
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
EP

3 
34

7 
93

4
B

1
*EP003347934B1*

(11) EP 3 347 934 B1
(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
02.12.2020 Bulletin 2020/49

(21) Application number: 16843751.5

(22) Date of filing: 25.08.2016

(51) Int Cl.:
H01M 4/525 (2010.01) H01M 4/505 (2010.01)

H01M 4/131 (2010.01) C01G 53/00 (2006.01)

C01G 51/00 (2006.01) H01M 4/02 (2006.01)

(86) International application number: 
PCT/IB2016/055062

(87) International publication number: 
WO 2017/042654 (16.03.2017 Gazette 2017/11)

(54) PRECURSOR AND METHOD FOR PREPARING NI BASED LI TRANSITION METAL OXIDE 
CATHODES FOR RECHARGEABLE BATTERIES

VORLÄUFER UND VERFAHREN ZUR HERSTELLUNG NI-BASIERTER 
LI-ÜBERGANGSMETALLOXIDKATHODEN FÜR AKKUS

PRÉCURSEUR ET PROCÉDÉ DE PRÉPARATION DE CATHODES À OXYDE DE MÉTAL DE 
TRANSITION AU LI À BASE DE NI DE BATTERIES RECHARGEABLES

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 08.09.2015 EP 15184205

(43) Date of publication of application: 
18.07.2018 Bulletin 2018/29

(73) Proprietors:  
• Umicore

1000 Brussels (BE)
• Umicore Korea Ltd.

Chungnam 330-200 (KR)

(72) Inventors:  
• PAULSEN, Jens

Chungnam 330-200 (KR)

• KIM, JiHye
Cheonan 331-200 (KR)

• OH, JinDoo
Cheonan 331-200 (KR)

• ZHANG, Jing
Cheonan 331-210 (KR)

(74) Representative: Knockaert, Guy
Umicore 
RDI Patent Department 
Watertorenstraat 33
2250 Olen (BE)

(56) References cited:  
EP-A1- 0 872 450 US-A1- 2006 233 696
US-A1- 2009 309 063 US-A1- 2014 054 495
US-A1- 2014 054 495 US-A1- 2014 329 147
US-A1- 2015 010 824 US-B2- 8 673 170



EP 3 347 934 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

TECHNICAL FIELD AND BACKGROUND

[0001] This invention relates to the use of a precursor of and to a method to prepare high-Ni "NMC" cathode powdery
material at large scale and at low cost. By "NMC" we refer to lithium-nickel-manganese-cobalt-oxide. The high-Ni NMC
powder can be used as a cathode active material in Li-ion rechargeable batteries. Batteries containing the cathode
materials of the invention yield better performances, such as a higher cycle stability and a low content of soluble base.
Currently rechargeable Li-ion batteries start penetrating the "large" rechargeable battery market. Here, "large batteries"
refers to applications such as automotive batteries, as well as stationary power stations. These large stationary or
automotive batteries are much larger than previous dominating batteries for portable applications, like cylindrical cells
for notebooks or polymer cells for smartphones. Therefore there are fundamentally different requirements for the "large
battery" cathode materials, not only performance-wise, but also from the point of resource scarcity. Previously the majority
of rechargeable lithium batteries used LiCoO2 (LCO) as cathode material. LiCoO2 is not sustainable for large batteries
due to limited cobalt resources - as already today about 30% of the earth’s available cobalt is used for batteries, according
to the Cobalt Development Institute. The situation is less critical for the so-called NMC cathode materials. Examples are
"442" and "532" cathode materials; 442 generally referring to Li1+xM1-xO2 with x=0.05 and M=Ni0.4Mn0.4Co0.2; and 532
generally referring to LiMO2 with M= Ni0.5Mn0.3Co0.2. The NMC cathode materials contain less cobalt since it is replaced
by nickel and manganese. Since nickel and manganese are cheaper than cobalt and relatively more abundant, NMC
potentially replaces LiCoO2 in large batteries. Other candidates as olivines (LiFePO4) are less competitive because of
the much lower energy density compared to NMC.
[0002] A NMC cathode material can roughly be understood as a solid state solution of LiCoO2, LiNi0.5Mn0.5O2 and
LiNiO2. In LiNi0.5Mn0.5O2 Ni is divalent, in LiNiO2 Ni is trivalent. At 4.3 V the nominal capacity for LiCoO2 and LiNi0.5Mn0.5O2
is about 160 mAh/g, against 220 mAh/g for LiNiO2. The reversible capacity of any NMC compound can be roughly
estimated from these given capacities. For example NMC 622 can be understood as 0.2 LiCoO2 + 0.4 LiNi0.5Mn0.5O2
+ 0.4 LiNiO2. Thus the expected capacity equals 0.2 x 160 + 0.4 x 160 + 0.4 x 220 = 184 mAh/g. The capacity increases
with "Ni excess" where "Ni excess" is the fraction of 3-valent Ni; in NMC622 the Ni excess is 0.4 (if we assume lithium
stoichiometry with Li:(Ni+Mn+Co) = 1.0). Obviously the capacity increases with Ni excess, so that at the same voltage,
Ni-excess NMC possesses a higher energy density than LCO, which means less weight or volume of cathode material
is required for a certain energy demand when using Ni-excess NMC instead of LCO. Additionally due to the lower price
of nickel and manganese -compared to cobalt- the cost of cathode per unit of delivered energy is much reduced. Thus,
the higher energy density and lower cost of Ni-excess NMC -by contrast to LCO- is more preferred in the "large battery"
market.
[0003] A simple and cheap manufacturing process of NMC cathode material is required for a large-scale application.
Such a typical process - which we call direct sintering - is the firing of a blend of a mixed metal precursor (for example
M(OH)2 precursor) and a lithium precursor (for example Li2CO3) in trays, in a continuous manner. Trays with blends are
continuously fed into a furnace, and during the movement through the furnace the reaction towards the final sintered
LiMO2 proceeds. The firing cost depends strongly on the thru-put of the firing process. The faster the trays move across
the furnace (referred to as the "firing time") and the more blend the trays carry (referred to as the "tray load") the higher
the thru-put of the furnace is. A furnace has a high investment cost, therefore, if the thru-put is small, the furnace
depreciation significantly contributes to the total process cost. In order to achieve a cheap product, a high thru-put is
thus desired.
[0004] As the capacity of NMC material increases with Ni excess, "Ni-excess" NMC cathode materials, like NMC 532
and NMC 622, possess a higher capacity in batteries than with less Ni, as for example NMC 111 (being LiMO2 with M=
Ni1/3Mn1/3Co1/3, Ni excess = 0). However, the production becomes more and more difficult with increasing Ni content.
As an example - very high Ni-excess cathode materials like NCA (which is LiNi0.8Co0.15Al0.05O2) cannot be prepared in
air or using Li2CO3 as Li precursor. Because of the low thermodynamic stability of Li in high-Ni material, the preparation
occurs in CO2 free oxidizing gas (typically oxygen) and as lithium precursor LiOH is used instead of the cheaper Li2CO3.
Contrary to this, the low Ni NMC111 can easily be prepared in normal air and using a Li2CO3 precursor. As Ni increases
NMC tends to have a low air stability, and it is more difficult to obtain a cathode with low content of soluble base. The
concept of "soluble base" is more explicitly discussed in US7,648,693.
[0005] The preparation of NMC 532 (Ni excess = 0.2) is more difficult than NMC 111, but NMC 532 can be processed
at large scale through the cheap and simple "direct sintering" solid state reaction under air. The lithium source is preferably
chosen as Li2CO3, as in the production of NMC 111, due to its low price. This detailed preparation procedure of direct
sintering will be discussed in the description below. The manufacturing cost of NMC 532 cathode material is relatively
higher than NMC 111 but much cheaper than for NCA that has a Ni excess of 0.8. The energy density of NMC 532 is
much higher than NMC 111, thus, NMC 532 is very competitive to take the place of LCO in a cheap production process
at large scale.
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[0006] Another promising Ni-excess NMC is NMC 622, whose Ni excess is 0.4, being much higher than the Ni excess
in NMC 532, so that the capacity of NMC 622 is still higher than that of NMC 532, but at the same time, the production
is more difficult than NMC 532, and definitely harder than NMC111. Even if it might still be feasible to produce NMC 622
by direct sintering, as in the case of NMC 532 and NMC 111, however, it is difficult to prepare NMC 622 at large scale
at low cost in an efficient way. The problems of large production mainly originate from the high soluble base content in
the final NMC product. The soluble base refers to the surface impurities like Li2CO3 and LiOH, and in this case the
Li2CO3 impurity is of most concern. As discussed in US7,648,693, these bases may come from unreacted reagents of
lithium sources, usually Li2CO3 or LiOH.H2O, where LiOH.H2O normally contains 1 wt% Li2CO3 impurity. These bases
may also come from the mixed transition metal hydroxides that are used as transition metal source in the production. A
mixed transition metal hydroxide is usually obtained by co-precipitation of transition metal sulfates and an industrial
grade base such as NaOH. The base contains a CO3

2- impurity in the form of Na2CO3. In the case of high Ni-excess
NMC, like NMC 622, after sintering at high temperature, the carbonate compounds remain on the surface of the final
product. The soluble base content can be measured by a technique called pH titration, as discussed in US7,648,693.
[0007] The presence of soluble base content in the final NMC material could cause a serious gas generation in full
cells, which is usually called "bulging" in full cell tests. Serious gas generation or bulging issues will result in a bad cycling
life of the battery together with safety concerns. Therefore, in order to use high Ni-excess NMC material for large battery
applications, an effective and cheap processing method is necessary that avoids such high soluble base content. Ad-
ditionally it is observed that the deterioration of cyclability in NMC material is related to the above-mentioned presence
of Li2CO3.
[0008] A process to prepare NMC 622 with low Li2CO3 soluble base - as is disclosed in US2015-010824 - runs as
follows: LiOH.H2O with low Li2CO3 impurity as Li source, is blended with mixed transition metal hydroxide at target
composition, and sintered at high temperature under an air atmosphere. In this process, the base content of such high
Ni-excess NMC final product (like NMC 622) is much reduced, but the manufacturing cost is relatively high due to the
higher price of pure LiOH.H2O compared to a Li2CO3 precursor. This conflicts with the low cost benefit of substituting
LCO by NMC material, where, as said before, a cheap and simple production process is essential to replace LCO.
[0009] US7,648,693 proposes a "split" method, where the direct sintering is conducted in two steps: a first lithiation
at relatively low temperature, like 700°C, and a second step of sintering at a higher temperature. In this patent, a large-
scale preparation of LiMO2 with M=Ni4/15(Mn1/2Ni1/2)8/15Co0.2 is achieved with a final product that is almost free of soluble
base. The cycling stability of that NMC material is also improved. The "split" method is thus a potential way to prepare
NMC 622 free of soluble base and at low cost. However, it has been found that this "split" method is not usable for the
large scale production of NMC 622, with lithium carbonate as Li-precursor, as in US7,648,693 excessive amounts of
preheated air have to be pumped through the reactor. Practically this processing method is limited for lower Ni-excess
NMC, such as NMC 532.
[0010] Therefore, in order to replace LCO by high Ni-excess NMC -like NMC 622- for the "large battery" market, it is
the aim of the present invention to provide a cheap and efficient manufacturing process, where the high Ni-excess NMC
can be produced at low cost, and without resulting in a too high soluble base content.

SUMMARY

[0011] The invention can provide the following method: A method for preparing a positive electrode material having
a general formula Li1+a’M1-a’O2, with M= (Niz(Ni© Mn©)yCox)1-kAk, wherein x+y+z=1, 0.1≤x≤0.4, 0.30≤ z ≤0.55, A is a
dopant, 0≤k≤0.1, and 0.01≤a’≤0.10, comprising the steps of:

- providing a M-based precursor prepared from the co-precipitation of metal sulphates with a base;
- mixing the M-based precursor with Li2CO3, thereby obtaining a first mixture, whereby the Li to transition metal ratio

in the first mixture is between 0.50 and 0.90
- sintering the first mixture in an oxidizing atmosphere at a temperature between 860 and 930°C, for a time between

8 and 36 hrs, thereby obtaining a lithium deficient precursor powder,
- mixing the lithium deficient precursor powder with either one of LiOH and LiOH.H2O, thereby obtaining a second

mixture,
- sintering the second mixture in an oxidizing atmosphere at a temperature between 800 and 1000°C, for a time

between 6 and 36 hrs. Dopant A may be selected from the group of elements consisting of Al, Ti, Mg, B, Ca, Mn,
Cr, V, Fe, Zr, S, F, P and Bi.

[0012] In the method, the Li to transition metal ratio in the first mixture is between 0.65 and 0.82.
[0013] In the method, 0.40≤z≤0.55, and the Li to transition metal ratio in the first mixture is ((2-z)/1.88) 6 0.05.
[0014] In the method, the first mixture is sintered at a temperature between 880 and 920°C.
[0015] In the method, the second mixture is sintered at a temperature between 820 and 860°C, for a time between 8
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and 12 hrs.
[0016] The invention can also provide the use of a compound for manufacturing a lithium transition metal based oxide
powder usable as an active positive electrode material in lithium-ion batteries, the compound having a general formula
Li1-a((Niz(Ni© Mn©)yCox)1-kAk)1+a O2, wherein x+y+z=1, 0.1≤x≤0.4, 0.30≤z≤0.55, A is a dopant, 0≤k≤0.1, and
0.05≤a≤0.50, wherein the compound has a crystalline size L expressed in nm, with 77-(67∗z)≤L≤97-(67∗z).

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]

Figure 1: CO2 - and temperature profile during the large-scale direct sintering of NMC;
Figure 2: lithium carbonate content of NMC samples after direct sintering at a small scale;
Figure 3: XRD pattern of the intermediate of NMC 622 samples;
Figure 4: Coin cell profile of NMC 622 samples;
Figure 5: XRD pattern of the intermediate and final product of NMC 622 samples;
Figure 6: XRD pattern of the intermediate and charged final product of NMC 622 samples;
Figure 7: XRD pattern of the intermediate of NMC 70:15:15 samples;
Figure 8: Coin cell profile of NMC 70:15:15 samples
Figure 8: Coin cell profile of NMC 70:15:15 samples;
Figure 9: XRD pattern of the intermediate and final product of NMC 70:15:15 samples.

DETAILED DESCRIPTION

Manufacturing procedure of NMC through direct sintering method

[0018] The following description gives the standard manufacturing procedure of NMC powders through direct sintering,
which is the solid state reaction between Li2CO3 and a mixed transition metal source, usually mixed metal hydroxide
M(OH)2 or oxyhydroxide MOOH (M=Ni, Mn and Co), but not limited to these hydroxides. In a typical configuration, the
direct sintering method comprises the following steps:

1) Blending of the mixture of precursors: lithium carbonate and mixed nickel-manganese-cobalt oxyhydroxide MOOH
(wherein M has the "target" transition metal composition of the final product) are homogenously blended in a Henschel
Mixer® for 30 mins by a dry powder mixing process.
2) Sintering the blends in trays: the powder mixture is loaded in trays, where the tray loading weight is less than 2
kg, and sintered at 900°C for 10 hours under dry air atmosphere in a chamber furnace. The dry air is continuously
pumped into the equipment at a flow rate of 20 L/hr.
3) Post-treatment: after sintering, the sintered cake is crushed, classified and sieved so as to obtain a non-agglom-
erate NMC powder.

[0019] The invention observes that the direct sintering method is applicable for large-scale manufacturing of low or
non Ni-excess NMC material (having a Ni-excess<0.25) without too much presence of soluble base. "Explanatory example
1" below shows that NMC powders with low or no Ni-excess can easily be prepared by direct sintering. However, as the
Ni excess increases, the direct sintering becomes more difficult. It is observed that the high Ni-excess NMC (having a
Ni-excess≥0.25) requires long sintering times and a low tray load to be successfully manufactured through the direct
firing method. Thus high Ni excess NMC has a low thru-put and therefore the direct sintering production is not available
to process the high Ni-excess NMC material, such as NMC 622, with a high quality at an acceptable low cost.
[0020] "Explanatory example 2" investigates further how Ni excess influences the ease of preparation: NMC materials
with a Ni excess as 0.4, 0.55 and 0.7 are produced at a small scale (10 g) through the direct sintering method. The pH
titration results of these three samples show that the NMC material with a Ni excess up to 0.7 is not stable enough to
be produced in air, since the lithium carbonate content of the final product is dramatically increased. As gas phase
transport matters (to get CO2 away from the reaction) it is generally easier to complete a reaction at small scale, thus if
10g does not give low base the approach will fail at large scale. It follows that NMC with high Ni excess of for example
0.7 cannot at all be prepared in air using Li2CO3 as lithium source. The other two NMC material with the composition of
Li Ni0.55(Mn1/2Ni1/2)0.3Co0.15O2 and LiNi0.4(Mn1/2Ni1/2)0.4Co0.2O2 have a much lower amount of lithium carbonate, so
that the NMC materials with a Ni excess as 0.4 and 0.55 could be produced by the direct sintering method, but it is
limited to a small thru-put. Accordingly, in order to apply high Ni-excess NMC to large battery market, an alternative
processing method is necessary for large-scale production.
[0021] The "Explanatory example 3" presents a NMC 622 material (Ni excess = 0.4) - produced at high thru-put by



EP 3 347 934 B1

5

5

10

15

20

25

30

35

40

45

50

55

the above-mentioned direct sintering method. The analysis of this material shows a high content of lithium carbonate
and a bad cycle stability. NMC622 cannot be prepared at high quality with high thru-put by direct sintering. In the large-
scale manufacturing, NMC 622 requires long sintering times and a low tray load to reduce the presence of soluble base
in the final product. This is because as the nickel excess increases the thermodynamic stability decreases, so the
equilibrium reaction of lithium carbonate decomposition and NMC formation tends to be pushed backward. Therefore,
in the large-scale production the CO2 gas transport kinetics is relatively slow. Only if the tray loading is small and the
firing time is increased the reaction is completed and a low Li2CO3 product is achieved. However, in that case, the thru-
put is too low and the manufacturing cost of NMC 622 becomes too high. For even higher Ni-excess NMC, like NMC
811 (being LiMO2 with M= Ni0.7(Mn1/2Ni1/2)0.2Co0.1), it is impossible to manufacture this product under air atmosphere
at a large scale.
[0022] This invention provides a precursor to prepare high Ni-excess NMC by a double firing method. Contrary to split
firing (the firing is split into two parts, the first being a reaction and the second a sintering, as described in US7,648,693),
the double firing as understood in this invention means there are two distinct lithiation reactions. The idea is to achieve
a balance between the low cost and low soluble base content by optimizing the amount of lithium carbonate and lithium
hydroxide precursors. The main procedure includes two steps of sintering. The intention of the first sintering is the
preparation of a Li-deficient sintered precursor which allows to prepare NMC with high Ni excess like NMC622 at high
tray thu-put and low cost. The mixed transition metal source (like mixed hydroxide) is blended with lithium carbonate
with a Li-deficient stoichiometry, meaning that the ratio of Li:M in LiMO2 is less than 1. Then in the second sintering, the
lithium deficient precursor is blended with lithium hydroxide in order to correct the ratio of Li:M to the final target com-
position. In an embodiment, the NMC 622 with low soluble base content is obtained at large scale production through
this double firing method which uses a lithium deficient sintered precursor during the 2nd firing. The thru-put is much
higher compared to the direct sintering method. Thus, the use of a lithium deficient sintered precursor and applying the
double firing method in this invention is a low cost and efficient manufacturing way to high Ni-excess NMC.
[0023] This invention observes that the properties of the lithium deficient sintered product strongly influence the per-
formance of the final product. The soluble base content of the final product is strongly related to the conditions during
1st firing to prepare the lithium deficient sintered precursor. For example, the 1st cook firing temperature, sinter time, tray
loading and the ratio of lithium to mixed transition metal can be chosen appropriately to obtain a final product of high
quality and with a high thru-put. It will be shown that fortunately the appropriate selection of a multitude of parameters
can be checked by one single parameter: the crystalline size of the product of the first sintering step.
[0024] During the preparation of the lithium deficient sintered precursor - i.e. during the first sintering, the blending
molar ratio of lithium carbonate to mixed transition metal hydroxide (Li:M ratio, the composition of M corresponding to
the metal composition in the final product) may be adjusted to avoid too much soluble base appearing in the intermediate
product. In a practical embodiment of the invention, the Li:M ratio may be adjusted according to the optimized sintering
temperature (linked to the desired crystallinity) and the preference of shorter firing times.
[0025] During the first sintering, the firing time may also be optimized to guarantee the reaction processing forward to
the maximum extent. In an embodiment, the total firing time including heating and cooling is set in the range of 12 to 20
hours for the large-scale production of NMC 622. After the first sintering, a lithium deficient sintered precursor is obtained.
The precursor has a low content of Li2CO3 impurity. In an embodiment, it is determined by pH titration that the Li2CO3
content is <0.3 wt%, preferably <0.15 wt%. The intermediate product is a single phase lithium transition metal oxide
having an ordered or disordered rocksalt crystal structure. The composition is believed to be Li1-aM1+aO2. In an embod-
iment the Li:M stoichiometric ratio is 0.5 to 0.90, preferably 0.60 to 0.82. The metal composition is Li1-a ((Niz(Ni©
Mn©)yCox)1-kAk)1+aO2, wherein x+y+z=1, 0.1≤x≤0.4, 0.30≤z≤0.55, A is a dopant, 0≤k≤0.1, and 0.05≤a≤0.50. The pre-
cursor has a crystalline size L expressed in nm that is dependent on the Ni excess content z, with 77-67∗z≤L≤97-67∗z.
[0026] The lithium deficient sintered precursor is used as precursor to prepare a cathode material for rechargeable
lithium batteries. The cathode material is a well crystallized lithium transition metal oxide having a higher Li:M ratio than
the intermediate powder. The cathode material is prepared by a second sintering process: a blend of the intermediate
product and LiOH or LiOH.H2O is fired in an oxidizing gas like air, dry air, CO2 free air or oxygen. As in a direct sintering
process 1 mol Li is needed in the form of LiOH in the prior art, in the double firing process according to the invention
less than 0.5 mol Li is to be supplied in the form of LiOH.

Description of test conditions: Coin cell test

[0027] The final NMC materials produced by the double firing method according to the invention are electrochemically
tested at a small scale in a coin cell. The details are as follows: a half-cell (coin cell) is assembled by placing a separator
(from Celgard) between the positive electrode and a piece of lithium metal as a negative electrode, and dropping an
electrolyte of 1M LiPF6 in EC/DMC (1:2) between separator and electrodes. All the cell tests in the present invention
follow the same procedure shown in Table 1. The C-rate is defined as 160 mAh/g. For example, 0.1C means that the
cell will be charged or discharged in 10 hour. "E-Curr" and "V" stands for the end current and cut-off voltage, respectively.
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At the first cycle, the DQ0.1C (discharge capacity of the first cycle at a rate of 0.1C) and IRRQ (irreversible capacity)
are determined. The rate performance can be calculated from the subsequent five cycles. The performance of cycle
stability is obtained from cycle #7 to #35. The capacity fading at 0.1C is represented by "Qfade0.1C (%/100)". With DQ7
and DQ34 referring to the discharge capacity of cycle #7 and #34 respectively, the "Qfade0.1C (%/100)" could be
obtained through the following formula: (1-(DQ34/DQ7))/27∗100∗100. This is similar for the capacity fading at 1C, which
is noted as "Qfade1C (%/100)". With DQ8 and DQ35 referring to the discharge capacity of cycle #8 and #35 respectively,
the "Qfade1C (%/100)" could be obtained through the following formula: (1-(DQ35/DQ8))/27∗100∗100.

Description of test conditions: Ex-situ coin cell test

[0028] The final NMC materials produced by the double firing method according to the invention are ex-situ tested
through X-ray diffraction after been electrochemically charged at a small scale in a coin cell. The coin cell are made as
described above. The prepared cells are electrochemically charged to 12.5% SOC (state-of-charge) at a rate of 0.1C,
where 1C means 160 mAh/g charged in 1 hr. Then the coin cell is disassembled and the cathode electrode is tested by
X-ray diffraction.

Description of test conditions: pH titration test

[0029] The soluble base content is a material surface property that can be quantitatively measured by the analysis of
reaction products between the surface and water, as is explained in US7,648,693. If powder is immersed into water a
surface reaction occurs. During the reaction, the pH of the water increases (as basic compounds dissolve) and the base
is quantified by a pH titration. The result of the titration is the "soluble base content" (SBC). The content of soluble base
can be measured as follows: 2.5 g of powder is immersed into 100 ml of deionized water and stirred for 10 mins in a
sealed glass flask. After stirring to dissolve the base, the suspension of powder in water is filtered to get a clear solution.
Then 90 mL of the clear solution is titrated by logging the pH profile during addition of 0.1 M HCl at a rate of 0.5 ml/min
until the pH reaches 3 under stirring. A reference voltage profile is obtained by titrating suitable mixtures of LiOH and
Li2CO3 dissolved in low concentration in DI water. In almost all cases two distinct plateaus are observed. The upper
plateau with endpoint γ1 (in mL) between pH 8∼9 is OH-/H2O followed by CO3

2-/HCO3
-, the lower plateau with endpoint

y2 (in mL) between pH 4∼6 is HCO3-/H2CO3. The inflection point between the first and second plateau γ1 as well as the
inflection point after the second plateau y2 are obtained from the corresponding minima of the derivative dpH/dvol of the
pH profile. The second inflection point generally is near to pH 4.7. Results are then expressed in LiOH and Li2CO3 weight
percent as follows: 

Table 1: coin cell testing procedure

Cycle #
Charge Discharge

C-rate E-Curr V C-rate E-Curr V

1 0.10 - 4.3 0.10 - 3.0

2 0.25 0.05C 4.3 0.20 - 3.0

3 0.25 0.05C 4.3 0.50 - 3.0

4 0.25 0.05C 4.3 1.00 - 3.0

5 0.25 0.05C 4.3 2.00 - 3.0

6 0.25 0.05C 4.3 3.00 - 3.0

7 0.25 0.1C 4.5 0.10 - 3.0

8 0.25 0.1C 4.5 1.00 - 3.0

9-33 0.50 0.1C 4.5 1.00 - 3.0

34 0.25 0.1C 4.5 0.10 - 3.0

35 0.25 0.1C 4.5 1.00 - 3.0
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Description of test conditions: X-ray diffraction test

[0030] The current invention observes that the crystalline properties of the lithium deficient sintered precursor are
correlated with the soluble base content in the final NMC product and further to the cycle stability of these NMC materials
based coin cells. When the crystallinity of the lithium deficient sintered precursor is either too high or too low according
to the invention, either the soluble base content will be high in the final product, the reversible electrochemical capacity
will be insufficient or the cycling performance is bad. In this invention, the crystallinity of NMC material is evaluated by
determining the crystalline size and lattice strain from the X-ray diffraction pattern. The crystalline size, as a derivation
from perfect crystallinity, leads to a broadening of a diffraction peak. It is the same case for strain, which is defined as
a deformation of unit cell divided by its length, represented by Δd/d. The non-uniform lattice strain can cause the systematic
shifts of atoms and lead to a peak broadening. Thus, through the analysis of the width of individual diffraction peaks,
the crystalline size and lattice strain could be obtained.
[0031] In "Acta Metallurgica, 1, 22-31 (1953)", Williamson and Hall proposed a method to extract the information on
crystalline size and strain from the integral width of diffraction peaks. This method is based on the approximate relationship
between Bragg angle (θ) and peak broadening arising from crystalline size and lattice strain, with the following formula: 

where β represents the integral width of peak, ε is the lattice strain, L is the crystalline size, λ is the radiation wavelength,
and C and K are constants, often taken as 4 and 0.9, respectively. By looking at the product of integral width (β) and
cos θ as a function of sin θ, the lattice strain and crystalline size can be estimated from the slope and intercept of a fitting
line for this formula, respectively. The integral width (β) is the width of a rectangle having the same height (maximum
intensity) and area (integrated intensity) of the selected diffraction peak. The area can be approximately integrated by
a trapezoidal rule, and the height can be easily obtained from raw data of the diffraction pattern, thus it is feasible to
estimate the integral width of each diffraction peak and further determine the crystalline size and lattice stain by this
Williamson-Hall (W-H) method.
[0032] In this invention, the (003) and (104) peaks are chosen to calculate the crystalline size and strain. The integral
width and Bragg angle of diffraction peak (003) are represented by β1 and θ1, while the integral width and Bragg angle
of diffraction peak (104) are represented by β2 and θ2. The crystalline size L and lattice strain ε can be obtained from
the intercept and slope, by the following formulas: 

Where the y2 is defined as the product of β2 and cos θ2, y1 is defined as the product of β1 and cos θ1. The x2 and x1 are
the value of sin θ2 and sin θ1 respectively.
[0033] It is known that the structural model of Li1-a((Niz(Ni© Mn©)yCox)1-kAk)1+a O2 is the α-NaFeO2 structure (space
group R-3m, no. 166) with Li in 3a sites, Ni, Co, and Mn randomly placed on 3b sites, and oxygen atoms on 6c sites (in
general an NMC compound can be represented as [Li]3a [NixCoyMnz]3b[O2]6c). The current invention however observes
that the lithium deficient sintered precursor has a phenomenon of cation mixing, meaning that there is a high amount of
Ni on Li 3a sites (being the sites within the layers predominantly filled by Li atoms). This differentiates our lithium deficient
sintered precursor from the common lithium deficient material obtained during charge/discharge. The latter basically
has little cation mixing. Generally, the degree of Li/M disorder can be roughly estimated by the intensity ratio of peak
(003) (referred to as 1003) to 1104 (= intensity of peak (104)), as indicated in "J. Electrochem. Soc.140 (1993) 1862".
A large ratio of 1003 to 1104 means a low degree of Li/M disorder. A systematic study on cation mixing was described
by Jeff Dahn in Solid State Ionics 44 (1990) 87-97. US 6,660,432 B2 gives an extended application of this method to
evaluate the degree of Li/M disorder on Li-in excess transition metal oxide material. The idea of this method originates
from the fact that the intensity I101 of peak (101) is rapidly attenuated while the combinational intensity of peaks (102)
and peak (006) (1102 & 1006) are enhanced when Ni atoms occupy "Li sites". Thus, a factor R is introduced, which
represents the ratio of I102&I006 to I101. In Dahn’s paper, it is demonstrated that the R factor increases rapidly as x
decreases in LixNi2-xO2 material, where 1-x refers to the degree of cation mixing. A formula was deducted to express
the relationship between R and x as follows: 
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[0034] So the degree of cation mixing (1-x) is equivalent to R, and can be determined from the R value according to
the formula.
[0035] In this invention, the two methods here above are used to evaluate the degree of cation mixing of the lithium
deficient sintered precursors and the final products based on these precursors. The ratio I003/I104 and the value of R
will be discussed below. It is observed that the degree of cation mixing is higher in lithium deficient sintered precursor
by contrast to the final product. An explanatory example is also given to describe the cation mixing results in lithium
deficient material obtained during charge in a normal battery cycling program, which has a similar composition as the
lithium deficient sintered precursor of the present invention, but has a clear difference in cation mixing.
[0036] The following examples illustrate the present invention in more detail.

Explanatory example 1

[0037] NMC powder having the formula Li(1+x)M(1-x)O2 with Li:M=1.05:0.95 and M=Ni1/3Mn1/3Co1/3 is prepared ac-
cording to the above-mentioned "Manufacturing procedure of NMC through direct sintering method". This sample is
labelled NMC P1.1. Also, NMC powder with the formula Li(1+x)M(1-x)O2 with Li:M=1.01:0.99 and
M=Ni0.25(Ni1/2Mn1/2)0.54Co0.2 is prepared using the same procedure, and is labelled NMC P1.2. Finally, NMC powder
with the formula Li(1+x)M(1-x)O2 with Li:M=1.01:0.99 and M=Ni0.45(Ni1/2Mn1/2)0.44Co0.11O2 is prepared by the same pro-
cedure and is labelled NMC P1.3. During the sintering, the percentage of CO2 pressure in the gas flow exiting from the
sintering equipment is measured.
[0038] In Figure 1, the left y-axis presents the percentage of CO2 pressure in the gas flow exiting from the sintering
equipment over sintering time, while the right y-axis gives the temperature profile. The CO2 and temperature profiles of
the three NMC samples are represented in dot, dash, and solid line, for the NMC 1.1, NMC P1.2 and NMC P1.3 sample
respectively, where the NMC P1.3 sample has the largest Ni excess of 0.45 while the NMC P1.1 sample is non Ni-
excess and NMC P1.2 sample has a Ni excess of 0.25. All three samples are sintered through the same temperature
profile as shown in Figure 1, however, their CO2 profiles suggest a different behavior during sintering. During sintering,
the precursor is considered to react through the following schematic equilibrium reaction, where the MOOH represents
a mixed nickel-manganese-cobalt oxy-hydroxide with a target composition M:

MOOH +Li2CO3 ←→ LiMO2 + CO2↑+ 1/2 H2O↑

[0039] Once the sintering temperature is high enough to activate the reaction, the reaction goes fast towards the right
direction until an equilibrium point is achieved, where the maximum CO2 partial pressure of the air flow in the sintering
equipment is reached. Beyond the equilibrium point, the gas phase limits the reaction rate towards the right direction
and as the solid state reaction proceeds the CO2 partial pressure gradually decreases and approaches the initial partial
pressure in the air flow as the reaction finalizes. The shape of the CO2 partial pressure curve is related to the presence
of Li2CO3 in the sintered product. A high CO2 partial pressure at the beginning and a fast decrease towards zero indicates
that Li2CO3 is quickly decomposed and the final product will contain a negligible amount of unreacted Li2CO3 impurity.
Otherwise if the CO2 partial pressure does not decrease towards zero but stays above zero for a prolonged time, this
indicates that the decomposition of Li2CO3 evolves at a slow rate. This means that for a given gas flow rate more time
is needed to decompose all Li2CO3 and achieve a final product with low Li2CO3 impurity. A longer sintering time or lower
tray loading is thus beneficial to avoid the presence of lithium carbonate, but this corresponds to a low thru-put which is
not acceptable from a cost perspective.
[0040] During the sintering of the NMC P1.1 sample, the CO2 partial pressure decreases quickly to a low value, close
to the initial partial pressure, which indicates a nearly complete reaction, and lithium carbonate is barely appearing in
the NMC P1.1 sample. As to the high Ni excess NMC samples, the CO2 partial pressure of NMC P1.2 slowly goes down
during the dwelling time at a temperature of 900°C and almost goes back to the initial partial pressure after this period
of dwelling at high temperature. By contrast to the NMC P1.1 sample, NMC P1.2 needs more time to obtain the desired
NMC product, which contains a negligible amount of lithium carbonate. This proves that Ni-excess NMC is harder to
manufacture than NMC 111. As to the highest Ni-excess NMC, like the NMC P1.3 sample, it is even more difficult. The
CO2 partial pressure of the NMC P1.3 sample is always higher than the values of the previous two samples during
sintering, even after 10 hours sintering at the dwelling temperature. This demonstrates that a proper sintering of NMC
P1.3 requires more than 10 hours in this case. We also observe that the maximum CO2 pressure obtained at the
equilibrium point decreases as the Ni excess increases, indicating that the reaction not only takes more time but also
initially proceeds at a lower rate. Therefore, during the production through direct sintering method, high Ni-excess NMC
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materials need unacceptable long sintering times to avoid an excess of lithium carbonate.

Explanatory example 2

[0041] This example presents three NMC materials prepared using a direct sintering method at a small scale. NMC
622 powder with the formula LiNi0.4(Ni1/2Mn1/2)0.4Co0.2O2 is prepared as follows: a 100 g mixture of Li2CO3 and MOOH
with M= Ni0.4(Ni1/2Mn1/2)0.4Co0.2 is homogeneously blended in a vertical single-shaft mixer by a dry powder mixing
process. 10 g of the blended powder is loaded in a crucible and sintered at 700°C for 48 hours under air atmosphere
within a box furnace. The small amount of sample and the long firing time ensure that the final product approaches the
thermodynamic equilibrium for the given temperature and gas pressures. After sintering, the powder is grinded and
ready for the pH titration test. The above produced sample is labelled NMC P2.1. Secondly, NMC powders with the
formula LiNi0.55(Ni1/2Mn1/2)0.3Co0.15O2 and MMC 811 LiNi0.7(Ni1/2Mn1/2)0.2Co0.1O2 are also prepared through similar
steps as above, with an adapted MOOH composition. The produced sample with formula LiNi0.55(Ni1/2Mn1/2)0.3Co0.15O2
is named NMC P2.2, while the one with formula LiNi0.7(Ni1/2Mn1/2)0.2Co0.1O2 is labelled NMC P2.3.
[0042] Figure 2 presents the pH titration results of these NMC materials, where the weight percentage of lithium
carbonate in the final NMC samples is plotted. The three NMC materials have different values of Ni excess: 0.4 for NMC
P2.1, 0.55 for NMC P2.2, and 0.7 for NMC P2.3. All the samples are prepared under the same processing conditions.
However, the prepared powders have a large distinction in the base content. It is clear that the NMC P2.3 sample has
a much higher amount of lithium carbonate than the other two samples. Thus, the NMC P2.3 sample with the very high
Ni excess is difficult to be produced with a low base content, even at such a small scale. Therefore NMC 811 is impossible
to be efficiently manufactured under an air atmosphere by direct sintering. As to the other two NMC materials, the lithium
carbonate contents are quite smaller, and they have the potential to be manufactured under air at a large scale. Their
residual lithium carbonate content is however still too high.

Explanatory example 3

[0043] A NMC powder with formula Li1.03[Ni0.4(Ni1/2Mn1/2)0.4Co0.2]0.97O2 is prepared according to the above-men-
tioned "Manufacturing procedure of NMC through direct sintering method", with a sintering temperature of 880°C and a
tray loading of 2 kg. This NMC 622 sample is named NMC P3.1. Table 2 summaries the pH titration and coin cell results
of NMC P3.1.

[0044] The weight percentage of lithium carbonate in the final NMC P3.1 sample is determined at 0.72 wt%, which is
a quite high amount compared to the content of around 0.3 wt% usually measured in NMC 111 or NMC 532 material.
Generally, the presence of high soluble base content and high Li2CO3 in NMC materials deteriorates the cycling per-
formance. The coin cell test evaluates the cycle stability of NMC P3.1 sample based on the capacity fade at 0.1 C and
1C, which are represented by the "Qfade0.1C" and "Qfade1C" in Table 2. It shows that there is 0.0769% loss of discharge
capacity per cycle at 0.1 C after 25 cycles and 0.1217% loss for 1C. The discharge capacity fading in the coin cell is
considered to be too large so that the cycle stability of NMC P3.1 sample is not acceptable for a full cell application. The
reason for the high content of lithium carbonate and the bad cycling performance is mainly the short sintering time (10
hours) during the direct sintering process even if the tray load is very low. As discussed in the "Explanatory example 1",
the high Ni-excess NMC normally requires very long sinter times to tolerate the slow kinetics of CO2 transportation and
instability of high Ni-excess NMC material during high temperature sintering. The sintering time in this example cannot
satisfy this requirement so that there is large amount of lithium carbonate impurity and the cycle stability deteriorates.
To improve the performance, the direct sintering process needs either long sintering time or small tray load, which is
not acceptable in view of the increased costs associated to it.

Example 1

[0045] A NMC powder with formula Li1.05M0.95O2 with M= Ni0.4(Ni© Mn©)0.4Co0.2 is manufactured at a large-scale (>
3 kg per tray) from a lithium deficient sintered precursor through the following steps:

1) 1st blending: to obtain a lithium deficient precursor with a composition Li0.85 (Ni0.4 (Ni© Mn©)0.4Co0.2)1.15 O2, 5.5

Table 2. Performance of example NMC P3.1

Sample Example DQ0.1C (mAh/g) Qfade0.1C (%/100) QfadelC (%/100) Li2CO3 (wt%)

NMC P3.1 Explanatory example 3 175 7.69 12.17 0.72
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kg of lithium carbonate and a mixed nickel-manganese-cobalt oxyhydroxide are homogenously blended in just
proportions in a Henschel Mixer® for 30 mins. The composition can be verified by a standard ICP test.
2) 1st sintering: 5 kg of the mixture from the first blending step is sintered at 900°C for 10 hours under dry air in a
pilot-scale equipment. Dry air is continuously pumped into the sintering equipment at a flow of 40L/min. After sintering,
the sintered cake is crushed and ready for the second blending step. The product obtained from this step is the
lithium deficient sintered precursor. The composition of this intermediate product is verified by a standard ICP test.
3) 2nd blending: the lithium deficient sintered precursor is blended with 20 mol% LiOH to correct the Li stoichiometry
in the intermediate product to the final target composition of Li1.05(Ni0.4(Ni© Mn©)0.4Co0.2)0.95 O2. The blending is
done in a Henschel Mixer® for 30 mins.
4) 2nd sintering: The mixture from step 3) is sintered at 850°C for 10 hours under dry air in a pilot-scale equipment.
Dry air is continuously pumped into the sintering equipment at a flow of 40L/min.
5) Post-treatment: After sintering, the sintered cake is crushed, classified and sieved so as to obtain a non-agglom-
erate powder.

The above prepared lithium deficient sintered precursor is labelled NMC E1p, and the final NMC sample is labelled NMC
E1.

Counterexample 1

[0046] A NMC powder having the formula Li1.05M0.95O2 with M=Ni0.4(Ni© Mn©)0.4Co0.2 is manufactured at a large-
scale according to the steps in Example 1, except that the lithium deficient sintered precursor has an insufficient crys-
tallinity, as it is prepared at a lower first sintering temperature of 820°C. This NMC sample is labelled NMC C1, the lithium
deficient sintered precursor is labelled NMC C1p.

Counterexample 2

[0047] A NMC powder having the formula Li1.05M0.95O2 with M=Ni0.4(Ni© Mn©)0.4Co0.2 is manufactured at a large-
scale according to the steps in Example 1, except that the lithium deficient sintered precursor has an increased crystallite
size, as it is prepared at a high first sintering temperature of 950°C. The above-prepared NMC sample is labelled NMC
C2, the lithium deficient sintered precursor is labelled NMC C2p.

Performance of Example 1, Counterexample 1 and Counterexample 2:

[0048] Figure 3 shows the X-ray diffraction patterns of NMC C1p, NMC C2p and NMC E1p, where the intermediate
means the Li-deficient NMC powder obtained after the first sintering (after step 2). The XRD patterns disclose single-
phase NMC powders without obvious impurities. In the Figure, the (003) and (104) diffraction peaks are indicated. These
two peaks are chosen to calculate the crystalline size and lattice strain with the W-H method.
[0049] Figure 4 shows the coin cell results of the NMC C1, NMC E1 and NMC C2 samples, where the triangle symbol
is for NMC E1, the circle symbol is for NMC C2 and the square symbol is for NMC C1. The cyclability of these cells is
evaluated by the parameters "Qfade0.1C (%/100)" and "Qfade1C (%/100)". The "Qfade0.1C (%/100)" gives the discharge
capacity fading at 0.1 C-rate after cycling, as detailed in Table 1. The "Qfade1C (%/100)" gives the discharge capacity
fading at 1 C-rate after cycling. From the Figure, it can be observed that the NMC E1 has the best cyclability, while NMC
C1 has the worst one. Table 3 summarizes the electrochemical performance, crystalline information and soluble base
content of the NMC E1, NMC C1 and NMC C2 samples.

[0050] As all the samples are prepared with the double firing method, the sole difference between them is the crystallinity
of the lithium deficient sintered precursor used for the 2nd firing. The different sintering conditions during the 1st cook
results in a variation of crystalline size and lattice strain of the lithium deficient precursors. For the highest sintering

Table 3. Performance of Ex 1, CE2 and CE3

Sample Size* (nm) DQ0.1C (mAh/g) Qfade0.1C (%/100) QfadelC (%/100) Li2CO3 (wt%)

NMC E1 62.7 178.5 1.7 6.7 0.262

NMC C1 39.3 178.8 11.5 20.9 0.417

NMC C2 72.1 178.4 5.23 11.48 0.139

*The crystalline size L of intermediate products.



EP 3 347 934 B1

11

5

10

15

20

25

30

35

40

45

50

55

temperature, NMC C2p has a relatively large crystalline size of 72.1 nm. When decreasing the sintering temperature by
50°C, NMC E1p is obtained with a smaller crystalline size of 62.7 nm. When the sintering temperature goes further down
by 80°C, the crystalline size of NMC C1p is 39.3 nm. According to the invention, for z=0.4, 50.2≤L≤70.2. It is clear that
the crystalline size of the intermediate decreases when lowering the sintering temperature, however, the lithium carbonate
content in the final NMC products follows the inverse trend. The lithium carbonate content is reduced for the highest first
sintering temperature to 0.139 wt% in NMC C2. Accordingly, in order to reduce the lithium carbonate content in the final
product, it is necessary to obtain a lithium deficient sintered precursor with high crystallinity.
[0051] As explained in "Explanatory example 3", the cycle stability is strongly effected by the presence of lithium
carbonate in the cathode NMC material. A high lithium carbonate content in the NMC powder leads to a bad cyclability
in the NMC-based battery. This is shown in the case of the NMC E1 and NMC C1 samples. The NMC E1 sample has
the lowest amount of lithium carbonate, and the coin cell test of NMC E1 presents the best cyclability, where the capacity
fading after 25 cycles, represented by "Qfade0.1C (%/100)" and "Qfade1C (%/100)", are quite smaller than the data of
NMC C1. However, the results of the NMC C2 sample are unexpected in view of the obtained lithium carbonate content.
Even though the lithium carbonate content in NMC C2 is the lowest, the cycle stability is much worse than for NMC E1.
It can be observed that the "Qfade0.1C (%/100)" and "Qfade1C (%/100)" of NMC C2 are larger than those of NMC E1.
The reason for such poor cyclability is the too high crystallinity of the lithium deficient sintered precursor. The high
crystallinity is caused by the too high sinter temperature leading to over-sintering.
[0052] The final NMC product made from such over-sintered intermediate has a bad cyclability result in the coin cell
test. Thus, there is an optimum range of crystalline size for the intermediate for obtaining high Ni-excess NMC powder
(Ni-excess=0.4) having good cyclability in a battery. When the crystalline size of the lithium deficient sintered precursor
is too high, like in the case of NMC C2p, the cycle stability is negatively affected. When the crystalline size of the
intermediate is too low, like in the case of NMC C1p, the lithium carbonate content in the final product is too high to
obtain a good cyclability. Thus, in the double firing method of high Ni-excess NMC (Ni-excess=0.4) according to the
invention, the crystalline size of the lithium deficient sintered precursor is crucial to obtain a good cycling performance
of the final product.
[0053] Figure 5 shows the XRD patterns of NMC E1p and NMC E1. The Bragg peaks (003), (101), (104) and doublet
peak (006, 102) are indicated. Based on the intensity of these peaks, Table 4 summarizes the ratio of I003/I104 and R
factor of the NMC E1p and NMC E1 samples.

[0054] As described above, the ratio of I003/I104 reflects the degree of Li to transition metal disorder. A large value
of I003/I104 indicates a small degree of distortion. The precursor sample NMC E1p has a small I003/I104 ratio, which
means there is more cation mixing in NMC E1p and more Ni on the Li sites. The same observation can be made when
comparing the R factor. The lithium deficient sintered precursor has a higher R factor by contrast to the final product.
As discussed in Dahn’s paper mentioned above, a high R factor means a high disordering of Li and transition metals.
Thus, the higher value of R in NMC E1p confirms that there is a higher percentage of Ni on Li sites in the lithium deficient
sintered precursor.

Explanatory example 4

[0055] This example demonstrates that lithium deficient NMC 622 material, which is obtained during charge/discharge
has little cation mixing, at least much less than the lithium deficient sintered precursor of the invention. NMC 622 powder
having the formula Li1.05M0.95O2 with M= Ni0.4(Ni© Mn©)0.4Co0.2 is prepared according to the procedure in Example 1.
Following the "Description of test conditions: ex-situ coin cell test", this sample is charged to the composition of Li0.875MO2
with M= Ni0.4(Ni© Mn©)0.4Co0.2, and the sample is labelled NMC P4. Figure 6 shows the XRD pattern of NMC E1p and
NMC P4. The Bragg peaks (103), (101), (104) and doublet peak (006, 102) are indicated. Based on the intensity of these
peaks, Table 5 summarizes the ratio of I003/I104 and R factor of NMC E1p and NMC P4 samples. The XRD pattern of
these two samples are also analyzed through Rietveld refinement, the results such as the percentage of Ni on Li sites,
cell volume and Rbragg, are summarized in Table 5. Rbragg represents the reliability of the refinement. A small Rbragg
means a good fitting performance. The Rbragg of samples E1p and P4 are 2.133 and 3.235 respectively, which values
are small enough to confirm that the refinement on these two samples is reliable.

Table 4. I003/I104 ratio and R factor of Ex 1.

Sample I003/I104 R factor

NMC E1p 0.81 0.64

NMC E1 1.02 0.42
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[0056] From the Table, it can be seen that the NMC E1p sample has a smaller I003/I104 and larger R factor by contrast
to the NMC P4 sample. This indicates there is more cation mixing in NMC E1p. When comparing with NMC E1, NMC
P4 has the same ratio of I003/I104 and similar R factor. Accordingly, the lithium deficient NMC 622, which is obtained
after charge/discharge, has similar or even lower degree of cation mixing than "normal" NMC 622 product. The refinement
results also show the same conclusion. The percentage of Ni on Li for NMC E1p is 10.45% while it is 2.35% for NMC
P4. There are almost five times more Ni on Li sites in NMC E1p. Thus, lithium deficient sintered precursor has a higher
degree of cation mixing, which is quite distinguishable from the lithium deficient sample obtained during charge/discharge.

Example 2

[0057] A NMC powder having the formula Li1.06M0.94O2 with M=Ni0.55(Ni© Mn©)0.3Co0.15 is manufactured at a large-
scale from a lithium deficient sintered precursor through similar steps as in Example 1, except for certain sintering
conditions, like the lithium to metal ratio and sintering temperature. The details are as follows:

1) Preparation of lithium deficient sintered precursor Li0.8(Ni0.55(Ni©Mn©)0.3Co0.15)1.2O2: 4 kg of Li2CO3 and MOOH
with M=Ni0.55 (Ni© Mn©)0.3Co0.15 are homogenously blended in a Henschel Mixer® for 30 mins. The blended power
is sintered at 895°C for 10 hours under dry air in a pilot-scale equipment. The dry air is continuously pumped through
the sintering equipment at a flow of 40L/min. After sintering, the sintered cake is crushed and ready for the second
blending step. The products obtained from this step is the lithium deficient sintered precursor. The composition of
this intermediate product is verified by an ICP test.
2) Preparation of NMC powder with the formula Li1.06[Ni0.55(Ni©Mn©)0.3Co0.15]0.94O2:
the lithium deficient sintered precursor obtained in step 1 is blended with 26 mol% LiOH to correct the Li stoichiometry
in the intermediate product to the final target composition of Li1.06[Ni0.55(Ni©Mn©)0.3Co0.15]0.94O2. The blending is
done in a Henschel Mixer® for 30 mins. The mixture is then sintered at 830°C for 10 hours under dry air in a pilot-
scale equipment. The dry air is continuously pumped into the sintering equipment at a flow of 40L/min. After sintering,
the sintered cake is crushed, classified and sieved so as to obtain a non-agglomerate powder. The above-prepared
NMC sample is labelled NMC E2, and the above prepared lithium deficient sintered precursor is labelled NMC E2p.

Counterexample 3

[0058] A NMC powder having the formula Li1.06M0.94O2 with M=Ni0.55 (Ni© Mn©)0.3Co0.15 is manufactured at a large-
scale as explained in Example 2, except that the lithium deficient sintered precursor has an insufficient crystallinity, as
it is prepared at a lower first sintering temperature of 850°C. This NMC sample is labelled NMC C3, and the lithium
deficient sintered precursor of NMC C3 is labelled NMC C3p.

Counterexample 4

[0059] A NMC powder having the formula Li1.06M0.94O2 with M=Ni0.55 (Ni© Mn©)0.3Co0.15 is manufactured at a large-
scale as explained in Example 2, except that the lithium deficient sintered precursor has a large crystallite size, as it is
prepared at a higher first sintering temperature of 940°C. This NMC sample is labelled NMC C4, and the lithium deficient
sintered precursor of NMC C4 is labelled NMC C4p.

Performance of Example 2, Counterexample 3 and Counterexample 4:

[0060] Figure 7 shows the X-ray diffraction patterns of NMC C3p, NMC C4p and NMC E2p. These XRD patterns show
single phases of NMC powder, without obvious impurities. In the Figure, the (003) and (104) diffraction peaks are
indicated. These two peaks are chosen to calculate the crystalline size using the W-H method.
[0061] Figure 8 shows the coin cell results of the NMC C3, NMC E2 and NMC C4 samples, where the triangle symbol
is for NMC E2, the circle symbol is for NMC C3 and the square symbol is for NMC C4. From the figure, it can be observed

Table 5. I003/I104 ratio and R factor of NMC E1p and NMC P4, and percentage of Ni on Li sites, cell volume, Rbragg 
by Rietveld refinement.

Sample I003/I104 R factor Ni on Li (%) Cell vol (Å3) Rbragg

NMC E1p 0.81 0.64 10.45 102.086 2.133

NMC P4 1.02 0.43 2.35 100.333 3.235
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that the NMC E2 has the best cyclability, whilst NMC C4 has the worst. Table 6 summarizes the electrochemical per-
formance, crystalline information and soluble base content of NMC E2, NMC C3 and NMC C4.

[0062] As all the samples are prepared using the double firing method, the sole difference among them is the crystallinity
of the lithium deficient sintered precursor used for the 2nd firing. The different sinter temperature during the 1st cook
results in a variation of crystalline size and lattice strain of the lithium deficient precursors. For the highest sintering
temperature, NMC C4p has a relatively large crystalline size of 64.2 nm. When decreasing the sintering temperature by
around 45°C, NMC E2p is obtained with a smaller crystalline size of 51.9 nm. When the sintering temperature goes
further down by 45°C, the crystalline size of NMC C3p is 37.1 nm. According to the invention, for z=0.55, 40.15≤L≤60.15.
It is clear that the crystalline size of the intermediate decreases when the sintering temperature is lower, however, the
lithium carbonate content does not follow the same trend, as was already observed in Examples 1, CE2 and CE3.
[0063] Similar to the analysis in Ex 1, CE2 & CE3, the NMC powder has a bad cyclability when its lithium carbonate
content is too high, like for NMC C3. Once again, it is also observed that when the lithium deficient sintered precursor
has a too high crystallinity, the final NMC product made from such precursor exhibits a bad cyclability, like for NMC C4.
Even though the lithium carbonate content in NMC C4 is low, the cycle stability deteriorates due to the over-sintered
lithium deficient intermediate.
[0064] Thus, there is an optimum range of crystalline size of intermediate for obtaining high Ni-excess (Ni-excess=0.55)
NMC powder having a good cyclability in a battery. When the crystalline size of the lithium deficient sintered precursor
is too high, like in the case of NMC C4p, the cycle stability is negatively affected. When the crystalline size of intermediate
is too low, like in the case of NMC C3p, the lithium carbonate content in the final product would be too high to obtain a
good cyclability. Thus, in order to obtain a NMC powder (Ni-excess=0.55) with good cyclability made by the double firing
method according to the invention, the sintering conditions have to be adjusted to make sure that the crystalline size of
the lithium deficient precursor is within the optimum range.
[0065] Finally, as was discussed before, the lithium deficient sintered precursor (NMC E1p) showed a different result
of cation mixing when compared with the final product (NMC E1). This phenomenon is also observed in Example 2.
Figure 9 shows the XRD pattern of the NMC E2p and NMC E2 samples. The Bragg peaks (103), (101), (104) and doublet
peak (006, 102) are indicated. Based on the intensity of these peaks, Table 7 summarizes the ratio of I003/I104 and R
factor of NMC E2p and NMC E2 samples.

[0066] The ratio of I003/I104 reflects the degree of Li to transition metal disorder. A large value of I003/I104 indicates
a small degree of distortion. Looking at the ratio I003/I104 of NMC E2p and NMC E2, it can be concluded that there is
more cation mixing existing in NMC E2p and more Ni on the Li sites. The same observation can be made when comparing
the R factor. The lithium deficient sintered precursor has a higher R factor by contrast to the final product. As discussed
in Dahn’s paper mentioned above, a high R factor means a high disordering of Li and transition metals. Thus, the higher
value of R in NMC E2p confirms that there is a higher percentage of Ni on Li sites in the lithium deficient sintered precursor.

Claims

1. A method for preparing a positive electrode material having a general formula Lii+a’ Mi-a’ O2, with M= (Niz(Ni© Mn©)y
Cox)1-k Ak, wherein x+y+z=1, 0.1≤x≤0.4, 0.30≤z≤0.55, A is a dopant, 0≤k≤0.1, and 0.01≤a’≤0.10, comprising the

Table 6. Performance of Ex 2, CE3 and CE4

Example ID *Size (nm) DQ0.1C (mAh/g) Qfade0.1C (%/100) QfadelC (%/100) Li2CO3 (wt%)

NMC E2 51.9 181.9 4.7 10.0 0.114

NMC C3 37.1 181.7 7.0 12.5 0.429

NMC C4 64.2 186.7 14.6 22.7 0.158

*The crystalline size L of intermediate products.

Table 7. I003/I104 ratio and R factor of Ex 2.

Sample I003/I104 R factor

NMC E2p 0.69 0.87

NMC E2 1.06 0.42
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steps of:

- providing a M-based precursor prepared from the co-precipitation of metal sulphates with a base;
- mixing the M-based precursor with Li2CO3, thereby obtaining a first mixture, whereby the Li to transition metal
ratio in the first mixture is between 0.50 and 0.90,
- sintering the first mixture in an oxidizing atmosphere at a temperature between 860 and 930°C, for a time
between 8 and 36 hrs, thereby obtaining a lithium deficient precursor powder,
- mixing the lithium deficient precursor powder with either one of LiOH and LiOH.H2O, thereby obtaining a
second mixture,
- sintering the second mixture in an oxidizing atmosphere at a temperature between 800 and 1000°C, for a time
between 6 and 36 hrs.

2. The method according to claim 1, wherein the Li to transition metal ratio in the first mixture is between 0.65 and 0.82.

3. The method according to claim 1 or 2, wherein 0.40≤z≤0.55, and the Li to transition metal ratio in the first mixture
is ((2-z)/1.88) 6 0.05.

4. The method according to claim 3, wherein the first mixture is sintered at a temperature between 880 and 920°C.

5. The method according to claim 3, wherein the second mixture is sintered at a temperature between 820 and 860°C,
for a time between 8 and 12 hrs.

6. Use of a compound for manufacturing a lithium transition metal based oxide powder usable as an active positive
electrode material in lithium-ion batteries, the compound having a general formula Li1-a((Niz(Ni© Mn©)yCox)1-kAk)1+a
O2, wherein x+y+z=1, 0.1≤x≤0.4, 0.30≤z≤0.55, A is a dopant, 0≤k≤0.1, and 0.05≤a≤0.50, wherein the compound
has a crystalline size L expressed in nm, with 77-(67∗z)≤L≤97-(67∗z).

Patentansprüche

1. Verfahren zur Herstellung eines positiven Elektrodenmaterials mit einer allgemeinen Formel Li1+a’ Mi-a’ O2, wobei
M = (Niz(Ni© Mn©)y Cox)1-k Ak, wobei x+y+z=1, 0,1≤x≤0,4, 0,30≤z≤0,55, A ein Dotierstoff ist, 0≤k≤0,1 und
0,01≤a’≤0,10, umfassend die Schritte:

- Bereitstellen eines M-basierten Vorläufers, hergestellt aus der Copräzipitation von Metallsulfaten mit einer
Base;
- Mischen des M-basierten Vorläufers mit Li2CO3, wodurch eine erste Mischung erhalten wird, wobei das Li-
Übergangsmetall-Verhältnis in der ersten Mischung zwischen 0,50 und 0,90 liegt,
- Sintern der ersten Mischung in einer oxidierenden Atmosphäre bei einer Temperatur zwischen 860 und 930
°C für eine Zeit zwischen 8 und 36 Stunden, wodurch ein Lithium-defizientes Vorläuferpulver erhalten wird,
- Mischen des Lithium-defizienten Vorläuferpulvers mit einem von LiOH und LiOH.H2O, wodurch eine zweite
Mischung erhalten wird,
- Sintern der zweiten Mischung in einer oxidierenden Atmosphäre bei einer Temperatur zwischen 800 und 1000
°C für eine Zeit zwischen 6 und 36 Stunden.

2. Verfahren nach Anspruch 1, wobei das Li-Übergangsmetall-Verhältnis in der ersten Mischung zwischen 0,65 und
0,82 liegt.

3. Verfahren nach Anspruch 1 oder 2, wobei 0,40≤z≤0,55, und wobei das Li-Übergangsmetall-Verhältnis in der ersten
Mischung ((2-z)/1,88) 6 0,05 beträgt.

4. Verfahren nach Anspruch 3, wobei die erste Mischung bei einer Temperatur zwischen 880 und 920 °C gesintert wird.

5. Verfahren nach Anspruch 3, wobei die zweite Mischung für eine Zeit zwischen 8 und 12 Stunden bei einer Temperatur
zwischen 820 und 860 °C gesintert wird.

6. Verwendung einer Verbindung zur Herstellung eines auf einem Lithium-Übergangsmetall basierenden Oxidpulvers,
das als ein aktives positives Elektrodenmaterial in Lithium-Ionen-Akkus verwendbar ist, wobei die Verbindung eine



EP 3 347 934 B1

15

5

10

15

20

25

30

35

40

45

50

55

allgemeine Formel Li1-a ((Niz(Ni©Mn©)y COx)1-k Ak)1+a O2 aufweist, wobei x+y+z=1, 0,1≤x≤0,4, 0,30≤z≤0,55, A ein
Dotierstoff ist, 0≤k≤0,1 und 0,05≤a≤0,50, wobei die Verbindung eine kristalline Größe L ausgedrückt in der Einheit
nm aufweist, wobei 77-(67∗z)≤L≤97-(67∗z).

Revendications

1. Procédé de préparation d’un matériau d’électrode positive ayant une formule générale Li1+a’ Mi-a’ O2, avec M=
(Niz(Ni© Mn©)y Cox)1-k Ak, dans lequel x+y+z=1, 0,1≤x≤0,4, 0,30≤z≤0,55, A est un dopant, 0≤k≤0,1, et 0,01≤a’≤0,10,
comprenant les étapes consistant à :

- fournir un précurseur à base de M préparé à partir de la co-précipitation de sulfates de métal avec une base ;
- mélanger le précurseur à base de M avec Li2CO3, ce qui permet d’obtenir un premier mélange, moyennant
quoi le rapport du Li au métal de transition dans le premier mélange est compris entre 0,50 et 0,90,
- fritter le premier mélange dans une atmosphère oxydante à une température comprise entre 860 et 930 °C,
pendant un temps compris entre 8 et 36 h, ce qui permet d’obtenir une poudre de précurseur à déficit en lithium,
- mélanger la poudre de précurseur à déficit en lithium avec l’un ou l’autre parmi LiOH et LiOH.H2O, ce qui
permet d’obtenir un deuxième mélange,
- fritter le deuxième mélange dans une atmosphère oxydante à une température comprise entre 800 et 1000
°C, pendant un temps compris entre 6 et 36 h.

2. Procédé selon la revendication 1, dans lequel le rapport du Li au métal de transition dans le premier mélange est
compris entre 0,65 et 0,82.

3. Procédé selon la revendication 1 ou 2, dans lequel 0,40≤z≤0,55, et le rapport du Li au métal de transition dans le
premier mélange est de ((2-z)/1,88) 6 0,05.

4. Procédé selon la revendication 3, dans lequel le premier mélange est fritté à une température comprise entre 880
et 920 °C.

5. Procédé selon la revendication 3, dans lequel le deuxième mélange est fritté à une température comprise entre 820
et 860 °C, pendant un temps compris entre 8 et 12 h.

6. Utilisation d’un composé pour fabriquer une poudre d’oxyde à base de lithium et de métal de transition utilisable en
tant que matériau actif d’électrode positive dans des batteries au lithium-ion, le composé ayant une formule générale
Li1-a ((Niz(Ni©Mn©)y Cox)1-k Ak)1+a O2, dans laquelle x+y+z=1, 0,1≤x≤0,4, 0,30≤z≤0,55, A est un dopant, 0≤k≤0,1,
et 0,05≤a≤0,50, dans laquelle le composé a une taille cristalline L exprimée en nm, avec 77-(67*z)≤L≤97-(67*z).
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