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Abstract: Single-crystal Ni-rich cathode material LiNijg3Co0¢g9Aly 030, (SC) was synthesized by a high-temperature
solid-state calcination method. Physicochemical properties of primary and delithiated SC samples were investigated by
X-ray diffractometry, X-ray photoelectron spectroscopy, and transmission electron microscopy. Electrochemical
performance was characterized by long-term cycling, cyclic voltammetry, and in-situ impedance spectroscopy. The
results indicated that high temperature rendered layered oxides to lose lithium/oxygen in the interior and exterior, and
induced cationic disordering. Besides, the solid-phase synthesis process promoted phase transformation for electrode
materials, causing the coexisting multi-phase in a single particle. High temperature can foster the growth of single

particles, but it caused unstable structure of layered phase.
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1 Introduction

Li-ion battery (LIB) has been one of the most
promising energy storage devices in recent years.
The development of LIB attracted great attention
worldwide because its emergence has exerted a
strong influence on every aspect of people’s daily
lives. Three distinguished scientists were awarded
the Nobel Prize for their outstanding contributions
to LIBs last year. With great expectations for better
energy storage devices, people turn the spotlight on
the development of LIBs again.

Cathode materials are considered as one of the
bottlenecks for the development of LIBs. Currently,

the cathode materials including LiFePO,, LiMn,0,,
LiNi;-,,Co,Mn,O, (NCM), and LiNi,_,,Co,Al,0,
(NCA) are used for commercial LIBs. LiFeOy is
one of the most successful cathode materials due to
its safety and cycling stability, but the relatively low
energy density limits its extensive application.
Although LiMn,O4 is low-cost, the capacity of it
decays fast.

Ni-rich NCA or NCM materials with a high
theoretical capacity of 275 mA-h/g are accepted as
the most promising candidate to meet increasing
energy requirements. However, many investigations
demonstrated that the thermal stability and cycling
performance will get worse with the gradually
increasing Ni proportion of Ni-rich materials [1-3].
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For Ni-rich NCA or NCM materials, phase
transformation (H2—H3) results in internal
microcracks due to anisotropic lattice volume
change during the lithium ion insertion/extraction
process, further inducing fast capacity fading [4—6].
Some researchers suggested that element doping or
surface coating can relieve anisotropic lattice
volume change to prevent Ni-rich from capacity
fading, but it is hard to avoid structural collapse by
those methods because conventional NCM or NCA
is usually polycrystal spherical particles composed
of primary particles [7,8].

By inspiration of successful product LiCoO,,
NCA or NCM may also be designed as single-
crystal. Recently, LI et al [9] have shown that
single-crystal ~ LiNigpsMny3Co0y,0O, has better
capacity retention than polycrystal. Some related
researches confirmed that single-crystal performed
better thermal stability and stronger resistance to
oxygen loss. KIMIJIMA et al [10] synthesized
single-crystal NCM111 by using a molten salt
method. KIM [11] also applied a similar method to
synthesize single-crystal NCM811.

Single-crystal Ni-rich layered oxides have
attracted much attention of researchers. The
changes in the crystal structure and electrochemical
performance are unclear due to temperature
sensitivity. Therefore, in this study, single-crystal
Ni-rich cathode material LiNigggC0g00Al 030, (SC)
was synthesized by a high-temperature solid-state
calcination method. Physicochemical properties of
primary and delithiated SC samples were studied
by X-ray diffractometry, X-ray photoelectron
spectroscopy, transmission electron microscopy.
Electrochemical performance was characterized by
long-term cycling, cyclic voltammetry, and in-situ
impedance spectroscopy. The structural parameters
and phase composition induced by the synthesis
process were also investigated.

2 Experimental

2.1 Reagents
The reagents in this research contain nickel (II)

sulfate  hyxahydrate = (NiSO, 6H,0, 99.9%,
Aladdin),  manganese  sulfate  tetrahydrate
(MnSO4-4H,0O, 99.99%, Aladdin), aluminum

sulfate octadecahydrate (Al,(SO,);-18H,0, 99.95%,
Aladdin), sodium hydroxide (NaOH, 98%, Aladdin),
ammonium hydroxide solution (NH;3-H,O, 28%,

Aladdin),  lithium  hydroxide = monohydrate
(LiOH-H,0O, 98%, Aladdin). Metal hydroxide
precursors NiggsCog oAl o3(OH), were obtained by
co-precipitation in a continually stirred tank reactor
(CSTR). More preparation details of precursors
referred to Ref. [12].

2.2 Synthesis of single-crystal LiNijgsCo0ggo-

Alp030;

The precursor Nio_ggCOo,ogAlo,m(OH)z was
mixed with LiOH-H,O (1:0.9, molar ratio) and
calcined at 480 °C for 3 h, and planetarily ball-
milled for 30 min in stainless steel jars, and
calcined at 480 °C for 2 h and at 900 °C for 3 h.
Then, it was mixed with extra LiOH-H,O (the
total molar ratio of first precursor to LiOH-H,O
was 1.05:1) and calcined at 730 °C for 9 h. Single-
crystal was finally obtained (marked as SC).

2.3 Synthesis of polycrystalline LiNijgsCo0g go-

Alp030;

The precursor Nio_ggCOo,ogAlo,m(OH)z was
mixed with LiOH-H,O (1:1.02, molar ratio), then
calcined at 480 °C for 5 h and at 730 °C for 12 h.
Polycrystalline was obtained (marked as PC). All
heating and cooling were conducted under a
controlled rate of 10 °C/min.

2.4 Materials characterization

The scanning electron microscopy (SEM)
images were collected to observe the morphologies
and structures of samples using JEOL (JSM—-5612
LV) with an accelerating voltage of 20 kV. The
XRD patterns with the 26 range of 10°-90° were
collected using Rigaku (Rint—2000) with CuK,
radiation to identify the crystalline structure of the
prepared samples. These XRD data were analyzed
via Rietveld refinement wusing the program
PC-GSAS. The X-ray photoelectron spectra (XPS)
were collected using Perkin-Elmer (PHI 5600) to
confirm the main elements’ state and impurity
composition on the surface of materials.
Transmission electron microscopy (TEM) and
electron diffraction patterns were obtained by using
a Titan G260—300 microscope.

2.5 Electrochemical methods

The details of positive electrode fabrication
and electrochemical measurements have been
reported in Ref. [13].
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Fig. 1 Rietveld refinement results of X-ray diffraction patterns of SC (a) and PC (e), enlarged XRD pattern of SC (b, ¢,
d) and PC (f, g, h) from 19° to 35°, from 44° to 45°, and from 63.5° to 65.5°, respectively (R, is weighted profile
R-factor and R, is profile residual)
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marks out the Bragg peak position. The XRD
patterns of both samples are assigned to a
hexagonal a-NaFeO, structure (space group R3m).
Some parameters of the crystal structure are shown
in Table 1. Because the radius of Ni*" ions (0.69 A)
is similar to that of Li" ions (0.76 A), Ni*" ions
often tend to migrate into the lithium layer (also
called cation disorder). The larger lattice parameters
a, ¢, and the unit cell volume for SC are attributed
to the presence of more Ni*" jons in the lithium
layer [14]. No impurities are found for both samples
in Figs. 1(b) and (f). Figures 1(c) and (g) show that
the division degree of (104) peak of SC is slightly
smaller than that of PC. Figures 1(d) and (h) show
that more obvious peak splitting of (108)/(110) for
PC is observed, compared with that of SC. These
two characteristics indicate that the PC has a better
crystallinity and a more stable layer structure.
Besides this, no significant differences are found

between SC and PC, suggesting that the crystal
structure of SC is good as well according to XRD
pattern analysis.

The morphologies of precursors, SC, and PC
are shown in Figs. 2(a, d), (b, e), and (c, 1),
respectively. Precursors with sizes of 10—15 um
were made by using the co-precipitation method.
The spherical polycrystalline of precursors was
composed of fine primary crystal plates.
Understanding the intrinsic  physicochemical
properties of inorganic materials is essential for
crystal growth in lithium-ion battery research.
Extensive research has indicated that energy and
molten-salt are indispensable for stimulating rapid
growth of the salt crystals [10,15]. In the presence
of excess lithium and high temperature, the
well-defined single crystal material with particle
size of 2—4pum was synthesized, as shown
in Figs. 2(b) and (e). However, the particles with

Table 1 Rietveld refinement results of SC and PC cathode materials (a and ¢ are lattice parameters of a- and c-axis,
respectively, Z,, is atomic coordinate for oxygen ions, V is unit cell volume, S is goodness of fitting parameter of

Ry/R)
Compound alA /A VIA® Zox wiNEY% Ty /A Lo /A0S
Ne 2.87627  14.19407  101.695  0.2600 6.16 2.082 2649 1324
PC 2.86859  14.18461  101.085  0.2586 1.45 2.118 2610 1335

* TM (transition metal) slab thickness: Trvo,=2(1/3—Zox)c; ** Interslab thickness: Tiio,=(c/3)~Ttmo,; W(Ni”) is mass fraction of Ni~' in Li"
layer
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nonuniform sizes were randomly distributed from
observation in the images. Figures 2(c) and (f)
exhibit normal agglomerates with sizes of
100—200 nm secondary particles. Some white spots
in the images marked by red circles may be lithium
salt.

The XPS spectra of single crystal and
polycrystalline were acquired to obtain the
physicochemical information on the
Figure 3(a) shows that two adventitious carbon
signals dominated the C 1s region at 248.82 and
288.50 eV. The sub-peak at 289.84 eV was assigned
to MCO; (M=metal ions). This impurity composite
is considered to be associated with carbon dioxide
in the air. The Ni spectra are shown in Fig. 3(b).
The binding energies for Ni*~ and Ni*" appeared at
854.40 and 855.80 eV, respectively. The other
two sub-peaks were assigned to satellite peaks
of Ni*" and Ni*". For Ni-rich materials, the Ni
element is the main contributor during electro-
chemical oxidation—reduction processes. Therefore,
investigating the valence state and content of the Ni
element is necessary to elucidate electrochemical
performance better and evaluate synthesis
strategy [16]. The Ni 2ps, peak at 855.40 eV of SC
is lower than that of PC, indicating fewer
nickel—-oxygen covalences for the SC sample. The
percentage of Ni** for SC is higher than that of Ni**
for PC. The higher percentage of Ni*" on the surface
implied more oxygen vacancies, suggesting the
microscopic oxygen loss process. The formation of
more Li,CO; and higher cation disorders were
observed due to the exposure to air, as confirmed by
those XRD refinement results. The O 1s region is
shown in Fig. 3(c). The peaks of lattice oxygen
and surface oxygen for SC and PC appeared
at 531.80 eV and ~529.20 eV, respectively. This
sub-peak (~529.20 eV) may also be representative
of metal oxides which are not associated with
lattice oxygen, as it leads to an increase of the
impurity phase on primary particles. The second
sub-peak at 531.40 eV could be identified as metal
carbonate (namely Li,COs;), which agrees with the
conclusion based on the C 1s spectra. The third
sub-peak at 531.80 eV with the largest contribution
is assigned to lithium hydroxide. According to the
peak area ratio of LiyCOs/LiOH, the residual
soluble base content of SC sample was more than
that of PC sample, hinting at the Li loss from the
oxides and formation of Li,CO; on the surface.

surface.

Longer grinding and calcination time may result in
more active reactions with air, further yielding a
bad influence on its electrochemical performance.
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Fig. 3 XPS spectra of C 1s (a), Ni 2p (b) and O 1s (c) for
SC and PC samples

3.2 Electrochemical performance

Although the structure and morphology of SC
were exhibited in detail, good electrochemical
performance is the most critical indicator for good
single crystal. The first three cyclic voltammetry
(CV) curves for SC and PC were plotted for
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better understanding of the structural changes and
electrochemical mechanism occurring during Li"
insertion/extraction (Figs. 4(a) and (b)). Like
LiNiO,, the PC underwent a series of phase
transitions while the SC did not experience
any relevant transitions upon charge/discharge
processes. These transitions contain hexagonal to
monoclinic (H1—M), monoclinic to hexagonal
(M—H2), and hexagonal to hexagonal (H2—
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H3) [15,17,18]. The last phase transition (H2—H3)
has been considered to result in unit cell volume
contraction due to severe lattice distortion. The two
peaks between 4.05 and 4.20V were hardly
observed for the SC. It is generally accepted
that each phase transition indicates Li" insertion/
extraction associated with a more accessible
capacity [19]. In other words, the disappearance of
those two peaks means that a part of Li" ions could
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Fig. 4 First three cyclic voltammetry (CV) curves of SC (a) and PC (b) cathodes at scanning rate of 0.1 mV/s,
electrochemical charge/discharge curves of SC (c) and PC (d) at 1C rate (1C=180 mA-h/g), cycling performance (e) and

mid-point voltage performance (f) of SC and PC
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not be extracted from the SC. This phenomenon
might be caused by the thermal-induced phase
transformation, which needs further experimental
verification for the prepared SC. Besides, a larger
voltage gap (AV=0.404 V) between the first pair of
redox peaks of the SC than that (AV=0.363 V) of
the PC was observed in Figs. 4(a) and (b). This
indicates that the SC has inferior reversibility of Li"
insertion/extraction and higher polarization degree.
The increased polarization is attributed to the longer
lithium diffusion length among particles. The
charge/ discharge voltage profiles of both SC and
PC are shown in Figs. 4(c) and (d), respectively.
Compared with PC, the SC has dramatically faster
voltage decay. As charge/discharge proceeded,
those plateaus in the high-voltage regions began to
disappear gradually. The cycling performances of
SC and PC were tested at 1C rate over a voltage
range of 2.75-4.3 V (vs Li'/Li) (1C=180 mA-h/g).
As shown in Figs. 4(e) and (f), an initial discharge
capacity of 166.4 mA-h/g was achieved by the
prepared SC, accompanying coulombic efficiency
(CE) of 71.42%. However, the PC possessed an
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initial capacity of 185.8 mA-h/g with CE of
84.95%. After 200 cycles, the SC only retained
64.18% of the initial capacity while the PC still had
87.56% capacity retention. During 100 cycles,
mid-voltage for SC decayed faster than that of PC
material. In contrast to the expected results, the SC
sample prepared by the method in this work showed
poor electrochemical performance. However, a
series of experiments were still conducted to
investigate why SC had poorer electrochemical
performance than PC deeply.

Figures 5(a) and (b) depict the change of
Nyquist impedance during the charge and discharge
processes for SC, respectively. To better explain
what happened in these processes, some theories
were cited to clarify the Nyquist impedance of a
porous electrode [20]. Usually, four parts constitute
the total impedance of electrode, including (I) in
high-frequency region, resistance from ions passing
through the separator and from electrons transfer
due to external cell contact; (II) the contact
resistance between active materials and the current
collector; (IIT) the medium frequency resistance
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Fig. 5 Nyquist impedance during charge (a, ¢) and discharge (b, d) processes for SC (a, b) and PC (c, d)
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from the charge transfer, the interfacial double-layer
capacitance of electrode, the electrons and ions
moving in the electrode; (IV) a Warburg diffusion
resistance in the low-frequency range. Figure 5(a)
shows only one semi-circle at low voltage and two
semi-circles at high voltage. RADIN et al [21]
argued that lithium diffusion is very difficult inside
the cathode due to the absence of vacancy numbers
at the low charging state. The strong CV peaks of
cells at about 3.94 V and 4.20 V indicated that
lithium diffusion was quite slow at both low and
high states of charge.

According to the electrochemical impedance
principle, the semi-circle in high frequency is
usually defined as the interfacial film resistance
(collection term Ry) including the above (I) and (II)
parts. Medium frequency semi-circle corresponds to
the charge transfer resistance (R.) [22]. The low
frequency line is associated with the Warburg
impedance. As the potential increases to 3.8 V (vs
Li'/Li), the interfacial resistance tends to appear. At
the first charge process, the electrolyte and
electrode have an interfacial chemical reaction.
Then, as the voltage increases, the interface
between cathode and electrolyte gradually involves
chemical and electrochemical reactions [23,24].
Under the collective interaction from interfacial
reaction and lithium diffusion in different states of
charge, the R, changes vastly while Ry keeps nearly
constant.

The mechanism of Li" intercalation is formally
similar to the hydrogen direct absorption
reaction [25]. The charge transfer resistance
depends strongly on the state of charge. The Ry
semi-circles are hardly observed before 3.8 V (vs
Li"/Li), which is attributed to the absence of
interfacial film under the low voltage. The R
semi-circle increases just slightly in the voltage
range of 3.8-4.2V (vs Li"/Li) due to the facile
charge transfer kinetics. At the voltage of 4.3 V, the
R, impedance starts sharply growing because of
the surface reconstruction induced by the high
voltage [26]. During the discharge process, the
interfacial resistance remains unchanged while the
charge transfer resistance initially decreases and
then increases. Charge transfer resistance performs
a little complicated relationship with the state of
charge. This suggests that electrochemical reaction
renders electrode materials to perform the structural

and chemical changes, which provides extra

barriers for Li" diffusion.

Furthermore, it might speculate that the
combination of the solid-state electrolyte interface
(SEI) and rock—salt layer dominates the unusual
change of the third part. It is expected that lithium
diffusion and charge transfer are different at the
interface between the electrolyte and SEI layer, SEI
layer and rock—salt layer, rock—salt layer and the
bulk. Because the ionic conductivity is proportional
to the carrier concentration multiplied by carrier
mobility [27], the rock—salt layer has low Li
diffusion due to its low lithium content, further
altering the charge transfer resistance. Consequently,
it could explain why the resistance of the third part
is big at both low and high voltages, which is
corresponding to the phenomenon experimentally
observed.

The impedance spectra for PC materials during
the first charge and discharge processes are shown
in Figs. 5(c) and (d), respectively. According to the
theoretical foundation of impedance spectroscopy,
the R, of PC materials is more than that of SC
materials. The Ry is hardly observed in the low state
of charge, while Ry is very obvious in the high state
of charge. This phenomenon is attributed to the
secondary aggregation structure, which provides a
lower specific surface area and slower charge
transportability [28]. On the other hand, when one
is much larger than the other, two semi-circles of
the R and R, will merge.

3.3 Crystal structure of delithiated samples
Although the prepared SC is not as good as
expected, further experiments can help researchers
have a better understanding of single crystals.
First of all, the morphologies and structure
characteristics of delithiated materials were
reported to help explain why SC failed.
Figures 6(a—c) show the XRD full pattern, XRD
patterns of amplified (003) peak and (104) peak of
SC and PC charged to 4.3 V, respectively. From the
observation in Fig. 6(a), the delithiated materials of
both samples can still keep layer structure, but
positions of some peaks shift. The shifts of the
(003) reflection for both samples are attributed to
the generation of H2 phase during the charge
process. However, this reflection can be
deconvoluted for two phases according to the
relative peak intensities of H2 and H3 phases [17],
whereas both retain a substantial fraction of H2
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samples

phase. In particular, (108) and (110) peaks indicate
the change of the lattice constants a and c,
respectively. (108) peak tends to be weak,
suggesting the unstable layered structure. (110)
peak shifts to a high-angle position, suggesting the
decreased lattice constants a and c. As indicated in
these patterns, no significant difference for both
delithiated SC and PC is observed, which means
that it needs further microscopic characterization.

Figures 6(d—g) show the SEM images of SC
and PC after being charged to 4.3 V. The materials
are in the delithiation state when they are charged to
4.3 V. Compared with the pristine for SC and PC,
these delithiated materials have more granules. The
strain generated on the surface of these particles is
higher than that of the bulk, often triggering some
potential micro-cracks. Strain and tension most
likely cause the agglomerates to dissociate.
Figures 6(¢) and (g) show images with low
magnification capturing as many changes as
impossible on the surface. The surfaces of both
delithiated materials are wrapped by blurred
materials, including acetylene black and binder, but
no micro-cracks are observed.

3.4 Phase composition of samples

The phase evolution of the randomly selected
particle for SC is shown in Fig. 7(a). The diffraction
spots observed at the edge of the selected particle
came from the layered (Z.A.=[001]L) and spinel
structures (Z.A.=[111]S), corresponding to the
schematically illustrations in Figs. 7(b) and (c),
respectively. The rock—salt structure (Z.A=
[121]1RS) (Fig. 7(d)) was also observed in some
specific edge areas. A Cdl,-like structure formed or
the migration from transition metals to the Li layer
or the disorder of lithium ions and vacancies
yielded those forbidden spots in the delithiation
process [29-31]. By the observations from
diffraction patterns (Figs. 7(e—1)), the spots from the
spinel phase at the edge are more obvious than
those in the center, indicating that the degradation at
the edge is severer than that inside. According to
some related reports, this phenomenon is attributed
to several factors such as preferred directions of Li"
diffusion or electrolyte wetting between the
electrode and conductive materials [32—34]. The
poor electrochemical performance was explained by
structure degradation. The degradation was caused
by the migration of transition metals (mainly Ni) to
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octahedral sites. And Ni cations with high oxidation
states generated stronger electrostatic attraction.
Consequently, the Li" diffusion channels are
contracted so that it is difficult for Li"
insertion/extraction. The phase transformation
involves Li/O loss and the merger of the adjacent
TMOg layers caused by the similarity of these two

Forbidden spot

7.A.]=[001]L
10 1/nm Zaltinis

Forbidden spot
[ZA.
10 1/nm e

-

Forbidden spot

Z.AJ=[001]L
10 1/nm {Z.A-Hl 1 1%5

Forbidden spot

10 1/nm

10 1/nm NI | 10 6

structures [35].

For PC material, the high-resolution TEM
(HRTEM) image in the randomly selected particle
was collected, and several areas from the edge to
the center were selected to perform fast Fourier
transform (FFT) to observe phase change (Fig. 8).
The only spots from the layered structure [421]

Forbidden spot Forbidden spot

10 1/nm

Forbidden spot
10 1/nm

Fig. 7 Bright field TEM image for randomly selected particle of SC cathode (a), schematically illustrated diffraction
patterns for layered (Z.A.=[001]L) (b), spinel (Z.A.=[111]S) (c), and rack—salt (Z.A.=[121] RS) structure (d), series of
selected area electron diffraction (SAED) patterns of selected particle from edge to center, and to edge for SC cathode

(e—1) (Red spots indicate region with additional forbidden spots)

50 nm

(2)

o2 112
104558

[Z.AJ=[421]L
12,112
104

[Z.A.]=[42T]L

[Z.AJ[421]L
[ZAJ-1T0]S

(b) ©

Fig. 8 TEM images (a, b) and fast Fourier transformation (FFT) patterns (c) of several regions (A, B, C and D) from

surface to interior collected to analyze crystal structure change for PC material
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zone were observed at the edge of the PC [36]. For
the interior, the spots from the layer phase and
spinel phase coexisted. Under the high voltage
condition, the PC material also performed phase
transformation, but the surface still kept layer
structure, which could prevent electrolyte into the
interior. Besides, this research indicated that the
crystal structures of Ni-rich materials changed from
layer to spinel, then to rock—salt, and back to layer
during the synthesis process. Thus, phase
transformation is a normal phenomenon for SC and
PC, but the reversible phase change is vital for
better electrochemical performance.

4 Conclusions

(1) Single-crystal LiNipggCog oAl 30, was
synthesized by using the conventional solid-
state calcination method, the electrochemical
performance of which was inferior to that of PC
material, indicating that this SC is a flawed cathode.

(2) Single-crystal Ni-rich oxides synthesized
under high temperature performed cationic
disordering and lithium/oxygen loss from the
layered structure.

(3) The thermo-induced structural evolution
within  single-crystal particles revealed that
synthesis process speeded up transformation and
caused the existence of multiphase in single
particles.

(4) Temperature could supply energy to foster
the growth of primary particles, but it caused
damage to the stable layered structure. Ni-rich
layered oxides need a moderate temperature to
synthesize single-crystal materials.
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