slowly. For example, the capacity retention of bare sample
is 79.12% after cycling, fading rapidly from 150.4 to 119.0 mAhg !,
while the CaF,-coated samples reached 82.0%, 85.36%, and 84.04%
with the increase of coating amount, respectively (Table 2). The

enhancement of rate value may be attributed to the fact that CaF,
coating effectively reduces the dissolution of the bulk materials in the
electrolyte, so as to obtain better material stability when Li* inter-
calation/deintercalation.

Fig. 9a shows the rate capability in the potential range of 2.7-4.3 V

Fig. 6. TEM images of (a) pristine and (c) M-NCM3 samples, HR-TEM images of (b) pristine and (d) M-NCM3 samples.
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Table 2

Electrochemical data of the pristine and CaF,-modified NCM811 samples at 1 C
rate.

Sample Initial charge 200th discharge Capacity
capacity (mAhg ') capacity (mAhg™") retention (%)
M-NCMO 150.4 119.0 79.12
M-NCM1.5 148.9 122.1 82.00
M-NCM3 148.2 126.5 85.36
M-NCM4.5 147.9 124.3 84.04

at 0.1, 0.2, 0.5, 1, 2, 5 and 0.1 C. Compared to the bare NCM811, it can
be clearly seen that the rate capability of CaF,-coated sample is sig-
nificantly improved especially at high rate. Among them, M-NCM3
present the best performance, which can deliver 192.6 mAhg ™! at the
first cycle and 181.7 mAhg ~ ! at the last cycle with capacity retention of
94.34%, while the bare one is only 87.05% from 195.4 mAhg~' to
170.1 mAhg~!. In addition, when Li* intercalation/deintercalation
occurs, it is reported that the valence states of elements in the cathode
material especially nickel and manganese, determine the stability of the
layered structure and the depth of lithium removal, leading to voltage
decay in the cycling process [16]. As shown in Fig. 9b-e, the discharge
profiles vs rates are investigated. Obviously, the voltage decay of CaF»-
coated sample is much slower than that of the original one. Combined
with the above results, it confirms that the existence of CaF, coating
layer can effectively improve the cycling performance of NCM811
material.

As we all know, NCM811 is essentially a LiNiO,-based material,
while researches show that these materials present a significantly de-
cline in cycling capacity when the environment temperature above
55 °C [4,31]. To characterize the cycling performances of pristine and
CaFy-modified samples at elevated temperature, the assembled cells
were placed in 55 °C environment for 50 cycles at the rate of 1 C. As
shown in Fig. 10a, cell with NCM-0 presents an initial discharge specific
capacity of 150.4 mAhg ™! and shows a capacity loss of 40.68% after
50 cycles. In contrast, M-NCM3 exhibits with an initial discharge spe-
cific capacity of 149.6 mAhg ™' and keep a capacity retention of
79.68% after cycles. Additionally, the coulombic efficiency of pristine
and 3% CaF,-coated samples at 25 and 55 °C is compared in Fig. 10b, it
can be seen that there is almost no difference in coulombic efficiency at
low temperature, while the coated sample presents a higher and more
stable coulombic efficiency at high temperature 55 °C. Therefore, we
deduce that that CaF, coating layer can improve the cycling
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performance of NCM811 material at elevated temperature, which is with a scanning rate of 0.1 mVs~'. As shown in Fig. 11, all samples
consistence with the results that CaF, coating can not only improve the present several peaks at around 3.7V and 3.8 V, among which the
activity and stability of Ni** ions during the lithiated/delithiated maximum redox peaks correspond to the redox reactions between Ni**,
processes, but also inhibit the side reaction between generated HF in Ni** and Ni** during the charge/discharge process, while another
electrolyte and material surface even at elevated temperature [32]. distinct redox peaks are attributed to the transfer between Co®>* and

The cyclic voltammetry (CV) measurements for the first and 100th Co** [33].1tis reported that the potential difference (AV) between the
cycles were carried out to study the reaction kinetics during the cycling oxidation peak and the reduction peak is a sign of the reversibility of
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the Li* extraction/insertion processes, the smaller AV means smaller
reaction polarization occurred during cycling, which implies a better
conduction of Li™ ions and therefore display an excellent reversibility
for electrode material [34]. Among them, M-NCMO delivers potential
difference (AV) with 0.1359V for the first cycle and 0.1049 V after
100 cycles, while the M-NCM3 delivers 0.1306 V and 0.0828 V, re-
spectively. Obviously, the AV becomes smaller after 3 wt% CaF,
coating, it reveals that CaF, coating layer can effectively reduce the
polarization of the material and enhance the cycling stability of the
NCMS811 material.

To further reveal the influence of CaF, modification, EIS tests were
performed for the pristine and various amount of CaF, coated samples
after the 50th and 100th cycles. The obtained Nyquist plots are given in
Fig. 12, it is clearly shows that all of the curves are consisted of an
intercept, a semicircle and an oblique line: the resistance intercept in
highest frequency region corresponds to ohmic resistance (R;), the
semicircle in medium frequency region is charge transfer resistance
(R¢p) and a correlated constant phase element CPE,,, the oblique line in
the low-frequency region represents to Warburg impedance (W,) as-
sociated with the diffusion impedance of lithium ions in the electrode
[23]. Obviously, the impedances of coated sample after 50th cycle was
much smaller than that of the unmodified sample, which may be be-
cause the protective effect of the coating layer not only makes it easier
for lithium ions to diffuse but also facilitates the conduction of electron
[35]. What's more, after 100 cycles, it is apparently to find that cells
with CaF,-modified material present a pretty better performance,
especially M-NCM3 exhibits with a much lower Rct of 63.2 Q than the
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naked sample of 150.3 Q as shown in Table 3. These results further
indicate that calcium fluoride coating layer can effectively protect the
active material and enhance the structural stability of NCM811 during
the processes of Li* intercalation/deintercalation, so as to improve its
electrochemical performance.

4. Conclusions

In our research, CaF»-coated LiNig gCop 1Mng 105 (containing 1.5, 3,
and 4.5 wt%) cathode materials were initially designed and prepared
via a simple wet chemical method. The structural characteristics and
electrochemical performance of materials before and after coating were
systematically investigated. The morphological studies show that a
CaF, layer with a thickness of 5-12 nm was uniformly distributed on
the surface of microspheres without obvious structural or morpholo-
gical changes. Additionally, electrochemical results indicate that the
rate capability and cycling stability are significantly improved after
coating, especially M-NCM3, which exhibits better initial discharge
specific capacity of 192.8 mAhg™!, corresponding to 86.42% cou-
lombic efficiency. Furthermore, CV and EIS results reveal that M-NCM3
exhibits a smaller potential difference (AV) and impedance after cycles,
further indicating that calcium fluoride coating has a positive effect on
the structural stability of NCM811 material during the cycle. The main
reason is that the coating can not only effectively alleviate the dis-
solution of the bulk materials in electrolyte but also improve the sta-
bility of NCM811 material during Li* intercalation/deintercalation.
The approach for structural stability and electrochemical performance
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Fig. 11. Cyclic voltammograms curves of (a) pristine, (b) M-NCM3 samples with a scan rate of 0.1 mVs ™.
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Fig. 12. EIS Nyquist plots of pristine (a) and 1.5, 3, and 4.5 wt% CaF,-coated samples (b-d), (e) the equivalent circuit for EIS results fitting.

Table 3

Charge-transfer resistance (Rct, Q) of pristine and 1.5, 3.0 and 4.5 wt% CaF,-
modified samples at various cycles.

Samples The 50th cycle The 100th cycle
M-NCMO 82.3 150.3
M-NCM1.5 59.7 104.6
M-NCM3 29.1 63.2
M-NCM4.5 48.3 83.8

enhancement of LiNiygCog 1Mng 0, presented in the paper provide a
new idea for surface modification, and this effective composition
strategy can be extended to other lithium battery cathode material

modification.
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