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as one of the most promising cathodes 
to meet the requirement for high-energy 
density application due to the high theo-
retical capacity (around 280  mA h g−1) 
and low cost.[1] However, the poor cycling 
stability is a major drawback hindering 
its commercial application. Lots of efforts 
have been devoted to reveal the origin of 
the low cycling stability and improve its 
cycling performance. It is known that 
NiO-type rock-salt phase and Li2CO3 
residue are two kinds of commonly-
observed surficial species.[2] Both of 
these two substances are electrochemi-
cally inactive and poor in electronic and 
ionic conductivity, thus leading to high 
impedance to Li+ (de)intercalation during 
cycling.[3] A significant power fade, up to 
43%, was reported in LiNi0.8Co0.2O2 due 
to the formation of NiO-type rock-salt 
phase on the particle surface.[4] It was also 
reported that NiO-like rock-salt phase and 
Li2CO3 formed on the surface of primary 
particles accelerate cracking in the sec-
ondary particles and eventually lead to the 

capacity fade with cycling.[5] Moreover, Li2CO3 on the particle 
surface was recently revealed to be the main source of CO2 and 
CO generated during the first charge, and it reacts with electro-
lyte and produce LiF and other gases at high voltages, conse-
quently causing impedance increase, capacity and power fading, 

High-Ni layered oxide cathodes are considered to be one of the most promising 
cathodes for high-energy-density lithium-ion batteries due to their high capacity 
and low cost. However, surfice residues, such as NiO-type rock-salt phase 
and Li2CO3, are often formed at the particle surface due to the high reactivity 
of Ni3+, and inevitably result in an inferior electrochemical performance, 
hindering the practical application. Herein, unprecedentedly clean surfaces 
without any surfice residues are obtained in a representative LiNi0.8Co0.2O2 
cathode by Ti-gradient doping. High-resolution transmission electron 
microscopy (TEM) reveals that the particle surface is composed of a disordered 
layered phase (≈6 nm in thickness) with the same rhombohedra structure as its 
interior. The formation of this disordered layered phase at the particle surface 
is electrochemically favored. It leads to the highest rate capacity ever reported 
and a superior cycling stability. First-principles calculations further confirm that 
the excellent electrochemical performance has roots in the excellent chemical/
structural stability of such a disordered layered structure, mainly arising from 
the improved robustness of the oxygen framework by Ti doping. This strategy 
of constructing the disordered layered phase at the particle surface could be 
extended to other high-Ni layered transition metal oxides, which will contribute 
to the enhancement of their electrochemical performance.
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1. Introduction

With the great demands in Li-ion batteries’ application for 
electric vehicles and grid-level energy storage, high-Ni layered 
oxides, LiNixCoyMnzO2 (x + y + z = 1, x ≥ 0.7), are considered 
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and even electrode swelling.[6] In brief, NiO-like rock-salt phase 
and surficial Li2CO3 impurity at the particle surface, generated 
from the surface side reactions between the high reactive Ni3+ 
with CO2/H2O in air, have been identified as the main reasons 
for the poor surface stability of high-Ni layered oxides. Hence, 
it is significant to develop new strategies to eliminate these 
surface residues and to construct an electrochemically-favored 
surface for high-Ni layered cathode materials.

In order to solve the problem of surface instability, lots of 
methods have been adopted previously, such as washing,[7] surface 
coating (ZnO, Al2O3, Li2ZrO3, Li3PO4, LixAlO2, LixTi2O4),[1b,8]  
elemental doping, and constructing core–shell and concen-
tration-gradient nanostructures (Ni-rich inside and Mn-rich 
outside).[9] Elemental doping, such as Al3+, Zr4+, Mn4+, etc.,[1a,10] 
has been considered as an effective way to implement the sur-
face protection. Taking Mn4+ as an example, Mn4+ ions bring 
with a shorter and stronger MnO bond than Ni/CoO bonds, 
resulting in stable transition metal (TM) layers. Meanwhile, 
the concentration of the highly-reactive Ni3+ at the particle 
surface decreases due to the charge balance of Mn4+ and Ni2+. 
Consequently, the amount of Ni2+ increases and results in 
more Li/Ni antisites at the particle surface, stabilizing Li layers 
during Li insertion/extraction.[11] The strategy of constructing 
Mn-rich surface, including core–shell and concentration-
gradient structure,[9] can also effectively protect the particle 
surface of high-Ni layered oxides, and deliver excellent elec-
trochemical performance. Nevertheless, such doping strategy 
could not completely prevent the formation of the detrimental 
surficial residues, including rock-salt phase and Li2CO3 at the 
particle surface.[1a,10,12] Similar to Mn4+, Ti4+ represents another 
transition metal ion with valence state of 4+, which has been 
extensively adopted as an effective dopant to improve the elec-
trochemical performance.[13] However, the structural origin for 
the enhanced performance has never been clearly illustrated.

Herein, we construct a clean surface without any surficial 
residues via Ti-gradient doping in a representative high-Ni 
layered oxide LiNi0.8Co0.2O2. In comparison with the undoped 
counterpart, it delivers a much improved electrochemical 
performance, including an extended life at high upper cutoff 
voltage (4.5  V) and high temperature (45 °C), as well as the 
best rate performance (146 mA h g−1) at a high rate (20C). The 
spherical aberration correction transmission electron micros-
copy (TEM) reveals that a layered phase with serious cationic 
mixing is located at the near-surface region with the thickness 
about 6  nm. First-principles calculations further confirm that, 
the excellent electrochemical performance originates from the 
great chemical/structural stability of such layered structure at 
the particle surface.

2. Results and Discussion

2.1. Formation of Ti-Gradient Doping

The structural phases of NC82 and NC82-Ti were examined by 
XRD as shown in Figure S1 in the Supporting Information. All 
diffraction peaks can be indexed with the rhombohedral structure 
and are consistent with the standard pattern of LiNi0.8Co0.2O2 
(PDF#87-1562), indicating the formation of the pure layered 

phase. The morphology of the precursor Ni0.8Co0.2(OH)2 and the 
final samples NC82 and NC82-Ti are presented at Figure S2 in 
the Supporting Information. Obviously, the final materials are in 
the form of small particles with the particle size about 1–2 µm. 
N2 adsorption/desorption isotherms are performed as shown in 
Figure S3 in the Supporting Information, the final area surface of 
NC82-Ti is 5.57 m2 g−1, which is higher than NC82 (1.99 m2 g−1).  
By taking advantage of high sensitivity of neutron to both 
Li and O atoms, neutron diffraction experiments are per-
formed, and the neutron diffraction patterns of NC82 and 
NC82-Ti are presented in Figure  1a,b, respectively. The struc-
tural refinements are performed by using a layered structural 
model with/without Ti doping, and the structural refinement 
results are listed in Table S1 in the Supporting Information. It 
is revealed that, Li/Ni antisite concentration, represented by the 
occupancies of Ni at 3b sites (Ni(3b)) is rising up from 0.0133 to 
0.0230 due to Ti doping. It could be understood as such, in order 
to realize charge balance, more Ni2+ are generated because of 
the introduction of Ti4+, which facilitates the exchange between 
Li+ and Ni2+ and result in more Li/Ni antisites in NC82-Ti. In 
addition, Li slab in NC82-Ti shows a negligible shrink (0.026%) 
after Ti doping, which will not affect the high Li+ diffusivity in 
the layered framework.[14]

In order to clarify the Ti distribution within single particles in 
NC82-Ti, the EDX mapping on a cross-section sample of a single 
particle is performed by a spherical aberration correction TEM 
(Figure S4, Supporting Information). It is clear that, Ti doping is 
successfully implemented in the bulk of the single particle. The 
actual doping content of Ti is determined as 1.59% relative to 
transition metal by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) in Table S2 in the Supporting Informa-
tion. In order to further study the Ti distribution at the particle 
surface, X-ray photoelectron (XPS) depth profile by ion etching, 
a unique surface-sensitive technique, is performed. As shown 
in Figure 1c, the Ti 2p2/3 peak gradually shifts to the low energy 
direction with the etching time, indicating the gradual decrease 
of the charge valence for Ti (Ti4+ → Ti3+), which may come from 
the reduction effect of the Ar+ ion beam.[15] XPS spectra for Ni 
and Co are deposited in Figure S5 in the Supporting Informa-
tion. Based on the XPS spectra, the relative content of Ti could 
also be deduced as a function of the etching time, in considera-
tion of the uniform distribution of Ni and Co within single par-
ticle. As shown in Figure 1d, the relative content of Ti decreases 
gradually from 10% to 3% with increasing etching depth up to 
around 10 nm by adopting the etching rate for SiO2 (0.07 nm s−1)  
as reference, hinting that a gradient Ti concentration at the 
particle surface. Such a unique element distribution may bring 
with a unique microstructure at the very local surface, and even-
tually affect the electrochemical performance.

2.2. Clean Surface with a Li/Ni-Exchange  
Disordered Layered Phase

In considering of Ti-gradient doping on the particle surface 
revealed above, local structure, especially at the particle sur-
face, is further analyzed for NC82 and NC82-Ti. As shown 
in Figure  2a,b, the high resolution TEM (HRTEM) images of 
NC82 and NC82-Ti are demonstrated. NC82 exhibits a coarse 
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surface coated with a 6 nm thick rock-salt phase (Figure  2a), 
and it will block the Li+ diffusion pathway to a great extent 
within the ab-plane. This phenomenon has been extensively 
reported as surface reconstruction in the previous works, and 
identified as an important reason for the gas release during 1st 
cycle and the poor cycling stability.[3–5] Unprecedentedly, NC82-
Ti presents a continuous layered structure extending from the 
bulk to the outermost surface as illustrated in Figure  2b, and 
no secondary phase is observed at the particle surface. Such 
a clean surface with unique layered structure has never been 
reported previously. It would greatly benefit the Li+ diffusion at 
the particle surface, and bring with the unique electrochemical 
performance.

To further illustrate the structural details at the particle 
surface of NC82-Ti, Figure  2c presents a spherical aberration 
correction TEM image for NC82-Ti. It is clear that, the surface 
region could be roughly divided into two parts as guided by the 
blue line. The atomic contrast in the Li layers becomes clear 
from the bulk to the surface along the yellow arrows across 
the blue line. It indicates that, a well-ordered layered struc-
ture with less Li/Ni antisites in the bulk gradually evolves 
into a disordered layered structure with more Li/Ni antisites 
in the very-near surface area of around 6  nm in thickness.[16] 
The comparison of FFT maps of the two chosen regions in 
Figure S6 in the Supporting Information could further con-
firm the structural change of cationic disordering at the particle 
surface. As shown in Figure S7 in the Supporting Information, 
two HRTEM images with larger views recorded from different 
primary particles of NC82-Ti demonstrate that, the clean sur-
face with the disordered layered region is statistically true. 

The formation of the unique surface structure should be attrib-
uted to the Ti4+-gradient doping at the particle surface.

2.3. Electrochemical Performance

To evaluate the effects of the unique layered-structure surface 
on the electrochemical performance, NC82 and NC82-Ti are 
assembled into half coin cells with lithium foils as anodes 
for the measurement of their electrochemical performance. 
The cyclic voltammetry (CV) curves, which mostly manifest 
the reactivity of particle surface, are first performed for two 
samples. The oxidation/reduction main peaks in 1st and 
2nd cycles for NC82 are around 4.00 and 3.60  V, respec-
tively, indicating a big polarization between the oxidation 
section and the reduction section (Figure  3a). In contrast, 
the main peaks for NC82-Ti sample both located at 3.70  V 
in Figure  3b, implying a negligible polarization. With the 
increase of cycling numbers, all the oxidation peaks shift to 
the low potential for two samples, indicating the occurrence 
of surface reconstruction reaction. Finally, in the 3rd cycle, 
the oxidation/reduction main peaks located around 3.65 
and 3.70  V, showing similar CV curves for two samples. It 
indicates that, the surface reconstruction reaction is finally 
completed and reached a reversible electrochemical equi-
librium at the particle surface. In brief, NC82-Ti undergoes 
an obvious small shift from the initial nonequilibrium state 
to the final equilibrium state in comparison with NC82, 
implying that the surface of NC82-Ti is much close to an ideal 
electrochemical surface. The deduction is further confirmed 
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Figure 1.  The structural determination and Ti doping. The neutron powder diffraction data of NC82 a) and NC82-Ti b). c) XPS spectra for NC82-Ti at 
different etching levels. d) An illustration for the relative content of Ti as a function of the etching time based on (c), showing the Ti distribution from 
the surface to the bulk.
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by the sharper and more well-defined oxidation/reduction 
peaks observed in the dQ/dV curve of NC82-Ti than that of 
NC82 during the 1st cycle (Figure S8, Supporting Informa-
tion). These results are consistent with predictions of electro-
chemical performance for NC82 with the rock-salt residues at 
the particle surface and for NC82-Ti with the clean surface as 
demonstrate clearly in Figure 2.

The rate performance for these two samples is further 
studied in the voltage range of 2.8–4.3  V (Figure  3c). The 
average discharge capacities of NC82-Ti and NC82 are similar, 
i.e., around 190 mA h g−1 at a low rate of 0.2C. With the con-
tinuous increase of the rate from 0.2C to 0.5C, 1C, 2C, 5C, 
10C, and 20C, the average discharge capacities decrease for 
both samples, and the capacities of NC82 exhibit a much faster 
decrease than that of NC82-Ti. At 20C, the discharge capacity of 
NC82-Ti are around 146 mA h g−1, about 77% of the capacity at 
0.2C, which is much higher than that of NC82 (120 mA h g−1). 
As far as we know, this is one of the best rate performance ever 
reported.[1a,17] It may partially come from the larger surface area 
(Figure S3, Supporting Information), the lower charge-transfer 
resistance demonstrated by the electrochemical impedance 

spectra (Figure S9, Supporting Information) and the higher Li+ 
diffusivity derived by galvanostatic intermittent titration tech-
nique (GITT) (Figure S10 and Table S3, Supporting Informa-
tion), which are both originated from the disordered layered 
phase at the particle surface.

Based on the above results, the cycling stability is also tested 
at 25 °C with the rate of 1C. As shown in Figure 3d, the capacity 
retention of NC82-Ti after 200 cycles is 97.71%, much higher 
than that (75.90%) of NC82. More coin cells are tested to prove 
the reliability in Figure S11 in the Supporting Information. 
When the upper cutoff potential is elevated to 4.5  V, NC82-Ti 
has a capacity retention of 86.38% after 100 cycles (Figure 3e), 
still higher than NC82 (69.13%). It indicates that NC82-Ti 
owns a more stable structure than NC82 to bear a higher 
cutoff voltage. Given that the working temperature is impor-
tant to the battery health and life, we also test the samples at 
high temperature 45 °C (Figure  3f). NC82-Ti show superior 
cycle ability (96.37%) compared with NC82 (68.14%), showing 
a similar good cycling stability as 25 °C. The good cycling sta-
bility should be related with the enhanced thermal stability in 
pristine materials, even in the charged cathodes, which are 
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Figure 2.  Clean surface with a disordered layered structure induced by Ti-gradient doping. The high-resolution TEM (HRTEM) images of as-prepared 
a) NC82 and b) NC82-Ti with FFT maps for different regions (insets). c) High-angle annular dark-field scanning TEM (HAADF-STEM) image of NC82-Ti 
by spherical aberration correction TEM. The green and grey balls represent Li+ ions and TM cations, respectively.
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demonstrated by thermogravimetric analyzer (TGA) and Differ-
ential scanning calorimetry (DSC) measurements (Figure S12, 
Supporting Information). In addition, the storage performance 
is also evaluated. After aged in the air for 60 days, NC82-Ti also 
deliver a great capacity retention of 94.28% after 300 cycles at 
1C (Figure S13, Supporting Information), which presents a 
superior storage performance.

In summary, the electrochemical performance, especially 
the rate performance and the cycling stability, are dramatically 
improved after Ti-gradient doping at the particle surface.

2.4. Ti Doping Induced Surface Stability by Theoretical 
Calculation

Why does Ti-gradient doping produce such a clean and air-
stable surface, and lead to such excellent electrochemical per-
formance? To answer this question, First-principles calculations 

are performed in consideration of both Ti doping and Li/Ni 
antisite observed above.

To explain the formation of disordered layered phase by 
Ti doping, the formation energies (ΔHf) of three different 
models  LiNi1−xTixO2 with 1 Li/Ni antisite were calculated. 
These models shown in Figure S14 in the Supporting Infor-
mation involve the pristine LiNiO2, 8% Ti doping LiNiO2, and 
16% Ti doping LiNiO2. The calculation results are listed in 
Table S4 and Figure S15 in the Supporting Information. As 
shown in Figure S15 in the Supporting Information, the curve 
goes down with the increase of x value. It indicates that, the 
formation energy decreases with Ti doping content, confirming 
the improved phase stability after Ti doping. The calculation 
results explain that why we obtain disordered layered phase at 
the particle surface after Ti doping.

To further validate the stability of this unique surface struc-
ture, we construct a Li32Ni32O64 surface along the (104) direc-
tion based on a pure layered LiNiO2 (O3 phase) in Figure 4a.[18] 

Adv. Energy Mater. 2019, 9, 1901756

Figure 3.  The electrochemical performance. The CV curves in the first 3 cycles for a) NC82 and b) NC82-Ti , measured between 2.7 and 4.5 V at a scan 
rate of 0.1 mV s−1. c) The rate performance of NC82 and NC82-Ti in the voltage range of 2.8–4.3 V (1C = 200 mA h g−1). The cycling stability of NC82 
and NC82-Ti at 1C and 25 °C in the voltage range of d) 2.8–4.3 V and e) 2.8–4.5 V. f) The cycling stability of NC82 and NC82-Ti at 5 C and 45 °C in 
the voltage range of 2.8–4.3 V.
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Two oxygen atoms on the surface (O1) and inside (O2) 
(O1 and O2, marked by cyan balls) are chosen to calculate their 
binding energies (Eb). Ti doping is introduced to construct 
the Ti-doping model in Figure  4b.[19] Furthermore, one Li/Ni 
antisite is constructed around Ti atom to get the new model in 
Figure  4c. The O binding energies after Ti doping and intro-
ducing Li/Ni antisite are also calculated to make a comparison. 
All the calculation results are summarized in Table  1. As we 
can see, the binding energies for both O1 and O2 increase after 
Ti doping, and further increase after introducing Li/Ni antisite. 
It indicates that, the oxygen atoms are much more difficult 
to dissociate from the surface after Ti doping, hinting a more 
stable O2− anion framework.

All these results not only phenomenally explain why the per-
fect layered structure instead of rock-salt phase could form at 
the particle surface when synthesizing high-Ni layered oxides, 
but also exhibit the excellent electrochemical stability of high-Ni 
layered oxides. The similar strategy could be further extended 
to Li-rich layered oxides and significantly improve their sur-
face stability, which has been demonstrated by a very recent 
report.[20]

2.5. Insights into the Effect of Ti Doping

The effect of Ti doping on high-Ni layered cathode is hotly 
debated over the years. Even in a very recent study, Ti doping 
into high Ni layered oxides was reported to lead excellent elec-
trochemical performance by a spinel surface.[21] However, the 
in-depth understanding has not established. Herein, based 
on the comprehensive experimental and theoretical evidences 
above, the concern is eventually figured out.

According to the previous reports, the poor cycling stability 
of high-Ni layered cathodes always arises from the side 
reactions between the high reactive Ni3+ and the electrolyte. 
Similarly, the poor storage property is also closely related with 

Adv. Energy Mater. 2019, 9, 1901756

Figure 4.  The structural models for first-principles calculations to investigate the effects of Ti-doping on the surface stability. a) Li32Ni32O64 surface 
constructed along the (104) direction based on pure LiNiO2, along with a vacuum slab of 10 Å. b) Li32Ni31TiO64 surface after the doping of one Ti atom 
based on (a). c) Li32Ni31TiO64 surface after introducing one Li/Ni antisite around the Ti atom based on (b). Li/Ni antisite is marked with a double-
headed arrow. Two O atoms, O1 at the surface and O2 in the interior (marked by two cyan atoms), are chosen to calculate their binding energies.

Table 1.  The binding energies (Eb) of O1 and O2.

Eb(O1) [eV] Eb(O2) [eV]

Li32Ni32O64 1.78 1.16

Li32Ni31TiO64 2.09 2.95

Li32Ni31TiO64 (antisite) 2.75 3.03
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the side reaction between the high Ni3+ and H2O/CO2 in the air. 
As shown in Figure 5, Ti4+ doping decreases the content of Ni3+ 
due to the charge balance and induce more Li+/Ni2+ mixing. 
This constructs a unique disordered layered structure at the par-
ticle surface, in contrast to the ordered layered structure in the 
bulk. More importantly, the binding energy of oxygen in such 
a disordered phase is significantly increased, especially on the 
surface. Therefore, the robustness of the oxygen framework at 
the particle surface is greatly boosted, which could effectively 
resist the corrosion of H2O, CO2, and electrolyte, even in the 
delithiated state.

3. Conclusion

In conclusion, an unprecedented clean surface with Li/Ni 
exchange disordered layered structure is constructed by Ti-
gradient doping in a representative high-Ni layered oxide, 
LiNi0.8Co0.2O2. It exhibits superior electrochemical performance 
in comparison with the undoped LiNi0.8Co0.2O2, including 
the highest rate capacity reported yet (146 mA h g−1 at 20C) and 
the excellent cycling stability (a capacity retention of 95.55% 
after 200 cycles at 1C and 25 °C, and 96.37% after 100 cycles 
at 1C and 45 °C). Moreover, First-principles calculations reveal 
that, the excellent electrochemical performance originates from 
the great chemical/structural stability of disordered layered 
structure, which arises from the improved robustness of 
oxygen framework, especially at the surface. This strategy could 
be extensively applied to high-Ni layered oxides with different 
TM compositions, and expedites the steps into their commer-
cialization for various high energy applications, especially for 
electric vehicles.

4. Experimental Section
Synthesis of Ni0.8Co0.2(OH)2 Precursor: The hydroxide precursor 

Ni0.8Co0.2(OH)2 was synthesized by the coprecipitation method. The whole 
reaction proceeded in a 10 L continuous stirred tank reactor (CSTR). Three 
kinds of solutions were prepared, 1 m mixed solution of NiSO4·6H2O 
and CoSO4·7H2O with a molar ratio of 4:1 (Solution I), 1 m NaOH and 
1–1.5 m NH4OH mixed solution with the same volume as solution I 
(Solution II) and 2 m NaOH solution (Solution III). First, 4 L of deionized 
water was added into the CSTR, and was kept at 55 °C. Second, Solution I 
and Solution II were dropped into the above solution with the same rate, 
and the pH value was controlled at around 10 by adding Solution III. After 
Solution I and Solution II were exhausted, the mixed solution in CSTR was 
kept at 55 °C with the stirring speed 600 rpm for 6 h. Finally, the products 
were filtered and washed by water for several times until the pH value of 
the filtrate was close to 7. The filtered product was dried at 120 °C for 10 h, 
then the greenish precursor Ni0.8Co0.2(OH)2 was obtained.

Synthesis of LiNi0.8Co0.2O2 and Ti-Doped LiNi0.8Co0.2O2: Ni0.8Co0.2(OH)2 
precursor and LiOH·H2O (98%, Aladin) were mixed together with a molar 
ratio of 1:1.06 and transferred into a mill pot, then a certain amount 
of alcohol was dropped. The mixture was ball milled with a constant 
rotate speed of 400 r min−1 for 4 h. The above mixture was blended with 
TiO2 nanoparticles with Ti/TM molar ratios of (Ti/TM = 0 and 1.6%). 
Then it was sintered at 480 °C for 3 h, followed by 750 °C for 12 h in O2 
with a heating rate of 5 °C min−1. The synthesis procedure of undoped 
LiNi0.8Co0.2O2 followed the similar procedure. LiNi0.8Co0.2O2 without and 
with Ti doping, are denoted as NC82 and NC82-Ti, respectively.

Material Characterization: The crystallographic structures of the 
samples were investigated by both X-ray and neutron diffraction 
measurements. The X-ray diffraction (XRD) patterns were collected using 
a Bruker D8 ADVANCE diffractometer with Cu Kα radiation. Neutron 
powder diffraction (NPD) experiments were performed on the time-of-
flight neutron powder diffractometer POWGEN at the Spallation Neutron 
Source of Oak Ridge National Laboratory, USA. The diffraction profiles 
were analyzed with the Rietveld Refinement method with the Fullprof 
program suite. N2 adsorption/desorption isotherms were performed 
on ASAP 2020. The morphological images of the final materials were 

Figure 5.  Schematic illustration to show the mechanistic understanding for Ti doping to enhance the storage/cycling stability. A disordered layered 
phase was constructed at the particle surface by Ti doping, greatly increasing the robustness of the oxygen framework, thereby resisting the corrosion 
of H2O, CO2, and electrolyte.
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collected by scanning electron microscope (SEM, ZEISS Supra-55). The 
ingredients of the final samples were characterized by ICP-AES (JY2000-2).  
The thermal stability of NC82 and NC82-Ti was examined with a TGA 
(TGA/DSC1, Mettler Toledo) from room temperature to 1100 °C at a 
heating rate of 10 °C min−1 under N2 flow. DSC measurement of charged 
materials was performed using a DSC 200  PC (Netzsch, Germany) at 
a temperature scan rate of 5 °C min−1. For DSC analysis, the coin-cells 
were charged at a constant voltage of 4.3  V versus Li/Li+ (2nd cycle) 
after 1st charging and discharging, and disassembled in an Ar-filled dry 
box. After carefully removing the remaining electrolyte solution from 
the surface of the electrode, the cathode materials were recovered from 
the current collector. An aluminum pan was used to collect 3.0  mg of 
samples. X-ray photoelectron spectra (ESCALAB 250XL) were also 
carried out to analyze the chemical states of the relevant elements. Ni 
2p, Co 2p, C 1s, O 1s, and Ti 2p XPS spectra were measured with the 
corresponding exposure time as 10, 10, 20, 30, and 10 s, respectively. 
Etching time was 30 s, and the number of etching cycles is 5 times. After 
each etching cycle, the corresponding elemental XPS spectra would be 
taken once. The first C ls spectra before etching is used to calibrate all 
the other spectra, and the peak position of C-C peak in C 1s spectra 
is calibrated to 284.8  eV. The cross sectional samples were prepared 
by Ultrathin Slice Cutter (Leica UC7). Then they were characterized by 
a JEOL-3200FS high-resolution field-emission transmission electron 
microscopy (FETEM, 300  kV), and a FEI Titan 80–300 analytical TEM, 
300 kV, with Cs-probe corrector and monochromator. Especially for the  
ex situ XPS and HRTEM measurements, the sintered samples were stored 
in a glovebox filling with N2. It took about 1 h to take them out from the 
glovebox and be well prepared for the corresponding measurements.

Electrochemical Test: As-prepared materials, NC82 and NC82-Ti, were 
blended with acetylene black and polyvinylidenedifluoride (PVDF) with a 
weight ratio of 8:1:1 in N-methylpyrolidone (NMP). After stirring for 6 h,  
the formed slurry was coated on aluminum foil and dried in vacuum 
drying oven, which was punched into working electrodes with Arthe 
diameter 10  mm. Lithium metal foil and celgard 2502 membrane were 
regarded as the counter electrode and the separator. The ingredients of 
the electrolyte were 1 m LiPF6 dissolved in ethylene carbonate (EC), diethyl 
carbon (DEC), and dimethyl carbonate (DMC) mixture with a volume 
ratio of 1:1:1. The coin cells were assembled in an argon-filled glove box. 
Galvanostatic discharge/charge tests were carried out in a NEWARE 
battery cycler at different temperatures. The CV were tested by a CHI 604E. 
GITT was measured by Moccor test cabinet between 2.7 and 4.35 V.[22] The 
electrochemical impedance spectra (EIS) were also carried out.

First-Principles Calculations: All calculations were performed using the 
PWmat code, which is a plane wave pseudopotential package based on 
density functional theory (DFT) accelerated by GPU architecture.[23] The 
Perduew–Bruke–Ernzerhof (PBE) form of global gradient approximation 
(GGA) was chosen as the exchange-correlation potential.[24] The spin = 2 
polarization was used in all the calculations. The electron wave functions 
were expanded by plane waves with cutoff energies of 60 Ryds (816 eV), 
and the convergence tolerance for residual force and energy on each 
atom during structure relaxation were set to 0.01  eV Å−1 and 10−5  eV, 
respectively. The vacuum space was set as 10 Å to avoid the interaction 
between periodical images. The Hubbard U (DFT + U) treatment was 
used on the transition metal. The U values for Ni and Ti were set to 6.4 
and 1.9 eV following the literature values.[25]

The formation energy of LiNi1−xTixO2 (x = 0, 0.08, and 0.16) is defined 
as the equation below

(1–x)f tot
LiNi Ti O

crystal
Li

crystal
Ni

crystal
Ti

gas
O1 2 2H E E E xE Ex x∆ = − − − −−

	

The binding energies of O atoms (denoted as Eb(O)) are calculated 
based on the following formula

O Ob tot totE E E E( ) ( )= ′ + − 	
wherein, Etot and E′tot represent the total energies of the system before 
and after losing one oxygen atom. and E(O) represents the total energy 
of single isolated O atom.
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