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Abstract

High-voltage nickel-rich layered cathodes possess the requisite, such as excel-

lent discharge capacity and high energy density, to realize lithium batteries

with higher energy density. However, such materials suffer from structural

and interfacial instability at high voltages (>4.3 V). To reinforce the stability of

these cathode materials at elevated voltages, lithium borate salts are investi-

gated as electrolyte additives to generate a superior cathode-electrolyte inter-

phase. Specifically, the use of lithium bis(oxalato)borate (LiBOB) leads to an

enhanced cycling stability with a capacity retention of 81.7%. Importantly,

almost no voltage hysteresis is detected after 200 cycles at 1C. This outstanding

electrochemical performance is attributed to an enhanced structural and inter-

facial stability, which is attained by suppressing the generation of micro-cracks

and the superficial structural degradation upon cycling. The improved stability

stems from the formation of a fortified borate-containing interphase which

protects the highly reactive cathode from parasitic reactions with the electro-

lyte. Finally, the decomposition process of LiBOB and the possible adsorption

routes to the cathode surface are deduced and elucidated.
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1 | INTRODUCTION

Pursuing higher energy density is one of the main driving
forces for current lithium-ion and lithium-metal batte-
ries.1 The energy density is mainly dependent on the cell

voltage and discharge capacity.2 Generally, for transition
metal layered oxides (LiNi1�x�yCoxMnyO2, abbreviated as
NCM), research efforts have targeted cell capacity
improvements by increasing the nickel content.3,4

Recently, another approach has emerged for targeting
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higher energy density by extending high charge voltages
beyond 4.3 V, especially for the conventional LiCoO2

cathode.5,6 However, the elevated cut-off voltage
induces performance degradation because of extensive
cation mixing owing to the similar ionic radius of Li+

and Ni2+ (e.g., irreversible capacity loss and voltage
decay), which is even more severe for nickel-rich cath-
odes, and the generation of microcracks.7–9 The latter is
likely ascribed to the high surface reactivity of the
deeply delithiated cathode at high voltages, as the ini-
tially formed cathode–electrolyte interphase (CEI) pas-
sivation layer is not sufficiently robust to hinder the
continuous side reactions with conventional carbonate
electrolytes.10,11 For this reason, coating the cathode
surface with a protective layer12–14 or exploiting a high
voltage electrolyte system15–18 are two possible
approaches to improve the performance of such cath-
odes at elevated potentials.

In recent years, the in situ formation of a stable CEI
has been considered as a promising strategy to enhance the
interfacial stability because it is an effective and low-cost
route to improve the electrochemical performance without
requiring substantial changes of the battery production
chain.19,20 Thus far, most research activities focused
on fluorine-containing species such as fluoroethylene
carbonate (FEC)21,22 and (methyl(2,2,2-trifluoroethyl) car-
bonate) (FEMC)23 or phosphorus-based additives such as
tripropargyl phosphate (TPP)24,25 and tris(trimethylsilyl)
phosphite (TMSP).26,27 Besides, boron-containing molecules
have also been studied as electrolyte additives for LIBs. For
instance, Wang et al.20 designed a F-rich and B-rich CEI
layer on LiNiO2, achieving a high capacity retention of
>80% after 400 cycles with a cut-off voltage of 4.4 V. They
reported that the F-rich and B-rich CEI layer prevented
continuous side reactions at the CEI, hindering the struc-
tural transition to an inactive rock-salt (NiO) phase. Kang
et al.28 constructed a hierarchical CEI layer using lithium
difluoro (oxalato)borate (LiDFOB) as electrolyte additive,
realizing a LiF-rich inner layer and an organic outer layer,
thus, obtaining a capacity retention of 69.8% after
400 cycles with a cut-off voltage of 4.3 V. Despite these
promising results, current research activities on boron-
containing additives for Ni-rich cathodes have centered on
conventional cut-off voltages rather than elevated cut-off
voltages. Boron-containing additives are widely used in
combination with high-voltage cathodes such as
LiNi0.5Mn1.5O4

29,30 and Li-rich cathodes,31–33 but not with
Ni-rich NCM cathodes with elevated cut-off voltages. None-
theless, these findings suggest that boron-based additives
could also be beneficial for high-voltage NCM. Herein, lith-
ium borate additives are investigated in combination with
high cut-off voltages (≥4.6 V) and Ni-rich NCM cathodes in
lithium-metal batteries.

2 | RESULTS AND DISCUSSION

In this work, the Ni-rich cathode material
LiNi0.83Co0.1Mn0.05B0.01O2 (NCM83) was used. The charac-
terization by x-ray diffraction (XRD) pattern is presented
in Figure S1, revealing the expected layered structure.
First, the effect of extending the upper cut-off voltage for
the Ni-rich cathode was evaluated. For this purpose, the
cells were cycled at two different voltages of 4.3 and 4.6 V.
The first charge/discharge profile is presented in
Figure 1A. The two curves are practically overlapping until
4.3 V. For the electrode tested up to 4.6 V, a relatively
steep increase in potential is observed, which releases an
additional capacity of about 20 mAh g�1. This additional
specific capacity is also obtained during the subsequent
discharge process, resulting in the initial Coulombic effi-
ciency (CE) of �92.0%, that is, equal to that of the cell
charged to 4.3 V. The plot of the differential capacity pro-
vides more information about the effect of a higher cut-off
voltage upon charge (Figure 1B). The exceeding part
(evidenced by the green circle) is associated to the phase
transition from the H3 phase (O3 layer stacking) to the H4
hexagonal phase (O1 stacking).34 Figure 1C shows a com-
parison of the differences in specific capacity and specific
energy achieved by the cells cycled up to 4.3 and 4.6 V. At
charge rates of 0.1C and 1C (1C = 200 mA g�1), the dis-
charge capacity increases by 8.7% (0.1C) and 8.0% (1C),
elevating the cut-off voltage from 4.3 to 4.6 V. The specific
energy rises by 9.6% at 0.1C and reaches a maximum spe-
cific energy of more than 900 Wh kg�1. However, this ini-
tial gain in specific capacity and energy comes at the
expense of cycling stability (Figure 1D), with the capacity
retention decreasing from 86.1% (4.3 V) to 73.1% (4.6 V)
after 200 cycles. Additionally, a rapid decay of the average
discharge voltage was observed (Figure 1E), which has
been ascribed to the structural transformation from the
layered phase to the rock-salt phase.35 This process is sche-
matically depicted in Figure 1F. The extended delithiation
at elevated potentials results in the formation of a greater
proportion of lithium vacancies in the cathode structure.
As a result, aggravating the migration of Ni2+ ions from
the transition metal layer into these lithium vacancies in
the deeply delithiated state owing to the similar ionic
radius of Ni2+ and Li+. This results in an inactive rock-salt
structure and structural distortion on the surface and this
phase transition can spread from the external surface to
the interior surface along the microcracks irritated by the
highly anisotropic strain,36 which hinders the intercalation
of lithium ions.37,38 Besides, the elevated cut-off voltage
increases the formation of highly reactive Ni4+, which
accelerates the electrolyte decomposition and the forma-
tion of a thicker CEI layer. This leads to a great increase in
resistance for lithium transport.15,39
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To further examine the impact of the increased cut-
off voltage, the NCM83 electrodes were investigated after
200 cycles by ex situ scanning electron microscopy (SEM)
and ex situ x-ray photoelectron spectroscopy (XPS). The
morphology of the NCM83 particles on the electrodes
surface reveals some differences. A large fraction of the
secondary spherical particles have undergone severe pul-
verization after the long-term charge/discharge process
up to 4.6 V (Figure S2), while no changes were detected
in the electrode tested up to 4.3 V apart from a few
micro-cracks. These changes are even more apparent
when comparing images with higher magnification as
shown in Figure 2A,E,I. The complete pulverization of
the particles originates from the strong strain at such
high potentials,40,41 eventually causing severe capacity
fading. This structural instability is generally ascribed to
a brittle electrode/electrolyte interphase.15,40 Therefore,
the surfaces of the electrodes were also characterized by
ex situ XPS after 200 cycles, as shown in Figure 2. By
comparing the spectra of the pristine and cycled elec-
trodes, the most evident difference is a very strong peak
at around 685.0 eV in the F1s detail spectrum of the elec-
trode cycled up to 4.3 V, which is associated to LiF. In
principle, this is a beneficial component to the CEI
layer.42 However, the high intensity of the LiF peak also
indicates an extensive thickness of the CEI layer on the
cathode surface, originating from an extensive (possibly

continuous) electrolyte decomposition,43 which is still
detected even after removing �3 nm of the topmost
layer by Ar+ ion sputtering (Figure S3). The larger
thickness of the CEI layer is also indicated by the disap-
pearance of the C–F peak at 291.0 eV in the C1s region
and at 688.1 eV in the F1s region, which are characteris-
tic for the CF2 groups of the PVdF binder, and the weak-
ening of the M–O (M: Ni, Co, Mn) peak in the O1s
region related to transition metal oxides. In contrast, the
electrode subjected to a higher cut-off voltage (4.6 V)
displays a lower intensity of the Li–F peak, while those
peaks related with the PVdF binder and the M–O bond
are still visible. This unexpected result may be explained
by a more pronounced deposition of organic species
(e.g., lithium alkyl carbonates [ROCO2Li]) besides the
inorganic species (LiF), which is indicated by the higher
intensity of the corresponding peaks at �289.0 eV (C1s
region) and �531.9 eV (O1s region). This result suggests
that the organic solvents are decomposed to a greater
extent at higher cut-off voltages, resulting in a more
organic (and likely less dense) CEI layer, which
increases the charge transfer resistance and, thus, the
cell polarization. Additionally, it might be that part of
the CEI is oxidized at such high potentials.44 As a conse-
quence, the formed CEI layer on the cathode surface
has a pronounced impact on the cathode structure and
electrochemical performance.

FIGURE 1 Electrochemical behavior of NCM83 cathodes upon cycling to different upper cut-off voltages (4.3 or 4.6 V). (A) Charge/

discharge voltage profile and (B) differential capacity plot for the first cycle at 0.1C; (C) comparison of the specific capacity and energy for

the two upper cut-off voltages; (D) cycling behavior and (E) average discharge voltage for the two different upper cut-off voltages;

(F) schematic illustration of the structural transition at elevated potentials.
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To reinforce the CEI layer, lithium bis(oxalato)borate
(LiBOB) was selected as the electrolyte additive since it is
known to anodically decompose prior to the organic sol-
vent, forming an interlayer containing B-O.1 To verify
this, the electrochemical stability of the commercial
organic electrolyte (LP30, 1 M LiPF6 in EC/DMC) with/
without LiBOB as additive was investigated by linear
sweep voltammetry (LSV), as shown in Figure 3A. The
profiles demonstrate that the oxidation peak occurs
slightly earlier for the electrolyte with LiBOB than the
neat LP30, in agreement with the highest occupied
molecular orbital (HOMO) energy level of LiBOB with
respect to the other electrolyte components.45 The
decomposition of LiBOB generates a borate-containing
layer on the surface of the cathode particles, which helps
to suppress side reactions between the electrolyte and the
cathode.1,32 Two-electrode Li/NCM83 cells were assem-
bled to evaluate the electrochemical performance of the
positive electrode without and with LiBOB as additive.
First, to optimize its content, a series of electrolytes
containing 0.5, 1.0, and 1.5 wt% LiBOB in LP30 were pre-
pared. These electrolytes were employed in Li/NCM83
cells; electrochemical performance are compared in
Figure S4. The cells with 0.5 and 1.0 wt% LiBOB showed
similar cycling stability initially, while the latter displays
superior performance across the whole 200 cycle test.
Presumably, the CEI formed in the presence of 1.0 wt%
LiBOB is more robust ensuring improved long-term

cycling performance when elevating the upper cut-off to
4.6 V. When increasing the amount of LiBOB to 1.5 wt%,
the cell showed a lower capacity and inferior cycling sta-
bility since the beginning of the test, which is probably
due to the excess of highly resistant borate-containing
components forming in the CEI or SEI layer, resulting in
higher interfacial resistance that hinders lithium diffu-
sion across the interface.10,46 Taken together, 1.0 wt%
LiBOB was optimal for an upper cut-off voltage of 4.6 V.
The first charge/discharge profiles (with an upper cut-off
voltage of 4.6 V) are compared in Figure 3B. The sharp
increase of the voltage in the initial stage is ascribed to
the spontaneous reduction of BOB� in contact with the
lithium metal anode, which occurs prior to the beginning
of the test and generates a more resistive solid electrolyte
interphase (SEI) on the negative electrode.47 After the
steep initial increase, the charge profile converges with
the profile of the cell comprising the electrolyte without
the additive. The overlapping charge profiles at elevated
voltages, also indicates that the BOB� oxidation takes
place at the beginning of the charge process, that is,
before the overlap of the two voltage profiles. The BOB�

oxidation is also evident from the lower initial CE of the
cell compared with that with the additive-free electrolyte
(90.1% vs. 92.0%). However, when comparing the subse-
quent cycles (Figure 3C), it is apparent that the cycling
stability is significantly increased by adding LiBOB in the
electrolyte, resulting in a superior capacity retention of

FIGURE 2 SEM micrographs and XPS detail spectra in the C1s, O1s, and F1s region of the pristine electrode (A–D) and electrodes

cycled with a cut-off voltage of 4.3 V (E–H) and 4.6 V (I–L).
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81.7% compared with 73.9%. Notably, the addition of
LiBOB also has a positive effect for the lower cut-off volt-
age of 4.3 V, improving from 86.1% to 91.3% (Figure S5).
To evaluate whether this beneficial effect is generally
observed for boron-containing lithium salts, LiDFOB was
also tested as electrolyte additive (Figure S6). However,
unlike LiBOB, adding LiDFOB to the electrolyte resulted
in inferior cycling stability with only 57.7% capacity
retention after 200 cycles. Hence, this positive effect is
distinct to LiBOB.

Subsequently, the average discharge voltage was cal-
culated to evaluate the structural degradation of the cath-
ode and the cell polarization (Figure 3D). Interestingly,
the average discharge voltage of the cells employing the
electrolyte with/without LiBOB additive exhibits differing
trends. For the former cells, the average discharge voltage
is more stable during the initial cycles, followed by a
dramatic decrease, suggesting a significant structural
transformation in the nickel-rich cathodes, due to the
ongoing Li+/Ni2+ mixing during the high-voltage charge/
discharge process. In contrast, the average discharge of
the cell with the LiBOB additive shows a relatively steep
drop initially, followed by a very stable average discharge

voltage for the remaining cycles, demonstrating that the
reinforced CEI layer effectively protects the cathode par-
ticles from such detrimental structural changes. Further,
the voltage hysteresis ΔV, that is, the difference between
the average charge and discharge voltage, was compared
(Figure 3E). In agreement with the behavior of the aver-
age discharge voltage, ΔV is continuously increasing in
the cells without the additive, while it remains very stable
(after an initial slight increase and then relaxation) in
the presence of LiBOB. To investigate the impact of the
lithium-metal counter electrode and its interface with the
electrolyte—that is, the SEI formed at the interface with
the lithium-metal electrode—symmetric LijjLi cells were
assembled and subjected to lithium stripping/plating tests
(Figure 3F). The cells show a similar behavior, with the
overpotential initially increasing, before decreasing again
and then stabilizing for the cell comprising LiBOB addi-
tive, while it is initially stable, but continuously increases
after few cycles in the absence of LiBOB. This suggests
that the SEI formed in the presence of LiBOB is more sta-
ble upon stripping and plating than that formed without
LiBOB, which appears to continuously grow. To further
evaluate the evolution of the SEI, electrochemical

FIGURE 3 (A) Linear sweep voltammetry experiments conducted in Li//Pt cells comprising the base LP30 electrolyte with and without

1 wt% LiBOB (sweep rate: 0.1 mV s�1). (B) 1st cycle dis-/charge profiles of Li//NCM83 cells with and without the additive. (C) Plot of the

specific capacity vs. the cycle number for these cells. (D) Plot of the average discharge voltage. (E) Plot of the voltage hysteresis between the

average charge and discharge. (F) Stripping/plating tests conducted in symmetric Li/Li cells comprising the LP30 electrolyte with and

without 1 wt% LiBOB (current density: 1 mA cm�2 for 1 h per stripping/plating step); magnifications of the framed regions are provided

on top.
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impedance spectroscopy (EIS) was performed (Figure S7).
The resulting spectra corroborates this trend, revealing a
continuous increase in impedance for the neat electrolyte,
while it is decreasing and stabilizing for the cell compris-
ing the LiBOB electrolyte additive. Hence, it is concluded
that adding LiBOB to the electrolyte also has a beneficial
effect on the SEI at the lithium-metal negative electrode,
which contributes to the superior cycling stability of the
LijjNCM83 cells. This result can be confirmed by the SEM
micrographs of cycled lithium metal anodes in Figure S8;
some cracks and lithium dendrites are evident on the

lithium metal surface without LiBOB, resulting in an
unstable lithium/electrolyte interface. In contrast, the lith-
ium metal surface with LiBOB additive appears more rigid
and smoother.

To determine the effect of LiBOB on the cathode side,
the cycled electrodes were characterized by cross-sectional
scanning electron microscopy (SEM) and energy-dispersive
x-ray (EDX) spectroscopy. Figure 4A–C shows the compar-
ison of the cross-section of pristine and cycled electrodes
employing the LP30 electrolyte as such and with 1.0 wt%
LiBOB as additive. The SEM micrographs obtained for the

FIGURE 4 Cross-sectional SEM micrographs of (A) a pristine NCM83 electrode, (B) a cycled NCM83 electrode using neat LP30, and

(C) LP30 with 1 wt% LiBOB. (D) EDX mapping of the cross section of the cycled NCM83 particles using neat LP30 (top) and the LiBOB-

containing electrolyte (bottom). (E) Nickel content for the pristine powder and electrode as well as the cycled electrodes with and without

the additive, divided into Ni3a (Li-interslab layer) and Ni3b (NCM83-intraplanar layer) based on the results of Rietveld refinement.

(F) Magnifications of the (003) and (104) reflections recorded for the cycled electrodes without (top) and with (bottom) 1 wt% LiBOB.
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pristine electrode (Figure 4A) show the shape of intact
NCM83 particles. Differently, the NCM83 particles cycled
with the baseline LP30 electrolyte (Figure 4B) show several
large microcracks inside the particles. These are substan-
tially reduced in the case of the NCM83 particles cycled
with LiBOB (Figure 4C), confirming that the additive sup-
presses the structural degradation at elevated cut-off volt-
ages. The SEM micrographs of the cathode electrode
surface also demonstrate a more severe pulverization of
the NCM83 particles in LP30 electrolyte than with LiBOB
(Figure S9), which results from the accumulation of
microcracks during the continuous charge/discharge pro-
cess. Such microcracks when protruding to the outer sur-
face of the secondary particle favor additional side
reactions with the electrolyte leading to higher irreversible
capacity and pronounced structural degradation.36,48 The
EDX mapping results (Figure 4D) further support these
findings: in the case of the baseline LP30 electrolyte, a rel-
atively inhomogeneous Ni distribution was observed along
the microcracks and at the surface, as well as a high fluo-
rine concentration along the microcracks resulting from
the pronounced electrolyte decomposition. The structural
degradation and cation mixing were further studied by ex
situ XRD and Rietveld refinement (Figures 4E and S10,
and Tables S1–S3). In the latter, Ni was allowed to occupy
the Li-interslab layer (Ni3a) and the NCM83 intraplanar
layer (Ni3b), fixing its total content to 0.83 as determined by
ICP-OES. While the cation mixing is negligible for the
NCM83 powder and the pristine electrode, as displayed in
Figure 4E, the degree of cation mixing increased signifi-
cantly in the cycled electrodes. However, the electrode in
contact with neat LP30 showed a much higher cation
mixing than the one cycled in the presence of LiBOB (0.16
Ni3a for LP30 vs. 0.11 Ni3a for LiBOB; see also
Table S1–S3). The degree of cation mixing can also be qual-
itatively determined by observing the ratio of the (003) and
(104) reflections.49,50 The difference of the peak ratio deter-
mined for the charged samples is presented in Figure 4F,
supporting a higher cation mixing in the LP30 sample,
which eventually causes the structural degradation of the
NCM83 cathode.51 Further results of the Rietveld refine-
ment, including the refined lattice and atomic parameters,
can be found in Tables S1–S3.

To further study and compare the phase transitions
during the first cycle, operando XRD measurements
were conducted (Figure S11). For both electrolyte for-
mulations (with and without LiBOB), a pronounced
shift of the (003), (006), (104), and (108) reflections is
noted in the highly delithiated state, indicating a high
strain occurring in the NCM83 particles. However,
there are no significant differences for the two cells,
indicating that the structural evolution of the NCM83
particles is occurring continuously upon cycling

(as also suggested by the fading behavior of the cells)
rather than prominently in the first cycle.

Therefore, we investigated the plots of the differential
capacity (dQ/dV) and their evolution upon cycling in
more detail (Figure 5A,B). The plots of the cell compris-
ing the baseline LP30 electrolyte (Figure 5A) show a large
peak shift of the redox feature associated with the
H1⇆M phase transition toward higher potentials, indi-
cating a high degree of cation mixing.52 Simultaneously,
the disappearance of the H2+H3 phase upon cycling
suggests a decreasing reversibility of the H2⇆H3 phase
transition. These findings are commonly associated to the
formation of an inactive rock-salt NiO layer on the parti-
cle surface, which is hindering lithium ion de-/inser-
tion.48 In contrast, no substantial peak shift or
disappearance of redox peaks was observed when LiBOB
was added to the electrolyte (Figure 5B), but only a small
decline in the H2+H3 region. The accompanying EIS
analysis (Figure 5C,D) supports these findings. The
additive-free cell showed a continuous growth of the
impedance with cycling (Figure 5C), which did not occur
when LiBOB was added (Figure 5D) suggesting that the
irreversible phase transition to NiO is greatly suppressed
in this case.

Finally, the impact of LiBOB on the CEI composition
was investigated by ex situ XPS measurements of a cycled
electrode on the surface and after removing �3 nm of the
topmost layer by Ar+ ion sputtering (Figure 6). Different
from the spectra of the electrodes cycled in the baseline
LP30 electrolyte (Figure 2K), a strong peak at 533.3 eV
was detected in the O1s region (Figure 6A), which can
mainly be associated to LiBOB, demonstrating the involve-
ment of BOB� into the CEI layer. In the B1s region
(Figure 6B), two B contributions could be discerned, but
also the P2s peak of phosphates formed by decomposition
of PF6

� (full details are presented in Section 4). The peak
at higher binding energy (193.2 eV) is assigned to
LiBOB,20 the one at lower binding energy (192.2 eV) is at
least in part due to the BO3

3� dopant in the electrode
material (cf. B1s detail spectrum of the pristine electrode,
Figure S12). In addition, LiBOB decomposition products
(LixBOy) may contribute to this peak. After sputtering, the
intensity of the LiBOB features decreased in both the O1s
and B1s region, and the oxalate peak (290.0 eV) was also
strongly reduced in the C1s detail spectrum (Figure S13).
Interestingly, the B1s peak due to LiBOB decomposition
products (LixBOy) (and of BO3

3� from the electrode active
material) increased in intensity after sputtering. The
growth of this B1s peak is more pronounced than that of
other features related to the electrode material (e.g., Ni2p),
besides, there is a larger atomic ratio increase of boron ele-
ment before and after sputtering with LiBOB additive than
without LiBOB additive (Table S4), hence a growing

WU ET AL. 7 of 14

 25673165, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12462 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [03/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



contribution of LixBOy species after sputtering seems plau-
sible. The counteracting development of the intensities
points to a change of the predominant B species in the
CEI from LiBOB in the outer layer to its decomposition
products (LixBOy) in the inner layer. This result indicates
that LiBOB was decomposed during the initial cycling,
and it is also the reason why the cycling behavior becomes
gradually steady after a few cycles. Finally, the F1s region
shows a significant increase of the LiF peak intensity after
sputtering indicating that the LiPF6 salt decomposed ini-
tially. With the growing CEI layer thickness upon further
cycling, this side reaction was suppressed, and conse-
quently the content of LiF in the CEI layer decreases.

The XPS results have proven the presence of borate
containing species in the CEI layer, nevertheless, the role
of the LiBOB additive and its contribution to CEI layer
and its absorption onto the cathode surface are unclear.
Hence, based on previous studies,31,32,53 the possible
decomposition route of LiBOB was deduced as shown in

Figure 7A. The adsorption energy of decomposition prod-
uct on different sites of cathode was calculated using den-
sity functional theory (DFT, see details in Section 4)
calculations (Figure 7B). First, a BOB� anion near the
NCM83 cathode surface loses an electron at high
voltage,31 causing the B–O bond to break, that is,
resulting in the ring opening. The unstable C2O4 group
further decomposes resulting in the generation of CO2

gas. The boron atom remains in the oxalatoborate radical
(1OB) which is highly reactive and attacks ethylene car-
bonate (EC) to form 1OB-EC structure,31,32 yielding a
final boron-containing polymer on the electrode surface.
Regarding the inclusion of the boron-containing decom-
position products in the CEI, the DFT calculations were
utilized to evaluate the adsorption energy between the
decomposition products and the cathode surface.
Accounting for the potentially different boron-containing
products, the most representative product, 1OB-EC, was
chosen. The calculated 1OB-EC adsorption energies on

FIGURE 5 Evolution of the differential capacity plot upon cycling of Li/NCM83 cells comprising (A) the baseline LP30 and

(B) additionally LiBOB. Evolution of the impedance upon cycling for (C) the neat electrolyte and (D) the LiBOB-containing electrolyte.
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the NCM83 surface (Figure 7B) are negative for three
sites, that is, bidentate coordination with Ni–Co, Ni–Mn,
and Ni–Li, indicating that the 1OB-EC group may absorb
on the NCM83 surface rather than dissolving into the
electrolyte. The lower (i.e., more negative) values of the
Ni–Co and Ni–Mn absorption sites suggest that they are
the most favorable. For comparison, the adsorption
energy of EC molecule was also calculated and produces

a less negative value (Figure S14), demonstrating the
adsorption of NCM83 cathode to 1OB-EC is much stron-
ger than EC molecule. The further decomposition reac-
tion involving additional EC molecules (i.e., 1OB-2EC,
1OB-3EC, …) has a limited effect on the adsorption ener-
gies. Therefore, it can be predicted that the longer-chain
decomposition products will also absorb on the electrode,
resulting in the generation of a robust and uniform CEI

FIGURE 6 XPS analysis of NCM83 electrode in the O1s (A), B1s (B), and F1s region (C) after cycling up to 4.6 V in LP30 electrolyte

with 1 wt% LiBOB additive (top: before sputtering, bottom: after sputtering).

FIGURE 7 (A) Proposed decomposition route of BOB� during cycling at high voltage (4.6 V). (B) Possible adsorption sites and energy

between LiBOB and NCM83 cathode (nickel: gray balls, cobalt: blue balls, manganese: purple balls, lithium: green balls, boron: yellow

balls), (C) Schematic illustration of the electrode morphology and CEI of NCM83 particles upon cycling in LP30 (left) and LP30 + 1.0 wt%

LiBOB (right).
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layer. This suppresses the HF attack to the NCM83 parti-
cles' surface reducing the microcracks generation and the
rock-salt layer formation, originating from the cation
mixing spreading along the microcracks (Figure 7C), and
contributing to the superior cycling stability of the
LijjNCM83 cells, which is comparable to the state-of-art
performances of other high voltage nickel-rich cathodes
which have been recently reported (Table S5).

3 | CONCLUSION

In this work, the use of LiBOB as electrolyte additive in
cells consisting of the high-voltage nickel-rich (NCM83)
positive electrode and lithium metal, has been thor-
oughly investigated. First, the benefits and drawbacks
resulting from extending the high cut-off voltage of the
nickel rich cathode were evaluated. Subsequently, it was
demonstrated that the use of LiBOB additive in the con-
ventional LP30 electrolyte enables improved cycling sta-
bility (up to 81.7% vs. 73.9% for neat LP30) upon
200 cycles at 1C. Importantly, the LiBOB additive
displayed an unexpected high stability of the cell voltage
originating from the formation of a peculiar CEI. This
interphase was investigated using various characteriza-
tion methods, revealing the reduced formation of
microcracks resulting from the generation of the borate
containing CEI causing fewer irreversible phase transfor-
mations in the bulk of NCM83. This work highlights the
possibility to break through the capacity bottleneck of
nickel-rich cathodes and achieve high-energy-density
lithium-metal battery.

4 | EXPERIMENTAL SECTION

4.1 | Material characterization

The morphology of the samples was characterized by
scanning electron microscopy (SEM, ZEISS Crossbeam
XB340, equipped with an energy dispersive X-ray [EDX]
spectrometer, X-treme Oxford instruments), the cross-
sectional analysis was conducted using a Capella FIB
with gallium ion source. The milling and polishing cur-
rents were 30 and 3 nA, respectively, at an acceleration
voltage of 30 kV. All samples recovered from cycled cells
were transferred to the microscope under argon atmo-
sphere using an air-tight transfer box (SEMILAB). The
SEM micrographs were acquired from the top and in
cross-sectional configuration after FIB preparation using
the smart SEM software for tilt correction to compensate
for the image distortion due to the 54� tilt from the opti-
cal axis. Powder x-ray diffraction (XRD) patterns were

collected employing a Bruker D8 diffractometer, equipped
with a Cu-Kα source (λ = 0.15406 nm) in the 2θ range of
10� < 2θ < 138� with a step size of 0.025� for the powder,
and in the 2θ range of 10� < 2θ < 90� with a step size of
0.03� for the electrodes. Rietveld refinement was performed
using the GSAS software.54 A trigonal structure (R3m, 166)
was assumed for all patterns and manually edited to con-
sider a fixed elemental composition of Ni:Co:Mn:
B= 83:11:5:1. Two different Wyckoff sites were consid-
ered for Ni, that is, the 3b and 3a sites, corresponding to
the typical transition metal intraplanar layer and the Li
octahedral interslab sites, respectively, to account for the
transition metal migration to the Li site. The total frac-
tion of Ni was constrained Ni3aþNi3b ¼ 0:83

� �
, while

atoms in the 3b sites were considered equivalent. Only Ni
was allowed to migrate, given its high fraction in the
material and the similar scattering to Co and Mn. The
instrumental parameters were obtained from a LaB6 stan-
dard. Accordingly, the instrumental broadening parame-
ters, that is, U, V, W, X, and Y, were kept fixed to
4.397� 104 deg2, �5.720� 104 deg2, 2.577� 104 deg2,
1.855� 102 deg, and 2� 105 deg, respectively. The peak
shape was refined with a generalized microstrain broad-
ening model by optimizing the respective parameters,
which were calculated as unitless fraction of Δd

d �106

(d being the interplanar distance). The scale, background,
sample displacement, unit cell parameters, peak shape,
and atomic parameters were refined in this order. The
elemental composition and chemical state of the topmost
surface layer (sampling depth �3–5 nm) was investigated
by x-ray photoelectron spectroscopy (XPS) using a Specs
XPS system with a Phoibos 150 energy analyzer. The
measurements were performed using a monochromatic
Al-Kα radiation (1486.6 eV), a take-off angle of 45�, and
pass energies of 30 and 90 eV at the analyzer for the detail
and survey spectra, respectively. To avoid any surface
contamination, the samples were prepared in an Ar-filled
glovebox and transferred in inert gas atmosphere to the
sample load lock of the XPS system. In the case of
the samples which were recovered after cycling with the
LiBOB electrolyte additive, the spectra were acquired
directly after transfer and after removal of the topmost
surface layer by Ar+ ion sputtering (30min with 0.1 μA
and 5 kV, the sputter rate was �0.1 nmmin�1). For the
binding energy calibration, the C1s main peak was set to
284.8 eV. Peak fitting was accomplished using the
CasaXPS software with Shirley-type backgrounds and
Gaussian-Lorentzian peak profiles. The P2s peak contri-
bution to the B1s detail spectra was considered by enter-
ing a corresponding feature. The position of the P2s peak
was fixed by assuming a constant distance between P2p
and P2s peak of 57.5 eV (known from a reference mea-
surement with Li3PO4). The intensities were related to
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the P2p peak, considering the relative sensitivity factors
of the P2p and P2s peaks (also corroborated by the refer-
ence measurement).

4.2 | Electrochemical measurements

The positive electrodes were prepared by mixing the
active material (LiNi0.83Co0.11Mn0.05B0.01O2), conductive
carbon Super C65 (IMERYS), and polyvinylidene
difluoride binder (PVdF, Solef 6020, Arkema) in a weight
ratio of 92:4:4. The slurry, prepared using N-methyl-
2-pyrrolidone (NMP; anhydrous, >99.5%; Sigma-Aldrich)
as dispersant and solvent, was cast onto battery-grade
aluminum foil (12 μm). After drying in a hood inside the
dry room overnight, the electrodes were punched into
disks with a diameter of 12 mm, vacuum-dried at 120�C
for 12 h, and finally pressed at 5 tons cm�2. The average
active material mass loading was around 3 mg cm�2. The
electrochemical performance was evaluated in coin cells
or three-electrode Swagelok®-type cells, which were
assembled in an argon-filled glove box (MB200B ECO,
MBraun; H2O and O2 content lower than 0.1 ppm).
Lithium-metal foils were punched into disks served as
counter (thickness: 300 μm, diameter: 12 mm) and refer-
ence electrodes (thickness: 300 μm, diameter: 10 mm) and
glass fiber sheets (Whatman GF/D) as separator, which
were soaked with the electrolyte solution (1 M LiPF6 in
ethyl carbonate [EC]/dimethyl carbonate [DMC], 1:1 w/w,
UBE). Galvanostatic dis-/charge cycling was performed at
20 ± 2�C utilizing a Maccor S4300 battery tester. The
applied dis-/charge rate of 1C corresponds to a specific
current of 200 mA g�1. All potential/voltage values given
herein refer to the Li+/Li quasi-reference redox couple.
The anodic electrochemical stability of the electrolyte with
and without the additive was evaluated by linear sweep
voltammetry (Solartron 1260) using Pt as the working elec-
trode and Li-metal as the counter electrode. The cell volt-
age was swept with 0.1 mV s�1 from the OCV toward
more positive voltages. Electrochemical impedance spec-
troscopy (EIS) was performed using a VMP multichannel
potentiostat from BioLogic. The impedance spectra were
collected from the cells in the fully discharged state within
the frequency range from 1 MHz to 10 mHz by applying a
5 mV voltage amplitude at 20 ± 2�C.

4.3 | Computational studies

Density functional theory (DFT) calculations were
performed with the Vienna ab initio Package (VASP),55,56

using the Perdew, Burke, and Ernzerhof (PBE)57 formula-
tion within the generalized gradient approximation

(GGA). The projected augmented wave (PAW) poten-
tials58,59 were chosen to describe the ionic cores and tak-
ing valence electrons into account using a plane wave
basis set with a kinetic energy cut-off of 450 eV. Partial
occupancies of the Kohn–Sham orbitals were allowed
using the Gaussian smearing method and a width of
0.05 eV. On-site corrections (DFT + U) were applied to
the 3d electrons of the Ni atoms (Ueff = 6.2 eV) using the
approach from Dudarev et al.60 The electronic energy
was considered self-consistent when the energy change
was smaller than 10�5 eV. Geometry optimization was
considered convergent when the force change was
smaller than 0.02 eV Å�1. Grimme's DFT-D3 methodol-
ogy61 was used to describe the dispersion interactions.

The equilibrium lattice constants of hexagonal LiNiO2

unit cell were optimized using a 15 � 15 � 4 Monkhorst-
Pack k-point grid for Brillouin zone sampling to be
a = b = 2.905 Å and c = 14.402 Å. Then a LiNiO2(104)
surface model was constructed with p(4 � 1) periodicity in
the X and Y directions and four stoichiometric layers in
the Z direction by vacuum depth of 15 Å to separate the
surface slab from its periodic duplicates. This model com-
prises 48 Li, 48 Ni, and 96 O atoms. Eight Ni atoms were
replaced by 5 Co and 3 Mn atoms. During the structural
optimization, the Γ point in the Brillouin zone was used
for k-point sampling, and the bottom two stoichiometric
layers were fixed while the rest were allowed to fully relax.

The adsorption energy (Eads) of adsorbate A was
defined as

Eads ¼EA=surf –Esurf –EA gð Þ

where EA/surf, Esurf, and EA(g) are the energy of the adsor-
bate A adsorbed on the polyimide, the energy of clean
polyimide, and the energy of isolated A molecule in a
cubic periodic box with a side length of 20 Å and a
1 � 1 � 1 Monkhorst-Pack k-point grid for Brillouin zone
sampling, respectively.
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