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ABSTRACT

High-voltage high-nickel lithium layered oxide cathodes show great application prospects to meet the ever-increasing demand for
further improvement of the energy density of rechargeable lithium-ion batteries (LIBs) mainly due to their high output capacity.
However, severe bulk structural degradation and undesired electrode—electrolyte interface reactions seriously endanger the cycle
life and safety of the battery. Here, 2 mol% Ti atom is used as modified material doping into LiNiysC0y,Mng,0, (NCM) to reform
LiNig sC0g 2Mng 18Tig 020, (NCM-Ti) and address the long-standing inherent problem. At a high cut-off voltage of 4.5 V, NCM-Ti
delivers a higher capacity retention ratio (91.8% vs. 82.9%) after 150 cycles and a superior rate capacity (118 vs. 105 mAh-g™) at
the high current density of 10 C than the pristine NCM. The designed high-voltage full battery with graphite as anode and NCM-Ti
as cathode also exhibits high energy density (240 Wh-kg™) and excellent electrochemical performance. The superior
electrochemical behavior can be attributed to the improved stability of the bulk structure and the electrode—electrolyte interface
owing to the strong Ti-O bond and no unpaired electrons. The in-situ X-ray diffraction analysis demonstrates that
Ti-doping inhibits the undesired H2-H3 phase transition, minimizing the mechanical degradation. The ex-situ TEM and X-ray
photoelectron spectroscopy reveal that Ti-doping suppresses the release of interfacial oxygen, reducing undesired interfacial
reactions. This work provides a valuable strategic guideline for the application of high-voltage high-nickel cathodes in LIBs.
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1 Introduction

Research on secondary rechargeable batteries is an important
strategy to solve current energy problems [1-4]. Lithium-ion
batteries (LIBs) have been widely applied in portable electronic
equipment, electric vehicles, and large-scale energy storage [5, 6].
However, their current energy density, cycle life, and safety
performance are unable to meet the needs of social development,
which is mainly due to the relatively low output capacity and poor
cycle stability of the widely used commercial cathode
materials [7, 8]. Therefore, the cathode material has become the
bottleneck restricting the development of LIBs. Currently, the
widely used cathode materials are the high-nickel lithium layered
oxide cathodes (LiNi,Co,Mn,_,_,O,, x > 0.6) [9, 10], which have
relatively high specific capacities in comparison with LiFePO,,
LiMn,O,, LiNijsMn,s0,, and LiCoO, cathodes [11,12]. To
further obtain higher energy density, increasing the charge cut-off
voltage is becoming an effective strategy [13]. However, high

voltage means the extraction of more lithium ions from the
layered structure by deepening the redox reaction of transition
metal, thereby increasing the specific capacity of the material. The
deep electron transfer and lithium ions deintercalation will be a
great challenge for the long-cycle stability of the battery [14, 15].
The deepening damage caused by high voltage can be reflected
in the stability of the bulk structure and the electrode-electrolyte
interface [16]. For the bulk structure, high voltage means excessive
lithium ions deintercalation (c-axis change) and redox reaction of
transition metal (a-axis and b-axis change), which lead to greater
volume change and undesired harmful phase transition (H2-H3),
finally exacerbating the instability of the layered structure during
continuous charge and discharge cycles [17,18]. The resulting
anisotropic internal stress will cause a large number of
intergranular cracks in the secondary agglomerates particles,
which will expose a larger crystal surface to contact with the
electrolyte and thus aggravate the problems of surface phase
change and oxygen release [19,20]. Besides, the vacancies
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generated by the extraction of a large number of lithium ions will
promote the transfer of transition metal to the lithium layer due to
the similar ionic radius (Li*: 0.76 A and Ni?: 0.69 A) and increased
magnetic frustration and interlayer linear superexchange
interactions, which causes a large amount of Li*/Ni** mixing and
local phase transition and conversely leads to a large number of
intragranular cracks in the crystal lattice and continuous capacity
decay [21,22]. Then these problems will seriously damage the
stability of the bulk structure of the cathode material. For the
electrode-electrolyte interface, high voltage means deep redox
reaction, which will produce more unstable and highly active Ni*.
Ni* tends to get electrons and becomes more stable Ni*, which
promotes the loss of electrons of lattice oxygen ions in the layered
structure and becomes highly active oxygen molecules [23,24].
These changes are particularly prominent in the particle surface,
which will cause the occurrence of surface phase changes (R3m
layered structure > Fd3m spinel-like phase > Fm3m rock-salt
phase) and the release of oxygen (surface lattice oxygen loss and
electrolyte decomposition), as well as increase the charge transfer
resistance and the electrode-electrolyte interface membrane
resistance, thereby hindering lithium ions transport [25,26].
Besides, due to the overlap of the electronic energy levels of Co™**
and O, it can also promote the production of oxygen when Co
provides capacity under high voltage [27, 28]. In addition, the high
voltage will aggravate the decomposition of carbonate solvents and
lithium salts in the electrolyte and deposit them on the surface of
the materials, which will cause severe polarization and interface
impedance, thus causing more dead lithium and reducing
capacity [29,30]. These problems will seriously deteriorate the
electrode-electrolyte interface environment and cause poor cycle
stability and thermal stability. From this point of view, it is very
important to develop effective modification strategies to improve
the cycle stability of materials under high voltage.

Concentration gradient [31], surface coating [32], bulk
doping [33], and electrolyte design [34] are the most commonly
used modification methods. Among them, bulk doping
modification can fundamentally affect the crystal structure and the
atomic chemical environment of the material, thereby improving
the lithium ions storage performance of the material from the
root. The single atoms doped inside the lattice can play a dual role
in physics and chemistry [35, 36]. In terms of physics, it can not
only support the stable passage of the layered structure as a pillar
but also inhibit the phase transition caused by the migration of
transition metals due to its greater electromagnetic force [37]. In
terms of chemistry, doped single atoms can often inhibit the loss
of lattice oxygen atoms due to their relatively large Me-O bond
energy [38]. Many dopants such as Na [39], Mg [40], Al [41],
Nd [42], Zn [43], W [44], Te [45], Zr [46], and Mo [47] have been
introduced into high-nickel lithium layered oxide cathodes to
improve their electrochemical performance. For example, Xie
et al. [40] present the 2 mol% Mg-doped LijgsMg;0,Nig04C00060;
cathode, which delivers high capacity retention (80.1%) after
500 cycles in full cells owing to the modification effect of Mg*
which is acted as a pillar in the lithium layer to effectively suppress
the undesirable coexistence of H2 and H3. Jeong et al. [41]
investigate Al-doped Ni-rich LiNij,Coy,15Mny,4;0, cathode, which
exhibits lower polarization potential, better rate capability, and
cycle stability due to the alleviation of anisotropic lattice changes
and volume changes during cycling. Cui et al. [43] design the
2 mol% Zn-doped LiNiy,C0y0,Z1,0, 99 cathode, which retains
74% of the initial capacity after 500 cycles in a full cell because
Zn-doping promotes smoother phase transition, suppresses
anisotropic lattice distortion, and maintains the mechanical
integrity of cathode particles. Sun et al. [44] present the 2 mol%
W-doped LiNiO, cathode, which reveals high capacity retention
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(95.5%) after 100 cycles on account of the influence of W-doping,
which combines two-phase reactions (H2/H3) into a single phase.
Thesestudieshaveshownthatdopingmodificationcangreatlyimprove
the electrochemical performance of materials. However, for
high-voltage high-nickel cathode materials, Ti dopant must attract
enough attention because it has a stronger Ti-O bond and no
unpaired electrons, which has obvious advantages for maintaining
the stability of the layered structure and lattice oxygen.

In this work, we have successfully prepared a 2 mol% Ti-doped
LiNip¢Coy,Mny, 15 T30, (NCM-Ti) high-nickel cathode material
through a liquid phase physical mixing and high-temperature
annealing method. Due to the enhanced stability of the bulk
structure and the electrode—electrolyte interface after introducing
Ti, NCM-Ti displays outstanding electrochemical properties in
terms of cycle stability and high-rate capability at 4.5 V high
voltage. In addition, the mechanism of Ti-doping has been fully
elucidated by systematically comparing the properties of layered
structure information, layered structure stability, lithium ions
diffusion kinetics, and electrode-electrolyte interface of the
pristine NCM and NCM-Ti samples. The properties of the strong
Ti-O bond and no unpaired electrons of Ti play a vital role in
improving the lithium ions storage performance of the high-nickel
cathode material under the condition of high voltage. Therefore,
the Ti element is an optimal dopant candidate in improving the
performance of high-voltage and high-nickel cathode materials in
LIBs.

2 Experimental section

2.1 Material preparation

Nip¢CoyoMny,(OH), precursor (Fig.S1 in the Electronic
Supplementary Material (ESM)) was prepared by a hydroxide
coprecipitation method with the detailed process described
previously [48]. Briefly, the appropriate concentration of
NiSO,-6H,0, CoSO,7H,0O, MnSO,H,0O, NaOH, and NH,OH
aqueous solution was continuously pumped into the continuous
stirring tank reactor (CSTR). The total ammonia concentration in
the reactor was 1 mol-L™. The stirring speed (1,000 rpm-min'), pH
(11.7), and temperature (60 °C) were carefully controlled during
the coprecipitation reaction. The obtained precursor was washed
and filtered several times with distilled water, and then dried at
80 °C overnight. The pristine LiNiy¢Co,,Mn;,0, (NCM) was
prepared by calcining a mixed powder of Nij¢Coy,Mn,,(OH),
and LiOH-H,O (molar ratio of (Ni + Co + Mn):Li = 1:1.05) at
850 °C for 10 h in air atmosphere. To obtain NCM-Ti, an
appropriate amount of the Nij,Coy,Mny,(OH), precursor was
added to the nano-TiO, anhydrous ethanol dispersion and then
stirred in a homogenizer at a speed of 3,000 rpm-min™' for 5 min
to obtain a viscous slurry. The dried TiO,@Ni,;Co,,Mn,,(OH),
powder and LiOH-H,O (molar ratio of (Ni + Co + Mn + Ti):Li =
1:1.07) were homogeneously mixed and calcined at 850 °C for
10 h in air. LiNij¢Coy,MnyoTiy0;O0, (Ti-1% NCM) and
LiNiysCog,Mny 1, Ti 030, (Ti-3% NCM) were also prepared using
the above method separately (Fig. S2 in the ESM).

2.2 Material characterization

Scanning electron microscopy (SEM, Qunta250) and FEI G2
S-Twin high-resolution transmission electron microscopy
(HRTEM) characterized morphology and lattice information.
Energy-dispersive X-ray spectrometer (EDS, Quantax 200)
determined  element  distribution. ~X-ray  photoelectron
spectrometer (ESCALABMKLL) characterized the element
valence. Bruker D8 Advance powder X-ray diffractometer
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examined the structure information from 10° to 80° at 1°min™. X-
raydiffractometercombinedwithaNEW AREbatterytesterwasusedfor
in-situ X-ray diffraction (XRD) measurement. The battery was
tested once under the current density of 20 mA-g™. A single XRD
spectrum took 12 min from 10° to 80°.

2.3 Electrochemical measurement

The electrode was prepared as follows: active material, C45, KS-6,
and polyvinylidene fluoride (PVDF) with a weight ratio of
90:4.5:3:2.5 in N-methylpyrrolidone (NMP) solution were evenly
stirred and cast on an Al foil with an active material loading of
about 5 mg-cm™ Then they were vacuum-dried and cut into
circular electrodes (diameter 12 mm). CR2025 coin cell was used
to characterize the electrochemical performances of the as-
prepared materials. Li foil was used as the counter electrode for
the half battery. The electrolyte was 1 M LiPF; in ethyl carbonate
and ethyl methyl carbonate (EC:EMC = 3:7 by volume). The
commercial graphite was used as the anode material for the full
battery and the negative/positive (N/P) ratio was controlled at
about 1.2. The electrolyte was the above electrolyte plus 2 wt.%
vinylene carbonate (VC) additive. Galvanostatic charge-discharge
was tested on the NEWARE battery tester (5 V, 20 mA). BioLogic
VMP3  electrochemical ~workstation was wused to test
electrochemical impedance spectroscopy (EIS) and cyclic
voltammogram (CV) data. The EIS test was performed by
applying an amplitude of 5 mV in the frequency range of
100 mHz to 200 kHz when fully discharged to 3.0 V at different
cycles. For the galvanostatic intermittent titration technique
(GITT) measurement, the result was obtained by charging and
discharging the cells for 30 min at 20 mA-g™ between 3 and 4.5 V
followed by 120 min of relaxation time for each interval.

3 Results and discussion
3.1 Morphology and structure

The Ti-doping modification materials are successfully prepared
through a simple liquid-phase mixing calcination method. The
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SEM and HRTEM images for the pristine NCM and NCM-Ti
samples are shown in Figs. 1(a)-1(c) and Figs. 1(d)-1(f),
respectively. In comparison with the pristine NCM, the
morphology of NCM-Ti has not changed significantly, and it still
shows a spherical agglomerate with the size of about 10 pum
formed by close packing of single-crystal primary particles, and no
impurities are formed and accumulated on the particle
surface [49] (Fig. S3 in the ESM). The interplanar spacing of the
003 crystal plane of NCM-Ti is slightly larger than that of the
pristine NCM (0.479 vs. 0.472 nm), which confirms that Ti* is
indeed doped into the crystal lattice, and it can also be further
proved by the following XRD data. Figure 1(g) shows the EDS
elemental mapping for NCM-Ti. Ni, Co, Mn, and Ti element are
all uniformly distributed in the whole particle and no element
separation occurs. Figures 2(a) and 2(b) show the Rietveld
refinements of XRD patterns for the pristine NCM and NCM-Ti
samples. All the diffraction peaks can be indexed to a hexagonal
layered structure with the R3m space group and no impurities are
detected [50]. The refinement result is also shown in Table S1 in
the ESM. It can be seen that the c-axis lattice parameter increases
from 14.2244 to 14.2332 A, which further confirms that Ti is
doped into the lattice of the layered material. X-ray photoelectron
spectroscopy (XPS) was also used to characterize the element
valence states of the materials. Noted that the two characteristic
peak positions of Ti 2p are located at 4583 and 463.9 eV,
respectively (Fig. 2(c)), indicating the valence state of Ti is indeed
+4, which further demonstrates that Ti* is doped into NCM-Ti
[51]. The two characteristic peaks of Ni 2p correspond well to Ni**
and Ni** (Fig. 2(d)) [52]. Noted that the XPS peak of Ni 2p for
NCM-Ti is deviated to the right by 0.8 eV, which is attributable to
the introduction of higher valence Ti* that needs to produce more
Ni* for charge compensation [53]. The XPS peaks of Co and Mn
also correspond well to Co* and Mn*, respectively (Figs. 2(e) and
2(f)) [54], and no obvious peak shift can be observed for the
pristine NCM and NCM-Ti samples. Based on the above analysis,
it can be reasonable to conclude that Ti* has been uniformly
doped into high-nickel lithium layered oxide cathode material

Figure1 SEM and HRTEM images of the (a)-(c) pristine NCM, (d)-(f) NCM-Ti samples, and (g) EDS elemental mapping of NCM-Ti sample.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



4094

Nano Res. 2022, 15(5): 4091-4099

a b C)r=
(a) NCM —o—0bs (b) NCM-Ti —o—Obs (c) Ti2p 2Py,
';_ Cal ’; Cal ’; i
2 ——Dif ot — Dif a it P12 oo
~ Phase ~ Phase ~ 4639 L |, 458.3
= Rwp: 5.20%| =2 Rwp: 466%| = | 007
7] 7} 7} ]
c c c ¥
2 2 2
IS y € , <€
! 1 [ 1 no n m N 1 [T M
10 20 30 40 50 60 70 80 470 465 460 455
26 (°) Binding energy (eV)
( P32 (e) (f) Mn 2 . 2Py
a .‘29‘1/2 N : 9291/26"224 N

| 643.7

Intensity (a.u.) f?;
Intensity (a.u.)

NCM'

Intensity (a.u.)

850 810 800

®

0 80 870 860
Binding energy (eV)

Binding energy (eV)

770 665 660 655 650 645 640 635
Binding energy (eV)

790 780

Figure2 Rietveld refinements of XRD patterns for (a) pristine NCM and (b) NCM-Ti samples. (c) XPS data of Ti element for the NCM-Ti sample. (d)—(f)
Comparison of the XPS data of Ni, Co, and Mn element for the pristine NCM and NCM-Ti samples.

with good morphology and crystal structure.

3.2 Electrochemical performance

The electrochemical performance of the pristine NCM and
NCM-Ti samples were fully examined and compared to
understand the impact of Ti-doping. The CV curves of the initial
five cycles were firstly performed for the two samples (Figs. 3(a)
and 3(b)). It can be seen that there is a pair of obvious redox peaks
at 3.8/3.7 V, corresponding to the conversion reactions between
N and Ni* [42]. Another pair of unobvious redox peaks at
4.3/4.2 V is related to the conversion reactions between Co* and
Co* [42]. Noted that the CV curves of NCM-Ti exhibit better
reversibility compared to pristine NCM after the first anodic and
cathodic scan, which signifies that Ti-doping improves the stability
of the layered structure of the material. Figure 3(c) shows their
initial charge-discharge curves at 0.1 C and 4.5 V high voltage.
NCM-Ti delivers a specific capacity of 193 mAh-g”, which is

slightly lower than that of NCM (197 mAh-g"). Figure 3(d)
exhibits their cycle performances at 0.5 C. It can be seen that
NCM-Ti shows a higher capacity retention ratio (91.8% vs. 82.9%)
in comparison with the pristine NCM after 150 cycles. The
corresponding charge-discharge curves from the 10" to the 150"
cycle for the pristine NCM and NCM-Ti samples are also depicted
in Figs. 3(e) and 3(f. NCM-Ti displays a smaller discharge
median voltage attenuation compared to the pristine NCM. The
discharge median voltage of NCM-Ti declines from 3.81 to 3.79 V
(0.02 V), and that of NCM declines from 3.8 to 3.76 V (0.04 V).
The long cycle performance of the NCM-Ti sample at a high
current density of 1 C and high voltage of 4.5 V was also tested
(Fig. 3(g)). It can be still maintained at a high specific capacity of
144 mAh-g" after 250 cycles, with a capacity retention ratio of
82.8%. Furthermore, the electrochemical performances of
NCM-Ti and NCM at 4.3 V are also characterized (Fig. 3(h) and
Fig. $4 in the ESM). NCM-Ti exhibits a high capacity retention
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ratio of 97.4% after 250 long cycles, and the NCM-Ti sample also
shows superior electrochemical performance compared to the
results reported in the literature of other doping modification
studies (Table S2 in the ESM). The results demonstrate that
Ti-doping exhibits greatly improved cycle stability even at a high
voltage of 4.5 V, which fully confirms that Ti-doping plays a
significant role in stabilizing the bulk layered structure and the
electrode-electrolyte interface, thereby enhancing the overall
performance of the battery.

3.3 Bulk structure stability

To further evaluate the effect of Ti-doping on the layered structure
and phase transition, in-situ XRD characterization is also
performed for the pristine NCM and NCM-Ti samples. Figures
4(a) and 4(b) show the contour plot and detailed exhibition of the
(003) and (101) peaks and the corresponding voltage—capacity
curves for both samples. They all show a similar structural
evolution process to the previous research [55-57]: the (003) peak
initially shifts toward a lower 26 angle, implying an increase in the
c-axis, which is due to the increasing electrostatic repulsion
between the oxygen anions at adjacent layers after partial
extraction of lithium ions. The process corresponds to the
transition from HI to H2 phase. Then the (003) peak sharply
shifted toward a higher 26 angle, suggesting the steep shrinkage of
the c-axis, which is owing to that the gravity effect is greater than
the electrostatic repulsion after lithium ions were largely extracted.
The process corresponds to the transition from H2 to H3 phase.
Noted that the c-axis shrinkage process (H2 to H3) is more rapid
and aggressive than the initial c-axis expansion (H1 to H2), which
will lead to a serious accumulation of internal strain and destroy
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the structural stability of the material. In addition, the (101) peak
continues to turn to a higher 26 angle during the whole charging
process, implying the shrinkage of the a-axis and b-axis, which
was due to the oxidation of transition metal ions, leading to a
smaller ion radius. However, it is easy to see that there are still
some differences between the two samples. For the H2 to the H3
phase transition process, noted that the pristine NCM turned to a
higher angle compared to NCM-Ti, which implies that the
pristine NCM has a greater degree of c-axis shrinkage and a
stronger H2 to H3 phase transition [58]. It also signifies that the
pristine NCM sample will suffer severe volume change and
capacity loss. However, Ti-doping can well suppress such damage
behavior, thereby minimizing the structure degradation. The
reason can be attributed to the strong Ti-O bond, forming a
stronger layered structure frame, which has a shielding effect on
the violent expansion and contraction behavior of the layered
structure. Then it will effectively suppress the formation of
undesirable H3 phase and stabilize the layered structure. The
particle morphologies of the pristine NCM and NCM-Ti samples
after 100 cycles are also shown in Figs. 4(c) and 4(d). Noted that
there is a microcrack in the pristine NCM sample, while the
structure of the NCM-Ti sample is intact, which is corresponded
well to the harm caused by the more intense transition from H2 to
H3 phase. The refined XRD patterns of the pristine NCM and
NCM-Ti samples after 100 cycles were also carried out (Figs. 4(e)
and 4(f)). They both still maintain a well-layered structure.
However, the pristine NCM delivered a higher degree of Li'/Ni*
mixing compared to NCM-Ti (4.71% vs. 3.32%), which indicates
that Ti-doping can effectively suppress the Li"/Ni** mixing. This
phenomenon can be attributed to the fact that Ti* has no
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Figure4 Comparison of (a) and (b) in-situ XRD data during the first charge and discharge process: the profile of the (003) and (101) peaks diffraction patterns with
the corresponding voltage-capacity curve. (c) and (d) SEM images after 100 cycles, (e) and (f) refined XRD patterns after 100 cycles for the pristine NCM and NCM-Ti

samples.
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unpaired electrons in the outer orbital, which can screen the 180°
Ni*-O*-Ni** interlayer linear superexchange interactions and
relieve magnetic frustration, thereby reducing the Li/Ni*
disordering [59, 60]. Then it will be conducive to maintaining the
stability of the layered structure and improving the diffusion
kinetics of lithium ions.

Rate performance of NCM and NCM-Ti are also shown in
Fig. 5(a) and Fig. S5 in the ESM. It can be seen that NCM-Ti can
deliver a higher rate capacity (118 vs. 105 mAh-g”) at 10 C than
that of the pristine NCM. GITT measurement was used to
evaluate the effect of Ti-doping on lithium ions diffusion kinetics
(Fig. S6 in the ESM). Figure 5(b) shows the calculated actual
lithium ions diffusion coefficients (Dy;") at different voltages for
the pristine NCM and NCM-Ti samples. It can be seen that D;;" of
NCM-Ti is about 10** cm™s™, which is higher than the average
Dy;* value of NCM (10* c¢cm?s™). CV measurements at different
scan rates were also performed to qualitatively compare the
lithium ions diffusion capabilities of the pristine NCM and
NCM-Ti samples (Fig. 5(c) and Fig. S7 in the ESM). The apparent
Dy was analyzed through the Randles—Sevcik equation [61].

Ip = (2.68 x 10°)n’?AD"*Cw'® K = (2.68 x 10°)n’?AD"*C

where the n (number of electron transfers), A (electrode area), and
C (lithium ions molar concentration) are the relatively consistent
values for NCM and NCM-Ti samples. The plot of
oxidation/reduction peak current (Ip) and the square root of the
scan rate (w'"”) is shown in Fig. 5(d), which both show a linear
relationship. It can be inferred that the slope is proportional to the
apparent Dy, the larger the slope, the faster the lithium ions
diffusion rate [61]. Then we can see that NCM-Ti exhibits a larger
slope than the pristine NCM, which further indicates that
Ti-doping enhances the lithium ions diffusion kinetics during the
charge and discharge process. This improved lithium diffusion
kinetics is not only due to the maintenance of the bulk layered
structure, but also depends on the improvement of the

Nano Res. 2022, 15(5): 4091-4099

electrode-electrolyte interface environment.

34 Electrode—electrolyte interface stability

The electrode-electrolyte interface stability under high voltage also
greatly affects the cell performance and is related to the stability of
the bulk structure of the cathode material. For example, more
highly active and unstable Ni* will be generated on the surface of
the material at high voltage, which will encourage it to capture the
electrons of oxygen atoms and spontaneously transform to more
stable Ni**. Then a more serious surface phase transition will occur
(layered > spinel » rock salt phase), which can hinder the
deintercalation of active lithium ions and increase the interface
resistance [19]. Meanwhile, more active oxygen on the material
surface will be generated and released into the electrolyte due to
the loss of electrons for oxygen ions, which will aggravate the
decomposition of the electrolyte [26]. The secondary particles will
produce more micro-cracks due to the existence of anisotropic
internal stress during the continuous charge and discharge process,
which will further increase the contact area between the material
and the electrolyte, thereby intensifying the above-mentioned
adverse reactions [62]. Therefore, the improvement of the bulk
structure  stability will also help to improve the
electrode—electrolyte interface stability.

Figure 5(e) shows their overall polarization voltage for different
cycles. It can be seen that NCM-Ti exhibits a smaller polarization
voltage compared to the pristine NCM, which further confirms
that Ti-doping effectively suppresses the undesired interfacial
reactions on the electrode-electrolyte surface. Figure S8 in the
ESM exhibits their 1% 10" and 100" electrochemical impedance
spectra after two activations. For the EIS [52], the first semicircle
(high-middle frequency region) corresponds to the interface film
resistance, which is derived from the cathode electrolyte interface
(CEI) film. The second semicircle (middle-low frequency region)
is related to the interface charge transfer resistance of the cathode
material (R.). The diameter of the semicircle corresponds to the
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resistance value. The impedance fitting results can be seen in Fig.
5(f). The R, values of NCM-Ti are smaller than those of the
pristine NCM, which is due to the small amount of undesirable
electrode-electrolyte interface reactions and surface phase
transition. Fig. 5(g) shows the thickness of the CEI film of the
pristine NCM and NCM-Ti samples after 100 cycles. Noted that
the CEI film of NCM-Ti is thinner than that of the pristine NCM
(12 vs. 17 nm), which indicates that the decomposition of the
electrolyte is effectively suppressed. XPS is also used to check the
surfacechemistrydifferencesofheristindNCMandNCM-Tsamplesfter
100 cycles. Noted that the LiF/MF, peak for the NCM-Ti sample is
weaker (Fig.5(h)), signifying the less electrolyte decomposition
and transition metal dissolution. The O-Me peak of the NCM-Ti
sample is also stronger (Fig. 5(i)), implying less oxygen loss after
Ti-doping. The above results prove that the Ti-doping
modification  indeed increases the stability of the
electrode—electrolyte interface, which also further demonstrates
the beneficial effect of Ti-doping in improving structural stability.

3.5 Electrochemical performances of full-battery

The superior electrochemical performance of the NCM-Ti sample
has also been further confirmed by using a high-voltage lithium
full battery with commercial graphite as the anode (Fig. 6(a)). The
capacity balance between negative and positive is controlled at
about 1.2 (i.e,, N/P = 1.2), which is achieved by adjusting the active
material load of the electrode. According to the constructed
capacity balance relationship, the voltage range of the full battery
can be determined between 2.75-4.45 V. Figure 6(b) shows the
initial charge and discharge curve. Figure 6(c) exhibits the cycle
stability performance at 0.5 C, and the full battery (NCM-Ti ||
graphite) has a capacity retention ratio of 92.1% after 100 cycles.
The rate performance is also characterized in Fig. 6(d) and Fig. S9
in the ESM. It can deliver a high specific capacity of 137 mAh-g”
at 5 C. The energy density of the full battery was also calculated by
the model formula [54] shown in Fig. 6(e). It is noted that it can
reach 240 Whkg™ for the NCM-Ti || graphite full battery. These
results indicate that Ti-doping modified high-voltage high-nickel
cathode materials have great potential in the pursuit of
high-energy-density LIB applications.

4 Conclusions

In summary, we have successfully prepared a 2 mol% Ti-doped
high-nickel cathode NCM-Ti through a liquid phase physical
mixing and high-temperature annealing method. The
homogeneous Ti-doping was achieved without triggering
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impurity accumulation on the agglomerate surface. NCM-Ti
delivers a higher capacity retention ratio (91.8% vs. 82.9%) after
150 cycles and a superior rate capacity (118 vs. 105 mAh-g™) at
10 C than the pristine NCM under 4.5 V high voltage. For the
designed NCM-Ti || graphite full battery, the capacity retention
ratio is as high as 92.1% after 100 cycles and the energy density is
up to 240 Wh-kg™. The superior electrochemical performance can
be attributed to the improvement of the layer structure stability,
lithium ions diffusion kinetics and electrode—-electrolyte interface
stability of the material under high voltage by Ti-doping. The
in-situ XRD demonstrates that Ti-doping inhibits the undesired
H2-H3 phase transition, minimizing the mechanical degradation.
The reason can be attributed to the strong Ti-O bond forming a
stronger layered structure frame, which has a shielding effect on
the violent expansion and contraction behavior of the layered
structure. Ex-situ SEM and XRD characterizations confirm that
Ti-doping suppresses particle crushing and cation mixing. Ex-situ
EIS, TEM, and XPS characterization show that Ti-doping can
effectively inhibit side reactions on the electrode-electrolyte
interface. The properties of the strong Ti-O bond and no
unpaired electrons of Ti element play an active role in improving
the stability of bulk structure and the electrode-electrolyte
interface for the high-voltage high-nickel cathode materials. We
suggest that the Ti element should be a preferred dopant
candidate in improving the performance of high-voltage
high-nickel cathode materials in LIBs.
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curves, CV curves of different scan rates, and EIS test) is available
in the online version of this article at https://doi.org/10.1007/
$12274-021-4035-2.
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