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Abstract: A spherical-like Ni0.6Co0.2Mn0.2(OH)2 precursor was tuned homogeneously to synthesize LiNi0.6Co0.2Mn0.2O2 as a cathode materi-
al for lithium-ion batteries. The effects of calcination temperature on the crystal structure, morphology, and the electrochemical performance 
of the as-prepared LiNi0.6Co0.2Mn0.2O2 were investigated in detail. The as-prepared material was characterized by X-ray diffraction, scanning 
electron microscopy, laser particle size analysis, charge–discharge tests, and cyclic voltammetry measurements. The results show that the 
spherical-like LiNi0.6Co0.2Mn0.2O2 material obtained by calcination at 900°C displayed the most significant layered structure among samples 
calcined at various temperatures, with a particle size of approximately 10 μm. It delivered an initial discharge capacity of 189.2 mAh⋅g−1 at 
0.2C with a capacity retention of 94.0% after 100 cycles between 2.7 and 4.3 V. The as-prepared cathode material also exhibited good rate 
performance, with a discharge capacity of 119.6 mAh⋅g−1 at 5C. Furthermore, within the cut-off voltage ranges from 2.7 to 4.3, 4.4, and 4.5 
V, the initial discharge capacities of the calcined samples were 170.7, 180.9, and 192.8 mAh⋅g−1, respectively, at a rate of 1C. The corre-
sponding retentions were 86.8%, 80.3%, and 74.4% after 200 cycles, respectively. 
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1. Introduction 

Lithium-ion batteries (LIBs) have become one of the 
most feasible alternatives for power sources in portable 
electronic devices and electrical vehicles because of their 
high discharge capacity, high operating voltage, good cy-
cling performance, and long cycle life [1–3]. However, their 
further development is limited by issues such as the limited 
charge capacity of the electrode materials and complex 
manufacturing processes; one of the bottlenecks is the cath-
ode material [4–5]. 

Recently, nickel-rich layered LiNixCoyMn1−x−yO2 (x ≥ 0.6) 
cathode materials have attracted much attention because of 
their high specific capacity and low cost [6–8]. With in-
creasing Ni content, the specific capacity of 
LiNixCoyMn1−x−yO2 increases but the thermal and cycling 
stabilities decrease [9–10]. Among various nickel-rich lay-
ered Mn based cathode materials, LiNi0.6Co0.2Mn0.2O2 

(NCM622) has been investigated as a promising candidate. 
Various approaches have been used to synthesize the cath-
ode material, such as co-precipitation [11–15], solid-state 
reaction [16–18], spray-drying [19–20], and sol–gel meth-
ods [21–23]. The co-precipitation approach, which is widely 
used, offers advantages with respect to morphology control 
and feasibility. The NCM622 prepared by Cao et al. [24] via 
this method delivered an initial discharge capacity of 170 
mAh·g−1 between 2.7 and 4.3 V and a capacity greater than 
151 mAh·g−1 after 70 cycles. However, the capacity decayed 
rapidly upon further cycling. By optimizing the 
co-precipitation conditions such as pH, the concentration of 
NH4OH, and the stirring speed, Liang et al. [25] prepared 
NCM622 with a well-ordered layered structure; this material 
exhibited an initial discharge capacity of 172.1 mAh·g−1 
with 90.1% capacity retention after 100 cycles between 2.7 
and 4.3 V. In general, the nickel-rich layered NCM622 
cathode material demonstrates high capacity; however, its 
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cycling performance, especially under higher voltages 
[26–28], is unsatisfactory. 

With increasing charge cut-off voltage, the capacity of 
the NCM622 cathode material increases; however, its struc-
ture becomes unstable because of the dissolution of transi-
tion-metal cations from the material into the electrolyte and 
the formation of a solid electrolyte interphase (SEI) [27,29]. 
Cobalt dissolution at higher operating voltages (> 4.3 V) has 
been reported to be an important factor with respect to cy-
cling performance [30]. In addition, the tap-density and par-
ticle morphology of the precursors strongly influence the 
lithium insertion/extraction properties of the NCM622 ma-
terial. These factors would unavoidably affect the electro-
chemical performance of the nickel-rich NCM622 cathode 
material.  

In this work, an Ni0.6Co0.2Mn0.2(OH)2 precursor was 
tuned uniformly to synthesize nickel-rich NCM622 cathode 
material. The effects of calcination temperature on the 
structure, morphology, and electrochemical performance of 
the material were investigated in detail. Importantly, the 
electrochemical performance of the as-prepared NCM622 
cathode material was also examined within the voltage 
ranges from 2.7 to 4.3, 4.4, and 4.5 V. 

2. Experimental 

2.1. Material synthesis 

NiSO4·6H2O, CoSO4·7H2O, MnSO4·H2O, NaOH, and 
NH4·OH were used as the starting materials to prepare 
Ni0.6Co0.2Mn0.2(OH)2 precursor. A 2 mol·L−1 aqueous solu-
tion of transition-metal sulfates (Ni2+: Co2+: Mn2+ = 6:2:2, 
molar ratio) was pumped into a continuously stirred tank 
reactor (1 L) at a stable flow rate under an argon atmosphere; 
4 mol·L−1 NaOH (aq) and a moderate amount of NH4·OH 
(aq) as chelating agents were also slowly pumped into the 
reactor. The pH of the mixed solution was adjusted to 11, 
and the stirring speed was maintained at 1000 r/min. After 
reacting for 12 h, the obtained precursor was washed several 
times with distilled water to remove the residual salt ions. 
The precipitates were then dried at 80°C for 12 h. The con-
centration and pH of the solution, the amount of NH4OH, 
and the stirring speed and temperature in the reactor were 
carefully tuned.  

The as-prepared precursor and excess amount of Li2CO3 
were mixed thoroughly. The mixture was first heated at 
550°C for 4 h and then calcined at 700, 750, 800, 850, 900, 
and 950°C for 12 h in air to synthesize NCM622 material. 

2.2. Characterization 

X-ray diffraction (XRD) patterns of the samples were 
recorded using an Ultima IV diffractometer (UltimaIV-185, 
Rigaku) with a filtered Cu Kα radiation source (scan rate: 
0.5°⋅min−1, scan range: 10°–80°). The morphologies of the 
prepared materials were examined by scanning electron mi-
croscopy (JEOL JSM-5600LV). Particle size analysis was 
carried out using a laser particle size analyzer (LS-POP(9)). 

2.3. Electrochemical tests 

Electrochemical measurements were performed at room 
temperature using CR2025 coin-type cells. The working 
electrode was prepared by mixing the as-prepared NCM622, 
Super P carbon black, and polyvinylidene fluoride in a mass 
ratio of 8:1:1. The mixture was then dissolved in 
N-methyl-2-pyrrolidone (NMP) to form a slurry. The mixed 
slurry was pasted uniformly using a doctor blade onto an 
aluminum foil and dried at 80°C for 10 h. Electrodes were 
punched from the coated foil in the form of 12-mm-diameter 
disks. The cells were assembled in an argon-filled glove box. 
A solution of 1 mol⋅L−1 LiPF6/EC + DEC (EC: DEC = 1:1 in 
mass ratio) was used as the electrolyte, Celgard 2300 film 
was used as the separator, and a Li sheet was used as the 
counter electrode. 

The charge–discharge tests were carried out under dif-
ferent cut-off voltage ranges from 2.7 to 4.3, 4.4, and 4.5 V 
at 0.2C and 1C (1C = 180 mA·g−1) using a LAND 2001 CT 
battery tester. Cyclic voltammetry (CV) of the cathodes was 
performed at a scan rate of 0.1 mV·s−1 between 2.7 and 4.3 V.  

3. Results and discussion 

3.1. Physical performance of the as-prepared materials 

Fig. 1(a) shows the XRD pattern of the as-prepared pre-
cursor. It is indexed to a hexagonal structure with a space 
group of P 3 m1, similar to the indexing of the pattern of 
Ni(OH)2 [7]. The lattice parameters of the precursor are a = 
0.30079 nm and c = 0.47716 nm. This result indicates that 
Co2+ and Mn2+ ions partially replace Ni2+ ions in the 
Ni(OH)2 structure [31], which demonstrates that the 
Ni0.6Co0.2Mn0.2(OH)2 precursor was successfully prepared, 
as noted by other authors [25,32]. Fig. 1(b) presents the 
XRD patterns of the as-synthesized materials calcined at 
temperatures of 700, 750, 800, 850, 900, and 950°C. The 
diffraction peaks are assigned to the (003), (101), (006), 
(102), (104), (105), (107), (108), (110), and (113) planes of 
NCM622 (JPCDS No. 09-0063); no extra diffraction peaks 
are evident. They are all indexed to the α-NaFeO2 structure 
with R3m (166) symmetry. The splitting of the (006)/(102) 
and (108)/(110) peaks implies the formation of a layered 
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structure [33]. With increasing calcination temperature, the 
peak splitting becomes clearer, which indicates more exten-
sive layering [34]. The lattice parameters of the samples are 
summarized in Table 1 for comparison of the crystallinity of 
the materials. The values of a, c, and V were calculated on 
the basis of Bragg’s law. The c value represents the met-
al–metal interslab distance, and the c/a value represents the 
degree of trigonal distortion [35]. A good hexagonal lay-

ered structure is achieved when the c/a ratio is greater than 
4.899 [36]. The lattice parameters (a, c, and V) increase with 
increasing calcination temperature from 700 to 900°C, as shown 
in Table 1, which is in agreement with the crystal growth theory 
[14]. Notably, the material calcined at 900°C exhibits a larger c/a 
value (4.961) than the other materials, indicating that its struc-
ture exhibits the most extensive layering.  

 
Fig. 1.  XRD patterns of (a) the as-prepared precursor and (b) the as-prepared NCM622 material calcined at different tempera-
tures. 

Table 1.  Lattice parameters of NCM622 samples calcined at different temperatures 

Temperature / °C a / nm c / nm c:a V / nm3 I003/I104 (I006 + I102)/I101 
700 0.28602 1.41745 4.956 0.10098 1.121 0.526 
750 0.28636 1.41944 4.957 0.10097 1.262 0.511 
800 0.28637 1.42031 4.959 0.10110 1.343 0.508 
850 0.28645 1.42024 4.958 0.10119 1.397 0.483 
900 0.28711 1.42435 4.961 0.10161 1.481 0.472 
950 0.28686 1.42060 4.952 0.10215 1.157 0.547 

 
The intensity ratio of the (003) and (104) peaks (I003/I104) 

is a parameter used to evaluate cation mixing. A ratio less 
than 1.2 implies a high degree of cation mixing [19]; thus, 
higher ratios indicate a lower degree of cation mixing [37]. 
The I003/I104 ratio is 1.262, 1.343, 1.397, and 1.481 for the 
samples calcined at 750, 800, 850, and 900°C, respectively. 
The I003/I104 ratios of these four samples are all greater than 
1.2, indicating that the as-synthesized materials exhibit 
well-ordered, layered α-NaFeO2 structures. However, in the 
case of samples calcined at 700 or 950°C, the I003/I104 ratios 
are less than 1.2, indicating a certain degree of cation mixing; 
thus, their layer structures are not well-ordered.  

The peak intensity ratio of (I006 + I102)/I101 is an indicator 
of hexagonal ordering [38]. Specifically, a lower (I006 + 
I102)/I101 ratio indicates better hexagonal ordering. The (I006 + 
I102)/I101 of the material calcined at 900°C exhibits the low-
est value among all of the calcined materials, indicating that 
this material has the most extensively layered structure. We 
therefore expected the NCM622 material calcined at 900°C 

to exhibit good electrochemical performance. Achieving a 
well-ordered layered structure of the NCM622 material with 
an appropriate calcination temperature is critical to attaining 
good electrochemical performance. 

Fig. 2 shows the SEM images of the Ni0.6Co0.2Mn0.2(OH)2 
precursor and the morphologies of NCM622 samples cal-
cined at different temperatures. The Ni0.6Co0.2Mn0.2(OH)2 
precursor clearly exhibits a spherical-like morphology, and 
its particle size is approximately 10 μm, with a uniform dis-
tribution. Importantly, the spherical-like morphology is re-
tained after calcination. Figs. 2(c)–2(i) shows that the pri-
mary particle size increases with increasing temperature. For 
larger particles, the migration distance of lithium ions may 
increase, resulting in the central parts of the active material 
particles not being fully utilized. This size effect may ad-
versely influence the insertion/extraction of lithium ions, 
leading to a decrease of the specific capacity of the cathode 
material. Compared to the particles prepared at 950°C (Fig. 
2(i)), which agglomerate to a certain degree, the NCM622 
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material calcined at 900°C retains the spherical-like mor-
phology and uniform dispersion of the precursor, as shown 
in Figs. 2(g) and 2(h). Fig. 3 presents the particle size dis-

tribution of the sample calcined at 900°C. The D10, D50, and 
D90 are 8, 10, and 13 μm, respectively, which demonstrates 
that the particle size is in normal distribution.  

 
Fig. 2.  SEM images of (a, b) the Ni0.6Co0.2Mn0.2(OH)2 precursor and (c–i) the NCM622 samples calcined at different temperatures: 
(c) 700°C; (d) 750°C; (e) 800°C; (f) 850°C; (g, h) 900°C; (i) 950°C. 

 
Fig. 3.  Particle size distribution of NCM622 calcined at 
900°C. 

3.2. Electrochemical performance of the as-prepared 
materials 

3.2.1. Electrochemical performance of NCM622 samples 
prepared at different temperatures 

Fig. 4(a) shows the initial charge and discharge curves of 
the samples synthesized at various calcination temperatures 
and cycled at a 0.2C rate between 2.7 and 4.3 V. As dis-
played, the discharge capacity increases with increasing cal-
cination temperature from 700 to 900°C. The initial dis-
charge capacities for the samples calcined at 700, 750, 800, 
850, and 900°C are 160.5, 167.8, 175.9, 184.3, and    
189.2 mAh·g−1, respectively. A higher calcination tempera-

ture may enhance the crystallinity, which affects the inser-
tion and extraction of lithium ions [39]. However, the sam-
ple calcined at 950°C only shows an initial discharge capac-
ity of 178.3 mAh·g−1, possibly because of its large particles 
and particle aggregation. As shown in Fig. 4(b), the dis-
charge capacities after 100 cycles are 144.6, 152.4, 154.0, 
168.7, 177.8, and 155.9 mAh·g−1 for samples calcined at 
700, 750, 800, 850, 900 and 950°C, respectively. Among 
these samples, the NCM622 sample calcined at 900°C de-
livers the best capacity performance with a high capacity 
retention of 94.0%, corresponding to retentions of 90.1%, 
90.8%, 91.0%, 91.5%, and 87.4% of the materials calcined 
at 700, 750, 800, 850, and 950°C, respectively.  

The electrochemical performance of the NCM622 sam-
ples at a 1C rate is shown in Fig. 5. From 0.2C to 1C rate, 
with increasing current density, the discharge capacity of the 
samples decreases. With increasing calcination temperature, 
the initial discharge capacity increases. The initial discharge 
capacity reaches 147.7, 151.5, 159.4, 167.1, 170.7, and 
164.5 mAh·g−1 for the samples obtained at 700, 750, 800, 
850, 900, and 950°C, respectively. The corresponding cou-
lombic efficiency is 84.7%, 85.6%, 86.9%, 87.0%, 87.2%, 
and 83.0%, respectively. With increasing temperature, the 
difference between the charge and discharge plateau voltag-
es increases, indicating increased polarization. The capacity 
retention after 100 cycles is 83.8%, 86.8%, 85.6%, 89.1%, 
92.1%, and 82.5%, respectively. Notably, the material ob-
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tained at 900°C exhibits the best cycle performance among 
the six samples. 

 
 

 
Fig. 4.  (a) Initial charge and discharge curves and (b) discharge capacities of NCM622 samples calcined at different temperatures 
and cycled between 2.7 and 4.3 V at a 0.2C rate. 

 
Fig. 5.  (a) Initial charge and discharge curves and (b) discharge capacities of the NCM622 samples calcined at different tempera-
tures and cycled between 2.7 and 4.3 V at a 1C rate. 

Fig. 6 shows the rate capability of the NCM622 materials. 
All of the samples were tested at 0.1C, 0.2C, 0.5C, 1C, 2C, 
5C, and then at 0.1C again for 10 cycles at each rate. With 
increasing current density, the discharge capacities of the 
samples decrease. As shown in Fig. 6, the material calcined 
at 900°C exhibits the best rate capability. It delivers a dis-
charge capacity of 194.5, 185.1, 172.9, 159.6, 141.3, and 
119.8 mAh⋅g–1 at 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respec-
tively. Moreover, after being cycled from 0.1C to 5C, the 
recovered discharge capacity of 193.0 mAh⋅g−1 at 0.1C is 
almost the same as the initial discharge capacity at 0.1C. 
These results indicate good structural stability of the sample 
calcined at 900°C. The excellent electrochemical perfor-
mance of the NCM622 material calcined at 900°C is at-
tributable to its well-ordered layered structure, homogene-
ous distribution, and spherical-like morphology.  

The CV curves for the first three scans at a scan rate of 
0.1 mV⋅s−1 between 2.7 and 4.3 V are shown in Fig. 7. As 
displayed, the first scan curves differ from the subsequent 

two scans. The samples all show one redox couple between 
3.6 and 4.0 V in the CV, which can be ascribed to the 
Ni2+/Ni4+ redox reaction. The peak potential difference of 
the sample calcined at 900°C (0.17 V) is less than those of 
the samples calcined at 700°C (0.39 V), 750°C (0.28 V), 
800°C (0.27 V), 850°C (0.21 V), and 950°C (0.27 V), in-
dicating that the sample calcined at 900°C exhibits the best 
electrochemical reversibility. In the two subsequent scans, 
the peak potential differences of the sample decrease 
compared with the first scan, which can be attributed to the  
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Fig. 6.  Rate performance of NCM622 samples calcined at 
different temperatures and cycled between 2.7 and 4.3 V. 

 
 

 
Fig. 7.  Cyclic voltammograms of the NCM622 materials obtained at different calcination temperatures with a scan rate of      
0.1 mV⋅s−1 between 2.7 and 4.3 V. 

electrode activation, ameliorating the reaction reversibility. This result is in accordance with the excellent electrochem-
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ical performance of this sample, as previously discussed. 
3.2.2. Electrochemical performance of the NCM622 sample 
prepared at 900°C under different cut-off voltages 

Furthermore, the electrochemical performance of the 
NCM622 sample prepared at 900°C under different charge 
cut-off voltages is shown in Figs. 8 and 9. 

Fig. 8(a) shows the charge–discharge curves at the 1st 
and 100th cycles. The initial discharge capacity gradually 
increases with increasing charge cut-off voltage: 189.2, 
197.7, and 208.3 mAh⋅g−1 for 2.7–4.3, 2.7–4.4, and 2.7–4.5 V, 
respectively. The increased capacity percentage is 4.5% and 
10.1% when the charge cut-off voltage is increased to 4.4 

and 4.5 V, respectively, relative to the capacity at 4.3 V. At the 
100th cycle, the discharge capacity is 177.8 mAh⋅g−1 for 
2.7–4.3 V, 173.8 mAh⋅g−1 for 2.7–4.4 V, and 169.9 mAh⋅g−1 
for 2.7–4.5 V. The difference between charge and discharge 
plateau voltages also increases with the increasing charge 
cut-off voltage, suggesting that the increased polarization 
may promote electrolyte decomposition. Fig. 8(b) shows the 
cycling performance at 0.2C. After 100 cycles, the capacity re-
tention is 94.0%, 87.9%, and 82.0% for 2.7–4.3 V, 2.7–4.4 V, 
and 2.7–4.5 V, respectively.  

 
 

 
Fig. 8.  (a) Charge-discharge curves and (b) cycling performance with increasing charge cut-off voltage at a 0.2C rate for the 
NCM622 sample calcined at 900°C. 

 
Fig. 9.  (a) Charge-discharge curves and (b) cycling performance with increasing charge cut-off voltage at a 1C rate for the 
NCM622 sample prepared at 900°C. 

Figs. 9(a) and 9(b) show the electrochemical performance 
at a 1C rate under different charge cut-off voltages. As dis-
played in Fig. 9(a), the initial discharge capacity increases 
with increasing charge cut-off voltage: 170.7, 180.9, and 
192.8 mAh·g−1, respectively. The corresponding coulombic 
efficiency is 87.3%, 82.0%, and 79.6%, respectively. The 
increased capacity percentage is 7.1% and 12.9% when the 
charge cut-off voltage is increased to 4.4 V and 4.5 V, re-

spectively, relative to the capacity at a cut-off voltage of  
4.3 V. Although a high charge cut-off voltage results in a 
higher capacity, it adversely affects cycling performance. 
With increasing number of cycles, the difference between 
charge and discharge plateau voltages increases. At the same 
number of cycles, such as the 100th cycle or the 200th cycle, 
the difference also increases with increasing charge cut-off 
voltage, which means diminished reaction reversibility. The 
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cycling stability of the material at 1C is shown in Fig. 9(b). 
After 100 cycles, the discharge capacity decreases from 
170.7 to 157.2, 180.9 to 160.1, and 192.8 to 165.3 mAh·g−1 
within the voltages of 2.7–4.3 V, 2.7–4.4 V, and 2.7–4.5 V, 
respectively. The discharge capacity at the 100th cycle be-
tween 2.7 and 4.4 (or 4.5 V) is higher than that between 2.7 
and 4.3 V. The corresponding capacity retention is 92.1%, 
88.5%, and 85.7%, respectively. The discharge capacity ob-
viously decreases from the 100th cycle to the 200th cycle. 
The discharge capacity at the 200th cycle is 148.2, 145.2, 
and 143.4 mAh·g-1 for 2.7–4.3 V, 2.7–4.4 V, and 2.7–4.5 V, 
respectively. The capacity retention is 86.8%, 80.3%, and 
74.4% after 200 cycles. The discharge capacity of the 
as-prepared NCM622 increases with increasing charge 
cut-off voltage; however, the cycling stability of the 
as-prepared NCM622 becomes worse. Side reactions and 
thermodynamic instability of cathode materials at high 
voltages (i.e., a high degree of lithium removal) diminished 
the cycling stability of the cathode material. Maintaining 
desirable crystal and electronic structures that enable effi-
cient transport of electrons and ions for redox reactions at 
transition-metal sites is important for achieving a stable cy-
cling performance for the NCM622 cathode material. Some 
studies [40–42] have shown that undesirable phase trans-
formations that occur in cathodes can lead to failure in bat-
teries cycled to high voltages. In particular, surface recon-
struction (surface transition-metal reduction) from a layered 
structure to a mixed spinel/rock-salt structure is related to 
the high-voltage failure of the cathode material. The struc-
ture becomes unstable, and naturally unstable Ni4+ ions are 
active at higher voltages; these ions can easily catalyze the 
oxidative decomposition of the electrolyte and ultimately 
lead to poor cycling performance of the battery [43]. The 
dissolution of transition-metal cations to the electrolyte also 
affects the cycling performance. The dissolution of cobalt at 
higher operating voltages (> 4.3 V) has been reported to be 
an important factor affecting cycling performance [30]. In 
our work, the as-prepared NCM622 cathode material exhib-
its good electrochemical performance, including long-term 
cycling stability, even under higher voltages; the long-term 
cycling stability of this material is superior to those of simi-
lar previously reported cathode materials [25,44]. The uni-
form spherical-like shape is beneficial to maintaining the 
structural stability of the material and to reducing Co disso-
lution [30]. In addition, the spherical-like morphology and 
uniform dispersion of the material could increase the 
tap-density, which is beneficial to the volume specific ca-
pacity of the material.  

4. Conclusion 

A spherical-like Ni0.6Co0.2Mn0.2(OH)2 precursor was con-
trollably synthesized to tune the properties of NCM622 as a 
cathode material. The calcination temperature strongly af-
fected the morphology, structure, and electrochemical per-
formance of the as-synthesized NCM622 cathode material. 
The sample calcined at 900°C had the most extensively lay-
ered structure, with a particle size of approximately 10 μm. 
It delivered an initial discharge capacity of 189.2 mAh·g−1 at 
0.2C with a capacity retention of 94.0% after 100 cycles 
between 2.7 and 4.3 V. It also exhibited good rate perfor-
mance, with a capacity of 119.6 mAh·g−1 at 5C. Further-
more, it exhibited excellent cycling performance even under 
higher voltages. Within the voltage ranges from 2.7 to 4.3, 
4.4, and 4.5 V, the initial discharge capacity at 1C reached 
170.7, 180.9, and 192.8 mAh·g−1, respectively. The corre-
sponding discharge capacity retention values were 86.8%, 
80.3%, and 74.4% after 200 cycles, respectively.  
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