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Ni-rich layered transition metal (TM) oxides are being aggressively developed, due to their high
volumetric energy density. However, the severe capacity fading hinders their practical applications such
as electric vehicles. As reported, grain boundary of primary particles is expected to play an important
role in the performance degradation. Here, single crystal LiNio.sMno.1C00.102 (NCM, S811) with a grain
size of 1-4 um was synthesized by controlling the Li/TM ratio and two-step calcination. Compared with
the common agglomerated NCM811 (A811), S811 exhibited the similar initial specific capacity of 198.9
mAh /g at 0.1 C, but much higher capacity retention (96.2% after150 cycles). Further investigations,
including morphology analysis, electrochemical tests and observation of internal variation, were carried
out to further understand the superiority of S811. The superior performance could be attributed to the
better structure stability of single crystal with larger size, which could introduce more Ni?* in the outer
layer for inhibiting the phase transformation (H2—H3) and side reactions on the interfaces. This work
may provide a promising strategy for long-term cycling stability of nickel-rich NCM-type lithium ion
battery.

Keyword: nickle-rich layered oxides, micron-scale, single crystal, phase transformation, lithium ion
batteries.

1. INTRODUCTION

Now that Lithium-ion batteries (LIBs) have been the most successful electrochemical energy
source for electronic devices. However, electric device technology advance requires high energy density.
[1-4] In order to overcome the range anxiety of LIBs, Ni-rich Li[NixCoyMnixy]O2 (NCM) has been
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regarded as a promising option for cathode materials.[5-8] Among a wide range of transition metal (TM)
elemental components in NCM, LiNio.sC00.:Mno.102 has been gained more and more attentions due to
the higher capacity and relatively lower cost.[9,10] However, with the increase of Ni content,
traditionally used agglomerated LiNio.sC00.1Mno102 suffers from severer capacity fading. The rapid
degradation of Li storage is typically ascribed to surface related chemical degradations and structural
instability, which are arising from oxygen release and numerous microcracks. [11-13] Up to now, many
strategies have been carried out, including metal substitution, surface modification and gradient
composition. Moreover, it is reported that single crystal structure is helpful for electrochemistry
performance of cathode materials.[14] Kim et al. proposed significantly enhanced electrochemical
performance of fully-developed single crystal LiNii3Co13Mny302 and further implied that such
crystallization process facilitated the formation of well-defined layered crystal structure.[15] Wu et al.
[16] and Dahn et al. [17] both demonstrated the effects of single crystal grain on Ni-rich cathode
materials.

Inspired by these above reports, in this work, micron-scale single crystal
LiNiosMno1C00.102 (S811) with superior cycling stability was designed and controllably
synthesized by the adjustment of Li/TM ratio and two-step calcination calcinating at high
temperature. Furthermore, the superior electrochemical performances of S811 and A811 are
investigated. Owing to the fully-grown crystal grain and reduced content of Ni**, H2—H3 phase
transition reaction can be compressed, hence the cracks in primary particles and element
dissolution are limited.

2. EXPERIMENTAL

2.1. Materials Preparation synthesis

Nio.8C00.1Mno.1(OH)> were synthesized via a hydroxide coprecipitation method. The typical
process of Nip.gC0o.1Mno.1(OH). preparation was described elsewhere.[18,19] The Nio.sC00.1Mno.1(OH):
precursor was thoroughly mixed with a stoichiometric amount of LiOH-H2O by high-speed ball milling.
Firstly, a Li/TM ratio of 0.98 was employed for the mixture Nig.sC0o.1Mng.1(OH). and LiOH-H0. The
mixed powders were preheated in oxygen in an elevator furnace, and the heating rate of 5 °C/min was
used to raise the temperature to 870 °C for 6 h. The heated powders were taken out and ground by a
grind machine after it is cooled to room temperature. Secondly, additional LiOH-H2O was added to
obtain an overall Li/TM ratio of 1.08. The added LiOH-H>0 was thoroughly mixed with the product of
the first heating using a high-speed ball milling, and then heated in oxygen in the tube furnace at 830 °C
for 12 h. The prepared LiNio.8C001Mno.1O2 was noted as S811. For comparison, an agglomerated-type
sample, noted as A811, was prepared through a traditional approach.[20]
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2.2. Electrochemical Testing

During the process of working electrodes fabrication, a slurry of the active cathode materials,

polyvinylidene fluoride and conductive agent (SP 1.5%+KS-15 3.5%), in a weight ratio of 92.5:2.5:5 in
N-methyl-2-pyrrolidone was pasted onto an Al foil and dried at 110 °C for 6 h in a vacuum oven.
Afterwards, the coated foil was punched into circular pieces with a diameter of 12 mm and the
corresponding active material loading was around 11 mg. CR2032 coin-type half cells consisting of an
as prepared cathode, a Li metal anode, a Celgard 2325 separator, and 1 M LiPF6 in EC/EMC/DEC (1:1:1
by weight) electrolyte solution were assembled in an Ar-filled glovebox. Electrochemical tests of the as-
assembled coin cells were conducted using a battery testing system (LANHE CT2001A, Wuhan LAND
Electronics Co., P. R. China) at 2.8-4.3 V (or 4.5 V) at different current densities. Cyclic voltammetry
(CV) data were collected at a scan rate of 0.1 mV/s on a Princeton PARSTAT 4000 (AMETEK Co. Ltd.)
workstation. Electrochemical impedance spectroscopy (EIS) was carried out using Princeton PARSTAT
4000 in a frequency range from 100 kHz to 10 mHz with an ac amplitude of 5 mV.

2.3. Materials Characterization

The chemical composition of the as-prepared LiNipgCo0o.1Mno.1O> materials was determined
using inductively coupled plasma-atomic emission spectrometry (ICP-OES). The morphology and
crystallographic structure were measured by scanning electron microscopy (SEM, FEG250, FEI
QUANTA), X-ray diffraction (XRD, ADVANCE D8, Bruker), and transmission electron microscopy
(TEM, JEM-2100F, JEOL). Rietveld refinement of the XRD data were accomplished by General
Structure Analysis System (GSAS) software. The samples analysed by scanning TEM (STEM) were
sliced and thinned using a focused ion beam. All XPS spectra were calibrated using the C 1s peak with
a binding energy of 284.8 eV. Background subtraction and curve fitting were fulfilled using XPSPEAK
Version 4.0 software.

3. RESULTS AND DISCUSSION

As shown in Table 1, ICP-OES is applied to analyse the chemical composition of both A811 and
S811. The chemical formulas calculated from the ICP-OES results show the corresponding chemical
composition of A811 and S811 materials to be Li1o3sNio.804C00.097Mno.099O2+5 and
Li1.037Ni0.709C00.007MnNo.00902+¢, respectively.

Figure 1(A) and (B) show the differences in morphology and particle size of A811 and S811.
A811 is composed of agglomerated spheres with primary particles ranging from 200 to 700 nm, while
the primary particles in S811 are of 1-4 um. HRTEM images with the corresponding FFT patterns (inset)
in Figure 1(C) and (D) further determine the structure details. For both samples, the HRTEM images
and the FFT patterns of the bulk areas exhibit typical structure of R3m, which are corresponding to the
(003) reflections of the layered structure.[21,22]
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Table 1. The chemical composition results of A811 and S811.

Chemical Composition

Sample ()

Li Ni Co Mn
A811 7.19 47.06 5.72 5.42
S811 7.16 46.96 5.68 5.41

Rp =2.46 %
wRp = 3.39%

Rp = 2.68 %
WRp = 3.87%

Intensity (a.u.)
Intensity (a.u.)

o .
| f—r+ §
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A811 2-Theta (degree) S$811 2-Theta (degree)

Figure 1. SEM images of (A) A811 and (B) S811; HRTEM images with partial enlargements and FFT
patterns (inset) of (C) A811 and (D) S811; Reitveld refinement of the XRD patterns for (E) A811
and (F) S811.

XRD patterns of both materials can be indexed to a layered a-NaFeO, structure with R3m
symmetry. No extra diffraction peaks are observed in the S811 material as well as A811, suggesting no
impurity in the S811 obtained by using higher heating temperature and two-step calcination with
additional amount of LiOH

Rietveld refinement of the XRD patterns (Figure 1 (E) and (F)) were carried out to understand
the crystallographic parameters differences. Table 2 shows that the Li/Ni cation mixture degree of S811
is higher than that of A811, implying that the different such preparation process of S811 doesn’t reduce
Ni%* as well as the exchange of transition metals on the 3b sites (transition metal layer) and oxygen on
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the 6¢ sites.[23] However, the calculated cell parameters show that S811 has a larger value of a and ¢
axis, which has been reported to benefit the continuous lithium intercalation/deintercalation process.[24]

Table 2. Refined crystallographic parameters for A811 and S811.

lioos/ Ni* in Li
Sample a(d) c(A) V(A |(°°3) Layer
(104) (%)

A811 2.8662 14.2168 101.1423 1.285 3.96
S811 2.8755 14.2122 101.7653 1.262 4.13
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Figure 2. (A) The charge/discharge curves of A811 and S811 under condition of 3.0-4.3V @ 0.1C; (B)
Cycling performance of A811 and S811 materials cycled between 3.0-4.3 V; Charge-discharge
profiles for (C) A811 and (D) S811 at a current density of 200mAh /g (1C ,2", 20™, 40™, 60",
90", 120" and 150" cycles).

Figure 2(A) exhibits the initial charge/discharge curves of samples at 0.1 C (20 mAh /g) between
3.0-4.3V (vs Li* /Li) for A811 and S811. The specific capacities of S811 and A811 at 0.1C between 3.0-
4.3V are 198.9 mAh /g and 204.7 mAh /g, respectively. The cycling performances of A811 and S811 at
a current density of 200mAh /g are shown in Figure 2(B). A811 exhibits a initial capacity of 184.9 mAh
/g with the low capacity retention ratio (59.4%) after 150 cycles, while S811 presents initial capacity of
180.5 mAh /g and a high capacity retention of 96.2%. Furthermore, the charge-discharge voltage profiles
of A811 and S811 are compared in Figure 2(C) and (D). As is shown, S811 displays significantly
improvement on the basis of A811: 1) a greatly enhanced capacity retention, 2) a much slighter voltage
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decay, 3) a better relieved polarization caused by side reaction during cycling. The superior cycling

stability of S811 is reasonable to the related structural improvement originated from a two-step
calcination treatment at higher temperature and additional lithium to compensate for Li* defect caused
by lithium volatilization. It can be inferred that such prepared NCM811 material has a stable host
structure and suffers little surface invasion or undesired phase transition reaction.

Figure 3(A) and (B) displays the normalized charge-discharge curves of A811 and S811,
respectively. There are short plateaus around 4.25V in both curves of A811 and S811 which can be
attributed to the typical characteristics of H2—H3 phase transition reaction. However the plateau of
A811 is clearer than that of S811. When the upper cut-off voltage is set to be 4.5V, the specific capacity
of A811 around 4.25V become even bigger than that of S811. The charge—discharge process for A811
and S811 reveals that the chemical reaction mechanism for each material are similar, involving several
phase transitions. H2—H3 phase transition for S811 around 4.25V is compressed to a lower degree other
than AB811. Such reaction promote the activation of host structure for more Li-ion
intercalation/deintercalation, leading to the higher specific capacity of A811. Moreover, as the upper
cut-off voltage decreasing to 4.5V, the 1% columbic efficiency of A811 and S811 become close,
signifying that the activated host structure of S811 is reversibly utilized more sufficiently than that of
A811.
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Figure 3. Normalized charge/discharge curves of A811 and S811 under different conditions: (A) 3.0-
4.3V @ 0.1C; (B) 3.0-4.5V @ 0.1C (1C = 200 mAh /g); CV curves of materials with a scan rate
of 0.1 mV/s between 2.8 and 4.5V: (C) A811; (D) S811

Figure 3(C) and (D) shows the CV curves of A811 and S811 at a scanning rate of 0.1 mV/s
between 2.8 and 4.5 V. It is appeared that three couples of peaks in both A811 and S811, considered to
be related to the oxidation of Ni?* /Ni**, Ni** /Ni**and Co** /Co*". For one thing, the integral area of
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H2—H3 of A811 is bigger than that of S811, which is in accordance with the charge-discharge curve,

certifying that the phase transition is effectively compressed. For another, the CV curves of S811 during
three cycles are well overlapped, while A811 shows visible shift or shrinkage in peak or area, especially
in the region of H2—H3 peaks. In general, the CV curves suggest that S811 is beneficial to restrict
unpleasant phase transition reaction (H2—H3) in a low degree and reduce the electrochemical
polarization so that the cathode material stays stable during electrochemical cycles.

In order to understand the origin of the superiority of their electrochemical performance,
electrochemical impedance spectra (EIS) of S811 and A811, these samples were measured at open circuit
voltage after cell fabrication and 100% SOC after 10", 50" and 100" cycle. As shown in Figure 4(A),
both curves of A811 and S811 at open circuit voltage consist of typically semicircles in high-frequency
region and lines in low-frequency region. For those cycled samples at 100% SOC in Figure 4(B), (C)
and (D), there are two semicircles and one straight line in each plot. The semicircle in the high frequency
region represents the surface film impedance (Rsf), a semicircle located in the high to medium frequency
region represents the charge transfer impedance (Rct) and an oblique line located in the low frequency
region represents the Warburg impedance (Wo).[25]

The Z-view software was used to fit the tested results, and thus-obtained Re, Rst and Ret values
of both samples are displayed in Table 3. In the early stages, Re, Rst and Rt values for A811 are smaller
than that of S811, which can be reasonably ascribed to larger polarization 0fS811 with the big primary
particle size. as charge-discharge cycling continue, Rsf and R for both A811 and S811 increase a lot,
but the degree of impedance growth for S811 is much slighter. Such suppression should be attributed to
stabler structure of single crystal NCM811 and less side reaction at the out-layer area. It implies that
undesired side reaction on S811 is alleviated, signifying slighter SEI interface deposition and charge
transfer resistance increase.

(A) —a— AB11 (B) @ —a— AR
@1St(0CV) r = SB11 10th .= 5811
an4 k
150 J Re CPE1 CPE2 W K
EN Rsl Rat
E 100 i . E -
5 o 5w A =
i |2l £ LT "
N A N e . vy
50 4 o 10+ s '\}"'
. -
T ’ g
umwb‘r o
ol @
I T T T T T T T
i 20 40 ) 80 100 [ 50 100 150
Z,, tohm) Z,, {ohm}
300
(C) @Soth = AB11 (D) 300 4 @100th = = A1
250 4 = SB11 »— 3811
Re CPE1 GPEZ W 2s0] Re CPE1 CPE2 W [
) .
200 b
Lo o wo] L] Lad _
—_— L — - -
E 1504 S _E - .__..__.. .
] - s s "
= % : .
n- 1004 - e ~ 1004 - R
5 o | LTI _—
-
50 = S 50 ’J.-'
o] v D
Ry S o e e e e T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 0 100 200 300 400 500 600 70O 800
£, tohm) Z, {ohm)

Figure 4. Nyquist plots of A811 and S811 during cycling: (A) 1%, (B) 10", (C) 50" and (D) 100",
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Table 3. Fitted results of the EIS for A811 and S811 at 100% SOC

Sample Cycle Re (Q) Rst () Rct (Q)
10t 25 8.9 53.5
A811 50t 3.2 57.1 425.7
100t 3.4 74,5 496.2
10t 3.4 23.7 54.6
S811 50t 3.7 61.3 261.2
100t 3.8 62.1 316.7

5038

The chemical composition and elements condition in the surface of A811 and S811 were
analysed by XPS ulteriorly. The raw results and spectra fitted by XPSPEAK software are shown in
Figure 5. The survey spectra of both samples suggest that the chemical state of the surface elements of
A811 and S811 are similar. Comparing A811 with S811 in Figure 5 (B), there are no shift for the Co 2p
and Mn 2p peaks while differences of Ni peaks appear in Ni 2ps> between A811 and S811. By looking
into the fitted Ni 2p spectra of A811 and S811, the obvious transferring to higher energy suggests a rise
in S811 of valence of the transition metal nickel and covalence of nickel-oxygen other than A811. Ni?*
content on the surface of S811 is much higher than that of A811.
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Figure 5. XPS spectra and fitting results: (A) original XPS survey spectra for A811 and S811; (B) Ni
2p spectra, Co 2p spectra , Mn 2p spectra for A811 and S811; (C) Ni fitting spectra of A811; (D)

Ni fitting spectra of S811.

Such difference on Ni valence state has been demonstrated to be ascribed to the Ni segregation
due to the migration ratio difference of transition metals during high temperature heating/tempering
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process.[26,27] As it has been reported that higher content of Ni?* plays an important role in stabilizing
the structure of NCM811 cathode material by pillaring layered structure and reducing local cation
mixture. Hence, the better stability of single crystal NCM811 is reasonably attributed more Ni?* ions on
the surface.[28]

For the further study on cycling stability difference of A811 and S811, the cross-sectioned SEM
image of A811 and S811 are displayed in Figure 6. A811 is composed of primary particles with pores
between the grown primary particles; On the other hand, A811 consists of only single crystal with micron
scale size . Additionally, after 100 cycles at 1C, the crack and disconnection in A811 grow severely,
while S811 displays almost no fracture. Such difference in cracks growth between A811 and S811 can
be a further evidence for the better structure stability of single crystal grain than the traditional
agglomerated type.[29]

S811-Cycled

n,,/n,=0.132 ' | n,,/n,=0.121 B

Mn" " "Ni Mn" " "Ni

24850ppm

82830ppm 86920ppm

29120ppm 30180ppm
Ni Co Mn
A811 S811

Figure 6. SEM images of cross-sectioned A811 and S811 particles: (A) A811 without cycling treatment;
(B) A811 after 100 cycles at 1C, 3.0-4.3V; (C) S811 without cycling treatment; (D) S811 after
100 cycles at 1C, 3.0-4.3V; (E) concentrations and proportional relationship of Ni, Co and Mn
dissolved in electrolyte

Based on the fact of TM dissolution under high voltage charge process, the concentrations of Ni,
Co and Mn dissolved in electrolyte were investigated. For the electrolyte samples with dissolved TM
preparation process, both NCM811 materials are galvanostatically charge-discharged for 100 cycles at
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1C between 3.0-4.3V. Then the dissolved Ni/Co/Mn of A811 and S811 in the electrolyte are measured
by ICP-OES. From the date of dissolved TM element in electrolyte in Figure 6(E), it can be concluded
that A811 suffers much severer side reaction or phase transition reaction than S811. What’s more, the
ratio of dissolved Mn/Ni reveals obvious difference in A811 and S811 samples, which implies severer
lopsided Mn loss in A811. Since it is demonstrated that Mn** other than Mn** plays an important role in
stabilizing the structure of NCM cathode material. Such an lopsided Mn loss should be attributed to the
higher Ni%* content in the outlayer area than that of A811. It is reasonable to deduce the higher content
of Ni?* at outlayer area is helpful for the formation of a better structured NCM811. Better still, such
structure with higher content of Ni?* reduce the exitance of unwelcome Mn**, which causes structure
failure such as Jahn-Teller effect.[30]

4. CONCLUSION

Ni-Rich NCM cathode material with micron scale grain size is synthesized through two-step
sintering at higher temperature with additional LiOH as reactant as well as flux agent. By such
preparation approach, specific capacity gap of S811 with A811 of general agglomerated type is greatly
reduced. Additionally, it is demonstrated that single crystal NCM811 displays much better
electrochemical stability than the traditional agglomerated type NCM811 cathode. It is confirmed that
the superiority is related to the fully grown grain size and hence reduced phase transition reaction. As
obtained S811 has a much smaller ratio of Ni®* at the surface area, which is beneficial to suppress the
undesired side reaction with electrolyte as well as to restrain the crack growth and disconnection.
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