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ABSTRACT: The practical implementation of Co-free,
LiNiO,-derived cathodes has been prohibited by their poor
cycle life and thermal stability, resulting from the structural
instability, phase transformations, reactive surfaces, and
chemomechanical breakdown. With the hierarchical distribu-
tion of Mg/Ti dual dopants in LiNiO,, we report a Co-free
layered oxide that exhibits enhanced bulk and surface stability.
Ti shows a gradient distribution and is enriched at the surface,
whereas Mg distributes homogeneously throughout the
primary particles. The resulting Mg/Ti codoped LiNiO,
delivers a material-level specific energy of ~780 W h/ kg at
C/10 with 96% retention after S0 cycles. The specific energy
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reaches ~680 W h/kg at 1C with 77% retention after 300 cycles. Furthermore, the Mg/Ti dual dopants improve the rate
capability, thermal stability, and self-discharge resistance of LiNiO,. Our synchrotron X-ray, electron, and electrochemical
diagnostics reveal that the Mg/Ti dual dopants mitigate phase transformations, reduce nickel dissolution, and stabilize the
cathode—electrolyte interface, thus leading to the favorable battery performance in lithium metal and graphite cells. The present
study suggests that engineering the dopant distribution in cathodes may provide an effective path toward lower cost, safer, and

higher energy density Co-free lithium batteries.

INTRODUCTION

Isostructural to the commercial LiCoO, in lithium ion
batteries, LiNiO,, extensively explored in the 1990s," > has
recently attracted renewed attention in quest of extremely low-
Co or completely Co-free layered cathodes to reduce the
reliance on high-cost toxic Co resource."'" Owing to the low
Ni**/Ni* redox potential, LiNiO, can achieve over 220 mA h/
g capacity with a low upper voltage at 4.3 V versus Li*/Li.”¥"!
In practice, the available capacity largely varies because of the
unfavorable Li off-stoichiometry, that i 1s, Li/Ni cation mixing to
form (Li,Ni;_,)s,(Li;_,Ni, )a(0,)6>"? or Ni-deficient materi-
als.">'* Upon charging, LiNiO, experiences undesired H1 —
M — H2 — H3 phase transformations,”>">' where H and M
represent hexagonal and monoclinic phases, respec-
tively.*”'>'” The 7% volume contraction during the H2 —
H3 transformation at 4.15 V versus Li*/Li triggers severe stress

in cathode particles, resulting in crack formation and
potentially oxygen release.”® Furthermore, the highly oxidized
Ni*" cations in charged particles are thermodynamically
unstable, particularly when in contact with the organic
electrolyte.'® The Ni*" ions are readily reduced to a lower
oxidation state accompanying the electrolyte decomposition
and gas release.'” >> These challenges, associated with the
unstable bulk and surface chemistry, have hindered the
implementation of LiNiO, in practical batteries over the last
few decades. The solid solutions of LiNiO,, LiCoO,, and
LiMnO,, that is, LiNi,Mn,Co,_,_,0, (NMC), have been
regarded as an effective strategy to improve the structural and



thermal stability.”® Indeed, NMC materials have become the
pivotal enabler for electric vehicles and consumer electronics.
Even though LiNi;gMn,;Co,,0, is on the verge of reaching
initial market penetration, commercial Li ion batteries based
on layered oxide cathodes fail to eliminate Co, a high-cost,
toxic, and geographically unevenly distributed element.”>**
Moreover, the Co mining has been criticized for violating
human rights, for instance in the Democratic Republic of the
Congo.25 Therefore, researchers have begun to refocus on the
low-Co, high nickel layered oxides, and completely Co-free
layered oxides. These practical needs have brought the LiNiO,-
based materials back to the spotlight.®

There are several potential strategies to address the L1N102
challenges, including but not limited to surface coatmg, bulk
doping,"”**™*® and core—shell hierarchical structures.”
Among them, the bulk doping with AP*?%*" Ti*373* or
Mg>**>3® is the most commonly used and the effective
method612 However, a common phenomenon is that the
dopants improve the cycle life at the expense of reversible
capacity. Nevertheless, these dopants not only break the Li/
vacancy ordering thus improving the electrochemical stablhty
but also increase the thermal stability of LiNiO, cathodes.’
Several studies have reported that Mg, sitting at the Li" site,
acts as a structural p111ar,26 27 but Tl, sitting at the Ni?* site,
destabilizes the Li/vacancy ordermg To date, most studies
have assumed the homogeneous distribution of dopants in
battery particles.>® Furthermore, the doping studies with inert
elements for LiNiO, have predominantly focused on a single
dopant.*” Multielement doping for the layered oxide materials
has been attempted in some studies,** * but the doping
mechanism remains unclear and debatable. When introducing
more than one dopant, it is still obscure how dopants may
redistribute inside the particles or exhibit different function-
alities in battery performance. Thus, we believe that there is a
large space to optimize the distribution of dual dopants to
simultaneously improve the bulk and surface chemistry of
LiNiO,-based cathodes.

Herein, we design and synthesize a new Co-free cathode
material, low-concentration Mg/Ti dual-doped LiNiO,, in
which Mg distributes homogenously in battery particles and Ti
is mainly enriched at the top surface (i.e., hierarchical
distribution of Mg/Ti dual dopants). Synchrotron X-ray and
neutron scattering diagnostics reveal that both dopants occupy
the Ni sites in the LiNiO, lattice. The hierarchical distribution
of Mg/Ti dual dopants not only destabilizes the Li/vacancy
ordering thus leading to smooth voltage profiles but also
stabilizes the surface oxygen thus mitigating the Ni
dissolution.*’ As a result, compared to the baseline LiNiO,
material, the new Co-free cathode material allows for enhanced
specific energy, cycle life, rate capability, self-discharge
resistance, and thermal stability. These results lay the
foundation for manipulating the doping chemistry and dopant
spatial distribution in Co-free layered oxides for safer and
higher energy lithium batteries.

B RESULTS AND DISCUSSION

The baseline LiNiO, (LNO) and Mg/Ti dual-doped LiNiO,
(Mg/Ti—LNO) were synthesized by a coprecipitation method
(see Experimental Methods). The pure layered phase (space
group: R3m) was verified by synchrotron X-ray diffraction
(XRD) (Figure S1) and scanning transmission electron
microscopy (STEM) (Figure 1c,d). The polycrystalline
secondary particles consist of 50—200 nm primary particles
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Figure 1. Characterizations of the pristine Mg/Ti—LNO material. (a)
Ni/Ti L-edge and O K-edge soft XAS spectra, the * represents
carbonate species; (b) ND and Rietveld refinement; (c,d) annular
dark-field STEM images of the primary particle; (e) EELS spectra
scanning pathway from the surface to the subsurface with the
increment of 0.8 nm for each spectrum; (f) Ti L-edge EELS spectra
recorded with the scanning pathway (from the bottom purple to the
top dark red spectra); (g) normalized peak area of Ti L-edge EELS as
a function of the scanning depth; and (h) STEM—EDS mapping of
the Ni (red) and Ti (green) in the composition scale and (ij)
concentration scale on the selected particle.

(Figure S2). The Brunauer—Emmett—Teller specific surface
areas of LNO and Mg/Ti—LNO were 1.1 and 0.3 mz/g,
respectively. This suggests that the dual dopants facilitated the
formation of much denser secondary particles, which might
mitigate side reactions with the electrolyte. In Ni-rich layered
oxides, the Li/Ni cation mixing (antisite defect) is 1nev1tab1e,
leading to the formation of off-stoichiometric materials.** This
usually results in Li-deficient phases with slightly reduced Ni
cations (Ni oxidation state <Ni**)."? Indeed, the soft X-ray
absorption spectroscopy (XAS) revealed that the Ni oxidation
state was slightly lower than Ni** (Figure 1a). Additionally, we
found that the Ti* dopant was fully accommodated in the
layered lattice with no TiO, phase, as indicated by the absence
of the Ti Ls-e, splitting (Figure 1la). * The presence of
carbonate species was evident at the surface (Figure 1a). 22,4445
For the LiNiO, material, the Ni at the surface was slightly
reduced and the carbonate species was also present on the
surface (Figure S3). Furthermore, we performed neutron
diffraction (ND) and Rietveld refinement to determine that
~4% Ni occupied the Li sites (Figure 1b). The Rietveld



refinement also suggested that both Mg?* and Ti*" occupied
the Ni sites without the presence of impurity phases. The
structural parameters are presented in Table S1. The cation-
mixing was unidentifiable in the atomic-resolution annular
dark-field STEM (ADF-STEM) image of the bulk because of
the small amount (Figure 1c). Yet, a thin layer of Ni sitting at
the Li sites was observed at the surface (Figure 1d). These
results suggested that the cation mixing might prefer lodging at
the surface. To further probe the Ti distribution, we performed
electron energy loss spectroscopy (EELS) scanning from the
particle surface to the subsurface (Figure lef). The Ti** L-
edge signal was mainly detected in the first five spectra, and the
normalized Ti** L-edge intensity confirmed that the Ti*"
dopant was enriched at the top few nanometers of the
particles (Figure 1f,g). The energy dispersive X-ray spectros-
copy (EDS) mapping results (Figure 1h—j) revealed that Mg**
was evenly distributed, whereas Ti*" was enriched at the top
~3 nm, which was consistent with the EELS mapping. The
slow Ti*" diffusion kinetics during calcination and its low solid
solubility in LiNiO, might be the origins of forming the unique
hierarchical distribution. The surface-enriched Ti can form
strong ionic bonding with the oxygen anion, thus reducing the
TM 3d—O 2p hybridization and inhibiting the surface oxygen
loss.***~** The bulk Mg doping may stabilize the bulk crystal
structure and mitigate the undesired phase transformations.>®
Collectively, such a hierarchical distribution of dopants may
simultaneously offer surface and bulk stability thus delivering
favorable electrochemical properties.

We evaluated the battery performance of the Mg/Ti—LNO
cathode in half and full cells at 2.5—4.4 V versus Li*/Li at 22
°C. Such a high upper cutoff voltage allowed us to investigate
the advantages of the dual dopants in limiting phase
transformations and mitigate the cathode—electrolyte inter-
facial reactions under aggressive conditions.® Compared with
LNO, the Mg/Ti—LNO showed much smoother charge/
discharge profiles (Figure 2a, in particular within the 4.0—4.4
and 3.7-3.5 V ranges), indicating that phase transformations
and Li/vacancy ordering are suppressed.”*>*” The galvano-
static intermittent titration (GITT) measurements showed that
the open circuit voltages (OCVs) upon discharging were close
in these materials, but the Mg/Ti—LNO cathode had a higher
charging OCV (Figure S4), suggesting that the dual dopants
slightly enlarged the polarization during the initial cycles.”” At
C/10, the Mg/Ti—LNO cathode delivered a 208 mA h/g
discharge capacity which was slightly lower than the baseline
LNO (225 mA h/ g, Figure S5). However, the charge/
discharge profiles (Figure 2b) of Mg/Ti—LNO after 50 cycles
overlapped well with the second cycle (i.e., minimal increase of
cell polarization), delivering a 95% capacity retention that was
remarkably higher than the baseline LNO (73.6%, Figures 2a
and SS). We plotted dQ/dV versus voltage based on the
charge/discharge profiles of the two cathodes (Figure 2c).
Consistent with the charge/discharge profiles, the Mg/Ti—
LNO displayed smoother and fewer peaks than the LNO
(Figure 2¢).” After S0 cycles, we observed negligible changes
(neither the intensity nor the peak position) in the dQ/dV
versus voltage curve of the Mg/Ti—LNO (Figure 2c).
However, the rapid fading at around 3.6 and 4.1 V was
observed in the LNO, which was associated with the HI - M
and H2 — H3 phase transformations, respectively.” The cyclic
voltammetry (CV) results for these cathodes were consistent
with the dQ/dV evolution (Figure S6). In addition, the rate
capability of the Mg/ Ti—LNO cathode was better than that of
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Figure 2. Electrochemical performance of the half cells containing the
Mg/Ti—LNO cathode at 22 °C within 2.5—4.4 V. (a) Voltage profiles
of the LNO and Mg/Ti—LNO at C/10 (20 mA/g), the insert shows
the discharge capacity as a function of the cycle number; (b) voltage
profiles in the first SO cycles at C/10; (c) dQ/dV curves of the two
cathodes derived from the voltage profiles at C/10; (d) discharge
voltage profiles at the symmetrical constant currents of C/10, C/S, C/
2, 1C and 2C; (e) long-term cycling performance; and (f) specific
energy retention at different C-rates.

the LNO (the 2C capacity maintained 76% of the C/10
capacity in the Mg/Ti—LNO cathode) (Figures 2d and S7). At
C/S, C/2 and 1C (Figure 2e), the initial discharge capacity
was 200, 180, and 175 mA h/g, respectively. The capacity
retention after 150 cycles at C/5 and C/2 was 86 and 90%,
respectively. Furthermore, 85% capacity retention was
achieved at 1C for 300 cycles. The material-level specific
energy was ~780 W h/kg at C/10 and C/5, and ~680 W h/kg
at C/2 and 1C (Figure 2f), which were higher than many
reported Ni-rich NMC cathodes.”***® The energy retention
was 96, 85, 88, and 77% at C/10, C/S, C/2, and 1C after their
corresponding numbers of cycles, as shown in Figure 2f. The
performance at elevated temperatures is also an important
metric for practical batteries. The cells containing the LNO
and Mg/Ti—LNO cathodes were tested at 60 °C. The capacity
retentions at C/3 were 66 and 78% after 50 cycles for the LNO
and Mg/Ti—LNO cathodes, respectively (Figure S8). The
electrochemical performance of Co-free Mg/Ti—LNO sur-
passed many reported LiNiO,-based materials, as summarized
in Table S2. Finally, we assembled full cells using graphite as
the anode (Figure S9). The full cells (Figure S10) delivered a
200 mA h/g discharge capacity at C/2 with an 82% capacity
retention after 100 cycles at 22 °C.

The dual dopants also enhanced the surface stability,
minimized the Ni dissolution, improved the thermal stability,”"
and increased the self-discharge resistance of the Co-free
LiNiO,-based material. The transition metal dissolution
(nickel in this case), representing one aspect of the surface
stability, is a challenge for Ni-rich NMC materials.’>>



Synchrotron X-ray fluorescence microscopy (XFM), a highly
sensitive technique for quantitative (sub ppm) and spatially
resolved analysis of trace elements, was performed on the
lithium anode after S0 cycles at C/3 (Figures 3a,b, S11).
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Figure 3. XFM (the colors represent Ni concentration) on the
lithium metals countered with (a) Mg/Ti—~LNO and (b) LNO
cathodes operated at C/3 after SO cycles within 2.5—4.4 V at 22 °C;
Nyquist plots of the half cells containing the (c) Mg/Ti—LNO and
(d) LNO cathodes at the fresh state, 1 cycle, S cycles, 10 cycles, 20
cycles, and S0 cycles at the discharged states. (e) Voltage evolutions
of the two cells charged to 4.4 V and rested for 14 h; (f) DSC analysis
of the two wet cathodes (with electrolyte) at 4.4 V charged state with
a scan rate of 10°/min.

Overall, the lithium anode collected from the Mg/Ti—LNO
cell showed nearly 10 times lower Ni concentration than that
collected from the LNO cell. In addition, the Ni distribution
was also more uniform in the former sample. We further
measured the electrochemical impedance spectroscopy of the
cells at various states (Figure 3c,d). The interfacial resistance
(high frequency, semicircle on the left) was ~150 Q in both
cells in the pristine state. For the Mg/Ti—LNO cell, the
resistance remained relatively stable during cycling (Table S3).
However, the resistance gradually increased up to 20 cycles
and decreased slightly after S0 cycles in the LNO cell (Table
S3). The similar phenomenon (Table S3) was also observed
for the resistance originated from the charge transfer process
(low frequency, semicircle on the right). These results
indicated that the Mg/Ti dual dopants improved the stability
of the cathode—electrolyte interface, which might be one of the
factors responsible for the improved cycling performance.”*’
The self-discharge resistance and thermal stability were also
improved with the Mg/Ti dual dopants. The cells were
charged to 4.4 V and rested for 14 h to reach the equilibrium
state (Figure 3e). During the initial resting, the voltage
decreased dramatically to 4.3 and 4.2 V for the Mg/Ti—LNO
and LNO cathodes, respectively. Overall, the Mg/Ti—LNO
exhibited stronger self-discharge resistance. The exothermic
peak in the differential scanning calorimetry (DSC) analysis

represents the thermal stability of a cathode in the charged
state (in this case, charged to 4.4 V). The Mg/Ti—LNO
cathode showed higher thermal stability with an exothermic
temperature of 219.9 °C as opposed to 210 °C in the LNO
cathode (Figure 3f).>®37465%

The charge compensation mechanism, local and global
structural stabilities of the Mg/ Ti—LNO cathode were studied
using a suite of advanced synchrotron X-ray and electron
diagnostics, including synchrotron XRD, hard and soft XAS,
extended X-ray absorption fine structure (EXAFS) and the
associated wavelet transform analysis, and electron microscopy.
Upon charging, the Ni K-edge shifted to higher energy,
indicating the oxidization of Ni*" to partially Ni*" (Figure 4a).
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Figure 4. Charge compensation mechanism and Ni local environment
evolution. Ex situ Ni K-edge XANES of the Mg/Ti—LNO cathode
upon (a) charging and (b) discharging and after long cycling; (c) ex
situ Ni K-edge EXAFS of the Mg/ Ti—LNO cathode at various states;
wavelet transforms for the K3-weighted Ni K-edge EXAFS of the Mg/
Ti—LNO cathode at the (d) pristine state, (e) charged to 4.4 V, and
(f) discharged to 2.5 V after 100 cycles.

Upon discharging (Figure 4b), the edge shifted back to the
original state. After 50 and 100 cycles, there was negligible
change of the Ni oxidation state, indicating the good bulk
reversibility of the Ni**/Ni*" redox couple. The EXAFS analysis
showed two Ni local environments, that is, Ni—O at 1.7 A and
Ni—TM at 2.5 A (Figure 4c). Upon charging, the Ni—-TM
distance reduced slightly, while the Ni—O bonding underwent
negligible change because of the Jahn—Taller distorsion.'” In
the discharged state after 1, 50, and 100 cycles, the Ni—O and
Ni—TM distances did not change, implying the bulk structural
stability of the local environment. We further performed the
EXAFS wavelet transform analysis, a powerful method for
distinguishing the backscattering atoms to analyze the Ni local
environment (Figure 4d—£).%° In the pristine state (Figure 4d),
we observed that the bonding at 2.5 A (“R + @”) split into two
in the k space, which were associated with the Ni—Ni (right)



and Ni—Ti (left).>® The wavelet transform analysis further
supported our conclusion that the Ti dopant occupies the Ni
site in the R3m lattice. The splitting became wider in the
charged state (4.4 V) (Figure 4e) and recovered to the original
state after 100 cycles (Figure 4f), demonstrating the stability
and reversibility of the local coordination environment.
Meanwhile, we also conducted XRD to elucidate the global
structural stability (Figure S12). Upon charging, the (003)
peak shifted to the lower angle, while the (104) peak moved to
the higher angle, suggesting the expansion of the c-axis and the
contraction of the a-b plane. Upon discharging, these peaks
went through the opposite shifting and recovered to its original
state. After 100 cycles at C/3, the layered structure maintained
well in spite of the slight off-set of the (003) peak. The peak
shift was associated with the minor capacity loss because of the
Li loss from the lattice. Indeed, the soft XAS results illustrated
that the surface Li loss was accompanied by the surface Ni
reduction after long cycles (Figure $13).'®*"** In summary,
the results indicate that although the Mg/Ti dual dopants did
not completely eliminate the surface degradation, they
significantly enhanced local structural stability, alleviated the
Ni dissolution, and improved the thermal stability of the LNO
material.

Because Li ion diffusion coeflicient is a key factor to
influence the rate capability of an electrode material, we also
investigated the kinetic performance of the Co-free cathode by
GITT (Figure 5a).°*” The hysteresis (between the charging
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Figure 5. Kinetics performance of the half cells containing the Mg/
Ti—LNO cathode. (a) GITT curves at the second cycle and its
derived OCV curve of the cell upon charging/discharging at C/20 for
1 h and following with 10 h rest and (b) the apparent chemical
diffusion coeflicient as a function of voltage derived from the GITT
curves.

OCV and discharging OCV) decreased as the voltage
increased (i.e.,, increased degree of delithiation), indicating
that the reaction kinetics got improved as more lithium
vacancies were created during charging. Specifically, the
polarization at 3.6 V was 126 mV, which was larger than

2 2
those at 4.0 and 4.2 V. The equation D = %(ynMB—:;") <i§j)
(see details in SI) was used to calculate the apparent Li*
diffusion coefficient at various states of charge (Figure Sb). In
general, the discharging kinetics was better than the charging
kinetics. The D;;+ was in the order of 107'° to 107" cm?/s,
which is comparable to other reported Ni-rich NMC
materials.’*** The Li* diffusion within 4.3—3.7 V during
discharging was better than other states, except two sudden
drops at 4.0 and 4.2 V. These two drops were likely associated
with the inhibited M — H2 and H2 — H3 phase
transformations, respectively.” We also used cyclic voltammo-
gram at various scan rates (see details in the SI) to estimate the

Dy;* in the LNO and Mg/Ti—LNO materials (Figures S14 and
S15). We obtained Li* diffusion coefficient in the order of
107! and 107 cm?/s for LNO and Mg/Ti—LNO materials,
respectively (Figures S14 and 15). The results suggest that the
Mg/Ti dual dopants slightly facilitated Li* kinetics.

Bl CONCLUSIONS

To make batteries and electric vehicles more sustainable and
environment-friendly, efforts must be made to significantly
reduce or even completely eliminate Co. In this study, we
expanded the conventional doping strategy and proposed the
concept of manipulating the dopant distribution in battery
particles to simultaneously enhance the surface and bulk
stability of Co-free, LiNiO,-based cathodes. We developed
hierarchical distribution of Mg/Ti dual dopants in Co-free
layered oxides as the initial platform to investigate the concept.
The advanced spectroscopic and imaging diagnostics reveal
that Ti showed a gradient distribution and was enriched at the
surface, whereas Mg distributes homogeneously throughout
the particles. Both dopants were well accommodated in the Ni
sites of the layered structure. The dual dopants in the bulk
reduced the Li/vacancy ordering, smoothened voltage profiles,
and suppressed irreversible phase transformations. The
interfacial stability of the Mg/Ti—LNO material was
improved,*" leading to mitigated Ni dissolution, reduced cell
impedance, improved thermal stability, and better self-
discharge resistance. This new Co-free layered cathode
achieved a specific discharge capacity of 208 mA h/g at C/
10 and 95% capacity retention after 50 cycles at C/10 within
2.5—4.4 V. The capacity retention was 85% at 1C after 300
cycles. The material-level specific energy was ~780 W h/kg at
C/10 and ~680 W h/kg at 1C. While there were no extensive
studies attempting to engineer the dopant distribution in
battery materials, our promising battery performance suggests
that there is a large space to manipulate the three-dimensional
distribution of dopants to improve the stability of LiNiO,.
Such a concept can be readily extended to other material
systems, including Li ion and Na ion chemistries. We
recommend that further studies of this new material should
focus optimizing the cathode—electrolyte interplay, which
entails more efforts in developing new electrolyte systems.

B EXPERIMENTAL METHODS

Material Synthesis. The baseline LiNiO, and Mg/Ti—LiNiO,
were synthesized by a coprecipitation method followed by high
temperature calcination. The transition-metal solution (0.1 mol
NiSO,-6H,0 dissolved in 100 mL of aqueous solution), starting
solution (40 mL of NaOH and NH;-H,O aqueous solution with a
molar ratio NaOH/NH; = 1.2, pH value was adjusted to 11.0), and
base solution (100 mL of NaOH and NH;-H,O aqueous solution
with a molar ratio NaOH/NH; = 1.2) were made and separately
stored under N, protection. The transition-metal solution and base
solution were simultaneously pumped into the starting solution at a
feed rate of ~2 mL/min with continuous stirring at 55 °C under N,
protection. The feed rate of the base solution was frequently tuned to
keep the pH at 11.0 #+ 0.2. The precipitate was collected, washed, and
filtered with deionized water and dried in a vacaum oven overnight at
105 °C. The dried precursor was then mixed with LiOH thoroughly
and calcined under air flow (2 L/min) at 460 °C for 2 h and then at
675 °C for 6 h to obtain the final LiNiO, powder. For the Mg/Ti—
LiNiO,, the transition-metal solution (0.096 M NiSO,-6H,0, 0.002
M MgSO,-7H,0, and 0.002 M TiOSO, dissolved in 100 mL of
aqueous solution), starting solution (40 mL of NaOH and NH;-H,0
aqueous solution with a molar ratio NaOH/NH; = 1.2, pH value was
adjusted to 11.0), and base solution (100 mL of NaOH and NH;:



H,O aqueous solution with a molar ratio NaOH/NH, = 1.2) were
made and separately stored under N, protection. The transition metal
solution and base solution were simultaneously pumped into the
starting solution at a feed rate of ~2 mL/min with continuous stirring
at 55 °C under N, protection. The feed rate of the base solution was
frequently tuned to keep the pH at 11.0 & 0.2. The precipitate was
collected, washed, and filtered with deionized water and dried in
vacuum oven overnight at 105 °C. The dried precursor was then
mixed with LIOH thoroughly and calcined under air flow (2 L/min)
at 460 °C for 2 h and then at 700 °C for 6 h to obtain the final Mg/
Ti—LiNiO, powder.

Electrochemical Characterization. The Co-free cathode
powders were processed into the electrode immediately following
the high temperature calcination, and the acetylene carbon and
poly(vinylidene difluoride) (PVdF) were stored in a humidity-
controlled dry box prior to the electrode preparation. The composite
cathodes were prepared by spreading the slurry (N-methyl-2-
pyrrolidone as the solvent) with active materials (90 wt %), acetylene
carbon (S wt %), and PVAF (S wt %) as the binder, and casting them
on carbon-coated aluminum foils. The graphite anode was prepared
by spreading the slurry (N-methyl-2-pyrrolidone as the solvent) with
active materials (90 wt %), acetylene carbon (S wt %), and PVdF (S
wt %) as the binder and casting them on copper foils. The cathode
and graphite electrodes were punched into disks of a diameter of 10
mm. The disks were then dried overnight at 120 °C in a vacuum oven
and transferred into an Ar-filled glove box. The cathode active mass
loading was ~1.4 mA h/cm® (7 mg/cm?) and the graphite mass
loading of ~5.2 mg/cmz. CR2032 coin cells were assembled in a Ar-
filled glovebox using the composite cathode, lithium foil as the anode,
Whatman glass fiber (1827-047934-AH) as the separator, and 1 M
LiPF, dissolved in ethylene carbonate (EC) and ethyl methyl
carbonate with 2 wt % vinylene carbonate as the electrolyte. All
cells were cycled with an electrochemical workstation (Wuhan Land
Company) at 22 and 60 °C in an environmental chamber. The
specific energy was calculated using the LANDdt software. 1C was
defined as fully charging a cathode in 1 h, corresponding to a specific
current density of 200 mA/g.

The details of material characterization and diffusion coeflicient
analysis can be found in the Supporting Information.
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