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Section 1: Crystallization Kinetic Calculations

Herein, a continuously operated mixed-suspension mixed-product removal (MSMPR)
crystallizer is used to obtain the crystallization kinetics at steady state because this method can
determine the growth and nucleation rates simultaneously '. Provided that crystal breakage and
agglomeration effects are negligible, the population balance equation for a continuous MSMPR

crystallizer at the stable phase can be described as follows:
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where G is the overall crystal growth rate, n is the population density, L is the crystal size, and
7 is the mean residence time. In stable state operation of a MSMPR crystallizer, all crystals
are taken to be identical in size distribution and shape, and all nuclei are assumed to be
prepared at zero size.

Because of the co-precipitated particles show a “size-dependent” growth, the crystal
growth dynamics estimation was conducted by using the Abegg, Stevens, and Larson (ASL)
growth rate equation 2:

G(L) =61 +yL)’ 2
where GV is the nuclei growth rate, ¥ is defined by ¥ = 6"z, b is the empirical parameters. Thus,

the size-dependent liner growth rate, G(L) = dL/dt can be reduced to the following equation:

d(nG(L)) n

dL T 3)
Combine these equations, the population balance integrates as follows:

1-b
n= no(l +yL)” bexp [%] (4)

At a steady state of crystallization, the population density of the particles was calculated

by the subsequent equation:
MAV,
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where is M7 the suspension density, AV is the volume fraction of solids, ky is the volume shape
factor, Pec is the solid density, AL; is the length of the i channel (Ei =1L;- Li—l), Li is the mean
particle size at the i channel (Zi =i+ L/ 2).

Finally, values of G in the two crystallizers can be calculated from the population density
plots of the precursors, as shown in Figure 1(i). Consequently, the nucleation rate (BO) can be

also obtain by the following equation:

B® =n°G° (6)



Section 2: Diffusion Kinetic Calculations

Electrochemical impedance spectroscopy (EIS) was firstly carried out to detect the
differences in the kinetic parameters of the Li-ion intercalation and de-intercalation reaction.
Figure S19 shows the Nyquist curves of the NCM-H and NCM-T cathodes. The simulated
results in Table S5 show that the NCM-H and NCM-T electrodes have a similar ohmic
resistance (Rs). However, the R (35.77 Q) of the former is much less than that (287.41 Q) of
the latter, suggesting that the NCM-H has a lower Li-ion transfer resistance on the surface than
the NCM-H. This comparison of Li-ion conductivity can be also further checked by the

calculation of the “apparent” chemical diffusion coefficient of Li-ion (D, . ) in eqn (7) and (8)

below 3:4.
R’T?
DLi+ = 2A2n4F4C20_2 (7)
Z'=R +R, +o0™? (8)

where R is the gas constant, 7 is the absolute temperature, 4 is the surface area of electrode, n
is the number of electrons transferred in reaction, F' is the Faraday constant, C is the

concentration of Li-ion, and ¢ is the Warburg factor. The Warburg factor (o) can be calculated

' -1/2 . : :
from the slope of the lines between Z° and @ because it is relative to the real impedance (

Z') in eqn (8) 3*. As shown in Table S7, the D, of the NCM-H is much larger than that of

the NCM-T. Hence, the NCM-H has a fast Li diffusion due to the hierarchical microstructure
and the exposed active {010} facets.

Second, galvanostatic intermittent titration technique (GITT) method was utilized to
investigate the variation of Li-ions diffusion coefficient at different charge-stages. Before test,
the coin cells were galvanostatically charged/discharged in two cycles at 0.1 C in voltage range
of between 2.7 and 4.3 V at room temperature. The GITT was employed at a constant current

pulse of 0.1 C for 30 min, and then an open-circuit stands for 150 min to release the cell voltage
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to reach a near equilibrium. According to the GITT measurements, lithium ion diffusion

coefficient can be obtained by the following equation °:

Lz
TK
_4 mp M)( AE D

(dE, /df ) !

)

Li*

where m, is the mass of the as-synthesized material, V,, is the molar volume of the material,

M, is the molecular weight of the sample, S is active surface area of the positive electrode,

and L is the thickness of the electrode. If £ is linearly associated with Jr (as shown in Figure

S20(b)), the eqn (9) can be deduced as follows ©:

4 mgV,,
= M, S) (AE)) (10)

Generally, the D, is known as an intrinsic property for a given positive electrode and it

only depends on the structure of active material in the charge-stage 7. It has been proven that
with the hierarchical nanoplates and the exposed {010} surface area, the activation energy for
the Li-ion transport can be effectively reduced. In this way, the good capacity retention in the
discharge capacity of the NCM-H with increasing current density can be ascribed to its high

Li-ion diffusion.



Section 3: Additional Results
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Figure S1. Crystal structure of layered LiNi;;3Co;5Mn;;0;.
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Figure S2. Schematic illustration for (a) the modified CSTR and (b) the traditional CSTR.
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Figure S3. Experimental setup diagram for preparing NCM-H.
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Figure S4. Schematic diagram showing electron migration through secondary particles
composed of several irregular primary nanoparticles.



Figure S5. The morphology evolution of the ¢
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Figure S6. Changes in FBRM total counts during co-precipitation process.
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Figure S7. (a) Nitrogen absorption and desorption isotherms and (b) the pore size distribution
of the precursors. The pore size distribution was calculated from the nitrogen isotherms using
the Barret—Joyner—Halender (BJH) method.
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Figure S8. XRD patterns of the precursors.
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Figure S9. Structure refinement results, based on SXRD patterns for NCM-T.
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Figure S10. (a) Nitrogen absorption and desorption isotherms and (b) the pore size
distribution of NCM-H and NCM-T.



Figure S11. (a) SEM image and (b) elemental Ihapping (N1, Co, Mn and O) of NCM-H;
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Figure S12. EDS spectrum of NCM-H.
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Figure S13. XPS spectra for Ni, Co, Mn, and O elements of NCM-H.



Figure S14. SEM image of NCM-T.
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Figure S15. Particle size distributions of NCM-H and NCM-T.
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Figure S16. (a) The pore size distribution plots and corresponding N, adsorption-desorption
isotherms of LiNig sCog,Mng,,0,; (b) particle size distributions and (¢) EDS spectra of
LiNioﬁCOo'le’lo'zOz.

The morphology and microstructure of hierarchical structured LiNij¢Coy,Mn,,0, are
displayed in Figure 3(b). Many primary nanoplates self-assemble into quasi-spheres with an
average particle size of 3.65 um (Figure S16(b)), forming a nanoporous structure (Figure
S16(a)). The chemical composition of the prepared LiNiyCoy,Mng,0, was analysed by EDS,
as shown in Figure S16(c), confirming that the atomic ratio of the Ni, Co, Mn matches with

their ratio in the educts.
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Figure S17. (a) The pore size distribution plots and corresponding N, adsorption-desorption

isotherms of Li; ;Nig,Mng 60,; (b) particle size distributions and (c) EDS spectra of

Li 1 ,2Ni0.2Mn0,602.

The micro-morphology of the prepared Li; ,Nip,Mng O, also exhibits a unique hierarchical

architecture, as shown in Figure 3(d). The N, adsorption and desorption isotherm for the

sample (see Figure S17(a)) shows a typical irreversible type IV adsorption and a H3

hysteresis loop. It was found that the specific surface area of the material is 1.72 m? g!. The

cumulative curve and histogram profile are shown in Figure S17(b). The maxima in the

cumulative curve is observed at about 3 um, corresponding to the secondary particles and in

good agreement with the SEM images. The ratio of Ni:Mn measured by EDS is

approximately 1:309 (Figure S17(c)), which is very close to the theoretical value.
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Figure S18. Discharge curves of (a) NCM-H and (b) NCM-T at different current densities;
charge-discharge profiles of (¢) NCM-H and (d) NCM-T for selected cycles.
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Figure S21. Lithium diffusion coefficients of the cathodes determined by GITT method.
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Figure S22. (a) Initial charge and discharge curves of the as-prepared LiNijy¢Coy,Mng,0, and
(b) its corresponding dQ/dV plot.

The electrochemical performance of LiNiy¢Cog,Mng,0, was tested on the coin cells under
0.1-20 C (1 C =200 mA g') between 2.7 and 4.3 V at room temperature. Figure S22(a)
shows the initial charge and discharge plot of the LiNij Coy,Mn,,0, electrode at 0.1 C. The
curve exhibits a smooth and monotonous charge-discharge trait, which well agree with the
results reported in the reference 810, The first charge and discharge capacity of
LiNig ¢CoMng,0; is measured to be 213.8 and 183.1 mAh g-!, respectively. The
corresponding differential capacity vs. voltage (dQ/dV) displays a couple of redox peaks at
about 3.8 and 3.7 V, suggesting the Li-ions intercalation and de-intercalation of layered
LiNig ¢Co(,Mng,0; structure. The rate capability of LiNij¢Cop,Mn,,0, is shown in Figure
4(e). Clearly, the specific discharge capacity of LiNiysCoy,Mn,,0, decreases as the
increasing of C-rate due to the ohmic drop and the polarization effect. At 5, 10 and 20 C, the
discharge capacities of the LiNiyCoy,Mng,0, are 142.6, 132.7, and 115.4 mAh g!,
respectively, which are superior to these results reported in the previous literature (see Table
S10) & 11-15 Near 63.6 % of its capacity can be retained as the C-rate increases from 0.1 to 20
C. The good rate capability is also obviously confirmed the advantage of this special

hierarchical structure.
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To explore the electrochemical properties of hierarchical structured Li; ;Nip,Mng O,
cathode material used in LIBs, different current densities from 0.1 C to 20 C between 2.0 and
4.8 V was tested at room temperature. Figure S23(a) shows the initial charge and discharge
plot of the Li; ;Nig,Mng 0, electrode at 0.1 C, which is similar to the reported shape in the
literature '%17. A long plateau around at 4.5 V can be observed on the first charging (Figure
S22(b)), due to the irreversible removal of Li,O extraction from the Li,MnOjs structure !3-20,
The high rate performance of the Li; ;Nip,Mng O, electrode is evidenced by Figure 4(f). As
the increasing of the current densities, the clear IR drop is observed from the discharge plots
in Figure 4(f). Amazingly, the prepared Li; ;Ni;,Mng ¢O; yields high specific discharge
capacities of 157.2, 126.6 and 96.3 mAh g! at 5, 10, 20 C, respectively, demonstrating an
excellent high rate capability. These results are comparable to those values reported in
reference (Table S11) 1°-21-25_illustrating this peculiar microstructure ensuring the high rate

performance of the Li; ;Nig,Mng¢O,.
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Table S1. Kinetics parameters of the samples obtained by ASL model.

Samples M; (kg cm3) 7 (s) BY (number m3s!) G°(ms) R?
NCM-H 200 36000 2.69 X108 435X101  0.98
NCM-T 200 36000 3.03 X107 4.62x1011  0.99

Note: M is the suspension density, 7 is the mean residence time, B? is nucleation rate, G is
the nuclei growth rate, the coefficient of determination (R?) is the proportion of the variability
in a data set that is accounted for by a statistical model.
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Table S2. Tap densities and specific surface area of the samples.

Samples Tap density (g cm™) Packing density ~ Surface area

(gem?) (m? g1
NCM-H 1.9 33 6.4
NCM-T 2.2 3.7 1.7
LiNig 6C0o..Mng,0; 1.9 33 6.0
Li; ,Nip>Mng 60, 1.8 3.1 6.2
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Table S3. Lattice parameters of the NCM-T.

. Cell parameters
Space group: R3m,a=b=2.8642 A, c=14.2441 A, V=101.1963 A3, c/a=4.9731
Atomic positions

Name site X y z Bis Fract
01 6¢ 0.000 0.000 0.241 0.440 1.000
Lil 3a 0.000 0.000 0.000 0.732 0.967
Ni2 3a 0.000 0.000 0.000 0.732 0.031
Col 3b 0.000 0.000 0.500 0.128 0.333
Mnl 3b 0.000 0.000 0.500 0.128 0.333
Nil 3b 0.000 0.000 0.500 0.128 0.302
Li2 3b 0.000 0.000 0.500 0.138 0.033

Refinement parameters

Constraints:
Biso(Nil): Biso (COI): Biso (Mnl): Biso (le)a Biso (Lll): Biso 0\112), Fract(Nil) +
Fract(Ni2) = 0.333; Fract(Lil) + Fract(Li2) = 1.000
Ryp=9.15 %, R,=7.72 %

Selected interatomic distance (A)
Li1-O bond length: 2.110(6) A
Nil-O bond length: 1.966(6) A




Table S4. Structural parameters of LiNiyCo,Mng,0,.

. Cell parameters
Space group: R3m,a=b=2.8741 A, c=14.2394 A, V=101.8665 A3, c/a = 4.9543
Atomic positions

Name site X y z Bis Fract
01 6¢ 0.000 0.000 0.242 0.786 1.000
Lil 3a 0.000 0.000 0.000 0.590 0.969
Ni2 3a 0.000 0.000 0.000 0.590 0.065
Col 3b 0.000 0.000 0.500 0.129 0.200
Mnl 3b 0.000 0.000 0.500 0.129 0.200
Nil 3b 0.000 0.000 0.500 0.129 0.535
Li2 3b 0.000 0.000 0.500 0.129 0.031

Refinement parameters

Constraints:
Biso(Nil): Biso (COI): Biso (Mnl): Biso (le)a Biso (Lll): Biso 0\112), Fract(Nil) +
Fract(Ni2) = 0.600; Fract(Lil) + Fract(Li2) = 1.000
Ryp=10.30 %, R,= 8.25 %

Selected interatomic distance (A)
Li1-O bond length: 2.044(8)
Nil-O bond length: 1.945(6)




Table S5. Lattice parameters of Li; ,Nig,Mng ¢O,.

Cell parameters

Space group: C2/m, a =4.9633 A, b=8.5754 A, c=5.0342 A, beta=109.287°, V' =
202.2398 A3

Atomic positions

Name site X y z Biso Fract
0]} 4i 0.221 0.000 0.222 Overall: 1.000
02 &j 0.254 0.333 0.227 0.0565 1.000
Lil 2¢ 0.000 0.000 0.500 1.000
Li2 4h 0.000 0.689 0.500 0.958
Nil 4h 0.000 0.689 0.500 0.042
Li3 2b 0.000 0.500 0.000 0.685
Ni2 2b 0.000 0.500 0.000 0.515
Mnl 49 0.000 0.173 0.000 0.900

Refinement parameters
Constraints:
Fract(Nil) + Fract(Ni2) = 0.200; Fract(Li2) + Fract(Li3) = 0.867
Ryp=11.90 %, R,=11.10 %




Table S6. Results of ICP-AES analysis of the samples.

Samples Li: Ni:Co:Mn expected  Li: Ni:Co:Mn obtained

Standard deviation

NCM-H 1:0.333:0.333:0.333 1:0.337:0.341:0.322
NCM-T 1:0.333:0.333:0.333 1:0.335:0.342:0.323

0.79
0.83
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Table S7. Fitting results of equivalent circuit from Nyquist curves for the samples.
Samples R, (Q) R () D (cm? s
NCM-H 9.2 35.8 5.7 X101
NCM-T 8.1 287.4 6.0 1012

34



Table S8. Comparison of the electrochemical performances of NCM-H with reported results.

Voltage Discharge capacity . .
Structure range (V) (mAh g Capacity retention Ref.
3 130.0 (10 C) 98.2 % .
NCM-H 2743 120.88 (20 C) (20 C 500 cycles) s work
3 79.0 (10 C) 43.3 % .
NCM-T 2.7-43 50.8 (20 C) (5C: 200 cycles) L his work
Hollow microsphere 2.54.6 114.2 (5 C) (0.5 C: 200 cycles)
One-dimensional 5843 126.9 (10 C) 93.7 % 27
hierarchical structure oo 104.9 (20 C) (1 C; 160 cycles)
Cube-shaped B 73.4 % 28
hierarchical structure 25745 144.5(10C) (2 C; 100 cycles)
. B 136.1 (10 C) 93.5 % 29
Nanobricks 2.574.6 130.0 (15 C) (15 C; 100 cycles)
Microscopically 949 9
. 3 £ /0 30
porous, interconnected 2.8-4.4 142.3 (2 C) (0.1 C: 50 cycles)
single crystal
Hollow nano-micro 96.1 %
: : B 1 31
h}erarchlcal 2.5-4.5 135.9 (10 C) (0.1 C; 40 cycles)
microspheres
Nanostructured 94.2 % 0
microspheres 2844 1220(106) (0.1 C; 50 cycles)
Graphene 3 92.8 % 3
modification 25744 1280(5C) (5 C; 50 cycles)
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Table S9. Comparison of the electrochemical performances of LiNiy¢Coy,Mng,0, with

reported results.

Voltage : . 4
Structure range (V) Discharge capacity (mAh g!) Ref.
Hierarchical 132.7 (10 C) .
LiNigsCopoMng;0, 27743 115.4 (20 C) This work
Nanoparticles 2.8-4.3 119.5(5 C) !
Nanobricks 2.8-4.3 87.9 (10 C) 12
Submicron quasi- 3 13
sphere 2.8-4.3 1254 (50)

Al,Oj; coating 2.64.3 ~85.0(5C) 14
Surface-treating 3.0-4.45 120.0 (7 C) 8
F-doping 2.84.3 106.9 (10 C) 15
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Table S10. Comparison of the electrochemical performances of Li; ,Nip,Mng O, with
reported results.

Voltage : . 4
Structure range (V) Discharge Capacity (mAh g') Ref.
. ) 157.2 (5 C)
LiHﬁar"thalo 2.0-4.8 126.6 (10 C) This work
1.24N10.2 0.6\Y2 96.3 (20 C)
Monodisperse 2.0-4.8 125 (4 C) P
Nanoarchitecture o1
Multi-Structure 2.0-4.6 159G 0
Surface modification 2.0-4.8 ~100 (5C) 22
Gradient surface Na*- ’3
doping 2.0-4.8 185 (2 C)
Al,O3+RuO; coating 2.0-4.8 161 (5C) 24

AIF; coating 2.0-4.8 ~150 (5 C) >
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