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Abstract: The content of ammonia coordination agent in initial aqueous solution is one of important
factors which greatly influences the morphologies and electrochemical performances of layered
LiNigMn,Co0,0, (NCM622). The spherical morphologies, contributing to higher specific capacity of
NCM622, ascribe to the same precipitation rate of transition metal ions (Ni2+, Co?t, Mn2+) during
co-precipitation. Hence, the effects of different amounts of ammonia in initial solution on the
hydroxide equilibrium constant and properties of NCM622 were discussed. With the ammonia
content of 70 mL, the spherical morphology with more perfect layered structure and higher discharge
capacity are obtained. The necessity of ammonia content in initial solution are also demonstrated from
electrochemical performances of NCM622, such as the initial discharge capacity of 199.8 mAh g1
at 0.1 C, the specific capacity of 150.0 mAh g~! after 100th cycles, and the capacity retention rate of
89.6% at 3 C. If other metal ions are anticipated to be chemically doped with NCM622, the hydroxide
equilibrium constant and precipitation rate need to be considered.

Keywords: lithium ion batteries; hydroxide co-precipitation method; NCM ternary precursor;
electrochemical performance

1. Introduction

In recent years, with the increasing energy crisis and environmental pollution [1],
the demand for new energy has been increasing, and then the development of a typical
new energy material became critical. The different types of Batteries has been developing
rapidly, among which lithium-ion battery has been paid much attention [2,3]. Because of
their high energy densities and long cycle span, lithium-ion batteries (LIB) have been wide
spread applied in personal electronic devices, electric vehicles (EV), and energy-storage
systems [4,5]. The specific capacity of the cathode material in the lithium battery is far
less than their theoretical capacity [6,7]. Therefore, it is necessary to develop lithium ion
cathode materials with larger capacity, better stability and lower cost [8]. At present, the
commercial cathode materials mainly include LiMnO; [9-11], LiCoO, [12], LiFePOy [13,14],
LiNiO, [15,16] and layered LiNiMnCoO, (NCM) [17-19]. NCM has attracted wide attention
due to its high electrochemical performances, long cycle life, high specific power and
specific energy.

Now there are ways to prepare precursors of NCM by co-precipitation method, such
as hydrothermal method [20,21], spray pyrolysis method [22,23], sol-gel method and high
temperature solid state reaction method [24], et al. With the advantages of low synthesis
temperature, facile morphology control, simple process, and convenient industrialization,
the co-precipitation method is chosen to prepare the precursors of NCM. The ammonia
content in base-solution has an important effect on the physical characteristic of precursor
by co-precipitation method.

As shown in Table 1, the K, mom)n (precipitation equilibrium constant) of Ni(OH),,
Co(OH); is four orders of magnitude higher than that of Mn(OH),. If Ni2*, Co** and
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Mn?* are directly precipitated with NaOH precipitant, manganese hydroxide is precip-
itated first, which will bring about Mn(OH); partly separated with Ni(OH),, Co(OH),.
When they are calcined with lithium hydroxide at high temperature, the mixture includ-
ing LiNiO,, LiCoO,, LiMnyO4 or LiNiCoMnOy, etc, instead of pure ternary lithium ion
materials, are prepared. Because the particles of the mixture are both uncontrolled and
easily fractured during the charge-discharge, the whole electrochemical performances will
also be restrained. As for the coordination effect of ammonia with Ni2*, Co?*, and Mn?*,
Yabin Shen et al. [25]. calculated the precipitation equilibrium constant of Ni**, Co?* and
Mn?* with OH~, respectively (shown in Table 1). Owing to mass NH, ~ existing in initial
solution, Ni?*, Co?* and Mn?* react with NH,~ prior to with OH™, which will depress
the precipitation rate of Mn(OH); to the level of Ni(OH),, Co(OH),. The uniform and
slow precipitation of Ni?*, Co** and Mn?* in the co-precipitation process is favourable to
develop the uniform accumulation and larger size particles of the precursors. Although
ammonia contents in base-solution play an important role the physical characteristic of
precursor and NCM622, few research were made. Therefore, it is necessary to explicate the
couple relation different ammonia concentration, the morphology of the precursors and
electrochemical properties of NCM622.

Table 1. Ni?*, Co?* and Mn?* before and after the addition ammonia of K.

K K
Name of Metal Ion (Before AddMAmmonia) Dm (After Addl\gmmonia)
NiZ+ 1014.7 1075.59 109.11
C02+ 1014.8 10—5.46 109.34
Mn2+ 1010.74 1071.51 109.23

In this work, we observed the couple connection among the amounts of ammonia in
base-solution, the morphology of the precursors and special capacity of NCM622. The pre-
cursors of NCM622 were prepared by a hydroxide co-precipitation with the 5 M ammonia
and 4 M NaOH added into base-solution, accompanying dissolution of smaller particles
and redeposition on larger particles in the solution. The morphology of the precursor was
controlled by changing the amounts of ammonia in base-solution to explore the physical
and electrochemical effects of different ammonia amounts on the NCM622. Considering
ammonia added into deionized water before co-precipitation reaction, large fluctuation of
pH in reactor at the beginning of the reaction will be avoided. As a result, sphericity and
compactness of secondary particles of precursors will also controlled by the dissolution
and reprecipitation of primary particles of precursors. Consequently, high specific capacity
and good stability of NCM622 can be anticipated.

2. Materials and Methods
2.1. Experimental Materials

Manganese sulfate monohydrate(MnSO4-H,O), AR, Aladdin Reagents (Shanghai) Co.,
Ltd., Shanghai, China. Nickel sulfate hexahydrate(NiSO4-6H,0), AR, Aladdin Reagents
(Shanghai) Co., Ltd.; Cobalt sulfate heptahydrate(CoSO4-7H0), AR, Aladdin Reagents
(Shanghai) Co., Ltd.; Ammonia solution(HsNO), 25%-28%, Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China; Sodium hydroxide(NaOH), AR, Sinopharm Chemical Reagent
Co. Ltd.; Lithium hydroxide monohydrate(LiOH-H,0), AR, Aladdin Reagents (Shang-
hai) Co., Ltd.; Akema HSV900 PVDF binder for Li-ion Battery Electrodes; 1-Methyl-2-
pyrrolidinone (NMP), 99.9%, Aladdin Reagents (Shanghai) Co., Ltd.; TIMCAL Graphite
& Carbon Super P Conductive Black; aluminum foil, 20 um; battery case, CR2032; Plate,
@16 * 1.0 mm,; steel disc, 16 * 1.0 mm. 1 M LiPFg in a 1:1:1 mixture of EC:DMC:EMC;
HEF-Kejing OTF-1200X tube furnace, vacuum drying oven, Hefei Department of crystal
material Technology Co., Ltd, Hefei, China; MERAUN Ar-filled glovebox, Meraun Inert
Gas Systems (Shanghai) Co., Ltd, Shanghai, China; Kejing benchtop experimental coater,
Hefei Department of crystal material Technology Co., Ltd, Hefei, China.



Coatings 2021, 11, 932

30f11

2.2. Materials Synthesis

Typically, the solution of NiSO4-6H,0O, CoSO4-7H;0, and MnSO4-H,O (2 mol L1,
cationic ratio of Ni:Co:Mn = 6:2:2, named NCM622) was continuously fed into a stirred
tank reactor with the different content of ammonia (ammonia solution of 40 mL, 50 mL,
60 mL and 70 mL in deionized water of 1 L, respectively, they are named as NCM622
(AC: 40 mL), NCM622 (AC: 50 mL), NCM622 (AC: 60 mL), and NCM622 (AC: 70 mL))
in base-solution at a flow rate of 1.2 mL min~! under N, atmosphere. Simultaneously,
appropriate amount of NaOH solution (4 mol L}, used as the precipitation agent and
the adjustment of pH value), NH;OH solution (5 mol L™!, used as chelator) were added
into the reactor separately. The pH value of 11, temperature of 55 °C and stirring speed of
800 rpm were carefully controlled by the flow rate of the dropwise. Then, the precursor
powder was washed, filtered and dryed in a vacuum oven for 12 h. The precursor of
Nig Cog2Mng 2(OH), was mixed with LiOH-H,O at a molar ratio of 1:1.05 through ball
milling. And Lithium precursors were heated at 480 °C for 5 h in oxygen atmosphere. The
obtained material was milled again and then calcined at 850 °C for 12 h under an oxygen
atmosphere.

2.3. Materials Characterizations

To analyze the structure of the material, XRD (D8 Advance Germany Bruker) with
Cu—Ku radiation was utilized and MDI Jade 6 software was used to conduct Rietveld
refinement. The particle morphologies were observed by scanning electron microscopy
(SEM, FEI Apreo), Thermo Fisher Scientific, Waltham, MA, USA.

2.4. Electrochemical Measurements

The electrode slurry was manufactured by dispersing 80 wt % active materials, 10 wt %
Super P, and 10 wt % PVDF in NMP solution thoroughly. The obtained slurry was coated
evenly onto Al foil and dried at 80 °C for 12 h in a vacuum oven. The CR2032 coin cells
were assembled in an Ar-filled glovebox, utilizing a Cellgard 2300 separator, Li metal
as the anode, and 1 M LiPF6 in a 1:1:1 mixture of EC:DMC:EMC as electrolyte. The
cells were tested with a voltage window between 2.5 and 4.5 V (1 C = 200 mA g~ !) vs.
Li/Li* at 25 °C by LAND. test system. Electrochemical impedance spectroscopy (EIS) was
conducted at a GAMRY Reference 3000 chemical workstation from 100 kHz to 10 mHz.
Cyclic voltammetry (CV) was conducted on a CHI760D chemical workstation at voltage
range of 2.8-4.5 V and scan rate of 0.1 mV s~ 1.

3. Results

The morphology changes of the precursors resulted from the mechanism of Oswald
ripening mechanism [26]. M?%* and OH™ collide each other through thermal motion to
form a smaller crystal nucleus. Due to far less surface energy of larger particles than
that of smaller particles, Smaller grains in the ammonia and sodium hydroxide aqueous
solution will be dissolved for the energy balance of whole system. While all hydroxides
are in supersaturation state, they will be redeposited on the larger grains by the secondary
nucleation process. With the progress of the dissolution and re-deposition step by step,
the grains of all hydroxides will are enlarged simultaneously and accumulated into bigger
spherical grains for the sake of minimum energy systems. If the re-deposition rate of
ternary precursor is too fast during crystallization, «-type Ni(OH), and Mn(OH), with
poor crystallinity will be formed. High concentration aqueous ammonia in the ammonia
and sodium hydroxide aqueous solution will retard the re-deposition rate. Based on the
precipitation equilibrium constant of nickel hydroxide, cobalt hydroxide and manganese
hydroxide and metal ions and ammonia coordinate stability constants, the relationships of
ammonia amounts to the reaction degree of Ni?*, Co?* and Mn?* with OH~ were calculated
(shown in Figure 1). With the increase of ammonia amounts, the more residual amount of
Ni?*, Co?* and Mn?* remained. However, when the amounts are lower, due to the poor
coordination effect between ammonia and Ni?*, Co?** and Mn?*, Ni(OH),, Co(OH), were
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preferentially precipitated out from the solution exclusive of Mn(OH),. Therefore, the
ammonia concentration between 0.5 and 1 mol L~!, which exactly corresponded to the
ammonia amounts of 40, 50, 60 and 70 mL, was explorated.

—=— 1g(|Ni]-[Ni(OH),])
0+ —o—1g(|Co]-[Co(OH),])
-1 47 1e(IMn}-[Mn(OH),])

1g(IM]-[M(OH),])

lg(IM]-[M(OH),])

'
ES
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=71 S0 s e 70 s
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[NH;]

Figure 1. Relationship between total concentrations of metal ions and ammonia concentrations.

Given the fact that electrochemical performance of cathode materials is largely de-
pends on its structural characteristics, XRD were used to deduce accurate lattice constants
of samples by taking advantage of the intrinsic high resolution of X-ray radiation. There-
fore, the structure properties of samples from different ammonia content were analyzed
through XRD patterns, as shown in Figure 2a and the deduced structural parameters are
given in Table 2. All samples presented similar sharp diffraction lines strongly associated
with the hexagonal R3m space group of a-NaFeO, [27]. The position of each diffraction
peak strictly corresponded to the standard map of LiNiO, (PDF#09-0063). It is well known
that the oxygen sub-lattice in the «-NaFeO, type structure forms a close-packed face cen-
tered cubic (fcc) lattice with a distortion in the ¢ direction, which results in the obvious
splitting of the peaks (006)/(102) and (108)/(110) in the XRD pattern. Explicit splitting of
the (006)/(102) and (108)/(110) peaks demonstrated the highly ordered layer structure of
all samples [28,29]. The Peak shapes were sharp, clear, and high intensity of diffraction
peak, without impurity peak, indicating that the samples revealed a high crystallinity
and regularly crystal structure. With the increase of ammonia content, lattice parameter
decreased linearly which meaned reduction of M-O distance. The peak strength ratio of
I(003) to I(104) indicated the degree of Li-Ni exchange [30]. The higher the ratio was, the
lower the degree of Li-Ni exchange was. With the increase of ammonia content, the rate of
1(003) to 1(104) increased linearly given in Table 2, indicating that the exchange of lithium
and nickel in the material was low.

Table 2. XRD parameters of NCM622 different ammonia content.

NCM622 a(Ad) c(A) c/a 1(003)/1(104)
AC: 40 mL 3.10 12.80 4.13 1.34
AC: 50 mL 2.87 14.23 495 1.37
AC: 60 mL 2.87 14.23 4.89 1.41

AC:70 mL 2.86 14.22 4.96 1.45
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Figure 2. (a) XRD patterns of NCM622 different from ammonia content. (b,c) Nitrogen adsorption isotherm and Pore size
distribution of NCM622 different ammonia content.

The structural characteristics of NCM622 had also impact on its N, adsorption fea-
tures and pore size distribution (shown in Figure 2b,c). With the increase of ammonia
content in base-solution, the hysteresis loop in the nitrogen adsorption isotherm gradually
disappeared. The results showed that the accumulated mesoporous and macropores in
ternary materials gradually disappeared, ascribable to the more compact secondary pellet-
ing [31]. The pore characteristics of different ammonia content samples as shown in Table 3.
When the ammonia content is 70 mL, its specific surface area is the smallest, and the pore
distribution was basically dominated by macropores, resulting from the accumulation
among materials. With the decrease of ammonia content, the specific surface area of ternary
materials gradually rised. The larger the specific surface area was, the looser the material
was, which was also consistent with the conclusion in the SEM (shown in Figure 3). When
the ammonia content was 60 mL, the specific surface area decreased, but the pore volume
increased, that is, in the middle state of secondary pellet formation, resulting in the increase
of accumulated macropores.
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Table 3. Pore characteristics of NCM622 different ammonia content.

Samples SBET/m? g1 Vtotal/m? g1 Pore Diameter/nm
AC: 50 mL 6.2 0.0073 11.4
AC: 60 mL 34 0.0095 17.7
AC:70 mL 3.1 0.0058 13.9

As illustrated in Figure 3a—d, the secondary particles of the precursors exhibited quasi-
spheres with diameter of 5-8 um, which were accumulated by the needles, sheets, or short
sticks of the primary particles. With the increase of ammonia content, on the one hand, the
primary particles of the precursor gradually transited from irregular particles to needle
and sheet morphologies, which origined from the dissolution and recrystallization of the
primary particles. On the other hand, the primary particles were gradually cumulated
into the spherical secondary particles by electrostatic attraction. When the ammonia
content was 60 mL, the sphericity of the precursor was better. When the ammonia content
was 70 mL, the structure of the precursor was more compact and the lamellar structure
became more obvious. After the precursors were calcined at 850 °C, the structure of
NCM622 became more compact, especially for the ammonia content of 60 mL and 70 mL
as shown in Figure 3e-h. When the ammonia contents in the base-solution were 40 mL
and 50 mL, the secondary particles of NCM622 became loose and irregular. Based on
the precipitation equilibrium and Oswald ripening mechanism, lower ammonia amounts
give rise to poor coordination effect, that is, lower ammonia amount was not enough to
complete coordination with all metal ions. As a result, reaction rate of free Ni2+, Co?t,
Mn?* and their ammonia complex ions with sodium hydroxide were significant difference
and free Ni**, Co?*, Mn?* were predominantly. The grain sizes of the precursors were
close to nanoscales and the precursors aging was inhibited. The ternary materials sizes
were also limited within nanoscales. More importantly, o-type Ni(OH), and Co(OH), with
poor crystallinity and loose structure were also generated together. The results explored
that the ammonia contents had strongly impact on the structure of the secondary particles
of the precursors and NCM622. As a result, the increase of ammonia content will improve
the tightness of NCM622.

Figure 3. SEM images of precursor different ammonia content (a) AC: 70 mL. (b) AC: 60 mL. (c) AC: 50 mL. (d) AC: 40 mL.
SEM images of NCM622 different ammonia content (e) AC: 70 mL. (f) AC: 60 mL. (g) AC: 50 mL. (h) AC: 40 mL.

Figure 4a showed the initial galvanostatic charge-discharge curves of NCM622 from
different ammonia contents (AC) between 2.5 and 4.5 V at 0.1 C (20 mA g~!) at 25 °C
in 2032 coin-type half-cells. The increase of ammonia amount was helpful for the raise
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of the charge voltage plateaus and first discharge capacity. As shown in Table 4, the
NCM622 (AC: 70 mL) delivered the highest initial discharge capacity of 199.8 mAh g~ 1.
In comparison, the NCM622 (AC: 60 mL) cathode exhibited a slightly reduced capacity
of 200.0 mAh g_l. while the NCM622 (AC: 50 mL) and NCM622 (AC: 40 mL) cathode
produces sequentially faded capacity of 186.1 mAh g~! and 184.4 mAh g~!. Especially for
NCM622 (AC: 40 mL), excessive discharge causes the collapse of lithium ion layer so that
the permanent damage of material structure can be restored. With the increase of ammonia
content, the structure became more compact, the homogeneous SEI film on the outside
surface of NCMs was formed. Consequently, the consumption of electrolyte was less, and
the first turn of coulombic efficiency was higher. The total ammonia content of 70 mL was
the optimal condition for material synthesis.

a NCM622 4.5V
4.54
4.0 4
e
$%3.5
8
c
> 3.0
e AC:40ml
2.5 ——AC:50ml
—— AC:60ml
e AC:70ml
2.0 T T

0 50 100 150 200 250 300
Specific Capacity(mAh g"l)

=n
e

§100' w
g 80
= <
< <
& € 60
e <
S 80iNcMe622 4.5V Z 40 | None22 4sv
g o AC:40ml S —e—AC:40ml
- 404 @ AC:50ml 8 ] —e—AC:50ml
s AC:60ml 20 1 —e—AC:60ml
@ AC:70ml —e—AC:70ml
0 . . T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Cycling number (N) Cycling number (N)

Figure 4. (a) Initial charge-discharge curves of NCM622 different ammonia content between 2.5 and 4.5 V at 0.1 C. Cycling

stability of (b) discharge capacities and (c) coulombic efficiencies at NCM622 different ammonia content tested with voltage
ranges of 2.5—4.5V at3 C.

Table 4. Initial discharge parameters of NCM622 different ammonia content.

NCM622 Discharge Capacity (mAh g—1) Coulombic Efficiency
AC: 40 mL 184.4 65.8%
AC:50 mL 186.1 78.6%
AC: 60 mL 200.0 81.4%
AC:70 mL 199.8 81.0%

For the purpose of exploring the effect of different ammonia content on the cycling
performances, charge—discharge tests were conducted 100 cycles at 3 C between 2.5 and
4.5V (as show in Figure 4b,c). As shown in Table 5, the NCM622 (AC: 70 mL) maintains
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a reversible capacity of 150.0 mAh g~! after 100 cycles with 0.102% decay per cycle. The
NCM622 (AC: 60 mL) maintains a reversible capacity of 142.3 mAh g~ ! after 100 cycles
with 0.118% decay per cycle. However, NCM622 (AC: 50 mL) and NCM622 (AC: 40 mL)
presented lightly worse cycling retention rates of 63.6% and 62.7%. The decay of capacity
retention rate originated from their structure properties, namely, if NCMs were relatively
loose, it was difficult to develop the homogeneous SEI film. Accordingly, the SEI films
were constantly developed during every charging process and the cycle Coulomb efficiency
always declined.

Table 5. Cycling capability of NCM622 different ammonia content.

100th Cycling Discharge Capability Capacity Retention Rate
NCMe622
(mAh g-1) (3C@100)
AC:40 mL 97.2 62.7%
AC:50 mL 102.6 63.6%
AC: 60 mL 142.3 88.2%
AC: 70 mL 150.0 89.8%

Cyclic voltammogram(CV) obtained at 2.8-4.5 V (vs.Li/Li*) at a scan rate of 0.1 mV s1
for NCM622 was exhibited in Figure 5. The redox peak on the first cyclic voltammetry
curve for NCM622 from different ammonia content was not exactly symmetrical, indicating
that the redox reaction of all NCM622 is partially reversible. For NCM622 (AC: 40 mL), the
oxidation peak was 4.10 V, and the reduction peak is 3.45 V, indicating that Co**/Co?* cou-
ple was involved in the redox reaction, which is not conducive to maintaining the stability
of the layered structure. In NCM622(AC: 60 mL) of CV curves, there are two oxidation
peaks of 3.9 V and 4.3 V and two reduction peaks of 3.6 V and 4.1 V respectively. The ion
redox sequences of the material were Ni?* —Ni** —Ni#**, which exactly corresponds to the
two redox peaks. Because Ni2+/3+ Ni3*/4* have better chemical stability, the material has
good cycling performances. In CV curves of NCM622 (AC: 70 mL), Besides a pair of sharp
redox peaks were observed in the range of 3.5-4.0 V corresponding to the Ni**/Ni** redox
couple, a strong oxidation peak of 4.0 V and a weak oxidation peak of 4.5 V were also
observed. In conclusion, NCM622 (AC: 60 mL) has better cycle stability and first charge
and discharge efficiency, while NCM622 (AC: 70 mL) has the highest discharge capacity.

1.5 —ig:g “‘t 0.1lmV  Oyjdation Peak
— 0 m.
—— AC:60 mL

1.0 {——AC:70 mL

Current(mA)
e
(=}

|

&

7]
1

1.0+ Reduction Pea
2.8 3.2 3.6 4.0 4.4
Potential (V)

Figure 5. Cyclic voltammetry curve of NCM622 different ammonia content.

EIS tests were performed to explore the effect of different ammonia content on the
electrochemical behavior NCM622. Equivalent series resistances were estimated from
the equivalent circuit by fitting the electrochemical impedance spectrums (the inset in
Figure 6a,b). The parameters of the equivalent circuit were listed in Table 6. The electro-
chemical kinetics of electrode materials were further evaluated by the Nyquist plots of
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EIS. A small semicircle at high frequency referred to the resistance from solid electrolyte
interface surface film (Ry), while a larger semicircle at medium frequency corresponded
to the charge transfer resistance (R). Rt was much larger than Ry indicating that R.; was
the primary factor of electrochemical reaction kinetics. As shown in Table 6, except for
AC: 50 mL, the Ry values decreased gradually as ammonia contents added into the reactor
before co-precipitation reaction were increased. The NCM622 (AC: 50 mL) was the interme-
diate state from primary particles to secondary spherical particles. The specific surface area
of NCM622 (AC: 50 mL) is larger than those of NCM622 (AC: 60 mL) and NCM622 (AC:
70 mL). As a consequence, the Rf of NCM622 (AC: 50 mL) showed an abnormal increase.
The R, values of electrode materials were sharp drop with the increase of ammonia content.
The R, of NCM622 (AC: 70 mL) was 5 times lower than that of other materials. The 45° bias
lines, corresponding to Warburg impedance (W,), were slowly incline to the vertical line.
The Warburg impedances gradually declined. The kinetics behavior based on concentration
polarization was diminished. Consequently, the decrease of R, and Warburg impedance
for NCM622 (AC: 70 mL) implies its optimal kinetics behavior, demonstrating that it was
necessary for enough ammonia added in the reactor before co-precipitation reaction.

b 800
S € Sl @ AC:40mL
Re cPEI PR Wo : :g;g:i @ AC:50 mL
3 Rt @ AC:70 mL 9 AC:60 mL
7 Fitti 6004 o AC:70mL
itting M
E
& 400
& W
200 I P S
99—V
T T T T 0 T T T
100 200 300 400 500 1 2 3 4
Z' (ohm) o172

Figure 6. (a) Nyquist plots and corresponding equivalent circuit model of NCM622 different ammonia content. (b) the

relationships between Z’ and w™ 1/2 based on (a).

Table 6. The fitting values of Ryand R+ and the calculated values of Dy;* of the as-prepared samples.

Sample Rf (£0) Rt () W, R () Dy;* (cm?s—1)
AC: 40 mL 95.2 228.4 194.9 3.5 x 10716
AC: 50 mL 110.0 185.0 195.7 2.7 x 10715
AC: 60 mL 88.7 178.6 79.8 1.8 x 10715
AC: 70 mL 83.0 36.44 68.5 3.6x 1071

The Lithium ions have high diffusion resistance for NCM622 (AC: 40 mL) and NCM622
(AC: 50 mL) due to their loose accumulation of secondary spheres, while the compactness
and order structure for NCM622 (AC: 70 mL) is conducive to Lithium ions diffusion [32,33].
The Lithium ions diffusion resistance is closely related to Lithium ion diffusion coeffi-
cients (Dy;*) calculated by Equation (1) and Warburg factor (¢) in Equation (1) calculated
according to Equation (2) [34].

R2T?
Driv = S az,aFiciy ()
Zre = Ry + Rt + ow™/2 )

where R represents the gas constant (8.314 ] mol~! K=1), T is thermodynamic absolute
temperature (298 K). A is the surface area of the electrode (1.1304 cm?), n is the num-
ber of the transferred electrons per molecule (n = 1), F represents the Faraday constant
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(9.6486 x 10* C mol~1), C is the concentration of Li* in the cathode (5.165 x 102 mol/cm?),
o is the Warburg factor which obeys the following relationship, Ry is the resistance between
the electrolyte and electrode, R is the charge transfer resistance and w is the angular
frequency (w = 27f). Based on the Equations (1) and (2), the Dy;* of NCM622 (AC:
40 mL), NCM622 (AC: 50 mL), NCM622 (AC: 60 mL) and NCM622 (AC: 70 mL) are
35 x 1071 em?2/s,27 x 102 em?2s71, 1.8 x 107 em?2s71, 35 x 100 em? s~ ! and
NCM622 (AC: 70 mL), respectively. The D;* of NCM622 (AC: 40 mL) is one order of
magnitude higher than others. The larger the Dy;* is, the easier lithium ions are to be
embedded into the layered structure of materials and the smaller the lithium ion diffusion
resistance is. Therefore, enough ammonia added in the reactor before co-precipitation
reaction is preferable to develop more suitable layered structure of NCMs for rapid Lithium
intercalation behavior.

4. Conclusions

In summary, a facile but valid co-precipitation method was utilized to synthesize
NCMS622 in base solution with different ammonia content. With the increase of ammonia
content before co-precipitation reaction, the primary particles of the precursor are gradually
transited from irregular particles to needle and sheet morphologies, which origined from
cumulation of the primary particles into the spherical secondary particles by electrostatic
attraction during the dissolution and recrystallization. These compact spherical particles
presented orderly and compact layered structures after lithiation and calcination, which
was conducive to lithium ion intercalation into layered structures. The charge transfer
resistance and Warburg impedance are also cut down. The good densely layered structure,
small the Li/Ni mixing degree, the particle sizes of 5-10 pum, the uniform pore distribution,
and the smallest specific surface area are revealed. It can be concluded that NCM622 (AC:
70 mL) shows the best electrochemistry performance with the initial discharge capacity of
199.8 mAh g~ ! at 0.1 C, 89.8% cycling retention rate after 100 cycles at 3 C charge-discharge
circle.
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