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ABSTRACT: In this paper, the effect of the structure character-
istics of the precursor on the electrochemical properties of a single-
crystal cobalt-free high-nickel LiNiyyMn,;0, cathode is systemati-
cally studied. Precursors with different morphologies are synthe-
sized by adjusting the coprecipitation reaction conditions. The
results of SEM and XRD show that with the increase in the orderly
stacking arrangement of internal primary nanosheets of
NiyoMn,,(OH),, the exposed active {010} planes at the surface
increase. The prepared cathode materials finally inherit the
structural features of the precursor, and the single-crystal Co-free
Ni-rich LiNigoMng;0, cathode with highly exposed active {010}
planes shows a well-ordered crystal structure and low Li*/Ni**
cation mixing. The characterization results reveal that the high percentage of {010} planes will improve the Li* transportation
kinetics, decrease electrochemical impedance, and significantly alleviate the accumulation of rock-salt phases. Therefore, the material
with this structure shows good electrochemical performance.
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1. INTRODUCTION relatively poor rate performance, and the lack of Co element is
also the reason for the poor rate performance.'” (2) The
single-crystal cathode materials still undergo H2—H3 phase
transition induced by anisotropic lattice strain in a highly
lithium-depleted state.'> (3) Moreover, it is difficult to
synthesize large monodisperse single crystals.'* The inner
structure is considered a key factor to improve the perform-
ance of high-nickel cathode materials.”> In particular,
morphological regulation is an effective way to improve the
Li* diffusion path by adjusting the structure and growth
direction of internal primary particles.'®'” For layered cathode

; ) ) . . materials with the a-NaFeO, structure, the close-packed
capacity and acceptable capacity retention;” then, increasing . . .
. L S . structure of MO, oxygen layers(including NiO4, CoOg, and
the Ni fraction in NM have attracted significant attention . -
i . 3.5 MnOg octahedron) perpendicular to the c-axis is related to the
owing to high energy and low cost.
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to structural degradation, side reactions, and gas generation active planes {010} perpendicular to the {001} planes,

during long-term charging and discharging.6 The7 single-crystal including (010), (110), (100), and (100) facets, are beneficial
structure materials have unique characteristics,” exhibit high v oy Y ’ ’ . § "

” . - to Li" diffusion because they provide good channels for Li
compact density, and display better structural stability and

mechanical properties.”” So single-crystal materials have
become one of the most promising research directions of
LIB cathode materials.'’ Particularly, increasing numbers of
studies on single-crystalline Li[Ni,Mn,_,]O, (x > 0.9) have
been reported recently.'' However, there are also many
obvious disadvantages. (1) Slow Li* diffusion kinetics caused
by the micron-sized particles of the SC-NM cathode lead to a

In recent years, the application of new energy electric vehicles
has developed rapidly, driven by the requirement for high-
energy-density lithium-ion batteries (LIBs). High-nickel
ternary materials such as Li [Ni,CoMn,] O, (NCM, x >
0.8) are still the mainstream choice of battery cathode
materials for electric vehicles." However, due to the shortage
of cobalt resources and price volatility, determining how to
reduce and eliminate Co appears to be a formidable task. In
1992, Dahn’s group first proposed a Co-free layered cathode
Li[NiMn,_,]O, (NM, 0.5 < x < 1) with a good discharge
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Figure 1. SEM images of (a) PNM9—1, (b) PNM9—-2, and (c) PNM9-3. Cross-sectional SEM images of (d) PNM9—1, (e) PNM9—2, and (f)
PNM9-3. (g, h) EDS images of the PNM9—3 sample. (i) Schematic diagram of the cross section of PNM9—3.

transport.”>” Many researchers have designed and prepared
highly exposed {010} surfaces to improve the electrochemical
performances of high-nickel cathode materials.”> ™" However,
single-crystal cobalt-free high-nickel cathode materials have
small particle sizes, making it difficult to synthesize precursors
with high surface energy {010} planes, hindering the
commercialization of single-crystal cobalt-free high-nickel
cathode materials.

In this paper, we synthesized three precursors of
NiyoMn,,(OH), with different structural characteristics by
morphology regulation. Impressively, when the degree of
ordered arrangement increases, the exposed {010} planes
increase, and the well-directional and orderly arranged cathode
with highly exposed {010} planes presents superior rate
capability and high cycling stability. This research increased
our comprehension of the impact of the internal structural
characteristics of precursors on the electrochemical properties
of single-crystal cobalt-free high-nickel cathode materials.

2. EXPERIMENTAL SECTION

2.1. Preparation of Materials. The single-crystal Co-free
Ni-rich cathode materials were prepared by coprecipitation
and a high-temperature calcination method. The stoichio-
metric NiSO,-6H,0 and MnSO,H,O were dissolved in
deionized water to form mixed metal salt solutions with 2.0
mol L™, A 10 mol L™' NaOH solution and ammonia solutions
were separately added into a reactor under the nitrogen
atmosphere. The reaction temperature was controlled at 55 °C.
The precursors were synthesized at pH values of 12.0, 11.8,
and 11.6, and by adding 2.0, 3.0, and 4.0 mol L™' ammonia
solutions, labeled PNM9—1, PNM9-2, and PNM9-3,
respectively. The precursor was filtered and washed and then
dried at 120 °C in a vacuum oven for 10 h. The dried
precursors were mixed with LIOH-H,O in a Li/TM ratio of
1.05:1, and the cathode materials were heated at 870 °C in
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oxygen for 10 h, marked as SNM9—1, SNM9—2, and SNM9—
3, respectively.

2.2. Characterizationof Materials. X-ray diffraction
(XRD) was accomplished on a Shimadzu 7000S/L, with a
scanning range of 10—80° and a step size of 2° min~". The
morphologies and microstructural features of the samples were
measured with scanning electron microscopy (SEM, Hitachi,
S-4800) and transmission electron microscopy (TEM, FEI
Tecnai F20). The surface elemental content of the powders
was characterized by energy-dispersive X-ray spectroscopy
(EDS). X-ray photoelectron spectroscopy was used to analyze
the surface chemical valence states (XPS, Japan, AXIS SUPRA
+). The particle size was analyzed on a laser diffraction
instrument (Dandong Mastersizer 2000).

2.3. Electrochemical Tests. The electrochemical property
of samples was performed using CR202S half-cells. To obtain
the electrode slurry, a 92 wt % active material, S wt % acetylene
black, and 3 wt % poly(vinylidene difluoride) were mixed in N-
methylpyrrolidinone. The CR202S button battery was
assembled with an electrode (cathode), Li metal as a reference
electrode, a counter electrode, a separator (Celgard 2400
porous polypropylene film), and electrolytes (appropriate
electrolyte of 1 M LiPF4 in a mixture of EC/DMC/EMC).
The charge—discharge performance was monitored on a
Xinwei CT2001C (Shenzheng, China). The EIS (10°—1072
Hz) and the CV (scan rate of 0.1 mV s™') of the material were
measured on an electrochemical workstation (CHI660E,
Shanghai, China).

3. RESULTS AND DISCUSSION

The value of pH and the concentration of ammonia are the
most important factors that affect the structure of NM
hydroxides.”® Three kinds of morphological characteristics of
hydroxide NiyoMn,;(OH), agglomerates were synthesized at
different pH values and NH;-H,O contents. As shown in
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Figure 2. (a) XRD patterns of PNM9—1, PNM9—2, and PNM9-3. (b) Comparison of intensity for the diffraction peaks. (c) XRD patterns of the
cathode material samples. XRD Rietveld refinement of (d) SNM9—1, (e) SNM9—2, and (f) SNM9-3. (g) Crystal structure of the SNM9 material.

(h) XPS characterization of Ni 2p.

Figure. la—c, all precursors exhibit obvious secondary particles

with the size of 3—4 ym, which are formed by aggregation of
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primary particles. With the decrease of the pH value and
increase of the NH;-H,O content, the morphology of

https://doi.org/10.1021/acsomega.3c08782
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Table 1. Rietveld Refinement Results of SNM9—1, SNM9—2, and SNM9—-3

materials a (A) ¢ (A) c/a

SNM9—-1 2.8837 14.223S 4.9323
SNM9-2 2.8810 14.2142 4.9337
SNM9-3 2.8806 14.2130 4.9340

Toos)/Tr04) Li*/Ni** mixing (%) R, (%) R, (%)
1.14 7.98 7.99 5.81
1.36 6.56 6.81 5.37
1.50 6.32 7.90 5.68

Figure 3. SEM, TEM, and HRTEM images of (a—d) SNM9—1, (e—h) SNM9-2, and (i—1) SNM9—3. Cross-sectional SEM, HRTEM, and the

corresponding FFT images for SNM9—3 (m—o).

precursors changes from nanoneedle-like interweaved to
nanosheet-like stacked, and the degree of the ordered
arrangement gradually increases. Especially, the primary
particles of PNM9-3 are arranged in an orderly direction.
We found that the stacking thickness (H) of the primary
particles increased gradually from PNM9-1 to PNM9-3, while
the length (L) of the primary particles decreased. The increase
of stacking thickness directly reflects that the active planes
{010} are highly exposed to the surface of PNM9-3*"*
because under the conditions of low pH values and high
ammonia concentrations, the growth rate of the crystal is
improved, while the nucleation rate is inhibited, so that the
{001} plane of metal hydroxide octahedral evolving from
nuclei is passivated, meaning the crystals tend to grow along
the crystal plane lattice {010}.*° In order to further analyze the
internal structural characteristics of the precursor, a cross-
sectional analysis was carried out. From the cross-sectional
SEM images in Figure 1d—f; it can be observed that PNM9-3
nanosheets are orderly arranged and continuously along the
direction from the center to the outer edge. While the internal
distribution of PNM9-1 is disordered. The exposed surface is
characterized by electrochemically active {010} planes, as the
schematic diagram of the cross section of PNM9—3 shows that
this orderly distribution structure is beneficial to increasing the
Li* diffusion of the cathode materials.”’ EDS mapping images
of PNM9—3 are displayed in Figure 1gh, and Ni and Mn are
uniformly distributed on the surface.

Figure 2 shows the XRD patterns of the PNM9—1, PNM9—
2, PNM9-3, SNM9—1, SNM9-2, and SNM9-3. Figure 2a
shows that all diffraction peaks of the precursors can be
attributed to the $-Ni(OH), structure, and no other impurity
peaks are observed.’”*®> With the increase of the ammonia
concentration and decrease in the pH value in the system, the
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peak intensities of all diffraction peaks increase. It can be
noticed that the intensity of the (101) plane increases
gradually. In particular, the intensity of the (101) peak of
PNM9-3 is higher than that of the (001) peak (Figure 2b),
which means that the crystal tends to grow along the c-axis,
leading to the high exposure of the {010} plane.22 This result is
also consistent with the rule observed in the SEM images.
Figure 2c displays the XRD patterns of the cathode material;
all samples show the peaks of a typical hexagonal a-NaFeO,
layered structure (R3m space group) without the impurity
phase.”* The Rietveld refinement results are summarized in
Table 1. Compared with SNM9—1 and SNM9-2, lattice
parameters a and ¢ of SNM9—3 are smaller, which might be
attributed to the radial arrangement of primary particles,
further indicating that SNM9—3 prepared by the ordered
intercalated precursor PNM9—3 has the best layered structure.
Moreover, The I (0 0 3)/1 (1 0 4) intensity ratio usually
reflects the degree of the Li*/ Ni** mixing.”* The I (00 3)/I (1
0 4) intensity ratio of SNM9—3 is 1.50, which is higher than
those of SNM9—1 (1.14) and SNM9—2 (1.36). In addition,
the Li*/ Ni*" mixing degree of SNM9—3 is 6.32%, which is
smaller than that of SNM9—1 (7.98%) and SNM9—2 (6.56%),
thereby suggesting that a lower degree of Li*/ Ni** mixing is
present in SNM9—3. The main schematic crystal structure of
the SNM9 material is illustrated in Figure 2g. When the
material grows perpendicular to the c-axis, it is preferentially
dominated by the {001} plane, which has no electrochemical
activity for Li* transport. On the contrary, when it grows
perpendicular to the b axis, it is indexed as the {010} plane,
which is beneficial to Li* transport.

Figure 2h shows the XPS analysis of SNM9—1, SNM9—-2
and SNM9-3 and exhibits the changes of the Ni chemical
valence state. The Ni 2p,, peak can be divided into Ni** at

https://doi.org/10.1021/acsomega.3c08782
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Figure 5. CV curves of (a) SNM9—1, (b) SNM9—-2, and (c) SNM9—3. Nyquist plots of cathodes (d) the initial cycle and (e) after 100 cycles. (f)

The profiles of Z' and w2,

around 854.7 eV and Ni** at around 855.8 eV.*”*" SNM9—3
possesses a higher Ni** ratio of 60.5%, which is helpful in
reducing the Li*/ Nit mixing degree of SNM9—-3.

After the solid-state calcination reaction, the precursors are
transformed into single-crystal particles with a size of about 4
um (Figure 3a,e,i). Meanwhile, TEM and HRTEM were used
to analyze the morphology of SNM9—1, SNM9-2, and
SNM9—3.For SNM9—3, the (003) lattice planes can be found
clearly,’® and the interplane spacing of SNM9—3 (0.475 nm) is
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larger than those of SNM9—1(0.464 nm) and SNM9—2(0.468
nm). Meanwhile, the FFT test results further confirm that the
bright points indexed mainly refer to the (003) and (104)
planes of the layered structure. These results indicate that this
area belongs to {010} planes.37’38 Therefore, combined with
the results in Figure 1, we confirm that the percentage of the
exposed active {010} planes of SNM9—3 is larger than those of
SNM9—1 and SNM9-2. In order to analyze the internal
morphology, the cross-sectional image of SNM9-3 is

https://doi.org/10.1021/acsomega.3c08782
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displayed in Figure 3m. The individual particle is smooth
without grain boundary. According to Figure 30, an apparent
interplanar spacing of 0.475 nm could also be measured,
corresponding to the (003) lattice planes. We conclude that
the electrochemically active {010} planes still exist after
calcination. These results indicate that the structural character-
istics of the final cathode materials can be successfully
inherited from the growth orientation of precursors.

The electrochemical property of cathode materials was
characterized and is exhibited in Figure 4. The initial discharge
specific capacities of SNM9—1, SNM9-2, and SNM9-3
gradually increased from 191.0 mAh g™' to 196.9 mAh g~' and
204.1 mAh g™', respectively (Figure 4a). Higher Li*/Ni*"
disorder hinders the migration of Li', leading to the lower
initial discharge capacity of SNM9—1.""** The Iinitial
Coulombic efficiencies are 83.8, 85.9, and 84.0%, respectively.
SNM9—-3 shows a lower cation mixing disorder, which is
beneficial to Li" deintercalation. However, the large single
particle size of SNM9—3 may affect the complete intercalation
of Li*, thus leading to a lower Coulombic efficiency. Figure 4b
shows the rate performances at current densities of 0.1, 0.2,
0.5, 1, 2, and 3 C. Even at a high current density of 3 C, the
reversible capacity of SNM9—3 remains as high as 140.0 mAh
g, exceeding the capacities of SNM9—2 (103.6 mAh g') and
SNM9—1(91.7 mAh g'). This can be ascribed to the fact that
the unique ordered arrangement structure with a high
percentage of exposed {010} planes facilitates the Li* diffusion
inside the crystal.”® In addition, the highest initial discharge
capacity belongs to sample SNM9—3 (185.7 mAh g' at 1 C),
while samples SNM9—2 and SNM9—1 showed 165.8 and
157.5 mAh g™, respectively. The capacity retention of SNM9—
3 was 72.1% after 100 cycles, while that of SNM9—1 dropped
rapidly to 60.5 and 47.3% (Figure 4c). SNM9—1 may suffer
from serious undesirable electrode/electrolyte interface inter-
action, resulting in phase transition and electrolyte decom-
position.”>** Figure 4d,e,f depicts the charge/discharge profiles
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of SNM9—1, SNM9—2 and SNM9-3 at 1 C from the first to
the 100th cycle, respectively. SNM9—1 displays an obvious
discharge voltage decrease, and the reversible capacity drops
after long cycling. In contrast, the discharge voltage plateau of
SNM9-3 is obviously higher than those of the SNM9—1 and
SNM9—2 electrodes after 100 cycles. This implies that
SNM9—3 has a better layered structure, which inhibits
polarization during the charging/discharging process.

To further investigate the electrochemical reversibility
during the cycling process, CV plots were performed at 0.1
mV s™! (Figure Sa—c). Three redox oxidation peaks are
composed of the phase change from H1 (hexagonal phase) to
M (monoclinic phase), M to H2 (hexagonal phase), and H2 to
H3 (hexagonal phase).”*® The potential interval (AE,)
between the oxidation and reduction peaks reflects the degree
of electrode polarization during the charging and discharging
process.””** Compared with the AE, of SNM9-1 (0.129 V)
and SNM9—2 (0.119 V), the SNM9—3 material has a smaller
redox potential difference (0.116 V). This means larger
polarization and more irreversible capacity loss for SNM9—1,
in line with its lower initial discharge capacity, which can be
attributed to its slow migration rate of Li* owing to a disorder
and fewer {010} active crystal planes compared with those of
the SNM9—3 sample.

In addition, the effect of morphology regulation on
electrochemical kinetics was studied by comparing the
electrochemical impedance spectroscopy (EIS) analysis of
SNM9—1, SNM9-2, and SNM9-3. Figure 5d,e shows the
Nyquist plots of the first and after 100th cycles. The EIS
spectra consist of two semicircles in the high-frequency regions
and an inclined line in low-frequency regions. Clearly, the high-
frequency region is related to the surface film (Ry), the
medium-frequency region is related to charge transfer
impedance (R.), and the low-frequency region represents
Warburg impedance (W), respectively.*”*° Obviously, both
the R¢and R of SNM9—1 and SNM9-2 are larger than those
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of SNM9-3, which indicates that the orderly arranged
structure with highly exposed {010} planes can effectively
stabilize the crystal structure. The R, of SNM9—1 grows from
108 to 199 Q after 100 cycles; however, SNM9—3 shows the
lowest Rct (from 45 to 66 Q). The increase in Ry and R, is
more apparent for SNM9—1 after 100 cycles, indicating that
the material suffered from interfacial side reactions. On the
contrary, the highly exposed {010} planes can effectively
inhibit the interfacial reactions, reduce the internal impedance
of the material, and facilitate the charge transport kinetics,
which is good for electrochemical performance.

b J2An*F’oC (1)
Z' =R, + R, + ow /? )

The lithium-ion diffusion coefficient (D;;") is calculated
according to Formulas 1 and 2 to explain lithium-ion migration
kinetics.”' The value of ¢ can be calculated from the linear
relationship of Z’ and @™/, as shown in Figure 5£°* After 100
cycles, the Dy;* values of the SNM9—1, SNM9—2 and SNM9—
3 materials are 5.18 X 107", 9.98 X 107", and 1.98 X 107"
cm?® 57, respectively. Obviously, the SNM9—3 sample exhibits
a fast Dy;* diffusion rate, which is attributed to the highly
ordered structure.

At the same time, the structure and phase transition of the
cathode materials were studied after 100 cycles. As shown in
Figure 6a, the surface of the SNM9—1 electrode is seriously
corroded with more than 100 nm thickness, and most regions,
such as A2, after the FFT transformation, are changed into
Fm3m structures, indicating that the surface of SNM9—1 is
almost transformed into the rock-salt phase. Such passive NiO-
like phases substantially inhibit Li* transportation.”® These
factors contribute to the lower electrochemical performance.
After 100 cycles, although the thin layer on the surface of
SNM9-3 has a weak disordered rock-salt phase transition,
(003) lattice spacing (0.471 nm) can be easily found in the
subsurface and inner region. This further confirms that the
ordered arrangement structure and a high percentage of
exposed {010} planes can effectively alleviate the corrosion of
the electrolyte to the cathode material and maintain a relatively
good internal crystal structure.

4. CONCLUSIONS

In summary, by adjustment of the pH values and the ammonia
concentrations, the primary particles gradually achieve a good
directional arrangement, thus obtaining precursors with highly
exposed {010} planes. The single-crystal cathode successfully
inherited this grain orientation. The directionally ordered
cathode materials have a good layered structure and low Lit/
Ni** mixing, affording efficient ion transport for fast Li*
transport kinetics, leading to the improved electrochemical
performance of the material. Such a good internal structure
lays an important foundation for doping and coating
modification to further improve the electrochemical perform-
ance of single-crystal Ni-rich, Co-free cathode materials.
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