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Nickel-rich layered oxides LiNi,Co,Mn;.,,O, (x > 0.8) have been recognized as the preferred cathode materials
to develop lithium-ion batteries with high energy density (>300 Wh kg~'). However, the poor cycling stabil-
ity and rate capability stemming from intergranular cracks and sluggish kinetics hinder their commercializa-
tion. To address such issues, a multi-scale boron penetration strategy is designed and applied on the polycrys-
talline LiNij g3Coy 1, Mng 460, particles that are pre-treated with pore construction. The lithium-ion conductive
lithium borate in grain gaps functions as the grain binder that can bear the strain/stress from anisotropic con-
traction/expansion, and provides more pathways for lithium-ion diffusion. As a result, the intergranular cracks
are ameliorated and the lithium-ion diffusion kinetics is improved. Moreover, the coating layer separates the
sensitive cathode surface and electrolyte, helping to suppress the parasitic reactions and related gas evolution. In
addition, the enhanced structural stability is acquired by strong B-O bonds with trace boron doping. As a result,
the boron-modified sample with an optimized boron content of 0.5% (B5-NCM) exhibits a higher initial discharge
capacity of 205.5 mAh g~! at 0.1C (1C = 200 mA g~!) and improved capacity retention of 81.7% after 100 cycles
at 1C. Furthermore, the rate performance is distinctly enhanced by high lithium-ion conductive LBO (175.6 mAh
g~! for B5-NCM and 154.6 mAh g~! for BO-NCM at 5C).
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Lithium-ion diffusion kinetics
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1. Introduction

With the abrupt development of electric vehicles (EVs), developing
advanced cathode materials with high energy density is one of the main
strategies to alleviate range anxiety among electric car drivers. Nickel-
rich cathode materials LiNixCoyanOZ (x > 0.8, NRCMs) with a capacity
of more than 200 mAh g~!, attract much attention as promising can-
didates for the next-generation power batteries (>300 Wh kg~!). Nev-
ertheless, the poor cycling stability and unsatisfied rate capability arise
simultaneously with decreasing fraction of cobalt and manganese in NR-
CMs [1,2]. For the polycrystalline NRCMs, intergranular cracking is rec-
ognized as the dominant factor causing the deterioration of cycling per-
formance, which roots in the repeated anisotropic shrinkage/expansion
of lattices in the charge-discharge process due to the phase transfor-
mation between H2 and H3 [3,4]. Thereby, the tunnels for electrolyte
penetration appear when microcracks spread to the surface of particles,
causing severe interfacial reactions between primary particles and elec-
trolytes that deteriorate the cycling performance of NRCMs. Another
significant issue lies in the sluggish kinetics of lithium-ion diffusion,
which is not able to support high-rate charge/discharge. It is because
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the interior lithium ions have to cross large amounts of grain bound-
aries to reach the surface of particles, and the inherent gaps between
primary particles inhibit the diffusion [5]. As a result, a concentration
gradient of lithium ions will be built in NRCM particles, where the sur-
ficial parts are in a deeper de-lithiation state during charging, causing
accumulated internal stress and microcracks [6,7]. Hence, the poor ki-
netics of lithium-ion diffusion in NRCMs not only leads to the unsatisfied
rate performance but also aggravates the formation of microcracks.
Many efforts have been made to tackle these aforementioned issues
of NRCMs including elements doping [8-10], surface coating [11-13],
morphology design [14-16], and gradient structure [17,18]. Coating is
generally recognized as an effective strategy to ameliorate interfacial
problems. Particularly, coating with high lithium-ion conductive mat-
ters is able to improve the lithium-ion diffusion kinetics and suppress the
parasitic reactions simultaneously [19]. Nowadays, most of the coating
strategies focus on the surface of secondary particles. However, NRCMs
still suffer severe problems inside secondary particles. Consequently, it
could be effective if the coating was conducted on the surface of pri-
mary particles inside secondary particles. For instance, Moonsu Yoon
et al. [20] proposed a high-quality surface coating at both primary- and
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secondary-particle levels by cobalt boride metallic glass, and it signifi-
cantly improved the cycling and rate properties of NRCMs.

Herein, a pore construction-boron penetration strategy is proposed
to synthesize the lithium borates (LBO) coated LiNij g3C0¢ 11 Mng 060,
cathode materials, in which LBO is covered on the surface of both pri-
mary and secondary particles. By constructing pores inside the sec-
ondary particles by preheating Nij g3Cog 17 Mng ¢s(OH), beforehand,
the LiOH and H;BO3; are more ready enter into the particles as com-
pared to the conventional solid-state synthetic methods (Fig. 1). This
unique strategy is beneficial to forming the LBO coating layer onto
the surface at both primary- and secondary-particle levels, suppress-
ing the parasitic reactions between cathode and electrolyte, and alle-
viating the repeating formation and growth of cathode electrolyte in-
terphase (CEI) film. Moreover, the lithium-ion-conductive LBO filled in
the gaps between interior primary particles can prevent the formation
and extending of intergranular cracks, and provide more diffusion path-
ways for lithium ions. Accordingly, both structural stability and lithium-
ion-diffusion kinetics of LiNij g3Cog 11 Mng 4O, can be remarkably en-
hanced. Expectably, its cycling performance and rate capability can be
improved. Putting such emphasis on the fundamental issues of NRCM
materials, our work provides a feasible strategy to enhance their elec-
trochemical performance.

2. Experimental section
2.1. Materials synthesis - NCM sample

To synthesize stoichiometric LiNij g3C0( 11 Mng 9604 sample (NCM),
the Nij g3Cop 11 Mng o6(OH), hydroxide precursor (provided by Hunan
Shanshan Advanced Material Co. Ltd.) was mixed homogeneously with
LiOH'H,O in a molar ratio of lithium to transition metal = 1.05. Then,
the mixture was calcinated at 500 °C for 5 h followed by 780 °C for 15 h
under O, atmosphere in a quartz tube furnace with a heating rate of

5°C min~1.

2.2. Materials synthesis - P-NCM sample

The Nig g3C0q 11 Mng o6(OH), hydroxide precursor was heated at
600 °C for 3 h first to obtain Nij g3C0q 11 Mng 060, Oxides, which was
used as the precursor to prepare preheated Ni-rich material (P-NCM) by
using the same synthetic protocol as the NCM sample.

2.3. Materials synthesis - boron-modified NRCMs

At first, 2 g of P-NCM were dispersed in 10 mL of ethanol. Then a
certain amount of H3BO5; was added into the solution with continuous
stirring for 20 min at room temperature. Afterward, 30 min of vacuum-
ing was carried out to remove the gas in pores of cathode materials to
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facilitate the penetration of H3BOj3 solution. After that, the suspension
underwent a drying operation at 80 °C for 12 h. Eventually, the prepared
H3BOj3-cathode mixtures were calcined at 500 °C for 5 h to obtain the
boron-modified NRCMs. On the basis of the molar ratio of boron to tran-
sition metals (0%, 0.1%, 0.5%, and 1%), the boron-modified NRCMs
were denoted as BO-NCM, B1-NCM, B5-NCM, and B10-NCM in order.
The samples were transferred into the glove box immediately after the
secondary sintering to avoid contact with H,O and CO, in air, making
the residual lithium to be comprised of Li,O mainly rather than LiOH
or Li,CO5.

2.4. Materials characterizations

N, isothermal adsorption/desorption curves were measured at
77.3 K by Micromeritics ASAP 2020HD88. The corresponding specific
surface area and pore width distribution were obtained from BET and
BJH equations, respectively. The crystalline structure and lattice param-
eters were determined by XRD (Empyrean 2, PANalytical) using Cu Ka
radiation operated at 40 kV in the 26 range of 10°-80° with a scanning
speed of 5° min~!. The valance states of the materials were determined
by X-ray photoelectron spectroscopy (Thermo Scientific K-Alpha) with
Al Ka radiation and all spectra were calibrated by C 1s (284.8 eV) as
a reference. The morphology and the microstructure of the materials
were determined by SEM (JSM-7900F, JEOL) and TEM (Titan G2, FEI).
The samples for cross-section TEM observations were prepared by a fo-
cused ion beam (Helios Nanolab 600i, FEI). For XANES measurement,
2D images were taken at different energies across the Ni absorption edge
(8.33-8.37 keV, 5 eV interval).

2.5. Electrochemical characterization

The electrochemical performance was tested by using a 2025 coin-
type half-cell. The slurry containing 80 wt% of active materials, 10 wt%
of carbon black (as the conductive agent), and 10 wt% of polyvinyli-
dene fluoride (as the binder) in N-methylpyrrolidinone, was coated onto
Al foil and dried in a vacuum oven at 90 °C for 6 h. Then, it was cut
into discs with 12 mm in diameter with a typical mass loading of about
2.8 mg cm~2. The electrolyte was composed of LiPFg (1 M) in a mixed
solution of dimethyl carbonate (DMC), ethyl methyl carbonate (EMC),
and ethylene carbonate (EC) (1:1:1 in volume ratio). The coin cells were
assembled in an Ar-filled glove box. Electrochemical cycling tests were
performed at 1C for 100 cycles (1C = 200 mA g~1) at 25 and 60 °C be-
tween 2.8 and 4.3 V. Before cycling tests, the cells were activated at 0.1C
for 2-3 cycles. Rate capabilities were tested at 0.1C, 0.2C, 0.5C, 1C, 2C,
5C, 0.1C continuously with 5 cycles per rate. EIS was performed by Bio-
Logic SP150 within the frequency range of 10~2-10° Hz before cycling
and after 100 cycles at lithiation state. Cyclic voltammetry (CV) was
performed for the first 3 cycles between 2.8 and 4.3 V with a scan rate
of 0.1 mV s, Galvanostatic intermittent titration techniques (GITT)
were collected as follows. Firstly, the cells were charged with a con-
stant charging current of 20 mA g=! for 10 min. After that, the cells
were relaxed for 50 min. The above two steps were repeated until the
voltage of cells reached 4.3 V. Then the cells were discharged under the
same condition with the cutoff voltage of 2.8 V.

3. Results and discussion
3.1. Pore-construction operation and influences

During the preheating process, the Nij g3Cog 1;Mng ¢ (OH), hydrox-
ide precursor turns into the Nijg3C0q 11 Mng o604 Oxide precursor. As
increasing the heating temperature from 400 to 700 °C, the structure of
the precursor transforms from Ni(OH), single phase to the coexistence of
two phases (MnCo,0, and NiO) (Fig. S1, detected by X-ray diffraction,
XRD), and the pores are constructed because of the gas evolution and
volume contraction of primary particles. However, big cracks appear
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Fig. 2. Comparison in morphology, phase, specific surface area, pore volume, and electrochemical properties of NCM and P-NCM. (a-d) SEM images of
(a,b) NCM and (c,d) P-NCM; (e, f) N, isothermal adsorption/desorption curves and pore size distributions; (g) XRD patterns; (i) Cycling performance with current
density of 0.1C for first three cycles and 1C for next 100 cycles under 25 °C; (j) Rate capability at 0.1-5C under 25 °C; (k) CV curves with scan rate of 0.1 mV s~}
from 2.8 to 4.3 V; (1,m) EIS plots (1) before cycling and (m) after 100 cycles at 1C; (n) Diffusion coefficients of lithium ions measured by GITT.

when the temperature is higher than 700 °C (Fig. S2), which is not the
desirable porousoxide precursor to synthesize LiNij g3C0 11 Mng o605.
Thereby, the oxide precursor preheated at 600 °C, which balances the
porous morphology and structural integrity, is utilized to prepare the
cathode material (P-NCM) through high-temperature sintering. For com-
parison, the cathode material prepared by hydroxide precursor without
preheating treatment is denoted as NCM.

The morphology, phase, specific surface area, pore volume, and elec-
trochemical properties of NCM and P-NCM samples are compared in
Fig. 2 to evaluate the influence of the pore-construction operation. As
shown in Fig. 2a, b, NCM exhibits typical spherical secondary-particles
assembled closely by nano-scaled polyhedral grains. On the contrary,
small pores can be observed obviously between the external primary
particles in P-NCM (Fig. 2c, d), arising from gas evolution during the
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preheating process. The N, isothermal adsorption/desorption curves of
NCM, P-NCM (Fig. 2e, f) and corresponding precursors (Fig. S3) are
demonstrated to quantify the changes of a specific surface area and pore
volume. The corresponding results are summarized in Table S1. The ox-
ide precursor exhibits a much larger specific surface area than the hy-
droxide precursor, and the volume of pores ranging from 2 to 10 nm un-
dergoes a significant increase after preheating operation (Fig. S3, Table
S1), indicating that abundant pores have been successfully constructed
inside secondary particles, which is consistent with the observation of
SEM images. After the high-temperature sintering with lithium sources,
NCM shows a slight increase in the specific surface area, pore volume,
and average pore size compared with the hydroxide precursor (Fig. 2e,
Table S1). A similar phenomenon can also be observed by comparing
P-NCM and the oxide precursor (Fig. 2f, Table S1). Distinctly, the orig-
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inal pore structure constructed by the preheating operation is inherited
in the subsequent high-temperature sintering process. Notably, the spe-
cific surface area and pore volume of NCM are still much lower than
those of P-NCM, proving the necessity and advantage of preheating op-
eration. The XRD patterns of NCM and P-NCM (Fig. 2g) reveal the typical
hexagonal layered structure belonging to the space group of R-3m, in-
dicating that the preheating operation does not affect the fundamental
structure of the materials. The I(y3)/I(104) value is generally recognized
as an indicator for the cation disordering degree [21]. Herein, the pre-
pared samples exhibit similar ordering structures with the I;593)/1104)
values over 1.2 (Table S2), indicating a relatively low cation disorder-
ing degree. In addition, the Rietveld XRD refinements (Fig. S4, Table S2)
show a typical layered structure of both NCM and P-NCM with the c/a
values larger than 4.94. The electrochemical properties of NCM and P-
NCM samples at room temperature (25 °C) are shown in Fig. 2i,j and Ta-
ble S3. P-NCM and NCM separately exhibit an initial specific discharge
capacity of 199.2 and 193.7 mAh g~! at 0.1C (1 C = 200 mA g~!) from
2.8 t0 4.3 V (versus Li*/Li). As performed at 1C after 100 cycles, P-NCM
and NCM maintain 136.8 and 124.0 mAh g~! with the capacity reten-
tion of 73.7% and 67.1%, respectively. Furthermore, P-NCM shows a
remarkably elevated discharge capacity of 150.9 mAh g~! at 5C (only
123.1 mAh g~! for NCM). It can be found that the pore-construction op-
eration improves the rate performance markedly, owing to the enlarged
electrochemically-active area for Lit insertion/extraction provided by
internal pores. Generally, more active sites bring about aggravated par-
asitic reactions and lead to deteriorated cycling properties. However, P-
NCM even exhibits a slightly improved cycling performance. This phe-
nomenon needs further investigation. In the aspect of cyclic voltam-
metry (CV) results (Fig. 2k), the AV (the voltage difference between
oxidation and reduction peaks) of P-NCM (0.11 V) is lower than that
of NCM (0.14 V), indicating a lower polarization for P-NCM. The elec-
trochemical impedance spectroscopy (EIS) was utilized to explore the
electrochemical resistance evolution before cycling (Fig. 21) and after
100 cycles (Fig. 2m). The corresponding values of resistances are sum-
marized in Table S4. Specifically, the value of R.; (charge transfer re-
sistance) for NCM increases obviously from 110.7 to 897.1 Q after 100
cycles at 1C while that of P-NCM only increases from 77.2 to 448.1 Q.
When it comes to the Li* diffusion inside cathode materials measured
by galvanostatic intermittent titration technique (GITT), the lithium-ion
diffusion co-efficient (Dy;, ) of P-NCM is 2.43 times that of NCM (Figs. 2n
and S5, Table S5). Hence, P-NCM exhibits better electrochemical kinet-
ics in the aspect of charge transfer and lithium-ion diffusion as compared
with NCM, and this contributes to the improved electrochemical perfor-
mance.

3.2. Penetrating LBO into grain boundaries and gaps of NRCMs

Boron-modified NRCMs were prepared from P-NCM through the
penetration-drying-sintering routine (Fig. 1). Firstly, P-NCM was added
into H3BOs-dissolved ethanol solution with continuous stirring in
the vacuum environment. In this process, the residual lithium and
H3BO; penetrated secondary particles along the tunnels that were con-
structed by micropores. Afterward, the residual lithium and H3;BO3
were deposited evenly on the particle surfaces and grain gaps by low-
temperature evaporation at 60 °C with continuous stirring. The modified
materials were eventually obtained in the secondary sintering process
when LBO arose through the reaction between the residual lithium and
pre-decomposed H3BOj5 (Fig. S6). The boron-modified NRCMs marked
as BO-NCM, B1-NCM, B5-NCM and B10-NCM represent the samples with
boron to transition metal molar ratio of 0%, 0.1%, 0.5%, and 1%, re-
spectively.

The morphologies of boron-modified NRCMs are shown in Figs. 3a, b
and S7. After the penetration-drying-sintering treatment, a large amount
of residual lithium arises on the surface of BO-NCM particles (Fig. 3a), re-
sulting from the dissolution of surficial lithium in ethanol solution and
the subsequent deposition on the surface in the drying process. Nev-
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ertheless, this phenomenon disappears in the boron-modified samples
(Fig. 3b, B5-NCM serves as the representative for boron-modified ma-
terials herein), revealing that the residual lithium has been consumed
via the reaction with boron oxide in the secondary sintering process.
Besides, the decrease in the pH value was observed after sintering in
our previous work [19], confirming the consumption of residual lithium
by H3BO3. Notably, the coating layer can be distinctly observed in the
boron-modified samples, while the agglomeration of coating layer oc-
curs in B10-NCM as increasing the addition of boron (Fig. S7). The high-
resolution transmission electron microscopy (HRTEM) image of BO-NCM
(Fig. 3c) shows a clean surface without coating layer. The clear lattice
fringes separated by 4.75 A correspond to (003) plane of the hexagonal
layered structure. On the contrary, an amorphous layer of nearly 10 nm
in thickness coats on the surface of B5-NCM (Fig. 3d). The EDS mapping
results (Fig. 3e, f) confirm the homogeneous distribution of Ni, Co, Mn,
and B on the surface of secondary particles. Furthermore, in order to in-
vestigate the interior of secondary particles, the cross-section diagrams
and element distributions of B5-NCM analyzed by scanning TEM-energy
dispersive X-ray spectroscopy (STEM-EDS) are illustrated in Figs. 3g, h
and S8. The grain boundaries and gaps between the primary particles
ranging from 50 to 200 nm can be observed clearly. The strong sig-
nals of B are acquired in different regions, suggesting that B penetrates
from the surface of particles to interior along the tunnels and fills the
grain gaps. In addition, a strong signal of B 1s is acquired in B5-NCM
from XPS spectra but not in BO-NCM (Fig. 3i), verifying the existence of
boron on the surface of B5-NCM particles after boron addition. Further-
more, B5-NCM exhibits a smaller pore volume and average pore size as
compared with BO-NCM. Meanwhile, the difference of median value of
micropore width between BO-NCM and B5-NCM is negligible (Fig. 3j,
k, Table S1), indicating that the B prefers to penetrate and pad larger
pores rather than micropores inside the secondary particles. The above
results demonstrate that the boron-contained chemical is evenly coated
on the surface of both secondary particles and interior primary grains,
and fills the grain gaps successfully by a penetration-drying-sintering
strategy.

3.3. Enhanced electrochemical performance and mechanism analysis

The systematic electrochemical testing for the prepared cathode ma-
terials is implemented at 25 and 60 °C to thoroughly evaluate the in-
fluence of LBO modification. The comparison of cycling and rate per-
formance at 25 °C for the boron-modified NRCMs are summarized in
Fig. 4a, b and Table S3. BO-NCM exhibits a specific discharge capacity
of 200.2 mAh g~1 in the first cycle at 0.1C (1C = 200 mA g~!) from 2.8
to 4.3 V (versus Li*/Li). After 100 cycles at 1C, it delivers a reversible
capacity of 134.7 mAh g~! with a capacity retention of 73.5%. Both
specific capacity and capacity retention are similar to that of P-NCM, in-
dicating the penetration-drying-sintering operation without boron addi-
tion makes negligible influence on the electrochemical performance. For
the boron-modified materials, the initial specific discharge capacities at
0.1C are 199.2, 205.5, 204.6 mAh g1, and the capacity retention after
100 cycles at 1C is 82.0%, 81.7%, 83.4% for B1-NCM, B5-NCM, B10-
NCM, respectively (Fig. 4a). Distinctly, the initial discharge capacity
and cycling stability are both enhanced by boron modification, and the
electrochemical properties exhibit a close association with the content
of boron addition. Particularly, the specific discharge capacity increases
obviously with the increase in the content of boron from 0.1% to 0.5%,
but the capacity retention shows an opposite trend. When it reaches
1%, the specific capacity undergoes a slight decrease while the capacity
retention is somewhat improved. It is because the electrochemically-
isolated boron oxides shall appear on the surface of particles when the
residual lithium is used up with the increase in the content of boron,
decreasing the active mass ratio while constructing a stable surface. Be-
sides, as presented in Fig. 4b, the capacities at the high current density
of 5C are 154.6, 171.5, 175.6, and 160.6 mAh g~! for BO-NCM, B1-NCM,
B5-NCM, and B10-NCM, respectively. The rate capability is significantly
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improved with boron addition, and B5-NCM shows the highest capacity
at every current density. When the content of boron reaches 1%, the
isolated layer hinders the diffusion of lithium ions between the cath-
ode surface and electrolyte, resulting in a relatively poor rate capability
for B10-NCM. Hence, B5-NCM exhibits the best electrochemical perfor-
mance under a comprehensive consideration of initial discharge capac-
ity, cycling stability and rate capability. Fig. 4c and Table S6 present
the cycle performance of BO-NCM and B5-NCM at 60 °C. Before being
cycled at 1C for 100 cycles, the cells were activated at 0.1C for the first
two cycles. No matter at 0.1C or 1C, BO-NCM shows almost the same
discharge capacity as that of B5-NCM at 60 °C. Nevertheless, the ca-
pacity retention of B5-NCM (70.6%) after 100 cycles is much higher
than that of BO-NCM (54.2%), exhibiting an increased gap as compared
with the room-temperature performance. The results demonstrate that
the boron modification improves the cycling stability of NRCMs signif-
icantly at both room and elevated temperatures. The AV between the
redox peaks of B5-NCM (0.09 V) in CV curves is lower than that of BO-
NCM (0.11 V) (Fig. 4d, e), suggesting that B5-NCM exhibits a lower po-
larization [22] in the electrochemical process. Furthermore, the results
of electrochemical resistance (Fig. 4f, g, Table S4) reveal that B5-NCM
owns the lowest R, of 56.9 Q (68.5 Q for BO-NCM, 65.1 Q for BI-NCM
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and 72.0 Q for B10-NCM) before cycling and 268.0 Q (483.9 Q for BO-
NCM, 325.9 Q for B1-NCM and 503.5 Q for B10-NCM) after 100 cycles.
The boron modification successfully decreases the charge-transfer resis-
tance. However, excessive boron in B10-NCM causes the generation of
electrochemically-isolated layer on the surface of particles and thereby
hinders the charge transfer across it. Taking the electrochemical per-
formance and aforementioned BET surface area results into consider-
ation, B5-NCM exhibits an obvious enhancement in rate performance
although the specific surface area decreases, indicating that the amount
of electrochemically-active area is not responsible for the improvement
in the rate property of boron-modified materials. Hence, GITT measure-
ments (Fig. 4h,i, Table S5) are utilized to further investigate the lithium-
ion diffusion kinetics. The average Dy;, of B5-NCM is 2.17 times that of
BO-NCM (1.69 x 10710 cm? S~! for BO-NCM and 3.66 x 10710 ¢cm? §7!
for B5-NCM), suggesting that the lithium-ion diffusion kinetics is im-
proved after boron addition. Given the decrease of D;;* for BO-NCM
compared with P-NCM, the penetration-drying-sintering operation does
not make positive effects on the lithium-ion diffusion and even makes
deteriorations. Therefore, the improvement in lithium-ion diffusion ki-
netics of B5-NCM directly originates from the boron penetration. Specif-
ically, the fast lithium-ion conductor LBO filled in the gaps between pri-
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Fig. 4. Electrochemical performance of boron-modified NRCMs. (a) Cycling performance with a current density of 0.1C for the first three cycles and 1C for the
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mary particles provides more pathways for lithium-ion diffusion at the
grain boudaries. As a result, the electrochemical polarization is reduced
These should be responsible for the superior rate property of boron-
modified samples.

The XRD patterns of boron-modified NRCMs are shown in Fig. 5a.
All samples exhibit a typical hexagonal layered structure belonging to
the space group of R-3m, indicating that the addition of boron does not
damage the fundamental structure of materials. They all show a perfect
layered structure owing to the splits of (006)/(012) and (018)/(110)
peaks [23]. To further investigate the influence of boron penetration
on the lattice parameters, the results of Rietveld XRD refinement are
presented in Fig. S9 and Table S2. The degree of cation disordering un-
dergoes a nonnegligible decrease as increasing the amount of boron and
B10-NCM exhibits the lowest value of 2.10% (2.83%, 2.74% and 2.58%
for BO-NCM, B1-NCM and B5-NCM, respectively) (Fig. 5b, Table S2). The
amelioration of cation disordering provides more active sites for lithium-
ion insertion/extraction, reduces the resistance for lithium-ion diffusion
and eventually contributes to the improvement in electrochemical per-
formance. Besides, the value of I(LiO,) (thickness of Li slab) increases
obviously with boron addition while that of S(MO,) (thickness of transi-
tion metal slab) shows an opposite tendency, indicating that boron may
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occupy the transition metal (TM) sites rather than the Li sites. This is
because the bonds of B-O own a smaller bond length compared with
those of TM-O and Li-O, making oxygen atoms move closer to boron
by the strong attraction. Besides, the boron atoms in TM sites are able
to ameliorate the generation of oxygen vacancy and enhance the struc-
tural stability by the strong B-O bonds [24]. Furthermore, the enlarged
Li slabs contribute to the improvement in lithium-ion diffusion [25].
As shown in Fig. 5c, a distinct shift of Ni 2P3,, peak to higher bind-
ing energy is observed with boron addition. This result reveals that the
trace boron doping elevates the average valance of nickel near the sur-
face of particles (i.e., the proportion of Ni3* increases), resulting in the
amelioration of cation disordering which is consistent with the results
of Rietveld refinement. X-ray absorption near edge structure (XANES)
was employed to further evaluate the influence of boron on the struc-
ture of the bulk materials. As shown in Fig. 5d, the XANES curves of Ni
exhibit negligible variation as increasing the content of boron from 0
to 0.5%, indicating the structure maintains well after boron modifica-
tion. Furthermore, the peak position of B5-NCM is almost identical to
that of BO-NCM, which is quite different from the result of XPS. This
phenomenon suggests that trace boron doping does not impact the av-
erage Ni valance of the whole materials distinctly. In summary, trace
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boron dopes into the surface lattice and elevates the average valance of
Ni near the surface of particles, resulting in the amelioration of cation
disordering. Besides, strong attraction between B and O atoms induces
the contraction of TM slabs and expansion of Li slabs, contributing to
the enhancement of structural stability and acceleration of lithium-ion
diffusion.

Microcracks are generally recognized as a dominated factor of struc-
tural stability and electrochemical properties [26]. Fig. 6 shows the
cross-section SEM images of BO-NCM and B5-NCM before cycling and
after 100 cycles. Both BO-NCM (Fig. 6a) and B5-NCM (Fig. 6b) samples
before cycling show an integrated and dense morphology without any
microcrack. After 100 cycles, distinct intergranular cracks across the
whole secondary particle are observed in BO-NCM (Fig. 6¢), whereas
B5-NCM shows negligible crack and inherits the original morphology
(Fig. 6d), demonstrating the mechanical enhancement of B5-NCM in-
duced by boron penetration. Particularly, the LBO padded in grain gaps
is able to bear and disperse the strain from adjacent grains which un-
dergo an anisotropic contraction during H2—H3 phase transformation
in the charging process. As such, the strain concentration and subse-
quent separation of contacted grains are avoided. This function is also
effective in the discharging process when the anisotropic expansion oc-
curs. Free of intergranular cracks in the boron-modified samples makes
dominant influences on improving the cycling stability. Besides, the re-
sults of in-situ differential electrochemical mass spectrometry (DEMS)
reveal that much less gas evolution of CO, and O, is detected during
the first charging process for B5-NCM compared with BO-NCM (Fig. 6g,
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h), indicating the oxidation of electrolyte is suppressed remarkably. It
demonstrates that the LBO layer coated on the grain surface inside sec-
ondary particles avoids direct contact between the electrolyte and cath-
ode material, resulting in the amelioration of parasitic reactions. Fur-
thermore, the structural enhancement arising from trace boron doping
also contributes to the suppression of oxygen evolution [20,27]. Hence,
the improvement in cycling stability originates from the structural sta-
bility at both atomic and micron levels, and from the suppression of
parasitic reactions.

Based on the above discussion, the mechanism diagram for improv-
ing the performance of NRCMs by pore construction-boron penetration
strategy is illustrated in Fig. 7. Firstly, the LBO with high lithium-ion
conductivity padded in grain boundaries and gaps provides more path-
ways and reduces the distance for lithium ions diffusion (Fig. 7a), signif-
icantly improving the Li* diffusion kinetics and rate performance. Sec-
ondly, the trace boron doping on the surface and subsurface of grains
enhances the structural stability via the strong B-O bonds (Fig. 7b).
Specifically, the increased distance of lithium slabs contributes to the
acceleration of lithium-ion diffusion. Thirdly, the LBO padded in grain
gaps functions as a binder for adjacent grains which bears the strain
in the anisotropic shrinkage process and stress in the anisotropic ex-
pansion process, avoiding strain concentration and subsequent inter-
granular cracks generation (Fig. 7c). Finally, the coating layer avoids
direct contact between the sensitive cathode surfaces and electrolytes,
distinctly ameliorating the parasitic reactions and suppressing the re-
lated gas evolution (Fig. 7d).
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4. Conclusion gaps significantly improves the Li* diffusion kinetics. (b) Trace boron
doping on the surface enhances the structural stability and increases the

Boron-modified NRCM materials have been successfully prepared distance of lithium slabs, contributing to the acceleration of lithium-ion
through a feasible pore construction-boron penetration strategy. The diffusion. (c) The LBO functions as a binder of adjacent grains to avoid
corresponding advantages of as-prepared materials were summarized the intergranular cracks generation. (d) The coating layer avoids the di-
as follows: (a) LBO with high lithium-ion conductivity padded in grain rect contact between cathode and electrolyte, ameliorating the parasitic
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reactions and suppressing the related gas evolution. Originated from the
above-mentioned structural stability at both atomic and micron levels,
accelerated lithium-ion diffusion between grains and suppressed para-
sitic reactions at electrode/electrolyte interfaces, both cycling and rate
properties of the boron-modified NRCM materials were significantly en-
hanced. This article provides a novel way to improve the electrochem-
ical properties of nickel-rich NRCM materials that can be employed for
next-generation LIBs.
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