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Abstract: A one-step overall strategy from surface to bulk was proposed to simultaneously synthesize the Nb-doped 
and LiNbO3-coated LiNi0.83Co0.12Mn0.05O2 cathode materials. The incorporation of LiNbO3 coating can regulate the 
interface and facilitate the diffusion of Li-ions. Simultaneously, the stronger Nb—O bond can effectively suppress 
Li+/Ni2+ cation mixing and strengthen the stability of crystal structure, which helps to mitigate the anisotropic variations 
of lattice parameters during Li+ de/intercalation. The results showed that the dual-modified materials exhibited good 
structural stability and distinguished electrochemical performance. The optimal NCM-Nb2 sample showed an excellent 
capacity retention of 90.78% after 100 cycles at 1C rate between 2.7 and 4.3 V, while only 67.90% for the pristine one. 
Meanwhile, it displayed a superior rate capability of 149.1 mA·h/g at the 10C rate. These results highlight the feasibility 
of one-step dual modification strategy to synchronously improve the electrochemical performance of Ni-rich layered 
oxide cathodes. 
Key words: Ni-rich cathodes; niobium; one-step strategy; dual modification; structural stability; electrochemical 
performance 
                                                                                                             
 
 
1 Introduction 
 

In recent years, as energy and environmental 
issues have become increasingly severe, the search 
for alternative renewable energy has become a hot 
spot of social concern. Due to their high energy 
storage and conversion efficiency, Li-ion batteries 
(LIBs) are widely used in many fields from portable 
electronics to electric vehicles (EV) since they were 
successfully commercialized by Sony in 1990 [1,2]. 
The current commercialized cathode materials 
mainly include LiCoO2, LiMn2O4, LiFePO4 and 
ternary NCM/NCA. Especially, nickel-rich ternary 
layered material (LiNixCoyMnzO2, x≥0.6) is regarded 

to be one of the most commercially valuable 
members due to its high energy density [3−6]. 
Although the discharge specific capacity 
significantly rises with the expansion in the 
proportion of nickel, new problems will also follow, 
such as cation mixing, surface structure degradation 
and microcrack generation [7−9]. Since the ion 
radii of Ni2+ (0.069 nm) and Li+ (0.076 nm) are 
approximately similar, Ni2+ ions tend to occupy the 
lithium layer, resulting in the increase of cation 
mixing degree [10]. Meanwhile, in the deep 
delithiation state, the high-valence Ni4+ at the 
particle interface has strong oxidizing property 
which is easy to react with the electrolyte. 
Eventually, it will induce degradation of the surface  
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structure from the layered phase ( 3 )R m  to the 
disordered spinel-like ( 3 )Fd m  and rock-salt phase 
( 3 )Fm m  [11]. Besides, the repeated H2−H3 phase 
transition that occurs in the deep delithiated state 
(≥4.2 V) is usually accompanied by rapid and 
dramatic changes in lattice parameters and the 
generation of anisotropic strain, which eventually 
leads to the generation of microcracks [12]. The 
newly generated microcracks are exposed to the 
electrolyte, further increasing interfacial side 
reactions. Thus, it would increase the impedance of 
electrode and reduce the dynamic performance, and 
even cause the powdering of cathode material. 

In order to overcome the aforementioned 
shortcomings, researchers have carried out 
extensive efforts. Among a wide range of 
modification strategies, surface coating is a very 
practical solution [13,14]. At present, the reported 
coating materials mainly include metal oxides 
(Al2O3 [15], Y2O3 [16], V2O5 [17]), fluorides (LiF 
[18], MgF2 [19], AlF3 [20]), phosphates (Li3PO4 [21], 
AlPO4 [22], Mn3(PO4)2 [23]), and fast ionic 
conductors (Li4Ti5O12 [24], Li2ZrO3 [25], 
Li1.3Al0.3Ti1.7(PO4)3 [26], Li4SiO4 [27]). These 
coating media can act as a protective barrier to 
effectively alleviate interfacial side reactions, 
thereby improving the surface stability. However, 
the surface coating strategy only affects the surface 
properties of the material, and bulk structure is also 
vital to electrochemical performance of cathode 

materials. Therefore, bulk doping is considered as 
another effective method to improve material 
properties as well. For elemental substitution, 
various dopants such as Mg [28], Ta [29], B [30] 

and W [31], have been adopted to effectively 
strengthen the stability of the crystal structure of 
Ni-rich cathode materials, by decreasing Li+/Ni2+ 
anti-site defects and slowing down anisotropic 
volume deformation. 

To more effectively enhance the overall 
structural stability of Ni-rich cathode materials, it is 
essential to comprehensively consider the structural 
modification from surface to bulk [32]. Although 
there are quite a few such literature reports, most of 
them adopt a two-step method, that is, the doped 
Ni-rich layered cathode material is firstly prepared 
and then coated on the surface. Due to the 
sensitivity of Ni-rich cathode materials to air and 
moisture, these methods not only have a complex 
process but also require a strict operating 
environment. Thence, it is extremely necessary to 
develop a feasible strategy to synchronously 
consolidate the overall structural stability from 
surface to bulk. 

Herein, we develop an overall structural 
modification strategy from surface to bulk via     
a facial one-step wet chemical method. This 
strategy simultaneously integrates LiNbO3 surface 
coating and Nb5+ ion doping for Ni-rich layered 
cathode materials, as illustrated in Fig. 1. The  

 

 
Fig. 1 Schematic diagram of synthesis process of dual-modified cathode materials (PVP−polyvinylpyrrolidone) 
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electrochemically stable LiNbO3 coating can 
greatly reduce adverse interface side reactions to 
enhance surface structural stability. Moreover, 
LiNbO3 is also an effective ion conductor which can 
offer a moderate Li-ion conductivity of 1×10−5 S/cm  
at room temperature. Furthermore, the stronger 
Nb−O bond dissociation energy (ΔHf298(Nb—O)= 
753 kJ/mol) is expected to effectively suppress 
Li+/Ni2+ cation mixing and stabilize crystal  
structure [33]. With the improved overall structural 
stability attributed to the synergistic effect of 
LiNbO3 surface coating and Nb5+ ion doping, as 
expected, the dual-modified Ni-rich layered cathode 
material enhances the electrochemical performance. 
 
2 Experimental 
 
2.1 Material synthesis 

To synthesize the bare LiNi0.83Co0.12Mn0.05O2 
material for comparison, commercial Ni0.83Co0.12- 
Mn0.05(OH)2 precursors were mixed with 
LiOH·H2O with an appropriate mole ratio of 
Li:TM=1.05:1. Subsequently, the mixed powders 
were preheated to 500 °C for 6 h, and then calcined 
at 780 °C for 12 h at a heating rate of 3 °C/min 
under O2 atmosphere. The obtained Ni-rich layered 
sample was denoted as pristine NCM. 

To prepare the modified LiNi0.83Co0.12Mn0.05O2 
samples, firstly, a certain stoichiometric amount of 
PVP was added to a certain volume of anhydrous 
ethanol and stirred to fully dissolve. Then, 1 g    
of commercial Ni0.83Co0.12Mn0.05(OH)2 precursor 
powders were slowly added and evenly scattered 
for 6 h. Subsequently, an anhydrous ethanol 
solution containing a specific stoichiometric 
amount of C4H4NNbO9·xH2O (analytical grade) 
was added dropwise into the above dispersed 
mixture at a rate of 15 mL/h with vigorous stirring. 
Afterwards, the resulting suspension was further 
continuously stirred at 65 °C under a speed of 
650 r/min until the solvent was completely 
evaporated to form the Nb-PVP coated 
Ni0.83Co0.12Mn0.05(OH)2 precursor. Finally, under the 
above conditions, dried powder materials were 
blended with LiOH·H2O and then sintered to 
acquire dual-modified LiNi0.83Co0.12Mn0.05O2 samples 
(denoted as NCM-Nb1, NCM-Nb2, NCM-Nb3, and 
NCM-Nb5, respectively, which correspond to   
the Nb2O5 proportions of 1, 2, 3, and 5 wt.% of 
Ni0.83Co0.12Mn0.05(OH)2 precursors in sequence.) 

2.2 Material characterization 
The crystal structure was confirmed by powder 

X-ray diffraction (XRD, Bruker D8 Advance, using 
Cu Kα radiation) analysis at a scanning rate of 
5 (°)/min. The surface morphology was examined 
by employing scanning electron microscopy (SEM, 
JEOL, JSM−6610LV), and the surface micro- 
structure and main element distribution of the 
samples were characterized by transmission 
electron microscopy (TEM, FEI, JEM2010). The 
chemical state of the surface elements of the 
samples was investigated by X-ray photoelectron 
spectroscopy (XPS, K-Alpha 1063). The thermal 
stability was determined by differential scanning 
calorimetry (DSC, TAQ2000) after the activated 
Li-ion cell including cathode materials was fully 
charged to 4.3 V (vs Li+/Li). 
 
2.3 Electrochemical measurement 

To evaluate the electrochemical performances 
of as-synthesized cathode materials, CR2025 
coin-type cells were adopted. The cathode slurries 
were made by mixing the as-prepared materials 
with conductive carbon black (Super-P) and 
polyvinylidene fluoride (PVDF) at the mass ratio of 
8:1:1, followed by adding an appropriate amount of 
N-methyl pyrrolidone (NMP) as a dispersant. After 
fully stirring, the slurries were evenly coated on an 
aluminum foil and fully dried at 90 °C, and then cut 
into round pieces with an active material loading 
confined within ∼2 mg/cm2. Subsequently, the cells 
containing the prepared electrode, lithium metal 
counter electrode, porous polypropylene membrane 
(Celgard2325) and electrolyte (1 mol/L LiPF6, 
EC/DMC/EMC 1:1:1, volume ratio) were 
assembled in a glove box (MIKROUNA, Super 
(1220/750/900), Germany) filled with argon. 
Galvanostatic charge and discharge measurements 
were performed by employing various current 
densities (1C=200 mA/g) (Neware battery test 
system, BT−9300) at 25 °C in a specific voltage 
range (vs Li+/Li). Cyclic voltammetry (CV) at a 
sweeping speed of 0.1 mV/s and electrochemical 
impedance spectroscopy (EIS) with the frequency 
range of 0.01 Hz to 100 kHz were conducted by 
employing electrochemical workstation (CHI660E, 
Shanghai, Chenhua). Galvanostatic intermittent 
titration technique (GITT) tests were performed 
through a battery testing system (Neware, 
BT−9300). The constant current (0.1C) pulse and 
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relaxation time of a single titration step were 10 and 
60 min, respectively. 
 
3 Results and discussion 
 
3.1 Structure, morphology and surface 

chemistry characteristics 
XRD tests were performed to characterize the 

crystal structure of the pristine NCM, NCM-Nb1, 
NCM-Nb2, NCM-Nb3, and NCM-Nb5 samples. 
Figure 2(a) shows the XRD patterns of the 
as-prepared samples. As can be observed, all the 
samples can be indexed to the α-NaFeO2 layered 
hexagonal structure corresponding to the 3R m  
space group (PDF#87-1562). Close observation 
revealed that the NCM-Nb5 sample had an 
additional weak diffraction peak at 2θ of around 23°, 
which belonged to the (012) plane of LiNbO3 

(PDF#20-0631). The existence of LiNbO3 peaks 
was not found in other modified samples due to the 
low content of Nb. Additionally, compared to the 
pristine NCM sample, the (003) reflection of the 
modified samples slightly shifted to a lower 2θ 

value, which can be clearly seen in Fig. 2(b). With 
the increase of Nb content, the peak position 
continues to move to a low angle. It can be inferred 
that part of Nb5+ ions penetrate into the crystal 
lattice of Ni-rich layered oxides resulting in the 
enlarged cell parameters, owing to the larger radius 
of Nb5+ (0.64 Å) than that of Ni3+ (0.56 Å), Co3+ 
(0.545 Å) and Mn4+ (0.53 Å) [34−36]. For the 
pristine NCM, NCM-Nb1 and NCM-Nb2 samples, 
the apparent splitting of (006)/(102) and (108)/(110) 
pairs revealed a well-ordered layer structure. But 
for the NCM-Nb3 and NCM-Nb5 samples, the 
splitting degree of (108)/(110) peaks was not 
obvious, which may be due to the increase of 
mixing degree caused by excessive high-valence 
cation doping [37]. 

The XRD Rietveld refinement of pristine 
NCM and NCM-Nb2 is shown in Fig. 2(c), and the 
corresponding lattice parameters are listed in Table 
1. Generally, the ratio of I(003)/I(104) can reflect 
the ordered degree of the layered characteristics  
of Ni-rich oxides. For the NCM-Nb2 sample, it 
shows a higher I(003)/I(104) intensity ratio than the 

 

 
Fig. 2 XRD patterns of as-prepared Ni-rich layered cathode materials (a), magnified regions (b) taken from corresponding 
XRD patterns in (a), and Rietveld refinement results of XRD patterns of pristine NCM (c) and NCM-Nb2 (d) 
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pristine NCM, which is probably due to the stronger 
Nb—O bond that is able to strengthen TM−O slabs 
to hinder the migration of TM ions into Li slabs 
[38]. In addition, based on the Rietveld refinement 
results in Table 1, the lattice parameters of the 
NCM-Nb2 sample have also increased relatively 
attributed to Nb5+ doping with larger ion radius. 
Therefore, it can be fully inferred that the expanded 
lattice parameters in the NCM-Nb2 sample will 
facilitate the electrochemical de/intercalation of Li+ 
ions. 

SEM examination was used to characterize the 
effect of dual modification on the surface 
morphology of raw materials. Figure 3 displays the 
SEM images of the pristine NCM, NCM-Nb1, 
NCM-Nb2 and NCM-Nb3 samples. All the 
as-prepared materials exhibit the overall 
morphology of spherical secondary micro-particles 
of 6−8 μm , which are composed of abundant 
aggregated nano-scale primary grains. Through 
further comparison, it can be seen that the edges 

and corners of the primary particles on the surface 
of the pristine NCM material are clearly visible, 
while that of the modified materials becomes 
blurred as the niobium content increases. At the 
same time, the surface of the modified materials 
becomes relatively rough. These changes in surface 
morphology fully demonstrate that LiNbO3 is 
successfully formed on the surface of the material 
particles after Nb modification. 

To further characterize the microstructure of 
the as-synthesized cathode materials, TEM and 
high-resolution TEM (HRTEM) examinations were 
performed. The image of the pristine NCM particles 
from bulk to surface presents an apparent 
interplanar spacing of 0.204 nm shown in Fig. 4(a), 
which is identical to the (104) crystal plane of the 
layered 3R m  structure. Furthermore, it can be 
further verified by the fast Fourier transform (FFT) 
patterns in the block diagrams (1) and (2), where 
the (104) plane diffraction spots are coherent with 
the 3R m  space group. On the contrary, the NCM- 

 
Table 1 Lattice parameters of pristine NCM and NCM-Nb2 by Rietveld refinement 

Sample 
Lattice parameter Reliability factor 

a/Å c/Å c/a Volume/Å3 I(003)/I(104) Rwp/% Rp/% χ2 

Pristine NCM 2.8701 14.1815 4.9411 101.16 1.707 5.67 4.03 3.36

NCM-Nb2 2.8717 14.1943 4.9428 101.37 2.039 4.92 3.64 2.52
 

 
Fig. 3 SEM images of as-prepared Ni-rich layered cathode materials: (a) Pristine NCM; (b) NCM-Nb1; (c) NCM-Nb2; 
(d) NCM-Nb3 
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Fig. 4 TEM, HRTEM images and corresponding FFT images of pristine NCM (a) and NCM-Nb2 (b), and elemental 
mapping of NCM-Nb2 (c) 
 
Nb2 particles reveal a clear core–shell structure in 
Fig. 4(b), where the core is tightly connected with a 
uniform coating layer with a thickness of 
approximately 3 nm. Meanwhile, it shows two 
distinct sets of lattice fringes. The interplanar 
spacing of 0.245 nm in the block diagram (3) and 
0.186 nm in the block diagram (4) are ascribed to 
the (101) plane of the bulk layered phase and the 
(024) plane of the LiNbO3 surface phase, 
respectively, as illustrated in the corresponding FFT 
patterns. Form these results, it can be inferred that 
the strong interaction between the LiNbO3 coating 
and the host cathode material is expected to 

improve the interface stability to a certain extent. 
In addition, the corresponding EDS elemental 

mapping was adopted to explore the distribution of 
main elements on the surface of the NCM-Nb2 
particles. Through Fig. 4(c), we can find that the 
distribution of all the detected elements including 
Nb is relatively coincident, confirming that the 
LiNbO3 compound is homogeneously distributed on 
the surface of the NCM-Nb2 particles. These 
findings can persuasively illustrate that the LiNbO3 
coating can serve as a protective medium between 
the host material and the electrolyte. 

The chemical states of the surface elements of 
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the pristine NCM and NCM-Nb2 samples were 
discussed by XPS analysis. The key binding energy 
peaks of Ni, Co, Mn and O were detected in both 
samples, whereas the binding energy peaks of Nb5+ 
could be merely found in the NCM-Nb2 sample 
(Figs. 5(a) and (f)). The divided parts of the Ni 2p3/2 
spectrum shown in Fig. 5(b) at 854.6 and 855.8 eV 
can correspond to the binding energies of Ni2+ and 

Ni3+, respectively. More importantly, through 
quantitative analysis based on peak area, we found 
that the proportion of Ni3+ in the both samples is 
relatively large. Interestingly, the molar ratio of Ni3+ 
to Ni2+ in NCM-Nb2 is slightly less than that in 
pristine NCM. It is reported that this phenomenon 
may be caused by a charge compensation mechanism 
resulting from part of Nb5+ ions diffusing into the 

 

 
Fig. 5 XPS spectra of pristine NCM and NCM-Nb2 samples 
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bulk lattice of the cathode material after high 
temperature co-lithiation treatment, leading to the 
reduction in the oxidation state of Ni3+ ions [39]. 
Although there are slightly more Ni2+ ions, the 
stronger interaction between the Nb5+-doped and 
O2− ions can strengthen the TM−O layer to reduce 
the degree of Li+ /Ni2+ cation mixing [40], which is 
consistent with the XRD results. The Co 2p peaks 
in Fig. 5(c) are located at 795.2 and 780.1 eV, while 
the Mn 2p3/2 peaks in Fig. 5(d) are located at 
642.3 eV, which are assigned to the +3 and +4 

oxidation states of Co and Mn, separately. This 
result indicated that the Nb modification scarcely 
influences the chemical state of Co and Mn in 
Ni-rich cathode materials. The peaks located at 
531.5 and 529.1 eV in Fig. 5(e) are ascribed to 
impurity oxygen and lattice oxygen, respectively. 
For NCM-Nb2, The ratio of O 1s peak area of 
impurity oxygen to lattice oxygen is smaller than 
that of pristine NCM, because there is a strong   
Nb—O bond between Nb5+-doped and O2− ions, 
signifying less surface lithium residues of NCM- 

Nb2 than that of pristine NCM. Less impurity 
oxygen means that the interface parasitic  
reactions that produce O2, CO2 and CO and cause 
serious safety issues are relatively reduced,  
thereby improving the structural stability of NCM- 
Nb2 [9,41]. In addition, it can be clearly observed 
in NCM-Nb2 that the binding energy peaks of Nb5+ 
at 209.5 and 206.3 eV in Fig. 5(f) correlated with 
Nb 3d3/2 and Nb 3d5/2, respectively, which implies 
the presence of Nb-containing compounds on the 
surface of dual-modified cathode materials. 
 
3.2 Electrochemical and thermal performance 

In order to explore the electrochemical 
properties of the as-synthesized materials, coin-type 
cells were assembled and tested. Figure 6(a) shows 
the initial charge–discharge profiles of pristine 
NCM, NCM-Nb1, NCM-Nb2 and NCM-Nb3 at 
0.1C between 2.7 and 4.3 V. All samples display  
the same typical electrochemical reaction  
platform belonging to Ni-rich layered cathode 
material, showing that the LiNbO3 coating layer is  

 

 
Fig. 6 Initial charge/discharge curves of as-synthesized materials (a), rate capability of as-synthesized materials by 
employing different current rates from 0.1C to 10C (b), and corresponding discharge profiles of pristine NCM (c) and 
NCM-Nb2 (d) at different rates 
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electrochemically inert within the above voltage 
range. It was observed that the first discharge 
capacities of pristine NCM, NCM-Nb1, NCM-Nb2 
and NCM-Nb3 were 195.45, 192.53, 193.80 and 
187.25 mA·h/g, respectively, showing a gradual 
downward trend with the increased addition amount 
of Nb element. This trend is due to the fact that 
LiNbO3 is electrochemically inert, and a too thick 
coating layer hinders the transport of Li-ions at the 
electrode−electrolyte interface. Fortunately, the 
initial coulombic efficiency was slightly enhanced 
after Nb-modification. It might be attributed to that 
LiNbO3 is not only a fast ion conductor, but also 
serves as a protective layer to retard adverse side 
reactions, thereby improving the reversibility of 
electrochemical reaction. 

As demonstrated in Fig. 6(b), the rate 
capabilities of the as-synthesized materials were 
investigated by incrementally varying the current 
rate from 0.1C to 10C every four cycles between 
2.7 and 4.3 V. It can be found that the reversible 
capacity of all the modified cathode materials is 
considerably higher than that of the pristine NCM 

material, especially at the ultra-high rate of 10C. 
The NCM-Nb2 cathode delivered the highest 
reversible specific capacity of 149.1 mA·h/g at the 
rate of 10C, while the pristine NCM only 
139.2 mA·h/g. Besides, when the current density 
was restored to 0.1C, the value of the NCM-Nb2 
can resume to 197.0 mA·h/g, confirming its 
superior high current withstand capability. 
Furthermore, it can be found from Figs. 6(c,d) that 
the discharge voltage plateau drop of the NCM-Nb2 
cathode is evidently smaller than that of pristine 
NCM from 0.1C to 10C. Therefore, the results 
strongly proved that the dual-modified cathode 
materials had better Li+ de/intercalation kinetics and 
structural stability than the pristine NCM. 

The cycling performance of the obtained 
materials under different charging and discharging 
procedures is viewed in Fig. 7. The pristine NCM 
reached 187.3 mA·h/g in the 1st circle at 1C 
between 2.7 and 4.3 V, but the capacity retention 
after 100 cycles was only 67.90%. Although the 
initial cycle discharge capacity of the modified 
cathode materials is slightly lower than that of the 

 

 
Fig. 7 Cycling performance of samples at 1C between 2.7 and 4.3 V (a), and corresponding charge−discharge plots of 
pristine NCM (b) and NCM-Nb2 (c) 
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pristine material, the capacity retention has been 
greatly improved. The retentions of NCM-Nb1, 
NCM-Nb2 and NCM-Nb3 after 100 cycles are 
83.32%, 90.78% and 83.41%, respectively. 
Especially, the NCM-Nb2 sample has the highest 
retention. Figured 7(b) and (c) vividly depict their 
evolution of the corresponding charge−discharge 
plots after Nb modification, indicating that 
NCM-Nb2 maintains the slight voltage fading and 
polarization as the cycle progresses. 

In addition, to further explore the stabilizing 
effect caused by dual modification, the pristine 
NCM and NCM-Nb2 electrodes were cycled at a 
high cut-off potential or an elevated rate. We can 
see from Fig. 8(a) that the capacity retention of 
NCM-Nb2 can reach 85.52% after 100 cycles at the 
high rate of 5C, obviously higher than that  of 
pristine NCM (61.86%). Similarly, when the cut-off 
potential was increased to 4.5 V in Fig. 8(b), the 
specific capacity of NCM-Nb2 after 100 cycles was 
152.86 mA·h/g, and its retention was 86.45%, while 
that of pristine NCM rapidly attenuated to 
99.85 mA·h/g with a retention of merely 51.13%. 
The above results further confirmed that the 
dual-modified NCM samples exhibited improved 
Li+ de/intercalation stability. This is mainly due to a 

uniform and tight ion conductive LiNbO3 surface 
coating layer, which can effectively prevent from 
direct contact and mitigate detrimental side 
reactions between the active material and the 
electrolyte [42]. Moreover, the Nb5+ ion doping can 
also alleviate the irreversible structural changes of 
the crystal lattice because of the stronger Nb—O 
bond, and retain the stability of the crystal structure. 
Both can synergistically improve the overall 
structural stability of Ni-rich cathode materials 
from interface to bulk [43−46]. 

CV tests were conducted to discuss the 
electrochemical delithiation/lithiation process of the 
materials. Figure 9 illustrates the initial five cycles 
of CV profiles for the pristine NCM and NCM-Nb2 
electrodes in the voltage range of 2.7−4.3 V 
(Figs. 9(a, b)) and 2.7−4.5 V (Figs. 9(c, d)). We can 
find three pairs of redox peaks which are designated 
as the phase transition from the first hexagonal 
phase (H1) to the monoclinic structure (M) and  
the next two other hexagonal structures (H2 and  
H3) [47]. As shown by the dotted rectangles, the 
anodic peak intensity of pristine NCM at a high 
potential of ~4.2 V continuously drops upon cycling, 
and is more pronounced at the higher cut-off 
voltage of 4.5 V, implying that H2−H3 irreversible  

 

 
Fig. 8 Cycling performance of pristine NCM and NCM-Nb2 samples at ultra-high rate of 5C (a) and high cut-off 
voltage of 4.5 V (b) 
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Fig. 9 Cyclic voltammetry curves of samples at scanning rate of 0.1 mV/s in voltage range of 2.7−4.3 V (a, b) and 
2.7−4.5 V (c, d), and differential capacity curves of pristine NCM (e) and NCM-Nb2 (f) during cycling between 2.7 and 
4.3 V at 1C  
 
phase transition loss will eventually lead to capacity 
fading [48]. However, as the cycle progressed, the 
profiles of NCM-Nb2 basically overlapped, and the 
variation of peak intensities can be nearly ignored. 
In addition, dQ/dV profiles are also consistent with 
the cyclic voltammetry test results, and Figs. 9(e, f) 
display the 1st, 25th, 50th, and 100th cycles at 1C 
between 2.7−4.3 V for the pristine NCM and 

NCM-Nb2 cathodes. It also can be observed from 
the dotted rectangles that NCM-Nb2 basically 
maintains the peak intensity in the subsequent 
cycles, while it decreases evidently for pristine 
NCM until nearly disappears. The above results 
jointly indicate that H2−H3 irreversible phase 
transition can be suppressed to a certain extent by 
the dual modification strategy, thereby reducing the 
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structural degradation of Ni-rich layered oxides. 
Galvanostatic intermittent titration technique 

(GITT) is a widely accepted method to effectively 
evaluate the Li+ diffusion kinetics of electrode 
materials. Figures 10(a, b) depicted the GITT 
profiles of the pristine NCM and NCM-Nb2 
cathodes. The apparent diffusion coefficient of Li+ 
(DLi+) can be obtained by employing Eq. (1) [49]:  

22 2
sB m

Li
B Li

4  
π  

Em V LD
M S E Dτ

τ
τ+

+

   Δ
=     Δ

 


 


 
      (1) 

 
where mB (g), MB (g/mol) and Vm (cm3/mol) are the 
mass, the molar mass and the volume of active 
materials, respectively; τ (s) is the applied current 
pulse time; S (cm2) is the apparent surface of the 
cathode; L (cm) is the thickness of the cathode; ΔEτ 
and ΔEs represent the transient voltage change 
during the current pulse and the steady voltage 
change after the relaxation period, separately. The 
detailed description of a single titration step during 
the charging process is shown in Fig. 10(d). 

Through the comparative analysis of the 
calculated apparent Li+ diffusion coefficient curves 

in Fig. 10(c), it can be found that the DLi+ of the 
pristine NCM and NCM-Nb2 electrodes has a 
gradually increasing trend until it is charged to 
approximately 3.7 V. It is due to the removal of 
Li-ions which causes the expansion of Li slab space 
and helps to promote the migration of Li-ions. Then 
the DLi+ of the NCM-Nb2 cathode slowly increased 
and remained almost at a high level. However, the 
DLi+ of the pristine NCM cathode dropped rapidly at 
the end of charging (≥4.2 V) because of the 
shrinkage of Li slab along c-axis, thereby  
impeding the Li+ de/intercalation. By comparing 
these two electrodes, we can draw that the DLi+ 
value of NCM-Nb2 is about 3.5 times higher 
(~2.45×10−9 cm2/s) than that of pristine NCM 
(~6.81×10−10 cm2/s). This is because the expanded 
interlayer spacing owing to the doping of Nb5+ ions 
with a larger radius increases the mobility of Li+ 
ions. Moreover, the forming of LiNbO3 fast ion 
conductor can also promote the rapid transfer of 
Li-ions between the electrode material and the 
electrolyte. Therefore, the combined effect of both 
of the above improves the electrochemical reaction 
kinetics of the material. 

 

 
Fig. 10 GITT profiles of pristine NCM (a) and NCM-Nb2 (b) cathodes, obtained DLi+ corresponding to charging 
procedure (c), and time vs voltage for single titration step of GITT profiles (d) 



Yuan-lin CAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3663−3678 3675

To reveal the kinetic characteristics of cathode 
materials, electrochemical impedance spectroscopy 
tests for pristine NCM and NCM-Nb2 were 
conducted. As shown in the possible equivalent 
circuit model in Fig. 11(a), each Nyquist plot 
contains two raised semicircles, representing the 
cathode−electrolyte interface resistance (Rsf) and 
the charge-transfer resistance (Rct) from the 
high-frequency region to the medium-frequency 
region in turn, as well as a slope in the 
low-frequency region assigned to the Warburg 
impedance (Wo) related to the Li+-ion diffusion 
kinetics [49]. Table 2 lists the impedance values of 
the pristine NCM and NCM-Nb2 cathodes fitted 
using the equivalent circuit. Compared with pristine 
NCM, the impedance value of NCM-Nb2 is 
remarkably reduced. After 100 cycles, the Rsf 

growth rate of NCM-Nb2 was apparently slower 
than that of pristine NCM, suggesting that the 
LiNbO3 coating helped to form a more stable CEI 
layer. Similarly, the Rct value of NCM-Nb2 also 
showed a more sluggish increment than pristine 
NCM, indicting a more excellent charge-transfer 
rate during electrochemical reaction process. This 
result is in accordance with the Li+ diffusion 
coefficient tested by GITT. This is mainly because 
the LiNbO3 interface coating with fast ionic 
conductivity can effectively suppress the adverse 
side reactions and reduce the impedance growth. 

Thermal stability is one of the most key 
characteristic indexes of cathode materials, which 
directly determines the safety performance of the 
LIBs [50,51]. For this purpose, we used DSC to 
examine the pristine NCM and NCM-Nb2 cathodes 
at a fully charged state. The results are shown in Fig. 
11(b). For the pristine NCM cathode, the 
exothermic peak temperature pointing to the 
interaction between the cathode and the electrolyte 
was only 227 °C, while NCM-Nb2 shifted to a 
higher temperature of 248 °C. In addition, the peak 
area of NCM-Nb2 associated with the heat 
generation of the exothermic reaction was 
remarkably reduced than that of pristine NCM. 
These phenomena may be ascribed to that Nb5+ ion 
doping and LiNbO3 surface coating can 
simultaneously improve the overall structural 
stability of Ni-rich layered oxides from interface to 
bulk, and definitely inhibit the thermal effect 
between the highly delithiated cathode and the 
electrolyte. 

 

 
Fig. 11 Nyquist plots of cathodes after 3rd and 100th 
cycles (a), and DSC curves of cathodes after being fully 
charged at 4.3 V (b) 
 
Table 2 Fitting parameters of impedance spectra after 
3rd and 100th cycles 

Sample 
After 3rd cycle  After 100th cycle

Rs/
Ω 

Rsf/
Ω 

Rct/ 
Ω  Rs/ 

Ω 
Rsf/
Ω 

Rct/
Ω 

Pristine-NCM 8.95 18.05 24.69  16.54 44.22 98.42

NCM-Nb2 5.53 16.69 21.52  6.98 34.86 56.61

 
4 Conclusions 
 

(1) The dual-modified Ni-rich layered oxide 
cathode materials (LiNi0.83Co0.12Mn0.05O2) with  
Nb doping and LiNbO3 surface coating were 
successfully synthesized through a simple but 
controllable one-step wet chemical method. 

(2) The strong Nb—O bond can reduce Li+ 

/Ni2+ cation mixing and strengthen bulk structure. 
Meanwhile, the derived LiNbO3 coating effectively 
stabilized the interface between the cathode 
material and the electrolyte, and facilitated the 
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diffusion of lithium ions. As a consequence, the 
dual-modified cathode materials exhibited 
improved overall structural stability and superior 
electrochemical performance compared to the 
pristine NCM, in terms of cycle stability, rate 
performance and thermodynamic properties. 

(3) It can be inferred that this novel and 
effective strategy can also be extended to other 
oxide cathode materials for LIBs to synergistically 
improve the overall structural stability, and 
ultimately realize the excellent electrochemical 
performance. 
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摘  要：提出一种从表面到体相的一步整体改性策略，同步合成 Nb 掺杂和 LiNbO3包覆的 LiNi0.83Co0.12Mn0.05O2 

(NCM)正极材料。LiNbO3包覆层可以调控界面并促进锂离子扩散；更强的 Nb—O 键能有效抑制 Li+/Ni2+阳离子混

排，提高晶体结构稳定性，从而有助于缓解 Li+脱出/嵌入过程中晶格参数的各向异性变化。结果表明：双修饰材

料表现出较好的结构稳定性和优异的电化学性能。最佳样品 NCM-Nb2 在 2.7~4.3 V 之间以 1C 循环 100 次后，容

量保持率为 90.78%，而原始样品容量保持率仅为 67.90%；同时，在 10C 下具有 149.1 mA·h/g 的更高倍率性能，

这些结果突显了一步双修饰策略协同提高富镍层状氧化物正极材料电化学性能的可行性。 
关键词：富镍正极材料；铌；一步策略；双重修饰；结构稳定性；电化学性能 
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