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Abstract

High energy density, nickel (Ni)-rich, layered LiNiyMnyCo,0, (NMC, x > 0.6) materials are
promising cathodes for lithium-ion batteries. However, several technical challenges, such as fast
capacity fading and high voltage instability, hinder their large-scale application. Herein, we
identified an optimum calcining temperature range for the Ni-rich cathode LiNig76Mng 14C00 1002
(NMC76). NMC76 calcined at 750~775 °C exhibits a high discharge capacity (~215 mAh g*
when charged to 4.5 V) and retains ca. 79% of its initial capacity after 200 cycles. It also exhibits
an excellent high-rate capability, delivering a capacity of more than 160 mAh g* even at a 10C
rate. The high performance of NMC76 is directly related to the optimized size of its primary
particles (100~300 nm) (which constitute the spherical secondary particles of >10 um) and
cation mixing. Higher calcination temperature (>800 °C) leads to rapid increase of primary

particle size, poor cycling stability, and inferior rate capability of NMC76 due to severe micro-



strain and -crack formation upon repeated lithium-ion de/intercalations. Therefore, NMC76

calcined at 750~775 °C is a very good candidate for the next generation of Li ion batteries.
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) are the dominant power sources for consumer
electronics and electric vehicles (EVs) because of their high energy density, light weight, and
long cycle life [1-4]. Although significant progress has been made, the driving range of EVs
using the state-of-the-art LIBs is still far below those of vehicles using internal combustion
engines. The energy density and power capability of LIBs must be improved to increase the

driving range and decrease the recharging time. To meet these requirements, significant effort



has been made in the search of cathode materials with high discharge capacity and high
operating voltage [5-8].

Recently, the Ni-rich, layered-structure cathode material LiNi,Mn,Co.O, (NMC, x > 0.6)
has received much attention due to its high discharge capacity (200~220 mAh g") [7-10] and its
high energy density (>800 Wh kg ') compared to traditional LiCoO, (~570 Wh kg ') and spinel
LiMn,O4 (~440 Wh kg ). Ni-rich cathode material also has much higher lithium-ion diffusion
coefficients, indicating better power capability than other NMC cathodes with lower Ni content
[11]. Another advantage of Ni-rich cathode materials is that their lower Co content reduces
production cost. Technical challenges that hinder large-scale application of Ni-rich NMC
cathode materials [9,10] include (i) Li/Ni cation mixing due to the difficulty of maintaining all
the Ni in the 3+ valence state, (ii) micro-strain and -crack formation caused by significant
volume variation during lithium-ion de/intercalation processes, and (iii) safety concern regarding
aggressive thermal reactions between the delithiated Ni-rich NMC electrode and the organic
carbonate electrolyte.

Significant effort has been dedicated to improving the electrochemical performance and
thermal stability of the Ni-rich NMC cathode materials [9]. Representative approaches include
lattice doping [12,13], surface treatment/modification [14-17], tuning the material compositions
[18], a “smart” design of core-shell or concentration gradient structures [7,8,19], and structural
stabilization with low Li,MnOs content [20-22]. Synthetic conditions, such as co-precipitation
pH value [23], particle size [23], lithium content [24,25], calcination temperature [26,27],
calcination atmosphere (O», air, etc.) [28-30], and heating/cooling rates also are important in
determining the material’s structural properties and thus influencing the electrochemical

performance of as-prepared Ni-rich NMC cathode materials. Although the effect of calcination



temperature has been reported, most previous study was performed with a low charge cutoff
voltage of 4.3 V, which could not fully exploit the advantages of Ni-rich NMC cathodes.

We systematically investigated the effect of calcination temperature on the primary
particle size, cation mixing, and electrochemical performance of a Ni-rich cathode material,
LiNig76Mny 14Co00.1002, with a large secondary particle size (>10 um), which is required to reach
a high volumetric density. To obtain high energy density, the LiNiy7sMng 14C00.100, materials,
calcined at temperatures ranging from 725 to 900 °C, were cycled with a high charge cutoff
voltage of 4.5 V. Observations of the structural and interfacial changes in these materials
provided insight into the capacity fading mechanism and the relationship between primary

particle size and micro-strain generation inside secondary particles of Ni-rich cathode materials.

2. Experimental
2.1. Material preparation and characterization

Spherical, Ni-rich Nij76Mng 14C0¢.10(OH); precursor was prepared by a mixed hydroxide
co-precipitation method, using a continuously stirred tank reactor (CSTR) under N, atmosphere.
Initially, the CSTR of 5 L capacity was filled with 1.5 L distilled water. Then, an aqueous
solution composed of NiSO4, MnSO4, and CoSO4 with a total concentration of 2.0 mol L was
continuously pumped into the CSTR. At the same time, NaOH solution (8.0 mol L") (as the
precipitation reagent) and NH4OH solution (10 mol L") (as chelating agent) were also fed into
the CSTR separately. The pH value (pH = 11.5), stirring speed (1000 rpm), and temperature
(50 °C) were carefully controlled during the precipitation reaction. The precursor was filtered,
thoroughly washed with distilled water, and dried overnight at 110 °C. LiNig76Mng 14C0.1002

cathode materials were prepared by mixing the Niy76Mng 14Co10(OH), precursor with LiOH,



followed by precalcining at 500 °C for 10 h and then calcining at temperatures ranging from 725
to 900 °C for 20 h in ambient air atmosphere. 3 mol% excess Li was used to compensate the loss
of Li during calcination at high temperatures. The ramping rates were 3 °C for heating and 2 °C
for cooling. Calcination is performed in ambient air atmosphere and 5 g of sample material was
prepared for each calcination temperature.

Powder X-ray diffraction (XRD) was performed on a Rikagu MiniFlex II apparatus with
Cu Ka radiation operated at 30 kV and 15 mA. Data were collected in the 20 range of 10-90° at
0.1 ° per min. Lattice parameter were refined by the Rietveld method with the General Structure
Analysis System (GSAS program, Los Alamos National Laboratory, USA). The refinement was
performed on the basis of the a-NaFeO,-type hexagonal structure (R-3m) where the Li ions
occupy the 3a (0, 0, 0.5) sites; Ni, Mn, and Co occupy the 3b (0, 0, 0) sites; and O is at the 6¢ (0,
0, Zoxy) sites (Zoxy = 0.25). The morphology of the prepared materials was characterized using a
dual focused ion beam (FIB) scanning electron microscope (SEM) (FEI Quanta environmental).
Part of the particle was removed by FIB to observe the cross-sectional morphology of Ni-rich
NMC materials before and after cycling. Surface areas of the samples were determined with the
Brunauer, Emmett, and Teller (BET) method using N, adsorption/desorption data collected with
a Quantachrome Autosorb 6-B gas sorption system. Scanning transmission electron microscope
(STEM) observations were implemented on a probe-aberration-corrected FEI Titan STEM and
image-corrected FEI environmental transmission electron microscope (ETEM) at 300 kV. The
image intensity of each atomic column reflects the related average atomic number (~Z**° to Z'%)

[31], enabling us to visually observe the atomic level structural characteristics.

2.2. Electrochemical measurements



Electrochemical performance measurements were conducted using R2032 coin-type
cells. The electrodes were prepared by casting a slurry containing 80% active material, 10%
polyvinylidene fluoride binder (PVDF, Kureha L#1120), and 10% Super P onto an Al current
collector foil. A typical loading of the electrodes was about 4-5 mg cm >. Thick electrodes with
high areal capacity of 2.5 mAh cm > (~12 mg cm °) were also prepared, by coating a slurry
mixture containing 92% active material, 4% PVDF, and 4% Super P binder onto Al foil. After
drying, the electrodes were punched into disks with area of 1.27 cm®. Electrochemical cells were
assembled with the cathodes as prepared, metallic lithium foil as anode, Celgard 2500
(polypropylene) as separator, and 1 M LiPF¢ dissolved in ethyl carbonate and dimethyl carbonate
(1:2 in volume) as electrolyte. The samples were prepared in an argon-filled glove box (Mbraun,
Germany) where both oxygen and moisture content were controlled below 1 ppm. Charge-
discharge experiments were performed galvanostatically between 2.7 and 4.5 V on an Arbin BT-
2000 battery tester at 30 °C and 60 °C. The rate capability was evaluated using the same charge
rate of C/5 and a gradual increase in the discharge C rate after the initial five charge/discharge
cycles at C/10 rate. A 1C rate corresponds to a current density of 200 mA g ' in this work.
Electrochemical impedance spectra (EIS) measurements were performed using a Solartron
1255B frequency analyzer and 1287 electrochemical workstation in a frequency range from 100

kHz to 1 mHz with a perturbation amplitude of £10 mV.

3. Results and Discussion
Fig. 1 shows the XRD patterns and the refinement results of the LiNig76Mng 14C09.100-
cathodes calcined at different temperatures ranging from 725 to 900 °C. The synthesized samples

are all phase-pure without any impurity detected (Fig. 1a). All the diffraction peaks of the XRD



pattern could be indexed to the layered hexagonal structure of a-NaFeO, with space group R-3m.
The clear splitting of the (006) and (012) peaks and of the (018) and (110) peaks indicates a well-
ordered, layered structure. The full width at half maximum (FWHM) of (003) XRD peaks
decreases with increase of calcination temperature (Fig. 1b), revealing a growth of crystallite size
in the synthesized materials. The crystallite size is estimated based on the Scherrer equation, L =
kAl(pcos 6), according to the FWHM of (003) diffraction peaks [32], where k is a constant related
to crystallite shape and normally taken as 0.89, A is 0.15406 nm, and g is FWHM of the
diffraction peak in a 26 scale. The results show that the crystallite size increases from 27.5 nm
for material prepared at 725 °C to 46.8 nm for material prepared at 900 °C, as shown in Table 1.
Rietveld refinement of the XRD data was done to obtain the lattice parameters and the Li/Ni
cation disorder. The results are summarized in Table 1, and the representative refinement
patterns of materials prepared at 750 °C and 775 °C are presented in Fig. 1c, d, while those of the
materials prepared at other temperatures are shown in Fig. S1. All the refinements show good fit
between the observed and calculated patterns. The calculated a and c lattice parameters slightly
increase for materials calcined at higher temperatures during preparation, which could be

ascribed to the enhanced crystallinity of the prepared materials.
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Fig. 1. (a) XRD patterns and (b) (003) diffraction peaks of the LiNiy76Mng 14C00.100, cathodes

calcined at different temperatures. (c, d) Rietveld refinement results of LiNig76Mng 14C09 1002

cathodes prepared at (c) 750 °C and (d) 775 °C.

The degree of Li/Ni cation mixing was calculated assuming that some Ni ions may
occupy Li sites because the ionic radius of Ni** (0.69 A) is similar to that of Li" (0.76 A).
Overall, the Li/Ni cation mixing in LiNig76Mng4Co0¢ 1002 cathodes calcined at different
temperatures is in the range of 3~5%. Li/Ni cation mixing decreases with increase of calcination
temperature, and reaches a minimum value at 775 °C (3.65%), which could be due to the
improvement in crystallinity at 775 °C, as shown in Fig. 1b. The highest intensity ratio
(Z0o3y/I104)) between the (003) and (104) diffraction peaks of the material prepared at 775 °C

(1.33, Table 1) further confirms the superior layered-structure properties of the material [23,33].



However, further increase of calcination temperature to 900 °C creates more Li/Ni cation mixing
despite the enhanced crystallinity. This could be attributed to an increase of oxygen vacancies at
high calcination temperature, which induces formation with a slightly higher content of Ni**, and
thus results in more Li/Ni cation mixing. Therefore, a compromise between structural
crystallinity and cation disorder will be needed when optimizing the calcination temperature for

Ni-rich cathode materials.

Table 1. Crystallographic data derived from Rietveld refinements, and BET surface area of the

LiNig76Mnyg.14C00.100; cathodes calcined at different temperatures.

Temperature 725 °C 750 °C 775 °C 800 °C 850 °C 900 °C

a-axis (A)  2.877(0)  2.877(1) 2.877(2) 2.878(1)  2.878(6)  2.880(3)
c-axis (A)  14.228(0)  14.228(8) 14.230(4) 14.233(3) 14.235(4)  14.239(1)

Grain size 27.5 31.8 34.6 37.9 41.9 46.8
(nm)

Ni in Li 4.94 4.79 3.65 4.06 4.48 5.16
sites (%)

L0031 (104) 1.17 1.26 1.33 1.28 1.23 1.23
BET surface 0.225 0.358 0.319 0.334 0.249 0.518

area (m” g ')

SEM images of the LiNig 76Mny 14C00.100; cathodes calcined at different temperatures are
shown in Fig. 2. To assure a reliable evaluation of the effect of calcination temperature on the
properties of Ni-rich LiNip76Mng14C00.100, cathodes, the same batch of spherical NMC
hydroxide precursor was used for the material preparation. The synthesized materials retain well
the spherical morphology of the precursor (Fig. 2al, bl...fl), even though particle shape

deformation and shrinkage are observed for samples prepared at calcination temperatures above



850 °C (Fig. 2el, fl). When the materials are prepared at 725~775 °C, there is no clear
difference in the size of primary particles, which is about 100~300 nm. However, further
increase of the calcination temperature to >800 °C gives rise to a significant growth of primary
particles, increasing from ca. 500 nm for 800 °C to ca. 1 um and ca. 2 pm for materials prepared
at 850 °C and 900 °C, respectively. Large primary particle size will extend the length of lithium-
ion diffusion pathways and result in inferior rate performance. We also used a FIB to section the
particle material for cross-sectional SEM observation. The SEM images in Fig. 2a3, b3...e3 and
Fig. S2 demonstrate that the secondary particles of the materials are densely compacted with few
voids inside the particles. When prepared at higher calcination temperature, i.e., 900 °C, the
material shows explicit grain boundaries between large primary particles, along with enlarged

void space inside the secondary particles (Fig. 3).
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Fig. 2. Surface and cross-sectional SEM images of LiNig76Mng 14C00.1002 cathodes prepared at
different calcination temperatures: (al-a3) 725 °C, (b1-b3) 750 °C, (c1-3) 775 °C, (d1-d3)
800 °C, (el—e3) 850 °C, and (f1-13) 900 °C.
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To evaluate the effect of calcination temperature on the electrochemical performance of
Ni-rich LiNig76Mng 14Co0.1002 cathodes, the electrodes were cycled with a charge cutoff voltage
of 4.5V, and the results are shown in Fig. 3. As presented in Fig. 3a, b, the material prepared at a
relatively low temperature of 725 °C shows the lowest charge/discharge capacity and a slightly
lower discharge voltage profile, which is consistent with its relatively poor crystallinity. On the
other hand, the material prepared at a relatively high temperature of 900 °C shows similar charge
capacity to the other materials but lower discharge capacity of 202 mAh g ', indicating a
relatively poor coulombic efficiency (83.8%), which could be due to the greatly increased
lithium-ion diffusion distance in the large primary particles (ca. 2 pum). The other materials,
prepared at temperatures between 750~850 °C, show almost overlapping charge/discharge
voltage profiles and deliver similar discharge capacities of about 215 mAh g ' with initial
coulombic efficiency of ca. 88%. The energy density of the LiNij76Mng 14C0¢ 100, cathode is
estimated to be as high as 849 Wh kg ' based on the discharge voltage profile in lithium half-
cells (see Fig. 3b), which is comparable to the best value reported for layered oxide cathode
materials [30].

During cycling at C/3 rate, the materials show obvious differences in terms of discharge
capacity as a function of cycle number, as shown in Fig. 3a. It is interesting that the capacity
retention (after 200 cycles) of the materials decreases continuously with increasing calcination
temperature, being 80.1%, 79.0%, 78.7%, 72.9%, 56.4%, and 41.9% for materials prepared at
725, 750, 775, 800, 850, and 900 °C, respectively. Even though the material prepared at 725 °C
shows the best capacity retention, its low reversible capacity makes it less attractive for practical
applications. For conventional NMC cathode materials, i.e., LiNi;53Mn;;3Co,30, and

LiNip4Mng 4Co00 203, calcination temperature >900 °C is usually used to obtain final materials

12



with improved crystallinity and good performance [34,35]. However, Ni-rich cathode materials
are quite sensitive to the calcination temperature used in material preparation. A calcination
temperature above 800 °C is often detrimental to the electrochemical performance despite the
good crystallinity it produces. In comparison, the materials prepared at 750 and 775 °C exhibit
superior reversible capacity during cycling, and are still capable of delivering high discharge
capacities of 170 and 164 mAh g ' after 200 cycles. Based on the discharge capacity and long-
term cycle life, the optimal calcination temperature for the synthesis of Ni-rich cathode material

LiNi0,76Mn0,14C00,1002 1s 750~775 °C.

a .
P 2504 c/10 - 2.7-45V
(o]
< 2004
3
E
31001 —725¢c —750°C
¢ 50 —775°c ——800°C
[&] (] (o]
:.;_ 0 —850°C : 900°C \ . .
0 50 100 150 200
Cycle number
C -
b 4 51\  FormationatC/[10 4 ~ 40046110 27-45V
~ > 7 c/3
=l (4] o
S 4.0 2375 w
g E
33,5- 5 3.50 +
o i)
= — 725°C —— 750°C ° ——725°C ——750°C
& ) .
3 30 |—775°c —s00°C ?3'25 —775°C  ——800°C
S JH— 850°C 900°C g ——850°C 900°C
2.5 <3.00 r T T T
0 50 100 150 200 250 0 50 100 150 200
Specific capacity (mAh g™ Cycle number
d 45 750°C € 45{ ss0C
C 15( *f-\ lSl
3 —_ Q —_— g
: 40 A _25m j 40 _25m
g; —_— 50" 2 — 50"
— e 7511
> 35+ — 100" >35 — 100"
(0] 125M (0] 125"
(@] o
@ 150" o] — 150"
= 3.01 200" = 3.0 —— 200"
> >
2'5 T T T T T 2-5 T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Specific capacity (mAh g™) Specific capacity (mAh g™)

13



Fig. 3. (a) Cycling performance, (b) initial charge/discharge profiles (at C/10), and (c) average
discharge voltages of the LiNij76Mng 14C0¢ 100, cathodes calcined at different temperatures and
cycled at C/3 after 3 formation cycles at C/10 between 2.7~4.5 V at 30 °C. Charge/discharge
voltage profile evolutions of LiNij76Mny 14Co09 10Oz calcined at (d) 750 °C, and (e) 850 °C.

Because of the structural and interfacial instability of Ni-rich materials, all of these
materials show continuous voltage decay during cycling. The evolution of average discharge
voltages of LiNig76Mny 14Co0¢.100, cathodes calcined at different temperatures is summarized in
Fig. 3c, while the charge/discharge voltage profile evolutions are compared in Fig. 3d, e, and
Fig. S3. The data demonstrate that the LiNip76Mng 14C0¢ 100, calcined at 750 °C (Fig. 3c, d)
exhibits only 0.055 V decay in average discharge voltage after 200 cycles. This voltage decay is
much less than 0.105, 0.242, and 0.399 V, respectively, for materials calcined at temperatures of
800, 850, and 900 °C (Fig. 3c, e). The voltage decay profile of Ni-rich cathode materials is
slightly different from those observed for Li-rich, Mn-rich cathode materials, which show
voltage decay mainly during the latter part of discharge due to the phase transformation from
layered to spinel-like/rock-salt phase [36,37]. The apparent absence of voltage plateaus at around
3 V in the charge/discharge voltage profiles rules out the formation of a Mn-enriched spinel-type
phase after cycling. In this regard, although there would still be phase transformation occurring
at the particle surface, the overall voltage profile decay observed in Ni-rich cathodes (e.g.,
900 °C sample) would be mainly ascribed to the increase of interfacial resistance caused by
parasitic side reactions as well as the loss of particle/particle contact because of crack formation
[14].

The fundamental mechanism underlying the capacity fading and voltage profile decay

was further investigated. To understand the electrochemical performance difference of the
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materials calcined at different temperatures, the cells were disassembled after 200 cycles and the
cathodes were retrieved for further characterization. Here, we focused on examining the micro-
strain and micro-crack formation in the cycled particles. Cross-sectional SEM images of the
cycled particles shown in Fig. 4 reveal the formation of micro-cracks and void space inside the
cycled particles. Micro-strain and micro-cracks induced by electrochemical cycling have been
reported for other Ni-rich cathode materials, such as LiNipgCog5Alp0sO2 [38,39],
LiNig¢Mng2Co0,0;, [14], and full-concentration-gradient Ni-rich cathode [40]. The crack
formation is ascribed to the stress arising from the anisotropic lattice expansion and contraction
of different grains inside a secondary particle upon Li" ion extraction/insertion, which causes

significant micro-strain at the grain boundaries [39,41].

Fig. 4. SEM images of the LiNig76Mng 14C0¢.100, cathodes prepared at different calcination
temperatures after 200 cycles at C/3 in the voltage range of 2.7~4.5 V. (a) 725 °C, (b) 750 °C, (c)
775 °C, (d) 800 °C, (e) 850 °C, and (f) 900 °C.
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The materials calcined at different temperatures show different degrees of crack
formation, which becomes more substantial and serious with increase of calcination temperature.
This phenomenon is believed to be closely related to the size of the primary particles constituting
the secondary particles of each material, which is a critical factor affecting the crack formation
[42]. The materials calcined at relatively low temperatures, i.e., 725~775 °C, are composed of
well-aligned nanoplate particles, which generate less micro-strain during each Li" ion
extraction/insertion process. Therefore, few cracks and voids are observed in these materials
(Fig. 4a-c), which correlates well with their superior long-term cycle life, as shown in Fig. 3. In
contrast, the materials prepared at higher temperatures, i.e., 800~900 °C, exhibit serious cracks
and voids inside the particles because of the substantial micro-strain caused by anisotropic
volume variation (Fig. 4d-f). This phenomenon is also in good agreement with those observed by
Sun et al. [40] and further supported by our capacity fading mechanism study of
LiNig 76Mng.14C00.100; prepared at 750 °C. As shown in Fig. 5, the pristine material (prepared at
750 °C) is composed of densely compacted primary particles which show well defined R-3m
layered structures (Fig. 5a-c). Although the materials prepared at lower temperature (e.g. 750 °C)
exhibit much smaller micro-strain during cycling than those prepared at higher temperatures (e.g.
900 °C), after cycling, the primary particles still lose contact with each other due to the
anisotropic volume variation at deep lithium extraction and insertion (Fig. 5d). As the cracks
form, the electrolyte penetrates into the interiors of secondary particles along the crack network,
leading to the formation of a resistive solid electrolyte interphase (SEI) layer at the grain
boundaries (Fig. 5e¢). Moreover, a small portion of the original layered structures at the outer
surface of material particle transforms to Ni-O type rock salt phase, leading to the blockage of

fast lithium ion transportation pathways. Crack formation and the degradation of particle

16



interfacial stability result in loss of electrical contact between the primary particles, leading to
quick buildup of electrode resistance and fast capacity fading. Based on the microscopy
observation and electrochemical performances, the optimized primary particle size of Ni-rich
NMC is determined to be 100~300 nm, in order to achieve the superior electrochemical
performances. If the primary particle size exceeds the critical value [43], in present case ~1 pum,
much higher internal strain would be generated and serious particle cracking will occur during
cycling. This is considered the primary reason for the poor cycling stability of the Ni-rich
materials calcined at temperatures above 800 °C due to their large primary particles. Therefore,
mitigation of the micro-strain and -crack formation in the secondary particles by tuning the
primary particle size is critically important for achieving improved long-term cycling stability of

these cathode particles.

NiO"—type rock salt

1Lm
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Fig. 5. (a) STEM-HAADF imaging and (b, c) atomic level STEM-HAADF imaging of for
pristine LiNio.76Mng.14C00100, material prepared at 750 °C; (d) STEM-HAADF imaging, (€)
bright-field TEM imaging, and (f) STEM-HAADF imaging of for cycled LiNig76Mng.14C00.1002
material (prepared at 750 °C) after 200 cycles at C/3 in the voltage range of 2.7~4.3 V. Insets in
(b) and (f) are the atomic models showing the R-3m layered structures viewed down from [100]

zone axis and Fd-3m viewed down from the [110] zone axis, respectively.

For further insight into the effect of calcination temperature, EIS was carried out to study
the interfacial electrochemistry and reaction kinetics of the materials prepared at 750, 850, and
900 °C during cycling. The impedance spectra recorded at different cycles are shown in Fig. 6;
these exhibit high-frequency semicircles, intermediate-frequency semicircles, and low-frequency
tails. Generally, the high-frequency semicircle is related to the resistance arising from the
passivation surface film (Ry) or SEI layer [44,45]. The intermediate-frequency semicircle is
associated with the charge-transfer resistance (R.) at the electrode/electrolyte interface coupled
with a double-layer capacitance. The low-frequency tail is associated with Li" ion diffusion in

the active electrode particles.
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Fig. 6. Nyquist Plots of the LiNij76Mny 14C0¢.100, cathodes calcined at different temperatures in
the charged state of 4.3 V during cycling. (a) 1st cycle; (b) 2nd cycle; (¢) 3rd cycle; (b) 10th
cycle; (e) 30th cycle; (f) 50th cycle. The inset in (f) is an enlargement of the high-frequency
region of the EIS spectra at the 50th cycle. Inset in (a) is the equivalent circuit used for fitting the

impedance spectra.

The impedance spectra were fitted using the equivalent circuit as inset in Fig. 6a, and the
fitting results are tabulated in Table S1. During the first cycle, very little difference is observed
for the cells charged to 4.3 V, indicating similar Ry and R (Fig. 6a). Upon cycling, the three
materials show similar SEI layer resistance at different stages of cycling. In addition, the SEI
layer resistance does not change much, and only accounts for a small portion of the total
resistance of the cells. Therefore, the continuous increase of R is considered the main reason for
the capacity fade of the different materials. The materials prepared at higher temperatures of 850
and 900 °C present a rapid increase of Ry during cycling (Fig. 6b-f). At the 50th cycle, the R

values of materials prepared at 850 and 900 °C are estimated to be ~872 and ~1501 Q,
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respectively, which are much higher than that for material prepared at 750 °C (~310 Q). The
significant increase in R of materials prepared at 850 and 900 °C greatly increases the kinetic
barrier for reversible lithium extraction/insertion, thereby leading to fast capacity degradation.
This result coincides well with the serious micro-strain and -crack formation occurring in these
two materials after cycling, causing loss of electrical contact between primary particles and thus
increasing the R..

The lithium-ion diffusion coefficient can be further calculated using the equation (D =
R?T42AMn*F*c%s,,2), where oy is the Warburg impedance coefficient which can be obtained from
the slope of Z. — o™ relationship at low frequency (as shown in Fig. S4), D is lithium-ion
diffusion coefficient, R is the gas constant, T is the absolute temperature, A is the electrode area,
n is the number of electron transferred per molecule during the electrochemical reactions, F is
Faraday constant, and ¢ is molar concentration of Li*. The lithium ion diffusion coefficients
calculated at different stages of cycling are summarized in Table 2. Although the material
prepared at 750 °C shows similar Li* ion diffusion coefficient compared with other materials at
the early stage of cycling, it shows much slower increase of Li* ion diffusion coefficient after
cycling. At 50" cycle, the Li* ion diffusion coefficient of material prepared at 750 °C (3.94 x 10°
19 js significantly higher than those prepared at 850 °C (5.26 x 10™!) and 900 °C (8.21 x 10™%).
The results confirm the better structural integrity of material prepared at 750 °C because of the

less cracks formation and the mitigated structural degradation during cycling process.

Table 2. Li* ion diffusion coefficients at different stages of cycling calculated on the basis of
EIS method

Lithium ion diffusion coefficient (cm”s ™)
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750 °C 850 °C 900 °C
1% cycle 8.08 x 10 6.77 x 107 6.66 x 10™
2" cycle 3.87 x 107 458 x 107 1.99 x 10°
3" cycle 3.76 x 10°° 3.03x10° 6.27 x 100
10" cycle 9.82 x 1010 2.99 x 100 6.86 x 10
30" cycle 9.76 x 10 1.46 x 10 4.89 x 10
50" cycle 3.94 x 10™° 5.26 x 10! 8.21 x 102

The cycling performance of the LiNig76Mng 14Co0100, cathodes calcined at different
temperatures was also evaluated under harsh testing conditions by cycling at an elevated
temperature of 60 °C. The cycling result is shown in Fig. 7, and the corresponding voltage
profile evolutions are compared in Fig. S5. These Ni-rich cathode materials had higher discharge
capacities at 60 °C, suggesting an improvement in electrode kinetics during charge/discharge
processes at elevated temperatures. Slightly lower initial discharge capacities are observed for
the materials prepared at 725 or 900 °C (Fig. 7a), again reflecting either the poor crystallinity of
the 725 °C sample or the long lithium-ion diffusion pathways in the 900 °C sample. Owing to the
enhanced electrode kinetics, a high discharge capacity of ca. 230 mAh g ' could be achieved for

materials prepared at 750~850 °C, which corresponds to a high utilization of 84% of the total

lithium content of the Ni-rich cathodes.
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Fig. 7. (a) Charge/discharge profiles and (b) cycling performance of the LiNig76Mng 14C0¢.1002
cathodes calcined at different temperatures and tested at high temperature (60 °C) at C/2 rate

after 3 formation cycles at C/5.

As compared to those cycled at room temperature (Fig. 3), the materials show faster
capacity degradation due to faster parasitic reactions and structural degradation during cycling at
60 °C (Fig. 7b). After 100 cycles, the capacity retention values of these materials are calculated
to be 79.8%, 81.4%, 86.2%, 78.4%, 58.2%, and 59.6% for materials prepared at 725, 750, 775,
800, 850, and 900 °C, respectively. The material prepared at 775 °C exhibits the best capacity
retention and the highest discharge capacity (194 mAh g ) after 100 cycles, benefiting from its
superior structural properties such as good crystallinity, low Li/Ni cation mixing, and optimum
primary particle size. The materials prepared at 850 and 900 °C again show fast capacity
degradation during cycling. There is not much difference in BET surface area among all the
materials (Table 1), so parasitic reactions between electrode material and electrolyte should be
similar during cycling. The faster capacity degradation of materials calcined at high temperatures
is then attributed to the rapid increase of electrode resistance arising from the large internal strain
generated during repeated charge/discharge processes and the consequent contact loss between

primary particles.
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Rate performance of the LiNip76Mng14Co0100, cathodes calcined at different
temperatures was also tested, and the results are presented in Fig. 8. The sample prepared at
750 °C shows higher discharge capacities at various C rates (Fig. 8a). In particular, the sample
delivers the highest discharge capacity of 168 mA h g ' at a 10C rate, which is much higher than
those of 152, 164, 163, 125 and 47 mA h g ' for those prepared at 725, 775, 800, 850 and
900 °C, respectively. The poor rate capability of the material prepared at high calcination
temperature, i.e., 850 or 900 °C, is attributed to the large kinetic barrier associated with the long
lithium-ion diffusion pathway in the micron-size primary particles. The charge/discharge voltage
profiles at different C rates show that materials calcined at temperatures >800 °C exhibit
discharge voltage profiles with considerably lower working voltage at increasing C rates (Fig.
8c, d). This result suggests a significant increase in electrode resistance and a serious energy fade
when discharging at higher current densities, which is unfavorable for practical applications in
EVs and power tools. On the other hand, the material prepared at 750 °C shows very limited
decrease in working voltage even at a 10C discharge rate (Fig. 8b), further demonstrating the

structural advantages of this material.
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Fig. 8. (a) Rate performance of LiNip76Mng14C00100, cathodes calcined at different
temperatures and the corresponding discharge profiles of materials prepared at (b) 750 °C, (c)
800 °C, and (d) 850 °C.

Because high areal capacity is required for practical applications, the electrochemical
performance of the LiNig76Mny 14C09.10O, sample prepared at 750 °C was also evaluated in thick
electrode laminates with a loading of ca. 2.5 mAh cm * (~12 mg active material per cm?®), as
shown in Fig. 9. The thick electrode still delivers a high discharge capacity of ca. 210 mAh g’
during the formation cycles (Fig. 9a), which is similar to that obtained in a thin electrode with a
low loading of 4-5 mg cm * as discussed above, indicating good electrode kinetics. During
cycling at C/3 charge rate and 1C discharge rate, the thick LiNig76Mng 14C0.100, electrode
behaves similarly to its thin-electrode counterpart, demonstrating good cycling stability with a

high capacity retention of 92% after 100 cycles (Fig. 9b). Besides, a full cell using commercial
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graphite anode (Magl0 of 1.5 mAh cm™ provided from Argonne National Lab) further
demonstrates that the graphite||LiNiy76Mng 14C00100, can achieve a high discharge capacity of
201 mAh g and a capacity retention up to 78.3% after 700 cycles at 1C rate (Fig. S6). The
superior electrochemical performance of the LiNip76Mng 14C00.100, (prepared at the optimum

temperature) validates it as a promising cathode material for next-generation high energy density

LIBs.
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Fig. 9. (a) Voltage profiles versus areal capacity and specific capacity, (b) areal and specific
capacity as a function of cycle number of LiNig76Mng 14C0 1002 prepared at 750 °C in thick

electrodes of about 12 mg active material per cm’.

4. Conclusion

The effect of calcination temperature on the structure, morphology, and electrochemical
performance of Ni-rich LiNip76Mng 14C00.100O, cathode materials at a high charge cutoff voltage
of 4.5 V has been systematically investigated. The results demonstrate that the electrochemical
performance of Ni-rich cathodes is sensitive to the calcination temperature and the primary
particle size. The best performing LiNij76Mng 14C0¢ 100, cathode material was achieved when it
was calcined at 750~775 °C (100~300 nm primary particle size); it is capable of delivering a

capacity above 160 mAh g ' at 10C rate and retaining ca. 79% of its initial capacity after 200
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cycles at C/3. Higher calcination temperature (>800 °C) leads to inferior long-term cycling
stability and rate capability because of severe micro-strain and -crack formation upon lithium-ion
de/intercalation that is closely related to the large primary particles (even >1 pum) in the material,
in which the primary particle size increases. The findings highlight the importance of optimizing
the synthetic conditions for preparing the Ni-rich cathode materials. The optimum calcination
temperatures & primary particle size would depend on the compositions of the Ni-rich cathodes,
which need to be carefully considered for the synthesis of other Ni-rich cathode materials in

order to maximize their electrochemical performance.
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Highlights
e Temperatures of 750~775 °C are optimum for calcining Ni-rich LiNig76Mng 14C0¢.100-

(NMC76) materials.
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The primary particle size of Ni-rich cathode materials was controlled by the calcination

temperature.

The size of primary particles showed significant effects on the structural integrity of

secondary particles of Ni-rich cathode materials.

Ni-rich materials constructed with primary particles of about 100-300 nm exhibited the

best electrochemical performance.
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