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A novel hierarchical precursor of densely
integrated hydroxide nanoflakes on oxide
microspheres toward high-performance layered
Ni-rich cathode for lithium ion batteries¥
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Herein, a novel hierarchical precursor of Nig gCog1Mng10,@NiggC0g1Mng 1(OH), is proposed for the first
time, which was synthesized by densely integrating co-precipitated NiggCog1Mng1(OH), nanoflakes
onto spray-pyrolyzed NiggCog1Mng 10, microspheres. The co-precipitated hydroxide layer can prevent
the Nig gCog1Mng 10, microspheres from fragmenting during the sintering process, thus yielding uniform
LiNip.gC001Mng 1O, spheres with a hollow interior morphology. Strikingly, the obtained spherical
LiNig.gC0g 1Mng 1O, cathode exhibits improved tap density and initial coulombic efficiency, as well as

L after

excellent cycling stability and superior rate capability. Discharge capacities of 169 mA h g~
300 cycles at 1C (180 mA g~} of between 2.8 and 4.3 V are consistently obtained, corresponding to
90.5% capacity retention. Significantly, it is strongly envisioned that this novel hierarchical structure

design concept holds great promise for the architectural construction of other energy storage materials.

1. Introduction

Green-energy technology has witnessed rapid development due
to the increasingly serious energy crisis and environmental
contamination.’™® Lithium ion batteries (LIBs) are considered
to be one of the most promising power sources for electric
vehicles and stationary energy storage.” '* However, technical
solutions to further increase the energy density and reduce the
cost of LIBs are essential.">* Because of their high specific
capacity and relatively low cost, layered Ni-rich cathode materials
have been intensively investigated.>>”” As mineral resources
continue to be depleted, the utilization of lean ore and resource
reclamation are inevitable options for guaranteeing resource
sustainability. Hydrochloric acid leaching is an efficient method
used for the extraction of Ni and Co from low-grade laterite ores
and spent LIBs. However, it is urgently necessary to develop an
approach to efficiently utilization of the obtained transition
metal chlorides.
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Spray pyrolysis is an effective, easily controlled and versatile
method for material preparation.*®' Spray pyrolysis has been
developed for the production of layered cathode materials
(LiNiy/3C01/3Mny/30,,  Liz ;Mng 54Nig13C00.130,),>>%®  olivine
phosphates (LIMPO4; M = Fe, Co, Ni and Mn)**® and spinel
oxides (LiM,O,, M = Mn, Ni and Co),>””*® and these materials
have shown excellent electrochemical performance. Very recently,
we reported a comprehensive study of LiNi, gCoq 1Mn, ;0, synthe-
sized via spray pyrolysis. The obtained material exhibited extra-
ordinary cycling stability, revealing the distinct advantages of
spray pyrolysis in preparing Ni-rich layered cathodes.*® However,
this material showed a low tap density due to the irregular
submicron size and poor powder flowability. Many approaches
have been developed to improve the tap density of materials
prepared by spray pyrolysis. Miklos Lengyel et al. introduced an
approach called “Flame Assisted Spray Technology-Slurry Spray
Pyrolysis” to avoid hollow sphere formation, in which the tap
density of layered cathode increased from ~0.5 g cm > to
1.05 g cm >.*°S. H. Ju et al. prepared spherical LiNiy §C0p 15Alo 050,
and LiNi, gCop 1sMny 050, cathode powders with filled morphology
via spray pyrolysis from a spray solution containing organic
additives and a drying control chemical additive.*>*> These
approaches can improve the tap density to a certain degree, but
are still not sufficient for commercial utilization.

Herein, to improve the tap density of Ni-rich materials
prepared by spray pyrolysis, a novel hierarchical architecture
is introduced via densely integrating co-precipitated hydroxide

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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nanoflakes onto spray pyrolyzed NijgCop;1Mng 10, micro-
spheres. As expected, the co-precipitated hydroxide layer could
prevent the Nig gCoy1Mn, 10, microspheres from fragmenting
during the sintering process, and thus yield uniform LiNi, g-
Coy.1Mn, 10, spheres. The obtained LiNi, gCo, ;Mn, 0, spheres
with thick shells show an obviously increased tap density and
inherit the excellent electrochemical performance of LiNigg-
Coy.1Mny 10, prepared from spray pyrolyzed NijgCog1Mng 10y
microspheres.

2. Experimental
2.1. Materials preparation

A schematic of the preparation process for the LiNi, gCog1Mng 10,
spheres is shown in Scheme 1. The Ni, gC0y1Mng;0, micro-
spheres were synthesized using the spray pyrolysis method. The
precursor solution was prepared by dissolving NiCl,-6H,0,
CoCl,-6H,0 and MnCl,-4H,0 in distilled water at the molar
ratio of 8:1:1. The precursor solution was aerosolized using a
1.75 MHz ultrasonic nebulizer. The droplet stream was carried
into a 3-zone vertical furnace reactor by O, with a flow rate of
5 L min~'. The spray pyrolysis temperature was maintained at
750 °C. The resulting Ni, gCog 1Mn, ;O, powder was collected at
the reactor exit.>® The spray pyrolyzed Ni, sCo,.;Mng ;O, micro-
spheres and 200 mL NH,OH solution (2 mol L") were added
into a reactor of 1 L capacity. Then, an aqueous solution
consisting of NiCl,, CoCl, and MnCl, with a concentration of
0.5 mol L™" was continuously fed into the reactor. At the same
time, a NH,OH solution as the chelating agent (2 mol L") and
NaOH solution (1.0 mol L™ ") were also separately pumped into
the reactor. The temperature (55 °C), stirring speed (400 rpm),
and pH value (pH = 11.5) were carefully controlled during the
precipitation reaction in the reactor. After 2 hours, the precursor
was filtered, thoroughly washed with distilled water, and dried
overnight at 80 °C. LiNi, gCo, 1Mn, 10, was prepared by thoroughly

NiCl,
CoCl, }
MnCl,

NaOH/NH,-H,0

Co-precipitated
: ) hydroxide nanosheets

W

Spray pyrolyzed
Ni, gCo,,,Mn, ,0,

Hierarchical
4. Nij 5Co, ,Mn, ,(OH),@Ni, gCo, ,Mn,, Oy

Spherical LiNi, gCo, ;Mn,, ,0,

Scheme 1 Schematic diagram of the synthesis process for the LiNigg-
C00.1Mng 10, microspheres.
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mixing the hierarchical NiygCoo1Mng1(OH),@Nig sC0p1Mng 10,
precursor powder with Li,COs, followed by calcining at 780 °C
for 15 h in flowing oxygen.

2.2. Material characterization

The as-prepared powders were characterized using X-ray diffrac-
tion (XRD, Rint-2000, Rigaku). Particle morphology was examined
with scanning electron microscopy (SEM, Sirion 200) and trans-
mission electron microscopy (TEM, Tecnai G12, 200 kV). Induc-
tively Coupled Plasma-Optical Emission Spectrometry (ICP, IRIS
intrepid XSP) was used to determine the composition of the
precursor powders and the annealed powders. The particle size
distributions of the precursor and cathode materials were char-
acterized using a laser particle size analyzer (Malvern, Mastersizer
2000). The tap density of the cathode sample was measured via
a FZS4-4B Tap Density Apparatus. The mass of the cathode
sample was measured using an electronic balance. The sample
was placed into a measuring cylinder, oscillated 3000 times
perpendicularly by the apparatus. Then the volume readings
were recorded. The tap density was calculated as mass divided
by volume.

2.3. Electrochemical measurements

Electrochemical performance was evaluated in CR2025-type
coin cells assembled in an argon-filled glove box with both
the moisture and oxygen content below 0.1 ppm. Cathode film
fabrication was performed according to the procedure reported
earlier.*® The working electrode comprised 80 wt% LiNig gC0q 1~
Mn, ;0,, 10 wt% ketjin black and 10 wt% polyvinylidene fluoride
(PVdF). The average loading of electroactive LiNijgC0y1Mng 10,
was ~1.2 mg per disk (12 mm in diameter). The electrolyte
solution was 1 M LiPFs in an ethylene carbonate/ethyl methyl
carbonate/dimethyl carbonate solution (EC:EMC:DMC =
1:1:1, v/v/v). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed on a CHI 660A
electrochemical workstation. Charge/discharge tests were per-
formed on a NEWARE BTS-51 battery tester.

3. Results and discussion

The XRD patterns of the precursor (Fig. 1) can be attributed to a
mixed phase of NiO, MnCo,0, and B-Ni(OH),, demonstrating
that the precursor is comprised of the spray pyrolyzed oxides
and co-precipitation derived hydroxides. The Rietveld refine-
ment results of the XRD patterns of LiNij gC0 1M1, 1O, (Fig. 2)
show that the as-prepared sample adopts a typical layered
hexagonal o-NaFeO, structure. It was found that the ratio of
I(003)/I(104) 18 1.68 and the amount of Ni*" in the Li sites is 3.76%,
indicating a low degree of cation mixing. The clear split of the
(006)/(102) and (108)/(110) peaks suggest that the sample has a
high degree of ordered hexagonal structure. A superior layered
structure and low degree of cation mixing are conducive to
improving the electrochemical performance of a cathode. The
compositions of the precursor and the as-prepared cathode
material were measured by ICP (Table S1, ESIt). The results
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Fig. 2 Rietveld refinement profile of the XRD data of the LiNiggCoq -
Mno_loz cathode prepared from Nio_gCOo_ano_l(OH)z@Nio_gCOo_ano_lox,

indicate that the Ni: Co:Mn molar ratio is approximately 8:1:1,
displaying quite good consistency with the stoichiometric ratio.

The low-magnification SEM image of the holistic precursor
(Fig. 3a) shows a micro-spherical morphology with an average
sphere diameter of 5 um. The high-magnification SEM image of
a single sphere (Fig. 3b) shows that numerous highly ordered
Niy gC0p1Mn, 1(OH), nanoflakes are crisscrossed and perpendi-
cular to the surface of the Nij gCo, 1Mny O, microsphere, form-
ing the well-organized flower-ball-like hierarchical precursor,
Niy gC0p1Mng 1(OH),@Niy gC0y 1Mng 1O,. The TEM image in
Fig. 3c confirms that the precursor particles maintain a regular
spherical shape, and the abundant voids in the NijgCo0g 1-
Mn, 10, microspheres are covered with a compact hydroxide
layer. It is evident from Fig. 3d that the precursor is composed
of two heterogeneous phases. The core of the microsphere is
characterized by numerous closely packed nanoparticles, whose
features match those of the spray pyrolyzed Nig gCog1Mng 10y
microspheres well (Fig. S1, ESIT). Abundant Ni, gCoo 1Mng 1(OH),
nanoflakes integrate onto the surface of the NiygC0p1Mng 10y

1824 | Mater. Chem. Front., 2018, 2, 1822-1828
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Fig. 3 (a) Low-magnification SEM, (b) high-magnification SEM, (c) TEM
and (d) cross-sectional SEM images of the holistic Nig gCop1Mng1(OH)@
Nio.8C001Mng 1O precursor. (€) Low-magnification SEM, (f) high-magnification
SEM, (g) TEM and (h) cross-sectional SEM images of the LiNiggC0p1Mng10,
microspheres.

microspheres, forming a thick layer of about 0.8 pm. The SEM
image of the LiNijgCoo,Mn,;0, cathode (Fig. 3e) exhibits
micro-sized spheres with good dispersity and uniformity. The
micron-sized microspheres are composed of submicron-sized
primary particles with clean surfaces, as shown in Fig. 3f. The
particle size distribution of Nij gC0y 1Mng 10y, NiggCop1Mny 1-
(OH),@Ni( 3C0y.1Mn, 10, and the two as-prepared cathodes
(Fig. S2, ESIf) confirm that the LiNi,gCoy1Mny,0, cathode
prepared from NijgCop1Mny 0, comprises submicron-sized
particles, while the LiNiy gCoo1Mn, 1O, cathode prepared from
Ni gC0¢.1Mng 1(OH),@Ni, sC0, 1Mn, O, comprises micron-sized
particles. The sample shows a uniform distribution of particle size
and mainly exists as grains with diameters of 3-5 um. The TEM
image in Fig. 3g shows that the microspheres are solid or have
small-sized hollow spaces, which is revealed by the consistent
contrast in the center and perimeter of the microspheres.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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The cross-sectional SEM in Fig. 3h further confirms the interior
structure of the LiNi, gCoo1Mn, 0, cathode. Strikingly, the co-
precipitated hydroxide layer could prevent the NiygCop1Mng 10y
microspheres from fragmenting during the sintering process, yield-
ing LiNi, gC0,1Mng 10, spheres with a solid or small-sized hollow
interior structure. As a result, the resultant LiNiygCoo;Mng;0,
exhibits a higher tap density (1.57 to 1.91 g cm>) due to better
flowability and lower specific area (2.37 to 0.78 g m> g )
compared to the sample prepared from the spray-pyrolyzed
precursor.

In order to observe the integration process of co-precipitated
Niy §C0g1Mn, ;(OH), nanoflakes onto the NijgCoy1Mng 10,
microspheres, samples of the precursor were collected every
0.5 h during the co-precipitation reaction. Fig. 4 shows SEM
images of the NijgCog1Mny.1(OH),@Nig5C0p.1Mng;0;, pre-
cursor samples obtained at different time intervals. It can be
observed that co-precipitated hydroxide nanoflakes integrate on
the surface of the Nij3Co01Mn, 10, microspheres rather than
nucleate alone in the solution (Fig. 4a and b). Note that the
Nig sC0o.1Mn, 1(OH), nanosheets grow evenly on the surface
of the NijgCoyMn, 0, microspheres without regional dis-
parities after 1 h of the co-precipitation reaction (Fig. 4c and d).

\ 21
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Fig. 4 SEM of the NipgCop1Mng1(OH),@Nig gCop1Mng 10O, precursor obtained
at different time intervals during the co-precipitation reaction: (a and b) 0.5 h;
(candd)1h; (eandf)1.5h; (gand h) 2 h.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018

View Article Online

Materials Chemistry Frontiers

Fig. 4e shows a uniform layer of Ni,3Coy1Mn,1(OH), nano-
sheets integrated on the Nij 3C01Mn, 10, microspheres. The
high-magnification image (Fig. 4f) reveals that numerous highly
ordered Ni, gCoy1Mny ;(OH), nanosheets are crisscrossed and
perpendicular to the surface of the Nij3Cog1Mn, 10, micro-
spheres, and void spaces are present between adjacent nano-
sheets, forming the flower-ball-like hierarchical composite
Ni.gC0¢.1Mng 1(OH),@Nij §C0p 1Mn, 1O, precursor. As the co-
precipitation reaction time is prolonged, the NijgCoy1Mng;(OH),
nanosheets grow thicker and more compact, densely integrating
onto the spray pyrolyzed Ni, gCo, 1Mn, ;O, microspheres (Fig. 4g
and h). The well-organized Ni,gCop1Mn,10,@Nij gCoy1Mn, 1(OH),
microspheres with diameters of greater than 3 pm were suc-
cessfully produced. To further explain how the co-precipitated
hydroxides prevent the NijgC0y1Mng 0, microspheres from
fragmenting during sintering, SEM images of LiNijgCoyq -
Mn, 10, prepared from the precursor obtained at 1.5 and 2 h
during the co-precipitation reaction were examined (Fig. S3,
ESIT). After 1.5 h of the co-precipitation reaction, many of the
precursor microspheres turn into submicron-sized particles
after annealing. By comparison, the sample prepared from
the precursor after 2 h of the co-precipitation reaction exhibits
a micro-sized spherical shape with good dispersity and uni-
formity. The compact surface layer of the cathode microspheres
is composed of many primary nanosheets, obtained from the
co-precipitated NipgC0o,Mng,(OH), nanosheets after the lithia-
tion reaction. Therefore, the highly ordered integrated Ni,gCog ;-
Mn,;(OH), nanosheets can prevent the NijgCog1Mng10,
microspheres from fragmenting during sintering. A thicker and
more compact NiygCog;Mn,;(OH), nanosheet layer is more
beneficial to attain cathodes with a regular spherical morphology.

Fig. 5a shows a comparison of the 1st CV curve of LiNij g-
Cop1Mny ;0, cathodes prepared from spray pyrolyzed NiggCoq ;-
Mn, 10, and Ni, sC0y 1M1, 1(OH),@Ni, gCop 1Mny ; Oy, respectively.
It shows a reduced gap between the oxidation and reduction
peak of the phase transition from H1 to M.** Moreover, the
relieved degrees of the phase transition from H2 to H3 for
LiNi, gCoy 1Mn, ; O, prepared from Nij gC0y 1Mng 1(OH),@Nij g-
Co0y.1Mn, 10, can also be observed. These results indicate that
the sample prepared from NijgCog;1Mng 1(OH),@Nig sC0q 1-
Mn, O, shows a lower degree of polarization and a better
structure stability than that prepared from Nig sC0p;Mng ;Oy.***
The initial charge-discharge curves of both samples at 0.1C are
shown in Fig. 5b. The large specific area of LiNi,gCoq,Mng 10,
prepared from NijgCo0y1Mn, 0, increases the contact area
between the cathode and electrolyte. As a result, it delivers a
high initial charge capacity of 252 mA h g~ . This indicates that
more Li" ions de-intercalate from the cathode during the
first charging, leading to the collapse of the crystal structure.
Meanwhile, for the micron-sized LiNi,gCo,1Mn, 0, spheres
with lower specific surface areas, the decreased contact area
with the electrolyte ensures a moderate initial charge capacity
(234 mA h g ). As such, the initial coulombic efficiency is
improved from 79.9% to 85.3%. The cycle performance of
LiNi, gC0o 1Mn, , 0, prepared from Ni gCoy 1Mng 1(OH),@Nij g-
Coy.1Mn, 10y is presented in Fig. 5c. After 300 cycles at a rate of

Mater. Chem. Front., 2018, 2, 1822-1828 | 1825
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Fig.5 (a) CV curves (0.1 mV s and (b) initial charge—discharge profiles (0.28C) of LiNipgC0q1Mng1O, prepared from NiggCog1Mng 1O, and
Nig.8C00.1MNng 1(OH),@Nig gC0p1MNg10y. (c) Cycle performance of the LiNiggCog1Mng1O, spheres at a rate of 1C. (d) Rate capability of the

LiNig.gC00.1Mng 10, spheres in the rate range of 0.1-10C.

1C, it delivers a discharge capacity of 169 mA h g™ with a

capacity retention of 90.5%. Table 1 shows the cycle perfor-
mance of many previously reported LiNi, gCo, ;Mn, 1O, materials,
including samples directly prepared via spray pyrolysis (Fig. S4,
ESI+)*® and co-precipitation (Fig. S5, ESIT),*® demonstrating the
excellent cycle stability of the cathode prepared from Ni, gCoy ;-
Mn, ;(OH),@Niy §C0y.1Mn, ;0,. The sample also shows super-
ior rate capability and a reversible capacity of 128.6 mA h g*
even at 10C (Fig. 5d). When the current density is back to
0.1C after high-rate testing, the capacity is able to recover well
(191 mAhg™).

Fig. 6 shows the EIS of LiNi, gCop.1Mng 10, prepared from
Ni §C0.1Mny 10, and Nig sC0o.1Mng 1(OH),@Ni §C0p.1Mng 1Oy
after different cycles. The Nyquist plots are composed of two
semicircles and a slope line in the charge state. One semicircle
in the high frequency zone can be attributed to the SEI film
resistance Ry, the other semicircle in the medium frequency
zone represents the charge-transfer resistance R, and the slope
line in the low frequency region is equivalent to the Warburg
impedance Z,,. The EIS fitting results of the two samples are
listed in Table 2. For the sample prepared from Nig gCo 1Mny ;-
(OH),@Nij §C0p 1Mn, 1Oy, the SEI film resistance Ry increases

Table1l Comparisons of cycling performances of the as-prepared LiNig gCog1Mng 10, cathode in this work and previously reported LiNig gCog 1Mng 102

cathodes

Cycle Current  Remaining discharge Capacity
Synthetic method of the precursor Modifications number  density capacity (mA h g™ ") retention (%)  Ref.
Co-precipitation Pristine 100 0.2C 169 94.8 47
Co-precipitation Fluorine doped 100 1C 160 94.3 48
Co-precipitation Concentration graded 100 1C 173 93.2 49
Sol-gel Li;PO, and PPy coated 50 0.1C — 95.1 50
Sol-gel Pristine 100 0.5C — 75.8 51
Co-precipitation Pristine 100 0.5C — 73.8
Atomization co-precipitation Pristine 100 1C 153 89.6 52
Spray pyrolysis Pristine 100 1C 173 95.6 39
Co-precipitation Pristine 100 1C 164 91.2 46
Spray pyrolysis with co-precipitation Pristine 100 1C 173 97.5 This work

1826 | Mater. Chem. Front., 2018, 2, 1822-1828
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Fig. 6 EIS of LiNiggC0g1Mng 1O, prepared from (a—c) Nig gCog1Mng 1O, and from (d—f) Nig gCog1Mng 1(OH)>@Nig gC0g.1Mng 10y after different cycles:

(@ and d) 1st; (b and e) 50th; (c and f) 100th.

Table 2 EIS fitting results of the submicron LiNiggCog1Mng 10, sample
prepared from Nig gCog1Mng 10, and the LiNig gCog1Mng 10, microsphere
sample prepared from NipgCog1Mng1(OH)>,@NiggC0o01MNg 1O, after
different cycles

Submicron LiNiy sC0y.1Mng ; 0,
LiNi, gC0o.1Mn, 1O, particles microspheres
Sample  1st 50th 100th 1st 50th 100th
Ryt (Q) 341.1 461.8 554.0 153.0 224.2 275.8
R (Q) 401.6 407.6 411.8 137.7 229.7 263.8

slightly as the cycling number increases, indicating that the SEI
on the surface of the electrode thickened slightly. The charge
transfer impedance, R., increased slightly in the first 50 cycles
(from 137.7 Q to 229.7 Q), while almost remaining unchanged
in the subsequent 50 cycles (from 229.7 Q to 263.8 Q), indicat-
ing that a stable interface is formed between the electrode and
the electrolyte. The fragmented submicron LiNij, gCop 1Mng 10,
particles prepared from the spray pyrolyzed Nij sC0p1Mng 10y
microspheres have a higher Ry resistance compared with the
LiNij §C0 1Mn, 10, microspheres due to more interface resis-
tance caused by the higher surface area. This further validates
the above-mentioned reasons for the improved electrochemical
properties of the LiNi, gC0y1Mn, ;0, spheres.

4. Conclusions

In summary, a novel hierarchical architecture of NiggCog 1-
Mn, ;(OH),@Ni, gC0y 1Mn, 0, has been firstly constructed
via spray pyrolysis followed by a co-precipitation method. The
co-precipitated hydroxides could prevent the Niy gCog1Mng 10
microspheres from fragmenting during sintering, thus yielding
LiNij sC0o.1Mny 10, spheres with a hollow interior morphology.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018

The as-prepared LiNi, gCoy1Mn, 1O, spheres exhibited improved
tap density, enhanced cycle performance and superior rate
capability compared to LiNij gCog ;Mn, 10, prepared from spray
pyrolyzed NijgCoy1Mn,;0,. This work provides a promising
route to design hierarchical architectures for electrode materials.
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