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Abstract

Tributyl borate (TBB) is among the widely used film-forming electrolyte additives in lithium-ion batteries (LIBs). It pos-
sesses the capability to produce an inorganic solid electrolyte interphase with abundant polar boron-containing compounds,
functioning as a solid electrolyte interlayer (or cathode electrolyte interlayer), thus effectively isolating the electrode material
from the electrolyte and averting parasitic reactions. Herein, the TBB could contribute to the formation of an inorganic solid
electrolyte interphase rich in polar B-F and B-O bonds, thus enhancing the stability of the interface between the electrolyte
and cathode materials. The findings demonstrate that the inclusion of 0.5 wt% TBB significantly enhances the stability of
the electrode/electrolyte interface in Li||LiMn, gFe, ,PO, batteries. After 600 cycles, the specific capacity reaches 107.9
mAh g~! with a capacity retention of 86.45%. This indicates outstanding electrochemical performance and excellent cycling
stability. Consequently, TBB exhibits potential as an electrolyte additive for future high-energy density lithium batteries.
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Introduction

As electric vehicles, hybrid vehicles, and aerospace sectors
advance, the demand for high-performance lithium-ion bat-
teries is on the rise. There is now an urgent requirement
for high-energy—density storage solutions to meet future
energy storage needs. The olivine-structured lithium transi-
tion metal phosphates (LiMnPO,) have been widely investi-
gated and identified as a prospective cathode for high-energy
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density LIBs due to their higher redox voltage (4.1 V vs Li*/
Li) compared to LiFePO, (3.4 V vs Li*/Li) [1-3].

Despite this, the LiMnPO,-based cathode material still
experiences capacity degradation during cycling as a result
of unfavorable interfacial parasitic reactions between the
cathode and the electrolyte [4, 5]. In particular, conventional
LiPF, and ethylene carbonate (EC)-based carbonate electro-
lytes experience intense oxidative decomposition and dehy-
drogenation reactions when subjected to voltages exceeding
4.3 V. This process yields by-products such as polycarbonate
and ROCO,Li compounds, accompanied by the generation
of CO, gas and moisture [6]. Moreover, this phenomenon
accelerates the decomposition of PF~ to produce hydro-
fluoric acid (HF) and various lithium fluoride compounds
(Li,PF O, and LiF). As a result, it corrodes the transition
metal (TM) cations and gives rise to a thick and non-uni-
form cathode-electrolyte interphase (CEI) layer. the most
commonly utilized electrolytes in LIBs consist of LiPF
salt within mixed EC-based carbonates [7, 8]. In addition,
although the oxidation potentials of typical organic solvent-
based electrolytes, including EC and DEC, can endure up
to 6 V, the presence of transition metals on the cathode sur-
face can result in their oxidation at lower potentials [9, 10].
Hence, to accommodate the aggressive cathodes with higher
voltage, the introduction of small quantities of functional
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additives into the base electrolyte is considered one of the
most economical and effective strategies for enhancing the
stability of the interface between the electrolyte and cathode
materials [11, 12].

The impact of electrolyte additives on cathode-electrolyte
interphase (CEI) and battery performance has been well-
demonstrated in the literature [13—15], including numerous
boron-based compounds [16-21]. Due to the electron defi-
ciency in the B center atoms, the majority of B-containing
additives are capable of forming complexes with anions,
thereby stabilizing the carbonate electrolytes. Among these
boron-containing additives, including tris(trimethylsilyl)
borate (TMSB)[16, 17], trimethyl borate (TB) [18], trimethyl
borate (TMB) [19], triethylborate (TEB) [20], and tripropyl
borate (TPB) [21], researchers have discovered that these
additives can selectively decompose on the delithiated cath-
ode as a result of their higher HOMO energies. This process
forms a borate-rich, resilient, and protective interphase, thus
enhancing the electrochemical performance of high voltage
cathodes. Hence, there is an urgent need to identify suitable
electrolyte additives that can physically shield LiPF, from
decomposition without generating any harmful by-products,
while also facilitating the formation of an inorganic-rich CEI
layer to enhance the stability of the interface between the
electrolyte and cathode materials. Recently, several stud-
ies have revealed the utilization of TBB in high-voltage
cathode materials, such as LiNi, sMn; ;0, (LNMO) [22],
LiNi, (Mn, ,Co,,0, [23], and LiCoO, [24].

To date, the advantageous impact of TBB on high-voltage
batteries has primarily been associated with its capacity to
create a CEI In this study, due to the electron deficiency
in the B center atom, TBB forms complexes with anions,
inhibiting parasitic reactions at the electrode/electrolyte
interface that produce HF. This process leads to the develop-
ment of a solid electrolyte interphase layer rich in inorganic
boron, ultimately enhancing the stability of the electrode/
electrolyte interface. The results indicate that 0.5 wt% TBB
significantly improves the electrode/electrolyte interface
stability of Li||[LiMn, ¢Fe, ,PO, batteries. After 600 cycles,
the specific capacity reaches 107.9 mAh g~! with a capacity
retention of 86.45%, which is notably better than the 61.76%
exhibited by the base electrolyte, demonstrating outstanding
electrochemical performance and excellent cycling stability.
Therefore, TBB holds promise as an electrolyte additive for
use in next-generation high-energy density lithium batteries.

Experimental
Synthesis of LiMn, Fe, ,PO,

LiMn 4Fe, ,PO, was synthesized using a modi-
fied solid-state method as described elsewhere [3].
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Chemicals of LiH,PO,, MnC H0,-4H,0, FeC,0,-2H,0,
and H,C,0,-2H,0 with the molar ratio of 1:0.8:0.2:1 were
fully ball-milled with sucrose (the molar ratio of sucrose
to MnC,H¢O,-4H,0 was about 0.602) for 6 h, and then the
milled mixture was dried and then heated at 700 °C for 15 h
under an Ar atmosphere (heating rate: 5 °C min™").

Preparation of electrolyte and electrode

1.0 M LiPF4-EC/EMC/DMC (ethylene carbonate: ethylme-
thyl carbonate: dimethyl carbonate of 1:1:1, wt.%) electro-
lyte was obtained from Dongguan Shanshan Battery Materi-
als Co., Ltd. (China). The electrolyte additive Tributyl borate
(TBB, 99%) was purchased from Sigma-Aldrich. Then, 0.5
wt.% TBB was added into the electrolyte in an Ar-filled
glove box with < 1 mg L™! water and oxygen. To prepare the
LiMn, ¢Fe, ,PO, cathode, LiMn, ¢Fe ,PO, powder, carbon
black (super-P, Alfa), and poly-vinylidene fluoride (PVDF)
binder were mixed in N-methylpyrrolidone (NMP) at the
weight ratio of 8:1:1 to form a viscous slurry that was cast
on aluminum foil and dried at 80 °C for 12 h under vacuum.

Cell assembly

The electrochemical performance of samples was evalu-
ated using the CR2025 coin-type cells with a lithium
metal anode. A porous polypropylene (PP) separator (Cel-
gard 2400) with a thickness of 25 pm was placed between
the LiMn, ¢Fe, ,PO, cathodes (areal capacity loading of
5.4 mg cm~? and diameter of 14.0 mm) and Li sheets (thick-
ness of 250 pm and diameter of 15.6 mm), and then the elec-
trolytes with and without TBB were used for each cell. Addi-
tionally, Al foil was incorporated inside the LiMn, gFe ,PO,
cathode cases to prevent corrosion of the stainless steel case
under high voltages. Before cell assembly, the cathodes and
separators were thoroughly dried at 80 °C for 12 h under
vacuum. All cells were assembled inside a dry glove box that
was filled with high-purity argon gas (99.999%) to ensure an
inert atmosphere during the assembly process.

Electrochemical measurements

The cells were charged in a constant current-constant voltage
(CC-CV) mode and discharged at a constant current using
a battery test system (LAND CT2001A, Lanhe Co., Ltd.,
Wuhan, China). Electrochemical impedance spectroscopy
(EIS) was carried out on an electrochemical workstation
(VSP, Bio-Logic SAS, France) in a frequency ranged from
100 kHz to 0.01 Hz at 10 mV amplitude. Long-term cycling
performance of Li metal was evaluated in LillLi symmet-
ric cells at a current density of 0.5 mA cm~2 for 0.5 mAh
cm~2. In the lithium-metal battery configuration (LMBs),
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LiMn ¢Fe, ,PO, was utilized as the cathode and Li sheets
at a current density of 1C.

DFT calculations

Theoretical calculations were conducted using Gaussian 16
and density functional theory (DFT) to study the solvents
and additive in the electrolyte. The B3LYP/6-311 + + G(d)
level was employed for structure and frequency calcula-
tions. To examine the solvent effect, the polarized con-
tinuum model with acetone (dielectric constant=20.5) was
utilized. After structure optimization, the molecular orbital
theoretical calculation values of the molecules (including the
solvents and electrolyte additive) as well as the molecular
electrostatic potential distribution were obtained.

Measurements

The cells were disassembled in the Ar-filled glove box to
analyze the composition and microstructure of the cycled
electrodes. All electrodes were cleansed at least five times
with DEC to eliminate any residual carbonate solvents and
lithium salt and then dried under vacuum for 12 h at room
temperature. The crystalline phases of cathodes were deter-
mined using X-ray powder diffraction (XRD, Bruker AXS
D8-Advance, Germany) employing a Cu Ka source. Data
collection was conducted across the 20 range of 10 —70°at
a scan rate of 0.5°s~!. Fourier transform infrared adsorption

[

EC

spectroscopy was measured on a NICOLET iS10 spectrom-
eter (FTIR, Thermo Fisher Scientific, USA) using trans-
mittance mode within a range of 400-4000 cm™'. Surface
analysis of the electrodes was investigated by X-ray pho-
toelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific, USA) using a monochromatic Al Ka
source (1486.68 eV). Detailed survey spectra were collected
at a pass energy of 20.0 eV, and the data were calibrated
using adventitious C 1 s peak with a fixed value of 284.8 eV.

Results and discussion

The molecular orbital theoretical calculation values of the
solvent molecules EC, EMC, DMC, and the TBB addi-
tive are depicted in Fig. 1 a and b. According to density
functional theory (DFT) calculations, the highest occu-
pied molecular orbital (HOMO) energy level of the TBB
additive (—6.91 eV) is significantly lower than that of EC
(—8.93 eV), DMC (—8.46 e¢V), and EMC (-8.73 eV)
(Fig. 1b). This indicates that during the charging process,
TBB will undergo oxidation decomposition at the surface
of the LiMn, gFe,, ,PO, cathode before EC, DMC, and EMC
solvents. This suggests that TBB can serve as a film-forming
additive for the cathode of lithium-ion batteries, inhibit-
ing the oxidative decomposition of the electrolyte during
cycling.

8.93 -8.73 -8.46 44
-8 691 42

Binding Energy /eV
A
Potential / V
w
a

0/ 0.19 0.2 0.19 0.18 3.0

——Base electrolyte

EC EMC DMC TBB 281 __05wt% TBB

40

20 Base electrolyte
0.5 wt% TBB

600th 100th 1st

Discharge capacity/mAh g1
L L
7

Fig.1 a Molecular electrostatic potential (MESP) distribution of
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Figure 1c depicts the typical charge—discharge curves of
Li||LiMn, ¢Fe,, ,PO, cells at different cycles during charge/
discharge at 1 C (1 C equals 150 mA g~!) in both the base
and the TBB-containing electrolyte. All curves display a
similar pattern, featuring two voltage plateaus at approxi-
mately 3.5 and 4.1 V, corresponding to the redox couples of
Fe**/Fe** and Mn>*/Mn2", respectively. Upon closer obser-
vation, it is apparent that compared to the base electrolyte,
the initial charge—discharge curve of LiMn,¢Fe,,PO, in
the TBB electrolyte exhibits higher polarization and lower
reversible capacity. This may be due to the increased initial
viscosity of the electrolyte resulting from the introduction of
TBB, consequently reducing the ion conductivity and wet-
tability of the electrolyte [25]. However, after cycling, there
is a shift in this trend, leading to a reduction in polarization
within the TBB-containing electrolyte. During the 100th and
600th cycles, it was observed that the polarization induced
by the TBB electrolyte was significantly lower than that of
the base electrolyte. Particularly in the 600th cycle within
the base electrolyte, severe polarization occurred, substan-
tially limiting the reversible capacity of the LiMn, gFe ,PO,
cells during charging. In sharp contrast, in cycles employ-
ing the TBB electrolyte, the cells displayed a slower growth
of charge—discharge polarization and a higher capacity
retention. This trend is also apparent in the electrochemi-
cal performance of the LiMn,, ¢Fe, ,PO, cells, as illustrated
in Fig. 1c. Illustrated in Fig. 1b is the performance cycle

of the LiMn, 4Fe, ,PO, cathode. Notably, the inclusion of
TBB in the electrolyte vastly enhances the cycle perfor-
mance. Following 600 cycles at 1C (where 1C equals 150
mAh g1, the discharge capacity of the LiMn, 4Fe, ,PO,
cathode demonstrates a decrease from 126.6 to 78.2 mAh
g~! in the absence of TBB, maintaining a capacity reten-
tion of 61.76%. Conversely, in the presence of TBB, the
discharge capacity decreases from 124.8 to 107.9 mAh g”!
with a significantly improved capacity retention of 86.45%.
These findings underscore how the introduction of TBB into
the electrolyte effectively mitigates capacity degradation in
the LiMn, sFe, ,PO, cathode during long term cycling.

In order to gain deeper insights into the electrochemical
behavior of the LiMn,, gFe, ,PO, cathodes cycled in these
two electrolytes, electrochemical impedance spectroscopy
(EIS) was used, with their resulting spectra recorded at the
fully discharged state depicted in Fig. 2 (all cells used for
EIS analysis were in a fully discharged state). The EIS spec-
tra commonly display arcs in the high to medium-frequency
range, reflecting interfacial impedances such as cathode sur-
face film resistance (Rf) and charge transfer resistance (Rct).
Additionally, a sloped line is observed in the low-frequency
range, corresponding to Warburg impedance. Furthermore,
a sloped line is evident in the low-frequency region, indica-
tive of the Warburg impedance [26]. A noteworthy observa-
tion from Fig. 2a is the higher interfacial resistance of the
uncycled LiMn,, ¢Fe;, ,PO, cathode in the TBB-containing
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1 / +Base electrolyte
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Fig.2 a EIS spectra of the LiMn,gFe,PO, cathodes in the base and
containing TBB electrolyte recorded at the fully discharge state: (a)
uncycled, (b) after 5 cycles, and (c) after 600 cycles b SEM images
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of the LiMn,¢Fe,,PO, cathodes: (a) uncycled, (b) after 600 cycles
in the base electrolyte, and (c) after 600 cycles in the containing TBB
electrolyte
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electrolyte as compared to that in the base electrolyte. This
observation is consistent with the higher charge/discharge
polarization observed during the initial charge/discharge in
the TBB-containing electrolyte (Fig. 1c), suggesting that
the interaction between the LiMn, ¢Fe, ,PO, cathode and
the electrolyte has already begun before cycling, indicat-
ing the onset of the TBB's impact. However, after 5 cycles
at 0.1 C, the opposite trend is depicted in Fig. 2b, where
the interfacial resistances Rf and Rct in the base electrolyte
significantly increase, surpassing the resistance observed in
the TBB-containing electrolyte. Subsequently, the interfacial
resistance in the base electrolyte gradually reaches nearly
2000 Q after 600 cycles, surpassing the resistance (<600
Q) observed in the TBB-containing electrolyte (Fig. 2¢). It
is clear that the incorporation of TBB into the electrolyte
markedly enhances the LiMn, gFe, ,PO, cathode/electrolyte
interface, effectively mitigating the increase in interfacial
resistance during long-term cycling, thereby facilitating
charge transfer at the interface and improving charge/dis-
charge and cycling performance (Fig. 1c,d).

The EIS findings suggest that interfacial parasitic reac-
tions between the LiMn, sFe ,PO, cathode and the electro-
lyte result in the formation of a solid interfacial film (SEI) on
the cathode surface throughout cycling. To authenticate the
existence of this interfacial film, scanning electron micros-
copy (SEM) were utilized. The SEM images in Fig. 2d—f
depict the uncycled LiMn¢Fe,,PO, cathode, as well
as the cathodes after 600 cycles in electrolytes both base
and TBB-containing electrolyte. In contrast to the porous
nature of the uncycled LiMn, ¢Fe, ,PO, particles and their
open pores (Fig. 2d), it is evident that the pores inside the
particles of the cathode cycled in the base electrolyte are
significantly obstructed (Fig. 2e), while the extent of pore
blockage is notably reduced in the TBB-containing electro-
lyte (Fig. 2f). This provides direct evidence of the presence
of an interfacial film on the surface of the LiMn, ¢Fe ,PO,
cathode, indicating that more products resulting from
interfacial parasitic reactions were created on the cathode
cycled in the base electrolyte (Fig. 2e). The pore blockage
on the cathode surface will hinder the penetration of the
electrolyte and the extraction/insertion of Li* among the
LiMn,, ¢Fe, ,PO, particles, ultimately leading to heightened
charge/discharge polarization. Given the above findings, it
can be inferred that the incorporation of TBB in the elec-
trolyte effectively inhibits interfacial parasitic reactions and
enhances the LiMn, gFe,, ,PO, cathode/electrolyte interface.
This results in the formation of a thinner interfacial film
and fewer blocked pores in the TBB-containing electrolyte,
ultimately improving the electrochemical performance of
the LiMn, gFe, ,PO,.

To explore the compounds deposited due to interfacial
parasitic reactions between the LiMn,, sFe, ,PO, cathode and
the electrolyte during cycling, the cathodes after 600 cycles

were retrieved and analyzed through XPS, XRD, and FTIR
measurements. Figure 3a illustrates the XRD patterns of the
pristine Li Mn, gFe, ,PO, cathode and those subsequent to
600 cycles in both base and TBB-containing electrolytes.
Alongside multiple peaks originating from the current col-
lector, specifically the graphite-coated aluminum foil, a mar-
ginal alteration is detected in the diffraction peaks of the
LiMn, gFe,, ,PO, following 600 cycles in the base electrolyte.
Moreover, two additional diffraction peaks appearing around
20 =18 and 31 (marked by *) are observed in the XRD pat-
tern of the cathode cycled in the base electrolyte. While
exact assignments are challenging to ensure, it is reasonable
to attribute the peaks (indicated by *) to the Mn, 3Fe, ,PO,
delithiated phase [27]. The absence of these two diffraction
peaks in the XRD pattern of the cathode cycled in the TBB-
containing electrolyte may suggest a reduced loss of Li*
from the LiMn, ¢Fe, ,PO, cathode following 600 cycles in
the TBB-containing electrolyte. In order to further analyze
the chemical composition of the cathode interface, I utilized
FTIR analysis technologies.

As depicted in Fig. 3b, Mn, gFe,, ,PO, delithiation phase
is evident around 1264, 1082, 1036, 990, 956, and 942 cm ™!
for both base and TBB-containing cathodes [28, 29], validat-
ing the depletion of Li* after 1000 cycles and the creation of
Mn, ¢Fe, ,PO, which corroborates the findings from XRD
analysis (Fig. 3a). Significantly, additional peaks appear in
the spectra of the two cycled cathodes in comparison to the
uncycled cathode. These include LiF (775 cm™h), Li,PF,
(842 cm™), Li,CO; (1520 — 1450 and 878 cm ™), Li,PO,F,
(1080 cm™1), and polycarbonate (1805 and 1775 cm™"), rep-
resenting the distinct peaks of the compounds resulting from
interfacial parasitic reactions between the cathode and the
electrolyte [30]. Due to the shielding effect of these depos-
ited products on the cathode surface, the intensity of peaks
associated with PO~ (1137, 1096, 1049, 962, 641, 582,
and 546 cm™") is reduced [27, 28]. Notably, the intensity of
the PO43_ peaks varies between the cathodes cycled in the
two electrolytes, potentially linked to the diverse fractions of
these compounds arising from the cathode/electrolyte inter-
facial parasitic reactions.

The compounds resulting from the interfacial side reac-
tions between the LiMn, sFe ,PO, cathode and the electro-
lyte during cycling were additionally examined via XPS, as
depicted in Fig. 3c—i. In the C 1 s spectrum of the cycled
cathode, the peak at 284.8 eV corresponds to C—C bonds
present in the graphite phase [31], while the peaks at 286.0,
288.7, 290.0, and 290.8 eV can be attributed to the C— 0,
C=0, Li,CO;, and C—F bonds within the PVDF, respec-
tively (Fig. 3c) [31]. The intensity of the Li,CO; peak in the
C 1 s spectrum of the cathode cycled in the TBB-containing
electrolyte is observed to be lower compared to that in the
base electrolyte, indicating reduced Li,CO; production in
the TBB-containing electrolyte during cycling. A similar
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Fig.3 The XPS spectra of LiMn, gFe, ,PO, cathodes: a 600 cycles in the electrolyte without additive and b 600 cycles in the electrolyte contain-

ing TBB electrolyte

trend is also reflected in the O 1 s spectra, where the Li,CO;
peak at 531.5 eV exhibits reduced intensity in the spectrum
of the cathode cycled in the TBB-containing electrolyte
(Fig. 3d) [31]. Obviously, the Li,PO,F, peak in the cathode
cycled in the TBB-containing electrolyte is notably weaker
compared to that in the base electrolyte, suggesting a lower
generation of Li,POF, in the TBB-containing electrolyte
during cycling [32, 33]. The existence of Li,PO,F, is further
substantiated by the P 2p spectrum, as indicated by a peak
at 134.0 eV (Fig. 3e) [31]. Additionally, the F 1 s spectra
confirm the existence of Li,PO,F, with a peak at 685.8 eV
(Fig. 3f) [31]. Likewise, the intensity of the Li,POF, peak
in both the P 2p and F 1 s spectra notably diminishes for the
cathode cycled in the TBB-containing electrolyte compared
to that in the base electrolyte (Fig. 3 e and f).

Furthermore, within the F 1 s spectra of the cycled cath-
odes, a newly identified peak corresponding to LiF emerges
at 684.8 eV (Fig. 3f) [34, 35], with the intensity of this LiF
peak notably reduced for the cathode cycled in the TBB-
containing electrolyte. It is widely accepted that increased
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intensity of LiF peaks corresponds to higher battery imped-
ance, attributed to the low ion conductivity of LiF. This phe-
nomenon may account for the lower interfacial resistance
observed in cathode cycled with TBB-containing electrolyte
(Fig. 2c¢), in comparison to the base electrolyte. Apparently,
the presence of interfacial parasitic reaction products on the
cycled cathode surface, including Li,COj;, polycarbonate,
LiF, and Li POyFZ, is affirmed by the C 15,0 1's, P 2p, and
F 1 s spectra of the cycled LiMn, ¢Fe, ,PO, cathodes, which
corroborates the findings from FTIR analysis (Fig. 3b).
Furthermore, the reduced peak intensity of these prod-
ucts offers evidence supporting the effective mitigation of
interfacial parasitic reactions between the LiMn, sFe, ,PO,
cathode and electrolyte through the addition of TBB in
the electrolyte. Additionally, the Mn 2p and Fe 2p spectra
exhibit the existence of Mn>* (peaks at 642 and 654.5 eV)
and Fe** species (peaks at 712.5 and 726 eV) in the cycled
cathodes (Fig. 3g,h) [36], consistent with the identification
of the Mn, ;Fe, ,PO, delithiation phase on the previously
observed cycled LiMn,, ¢Fe, ,PO, cathodes via FTIR and
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XRD analysis (Fig. 3a,b), indicating the depletion of active
Li* from the cathode and the initiation of irreversible reac-
tions during extended cycling. Evidently, the heightened
intensity of Mn** and Fe** peaks in the cathode cycled
in the base electrolyte, in comparison to that in the TBB-
containing electrolyte, indicates a larger formation of Mn>*
and Fe**-containing compounds within the LiMn,, gFe,, ,PO,
cathode cycled using the base electrolyte. The heightened
presence of these compounds indicates a more substantial
depletion of active Li*, leading to accelerated capacity deg-
radation and shortened 4.1 and 3.5 V charge — discharge
plateaus for the LiMn, 3Fe, ,PO, cathode cycled in the base
electrolyte (Fig. 1c,d), which collectively have a detrimental
effect on the overall electrochemical performance of the cell.
All these findings validate the effective mitigation of electro-
lyte component decomposition, encompassing solvents and
LiPF, through the utilization of TBB.

In the B 1 s XPS spectra for LiMn, ¢Fe, ,PO, cathode
cycled in the TBB-containing electrolyte (Fig. 3i), only
two faint peaks are detected: one at 192.5 eV, represent-
ing B-O containing species, and the other at 194.0 eV for
the B-F bond [22-24]. These findings provide confirmation
that TBB contributes to the formation of the interphase on
LiMn, gFe, ,PO,. The bond energy of B-O exceeded that of
C-0O, resulting in a tendency for C-O to break [23]. Never-
theless, TBB, being an electron-deficient boron compound,
readily reacts with electron-rich groups such as PF,~ and F~.
We have put forward potential pathways for the degradation
of TBB, illustrated in Fig. 4 [23, 24]. TBB (C,,H,,BO5)
undergoes preferential oxidation, resulting in the genera-
tion of (CgH,¢BO,)* and C,H, " ions as well as CgH,;BO5e
and C,H,Oe radicals (Fig. 4). The electron-deficient nature
of the boron element in TBB results in its affinity to com-
bine with the electron-rich groups (i.e., as PF;~ and F7).
Meanwhile, the abundance of anions surrounding TBB
causes the intermediate state (CgH,4BO,)* formed during
the oxidation of TBB to preferentially interact with anions,

leading to the formation of B-F species (Fig. 4a). Moreo-
ver, the CgH,gBO;e radical interacts with EC to form B-O
based species (Fig. 4b). Through strong binding with anions,
TBB reduces the association of protons and anions, thereby
decreasing HF generation and effectively inhibiting the con-
sumption of active Li* in the cathode as well as subsequent
electrolyte decomposition. Simultaneously, TBB, together
with the electrolyte, establishes an inorganic positive elec-
trode interphase rich in B-O and B-F, ultimately significantly
enhancing the cycling stability of LiMn, gFe, ,PO,.

Conclusions

Improved surface properties of the LiMn,, ¢Fe,, ,PO, cath-
ode material were attained through the utilization of TBB
as a highly effective functional additive. Due to the elec-
tron deficiency in the B center atom, TBB forms com-
plexes with anions (PF;~ and F™), thereby inhibiting para-
sitic reactions that generate HF at the electrode/electrolyte
interface, fostering the development of a solid electrolyte
interphase rich in inorganic boron, and ultimately enhanc-
ing the stability of the electrode/electrolyte interface. The
findings reveal that incorporating 0.5 wt% TBB significantly
enhances the stability of the electrode/electrolyte interface in
Li||LiMn, gFe, ,PO, batteries. After 600 cycles, the specific
capacity reaches 107.9 mAh g~!, with a capacity retention
of 86.45%, exhibited by the base electrolyte. These results
demonstrate outstanding electrochemical performance and
remarkable cycling stability. Therefore, TBB exhibits poten-
tial as an electrolyte additive for next-generation high-energy
density lithium batteries.
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