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Abstract

Lithium bis(oxalate)borate (LiBOB) is one of the most common film-forming electrolyte
additives used in lithium ion batteries (LIBs), since it can form a dense boron-containing polymer as a
solid electrolyte interlayer (or cathode electrolyte interlayer) in order to isolate the electrode
material” from~the" electrolyte and prevent side reactions. LiBOB can serve as HF scavenger to
maintain the structrual integrity of electrodes via avoiding the transition metal dissolution caused by
HF attack. LIBOB also can react with LiPFs to generate lithium difluoro (oxalate)borate (LiDFOB) that
can be further/used as a clean-up agent for reactive oxygen radicals. This article lists the application
of LiBOB inghighgcapacity and high voltage cathode materials, and also review the working
mechanismsiofilsiBOB used in these materials to improve the performance of LIBs. At last, it presents
the current shortcomings of LiBOB and strategies to overcome. This article will be expected to
provide usefulsinsights for employing LiBOB as a feasible method of dealing with the difficulty of

running highicapacity LIBs stably under high voltage.
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1. Introduction

The capacity and voltage of cathode materials of lithium-ion batteries (LIBs) have been steadily
increased with innovates in cathode materials.™? High-capacity, nickel-rich, layered oxide cathode
(LiNiyCo,Mn4.,O,4NCM) and lithium-rich layered oxides (LRLO) have attracted many attention and
are widely used in’ lithium-ion batteries,” however, the use of these materials face a substantial
number of challenges.”* Fore example, the nickel (Ni) in NCM materials is easy to dissolute into
electrolyte and.deposit on the graphite cathode, while cobalt content will be reduced, resulting in an
unstable architecture of the NCM materials, which can easily react with electrolyte to reduce the
capacity of: LiBs:® 7' Therefore, the electrolyte always needs additives to form a dense and
homogeneous™film that can isolate the electrolyte from the cathode material and prevent the
influence of side reactions.”® Lithium bis(oxalate)borate (LiBOB) is such a classic additive, used to
improve thesmuiltiplicity and cycling performance of LIBs.™ It can form a passivated solid cathode
electrolyte interface (CEl) containing elements of borate on cathode surface.*” This CEI film not only
prevents the®electrolyte from leaching to the boundaries, but it also eliminates undesirable reactions
at the cathede-electrolyte interface."?! At the same time, it promotes the kinetics of Li* diffusion,

ensuring better rate performance of NCM811.1**

Besidesyfalthough researchers have developed many lithium-rich layered oxides (LRLO) with
higher specifiemicapacities and higher electrochemical windows like Li;;Nig13Mng54C00.130, (41
Lil,mMno,537Ni0,255C00,05702[15] and Liylrg75Sng2503, the severe dissolution of transition metals in
lithium-tich layered oxides and the generation of oxygen vacancies and oxygen radicals lead to the

rapid decay of capacity and voltage during cycling. (10,161 iBOB can be applied in lithium-rich layered

oxides to reduce the dissolution and redeposition of transition metals. (1718 1t has been proved that
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it can serve as HF scavenger to reduce the HF corrosion on LRLO, so less transition metal dissolution
and redeposition on the graphite was found.“” Besides, it was also found that it can be
preferentially oxidized at LRLO surface to form a uniform protective film to maintain the structural

integrity and suppress the transition metal dissolution.

Recently, a number of studies have found that LiBOB is used in high-voltage cathode materials,
such as LiNiosMny80, (LNMO)™ %, LicoPO,”", and LRLO™® ??, to improve cycling stability. So far,
the beneficial effect of LIBOB on high-voltage batteries has mainly been in its ability to form CEI.
Other recentsstudies have found that LiBOB can also act as a scavenger of HF and oxygen radicals. ™
2l However, the mechanism of its operation and the detailed strategies to its shortcomings have still
not been reasonably explained. On this basis, this article summarizes the improvement of the
electrochemicalsperformance of LIBs with electrolyte containing LiBOB, describes the classical film
formation mechanism of LiBOB, as well as the scavenging mechanism of HF and oxygen radicals via
LiBOB. Einally;zwesalso lists the shortcomings of LIBOB and comes up with some strategies as shown
in Figure 1. Thegrepresentative examples of lithium ion batteries employing electrolyte containing

LiBOBare summarized in Figure 2.

2 Comparisemf lithium salts: Lithium difluorosulfimide (LiFSI), LiPFg, LIBOB,
LiBF4LIDFOB

(24261 \which has poor thermal and

The lithiummsalt most commonly used at present is LiPFg
hydrolytie"stability"and decomposes to generate HF?”). The thermal stability of LiPF¢ solutions is
poor, as LiPFs decomposes at 60 °C.”* **! Because PFs is a strong oxidative agent at high

temperatures, LiPF¢ alkyl carbonate solutions undergo thermal runaway when heated, even when

not in contactwith the electrodes. Moreover, the decomposition of LiPFg generates HF, the presence
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of which has an effect on both the cathode and the anode.™ It severely affects the passivation of
graphite electrodes and accelerates the dissolution of transition metals from the cathode materials.
Researchers have found that the presence of HF in LiPFg solutions is one of the main reasons for the

poor performance’of LIBs at high temperatures.””

To solve the thermal runaway problem, researchers have discovered another lithium salt, LiFSlI,
which has d'high decomposition temperature(>200°C) and better stability to moisture.”®>% Also, the
conductivity of LiFSI is 9.73 mS/cm, which is also higher than that of LiPFg at 9.33mS/cm (1.0M
lithium saltiat EG/EMC = 3/7). ®Y However, the LiFSI synthesis process is still relatively expensive,
and LiFSI tends to\corrode the positive collector aluminum foil at high concentrations and voltages.
Fortunately,qresearchers have found that adding a small amount of LiBOB as an additive or reducing
the CI" impuritiessduring the synthesis process can alleviate the corrosion. % ¥2**! Zhang et al. added
0.2 mol/L LiFSI to'1.0 mol/L LiPF¢-based electrolyte and found a significant improvement in cycle
stabilityzandmultiplicative performance of the graphite negative electrode, while adding 0.2 mol/L
LiBOB could passivate the surface of aluminum foil and mitigate the corrosion of LiFSI. % LiBOB can
react with the aluminium foil to form an AIBO; passivation layer, and on top of this a highly stable
network strlcture is formed as a protective layer, which maximizes the isolation of the electrolyte

and reducesithé'éorrosion of the aluminium foil by the electrolyte.®®

Other lithiumssalts containing boron element such as LiBF, is also commonly used because of its

B7 and it also can passivate aluminum collectors and reduce

good thermalmandshydrolytic stability,
corrosion of aluminum collectors.®® However, LiBF, has low electrical conductivity and is less

compatible with graphite anodes in alkyl carbonates.®”’ Compared to LiBF,, LiBOB not only has

better thermal'stability but also has a much better ability to passivate aluminum collectors than
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LiBF,. 36,39 |n addition, LiBOB has more significant improvement in the electrochemical performance

of both graphite and silicon anodes.

To solyé'theproblem of HF generation and removal, Zhang et al. % found that LiBOB can react
with water to prevent the generation of HF, the exact mechanism of which is detailed in the section
on the remaval of HF (3.2 Removal mechanism of HF corrosion). In addition, LiBOB reacts with LiPFg
to generatée LiDFOB, which has the function of scavenging oxygenradicals, the mechanism of which is
described in detail in the following section on scavenging oxygen radicals (3.3 Removal mechanisms
of superoxide radicals in LiBOB and LiDFOB.) Zhang et al. “” found that LiBOB reacts with LiPFs to
form LiDFOB in situ, which also forms CEl and SEl on cathode and anode surface, respectively,

though the CELformed by LiDFOB can be easily decomposed.””!

LiBOB has high thermal stability (302°C) and high conductivity at low cost. LiBOB is mainly suitable
for solventsiwith_high dielectric constants, while at the same time LiBOB can meet the requirements
of high veltage cathode materials and can be used in electrolyte compositions***?. The high voltage
cathodes materials usually suffer from structural damages caused by irreversible phase change and
oxidative decomposition of electrolyte at high cut-off voltage. Therefore, it requires to inhibit the
structural damage of cathode materials and mitigate the oxidative decomposition of electrolyte at
high cut-off voltage. LiBOB can form a stable CEl to mitigate the oxidative decomposition of

electrolyte, and this CEl can also allow large amounts of Li* to be embedded and removed, which

preventsthe structural changes in cathode surface at high cut-off voltage. Meanwhile, the oxidative

stability of IBOBIA lithium batteries is up to 5.3 V, significantly higher than the 4.5 V of LiPFg. “**

These feactures explains why LiBOB is widely used in the field of battery.
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In summary, LiBOB has better thermal stability with low cost than that of LiPFg, it also renders
higher conductivity and better compatibility with graphite anodes than that of LiBF,. LiBOB itself can
act as HF scavenger and form protective film to mitigate structrueal change of electrodes, which also
can be used, as_additive or second salt to mix with advanced lithium salt LiFSI to prevent the
aluminum corrosion at high cut-off voltage. At last, LiBOB can also react with LiPFg in situ to form

LiDFOB to scavenge oxygen radials.

3 Functional/mechanisms of LiBOB

It is necessaryito discuss the functional operations of LiBOB in details. The Dong lab’s consistent
testing and_research on LiBOB, as well as research from Zhao et al. indicate that the LiBOB-
containing electrolyte not only facilitates the formation of a denser solid electrolyte interface phase
on anode surface but also forms a stable cathode electrolyte interface layer, effectively preventing
corrosion at the cathode interface and significantly improving the long-term cycling performance of
the battery. In-depth knowledge of these processes provides useful insights for continued study and

future application.

3.1 Film formation mechanism

LiBOBfis composed of Li, B and O (as shown in Figure 3a) with a HOMO of -6.45 eV (as shown in
Figure 3b) that.is.higher than other electrolyte molecules™® *’!. LiBOB has a high HOMO and is
electrochemicallysmoxidized during charging before the electrolyte decomposes, forming an
inorganic/polymer CEl rich in B and O on the electrode, which effectively eliminates unfavorable
reactions at the cathode-electrolyte interface and prevents electrolyte penetration into the grain

boundaries.”l4iBOB can form both CEl and SEI. The decomposition products of LiBOB can combine
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to form dimers, but the BOB- in LiBOB reacts more readily with the solvent EC to form oligomers.
LiBOB is then further oxidated and decomposed to long linear organic SEl films that attach to the
active material by B-O bonds (as shown in Figure 3c.) resulting in a thick, soft SEIl that contains more
organic speeies, such as ROCO,Li, and is more conducive to Li* transport to inhibit solvent diffusion
to the electrode surface.®. Because of the strong B-O bond, this SEI film is difficult to detach from
the material,even after cycling through the charging and discharging processes. This effectively

isolates the matefial from the electrolyte to prevent side reactions and keep long-time durability %

LiBOB's excellent film-forming properties are suitable for employing with common high-voltage
electrolytes and high-voltage materials. The application of LiBOB to high-voltage spinel LiNigsMn; 50,4
cathodes resultsyin, the formation of an organic-rich SEI layer that inhibits the dissolution of nickel
and manganésemwith the oxidative decomposition of the electrolyte improving its electrochemical
performance.?¥ LiBOB is applied to the high-capacity nickel-rich layered oxide cathode
LiNig sCoguMnguOan(nickel-rich NCM), and the inorganic B and O-rich interfacial layer formed by
LiBOB provides.asfast Li* diffusion channel, ensuring high multiplicity performance of the nickel-rich
NCM."“" The application of LiBOB to lithium-rich layered oxides results in the formation of B and O-
rich inorganic boundary masks that enhance the stability of the interface, in addition to its ability to

react with fréé'radicals, greatly reducing gas generation and making the cycle more stable.™*”

Fluorinatedselectrolytes based on fluorinated ethylene carbonate are considered a promising
alternativestoshigh=voltage and high-energy lithium batteries. However, because the introduction of
fluorine decreases the lowest energy level of molecular orbitals in the solvent, the fluorinated
ethylene carbonate is less resistant to reduction and so can lead to instability in graphite-negative

electrodes.®*gPropylene carbonate is poorly compatible with graphite and tends to reduce on
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graphite and then become embedded with lithium ions between the graphite layers, a process that
can lead to the destruction of the inner layer of the graphite negative electrode.® % The
electrolyte containing LiBOB can form a thick and soft SEI with more organic species, which can
improve thesperfarmance of the graphite anode to remove PFs and prevent PC co-intercalation.
LiBOB can be reduced at 1.6 V and forms a strong SEl on the graphite surface. This strong SEI
successfully_prevents the co-intercalation of propylene carbonate molecules with the graphite,
greatly improving the durability of the SEI on the graphite negative electrode. In addition to its
better compatibility with graphite anodes, LiBOB also renders improvement when employed in
silicon anodes. Companying with silicon anodes, LiBOB can form a layer of less porous SEl, reducing
the electrochemically inactive silicon phase,® so the SEI formed by LiBOB becomes highly

conductive. Besides, it also can inhibit the oxidation of the electrolyte and reduce the dissolution of

Ni,Co,Mn on the cathode.

3.2 Remevalignechanism of HF corrosion

Anothergdmportant way in reducing the dissolution of transition metals, in
addition to form a stable CEl and reduce the structural damage on cathode, is to
remove carrosion caused by HF. HF continues to corrode the interfacial film during the
cell cyclegas the cathode oxide is corroded, transition metal ions dissolve into the
electrolyte '@nd deposit onto the graphite, eventually leading to graphite poisoning.™
The transformation of the transition metal elements can be catalyzed by the amount of HF
generated; which will ultimately lead to the destruction of the protective film and further

decomposition of the electrolyte.”>>®
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The study has demonstrated that electrons are released not only from the cathode but also
possibly from the ethylene carbonate (EC) during high-voltage charging, which leads to the oxidation
and structural destruction of EC molecules to open the ring and react with water, producing protons
as shown inyFigure 4d. *®°” The protons come to the surface of cathodes and combine with the
oxygen to produce more water. The H,0 will then hydrolyze the LiPFs salt or PFs in the electrolyte
and form HF, which in turn, corrodes the CEl and oxide cathodes, generating more H,0 (as shown in
Figure 4e.) #28.86 the loose CEI formed on the surface of the cathode is corroded by HF, resulting in

severe deformation.

To reduce the corrosion of HF while forming an interfacial film, LiBOB is used as
an additivesLiBOB decomposes during charging and the borate or boric acid produced
by the decomposition of LiBOB can react with the HF produced by LiPFg to form LiBF,
and LiDFOB. ™ Thermodynamically, the production energy of BF, is much lower than that of HF, so
BF, is moregreadily available, and the bond energy of B-F is much higher than that of H-F and P-F,
implying that a-m6re stable product is generated that is more difficult to decompose %!, The
reduced amount of HF corrosion in the LiBOB electrolyte allows for the formation of a
more uniform SElI on the graphite surface. In a full cell using LiBOB electrolyte, the
dissolutiop®oftransition metal ions in the electrolyte and their deposition on the
graphite are®feduced due to less HF attack on the CEl and SEI, improving the cycling

stability of the high voltage cathode.®*®

3.3 Removal mechanisms of superoxide radicals in LiBOB and LiDFOB
LiDFOB, generated by LiBOB and LiPFg in the electrolyte, can clean up oxygen radicals, thus

preventing thefproduction of gases such as oxygen and carbon dioxide. “>®? Alternatively, LiDFOB
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can directly add into the electrolyte to effectively remove the nucleophilic species and their parasitic
reactions (as shown in Figure 5a.) However, the decomposition products of LiDFOB are soluble
boron-containing oligomers that are useless for further formation of CEl. The thinner CEl is
ineffective in protecting the electrode materials during cycling, resulting in the decomposition and
deformation of cathodes ™®. As for LiBOB, it can deeply remove oxygen radicals just like LIDFOB. On
the other hand, the unique advantage of LiBOB, is that the decomposition products are insoluble
boron-containingfpolymers, which in turn can form a homogeneous and thick CEl in Figure 5b and
Figure 4 j and/'k. ® These CEI films avoid direct contact between the electrolyte and the LRLO as
much as passiblejpreventing the side reactions. At the same time, the films are an organic polymer
containing™B~or F, which facilitates the efficient transfer of lithium ions and improves the
electrochemical stability of the cathode materials (as shown in Figure 4 f—i.) The electrolyte
containing LiBOBalso has a lower impedance, as can be seen from the electrochemical impedance
diagram shown'in‘Figure 5h. The thickness of electrolyte films also affects the performance of LIBs in
Figure 5 c—e and,Figure 4 a—c. The film formed by LiBOB is the thickest (Figure 5 c—e) and therefore is

more likely:teskeepystable and not deteriorate during long-time cycling (Figure 5 f and g) .

4 Challenges and Strategies for LiBOB

LiBOB hassmany advantages over its current alternatives, such as more effective inhibition of
Mn>* dissolution compared to LiPFs, better thermal stability, higher compatibility with cathode and
anode materials, Aon-corrosive to manganese and iron cathode materials, as well as being fluorine-
free and non-toxic. However, LiBOB also has disadvantages: its poor solubility in certain low

dielectric constant.solvents and its lower ionic conductivity (compared to LiPFg-based electrolytes)
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are key factors that hindering its large-scale production. Low ionic conductivity and poor diffusion of
lithium ions increase the internal resistance of the battery and increase the polarization of the
battery, which in turn affects the multiplicity and low temperature performance of the battery. ** In
addition to‘aforementioned drawbacks, the low Coulomb efficiency of LiBOB at voltages above 4.7V,

and impurities such as water that are difficult to remove during synthesis, which also affect its

performance,

It has been_shown that LiBOB improves initial Coulomb efficiency and cycling performance at
lower potential (<4.7V) (shown in Figure 5a—c) through forming an effective SEl isolation electrolyte
and inhibiting side reactions (as in Figure 6 i-l).  ¢” However, LiBOB-SEI is unstable and
decomposesgatshigher potentials (>4.7V), as shown in Figure 6g and h. Only a small amount is still
remaining andmotsenough to adequately protect the electrodes (shown in Figure 6m—q.) "> The
electrolyte will then directly contact with the electrode, creating side reactions and causing a rapid
decrease,of-electrochemical performance (as shown in Figure 6d—f.) "” A way to address this
challenge is toguse a combination of additives. It has been proven that LIDFP can be used in
conjunction with LIBOB to form a more stable SE| for high voltage application, increasing the cycle
stability and providing better cycling durability at 4.8V. " % The other challenge is that impurities
in LiBOB will“iAcrease the impedance of LIBs, which lead to a decline in electrochemical
performance®Thus, it is also important to improve the purity of LiBOB. In the traditional method of
LiBOB synthesis, LiBOB-H,0 is present as a by-product, which reduces the purity of LiBOB and affects
the perfermanees0f lithium batteries.™” Therefore, it is essential to remove the water molecules
from the LiBOB'\during synthesis. Yarpark et al.’" obtained high purity LiBOB (>99%) by

recrystallization _under protective atmosphere of argon and avoiding the adverse effects of

This article is protected by copyright. All rights reserved.
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impurities such as corrosion of electrodes, dissolution of transition metals, generation of free
radicals and HF in electrolyte. Lithium carbonate, oxalic acid and boric acid is used as raw materials
for the synthesis of LiBOB under a protective atmosphere, by using ceramic processing methodand
consequently. avoiding the by-product LiBOB-H,0."? The development of anhydrous synthesis

processes is the trend in this field.

LiBOBj a classic additive, has been used from the initial LiCoO, and NCM, to nickel-rich layered
oxide cathodeand lithium-rich layered oxides batteries with higher theoretical capacities, because it
can preventisidegreactions by forming protective SEI/CEI to isolate the contact of electrolytes and
electrodes. LiBOB ¢an also remove corrosive substances such as HF. The LiDFOB generated by LiBOB
reacting withgLiPFs;can remove superoxide radicals as well, which greatly reduce the production of
extraneoussgasesisuich as carbon dioxide in LIBs. Compared with adding LiDFOB directly into LIBs, CEl
formed by LiBOB is thicker and more homogeneous, providing better protection for the electrodes

and impreving.the,durability of LIBs during cycling. LiBOB therefore has promising applications and

market prospects. First, the application of LIBOB provides a simple solution to address the severe

electrolyte decomposition in high-energy lithium batteries. The potential mechanisms found by
LiBOB providetuseful insights for rational design of the lithium-anode interface. Secondly, LiBOB acts
as a scavenger of HF in high-voltage cells thereby improving the cycling stability of laminated oxide
cells. This findingsshows that LiBOB can be applied to high voltage systems such as layered oxides,
like spinEl“LNMO" or LiCoMnQ,, olivine LiCoO,, etc., thus possibly opening the door to the
commercialization of these high voltage cathode materials. This work also provides useful guides for
future exploration of new materials to stabilize LiPF¢’s carbon-based electrolyte by removing or

deactivatinggthe reactive materials generated during electrolyte decomposition.

This article is protected by copyright. All rights reserved.
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Figure 4 Cr ic.scanning electron microscopy images of the surface and/or CEl regions of LRLO
cathode s in different states'®®': a pristine state, b cycling in baseline electrolyte, ¢ cycling in

LiBOB eIec Schematic mechanism of decomposition of carbonate-based electrolytes in high

voltage ide systems. e Mechanism of enhanced cell performance of borate-additive

electrolytes in voltage full cell systems. Electrochemical performance of LRLO-UM/graphite full

cells in ectrolyte and LiBOB electrolyte: f first cycle voltage distribution, g cycle discharge

capacity and CE, h cycle discharge energy density and EE, i cycle average charge/discharge voltage, j

:

DQ/dV an cell cycles in baseline electrolyte, k DQ/dV analysis of cell cycles in LiBOB

s

electrolyte. were 3 mAh cm™ level LRLO-UM/graphite full cells with 2-4.7 V, C/20 for the first

cycle and 2-4.55 V, C/10 for the remaining cycles (1C = 270 mAg™). Copyright 2022 Wiley Publishing.
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Figure 5 a b Possible reaction schemes for LiBOB and LiDFOB on LRLO. The cross-linking product is
labelled in e HF neutralisation product in orange, and the ROS scavenging product in red. c-

e TEM ima

{1

LO after 200 cycles with BB, BF and base electrolyte, crystal structure map and

FFT. IFFT is alsc 2d in the figure. The red grounded areas are identified as lamellar structures, blue

a

is defin like phases, and purple is assessed as rock salt structures. f Cycling performance

of LRLO in B nd BF (purple) under constant current discharge conditions at 40 mA/g g Cycling

Y

capacity of LRLO/Li cells in base and BB at 40 mA/g discharge current. h Nyquist plots of LRLO in base

and BB at different OCVs obtained from GITT-EIS at first charge. The region of higher frequencies is

i

magnified. ight 2022 ELSEVIER Publishing.
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different concentrations of LiBOB in five cycles. i Owt% and j 5wt% LiBOB cycled

at 4.2V and 4 spectively, and k Owt% and | 5wt% LiBOB cycled at 4.5V, respectively. HR-TEM
particles were obtained under different conditions: m fresh LCO powder, n circulating

electrode !rticles containing 0 wt% LiBOB at 4.5V and o 4.9V cutting voltage, p circulating electrode

particles COOS W% LiBOB at 4.5V and q 4.9V. ™ Copyright 2022 ACS Publishing.
- Q
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This review summarizes the current application of LiBOB in various high voltage cathodes, and

compares thegqadvantages and disadvantages of commonly used lithium salts with LiBOB. The
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functional mechanism of LiBOB is then discussed in three aspects: the classical film formation

mechanism; the HF removal mechanism; and the superoxide radical removal mechanism. Finally, the

t

current challenges and strategies for LiBOB are presented.
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