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Abstract
Li-rich Mn-based cathode materials (LRM) have received great attention owing to their high capacity and low cost. 
However, the mismatch between the widely used carbonate electrolyte and the LRM cathode and lithium metal 
anode causes a series of problems, such as electrolyte continuous oxidation, cathode structure degradation, and Li 
dendritic growth. Herein, inorganic oxide B2O3 is introduced as a dual-functional high-voltage electrolyte additive to 
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construct stable cathode electrolyte interphase and solid electrolyte interphase for Li||LRM batteries. The modified 
interface derived from the additive can induce dendrite-free Li deposition, stabilize cathode structure, and inhibit 
transition metal dissolution. Moreover, the adverse side reactions are mitigated, thus enhancing Li+ transport rate 
and reducing interface impedance. With the addition of B2O3 into the carbonate electrolyte, the Li||LRM battery 
exhibits an enhanced discharge capacity of 221 mAh g-1 after 200 cycles, equaling a capacity retention of 92.1%. 
When the upper cut-off voltage is increased to 5 V, a superior capacity retention of > 85% can still be achieved 
after 150 cycles at 1 C. In addition, the low cost of B2O3 benefits for commercial application. This work offers new 
guidance for the research of low-cost, high-voltage dual-functional additives for advanced lithium metal batteries.

Keywords: Li-rich Mn-based cathode, dual-functional additive, cathode electrolyte interphase, solid electrolyte 
interphase, carbonate electrolyte

INTRODUCTION
The rapid development of electric vehicles and portable electronic devices has brought great opportunities 
for the new energy industry while also raising the need to elevate the energy density of lithium (Li)-ion 
batteries[1,2]. In general, increasing the specific capacity of the active materials and operating voltage of the 
battery system are effective strategies to improve the battery energy density[3]. For anode materials, graphite, 
widely used in the commercial field, is unable to provide higher capacity. The lithium metal anode (LMA) 
with the highest specific capacity and lowest potential [3,860 mAh g-1, 3.04 V vs. Standard Hydrogen 
Electrode (SHE)] has received widespread attention in recent years[4,5]. For cathode materials, the commonly 
used LiFePO4 has a low specific capacity (~170 mAh g-1), while high-nickel ternary cathode materials such 
as LiNixCoyMn1-x-yO2 and LiNixCoyAl1-x-yO2 (x ≥ 0.8) have limited room for further specific capacity 
increase[6,7]. Among a series of cathode materials, Li-rich Mn-based layered oxides (LRM, 
xLi2MnO3·(1-x)LiTMO2, where TM represents transition metal) have become a promising cathode due to 
the high specific capacity (> 250 mAh g-1) and high energy density (> 1,000 Wh kg-1)[8-10]. Therefore, the Li||
LRM batteries provide a promising approach for high energy density lithium batteries.

However, for lithium-metal batteries, many interface issues between the electrodes and electrolytes need to 
be solved[11]. Firstly, the compatibility between LMA and conventional carbonate electrolytes is insufficient. 
The solid electrolyte interphase (SEI) formed in the initial cycle is difficult to inhibit the side reactions on 
the lithium metal surface, resulting in poor Coulombic efficiency (CE). Meanwhile, with the continuous and 
uneven plating/stripping of Li+, it will induce the Li dendrites and dead Li, which significantly deteriorate 
the cycling life and safety of lithium-metal batteries[5,12]. In addition, for the LRM cathode, the lattice oxygen 
needs to be activated at a high voltage to participate in the redox reaction (> 4.5 V). However, when the 
voltage exceeds 4.3 V, the decomposition of carbonate electrolytes is intensified due to the low voltage 
tolerance, producing various harmful by-products[13]. These problems caused by electrolytes will eventually 
lead to low CE and continuous capacity attenuation of Li||LRM batteries, bringing great challenges to their 
practical application.

To improve the interfacial stability, various optimization strategies have been explored. For LMA, it is an 
available way to suppress Li dendrites by reducing local current density and volume change through three-
dimensional skeleton structure[14-16]. Artificially creating lithiophilic SEI can also improve the uniformity of 
the deposited Li[17,18]. For comparison, constructing a functional SEI on the surface of LMA via electrolyte 
additives is a simple and effective method. Especially, the special components contained in the SEI (Li-N, 
Li-S-O species, etc.) can play an important role in inhibiting the generation of Li dendrites, inducing 
uniform Li deposition, and stabilizing the interfaces[19,20].
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Apart from the LMA, building a passivation layer is also effective for cathode materials, but the 
conventional coatings are difficult to finely control, which may reduce the total capacity and increase the 
interface impedance[21-23]. Using highly concentrated electrolytes to reduce the proportion of free solvents is 
beneficial to mitigate solvent oxidation and construct the inorganic components of the cathode electrolyte 
interface (CEI), but it has inferior interface wettability and high cost[24]. By adding a small number of 
functional additives into the electrolyte, and then participating in the formation of CEI during cycling, the 
oxidative decomposition of the electrolyte can be effectively inhibited even under high-voltage conditions. 
Among the additives commonly used to modify the CEI, B-containing additives have garnered significant 
attention, including lithium bis(oxalate)borate (LiBOB)[25,26], LiBF4

[3], lithium difluoro(oxalate)borate 
(LiDFOB)[27], etc. However, numerous studies have shown that the use of B-containing salts as additives can 
mitigate the electrolyte decomposition at high voltage, but they mainly enhance the performance of the 
cathode side without significantly influencing the LMA[3,25,28]. Moreover, high cost may also hinder their 
widespread application. Therefore, it is urgent to explore a low-cost additive that can improve both the 
performance of LMA and LRM cathodes under high voltage.

Given the positive effects of B-containing lithium salts on improving cycling performance, coupled with the 
low cost of oxides, B2O3 is regarded as a potential high-voltage additive. Herein, we introduce inorganic 
oxide B2O3 as a dual-function high-voltage additive. This additive can preferentially decompose on the 
surface of the LMA and LMR cathode, participating in the formation of CEI/SEI composed of B-containing 
species during the initial cycle, which can restrain the electrolyte decomposition on both electrodes. 
Furthermore, the formed CEI protective layer can hinder TM dissolution and help maintain the structural 
stability of LRM. A low-impedance SEI is also generated on the anode, which facilitates the migration of Li+ 
and suppresses the growth of Li dendrites. Hence, through the combination of the modified CEI and SEI, 
this dual-functional additive can improve the overall electrochemical performance of Li||LRM batteries in a 
wide temperature range.

EXPERIMENTAL SECTION
Preparation of electrolytes and LRM cathodes
The electrolytes were prepared in a glove box filled with argon, and the concentrations of water and oxygen 
were controlled to be < 1 ppm. The blank electrolyte (BE) was purchased from Guangdong Canrd New 
Energy Technology Co., Ltd (China) and consisted of 1 M LiPF6 dissolved in ethylene carbonate (EC): 
dimethyl carbonate (DMC): ethyl methyl carbonate (EMC) solvents (1:1:1, by weight). Then, B2O3 additives 
with different amounts of 0.25, 0.5, 1, and 1.5 wt% were introduced into the BE and denoted as B-0.25, 
B-0.5, B-1, and B-1.5, respectively. B2O3 was purchased from Acme-chem (China). LRM cathodes were 
synthesized by co-precipitation method using nickel sulfate, cobalt sulfate, and manganese sulfate as initial 
raw materials. Firstly, the precursor was prepared based on the molar ratio of Mn:Co:Ni = 4:1:1 with 
Na2CO3 as the precipitant, which was then pre-sintered at 500 °C to obtain the TM oxide. Finally, after 
uniformly mixing the TM oxide with LiOH·H2O, the mixtures were sintered at 800 °C to achieve the LRM 
cathode materials. An 80 wt% LRM, 10 wt% conductive agent (acetylene black) and 10 wt% binder 
[poly(vinylidene fluoride) (PVDF)] were dispersed into a certain amount of N-methyl-2-pyrrolidone 
(NMP) with stirring. Then, the collected slurry was cast onto the aluminum foil. After being dried 
overnight, the slurry-coated foil was punched into discs with a diameter of 12 mm. In detail, the mass 
loading of the cathode material was ~1.4 mg cm-2, while the high mass loading was ~12.1 mg cm-2.

Characterization
The cycled electrodes were disassembled from batteries, soaked in the DMC for approximately 6 h, and then 
dried naturally in the glove box for subsequent analyses. The surface morphologies of samples were 
observed by the scanning electron microscopy (SEM, Hitachi SU-70) and transmission electron microscope 
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(TEM, Talos F200). The crystal structure was analyzed by X-ray diffraction (XRD, Bruker-axs). Raman 
spectroscopy (Xplora) was employed to characterize the phase change. Surface chemical compositions were 
analyzed using X-ray photoelectron spectroscopy (XPS, PHI Quantum 2000) with a calibration of 284.8 eV 
for a C 1s peak. Quantitative analysis of dissolved TMs was performed using inductively coupled plasma 
mass spectrometry (ICP-MS, iCAP7400). Time-of-flight secondary ion mass spectrometry (TOF-SIMS 5, 
ION-TOF GmbH) was applied to detect the fragment information separated from the electrode surface.

Electrochemical measurements
The electrochemical tests were conducted in coin cells, where the separator was a Celgard 2500 microporous 
membrane. Linear sweep voltammetry (LSV) was performed in the electrochemical workstation (CHI660E, 
Shanghai Chenhua Instrument Corp), using stainless steel sheets as the working electrode, Li foil as both the 
counter electrode and reference electrode, with a scanning rate of 0.5 mV s-1. Li||Cu batteries composed of 
copper foil, separators, Li foil, and electrolytes were used to evaluate the Li plating/stripping behavior. These 
batteries were first activated at 0.1 mA cm-2 for three cycles, followed by testing at 1 mA cm-2. For 
polarization difference assessment, Li||Li symmetric batteries were employed, with Li foil as both the 
working electrode and counter electrode, at the current densities of 0.5, 1, and 2 mA cm-2. The Tafel curves 
were obtained by testing the Li||Li symmetric batteries after ten cycles under a current density of 1 mA cm-2, 
and the scanning rate was 0.1 mV s-1. The assembled Li||LRM batteries were tested on the Neware battery 
testing system (CT-4008T, Neware Electronics Co., Ltd, China) to investigate the electrochemical 
properties. The initial activation rate was 0.2 C (1 C = 250 mAh g-1), followed by the different rates at 
2.0-4.8 V. For the tests with the upper cut-off voltage of 5 V, the first cycling voltage range was 2-4.8 V. The 
electrochemical impedance spectroscopy (EIS) investigation was carried out using the PARSTAT 3000A-
DX electrochemical workstation (AMETEK Instrument Corp., USA), with a frequency range of 
100,000-0.001 Hz and an amplitude voltage of 5 mV. The constant-voltage floating tests were recorded for 
10 h at 4.8 V after 100 cycles at 1 C. The self-discharge tests were also obtained by charging to 4.8 V at 0.2 C 
after 50 and 100 cycles at 1 C. The galvanostatic intermittent titration technique (GITT) was applied to 
detect the Li+ diffusion rate at 0.2 C for 20 min followed by a relaxation period of 3 h in the voltage range of 
2.0-4.8 V. High and low temperature tests were evaluated under the conditions of 55 °C at 1 C and -15 °C at 
0.33 C, respectively. Moreover, the in-situ XRD tests were carried out by assembling the cathode, separator, 
and lithium metal in a customized mold, and then connected with the XRD equipment to build the testing 
system. Subsequently, the changes of the (003) diffraction peak in the range of 17.5-19.5° were recorded 
during the initial two cycles at 0.5 C.

RESULTS AND DISCUSSION
Characterization of the electrolytes
To observe the dispersion state of the additive, 0.5 wt% of B2O3 was added into the BE, and then left to stand 
for one day. The results indicate that the electrolyte remains clear and transparent, with no visible deposits 
[Supplementary Figure 1]. The BE and B-0.5 electrolytes were irradiated by laser beams to identify the 
optical path in the solutions. It can be seen that no obvious laser beam appears in BE [Figure 1A]. However, 
when the upper, middle, and lower parts of B-0.5 are irradiated, the path of the beam passing through the 
solution can be clearly observed [Figure 1B-D]. This Tyndall phenomenon suggests that the additive is not 
dissolved in the electrolyte, but rather uniformly dispersed in the form of fine particles. Its insolubility in 
carbonate electrolytes is related to the covalent properties between B and O atoms.

LSV was conducted to verify the redox behavior of the electrolyte containing B2O3 at a scanning rate of 
0.5 mV s-1. Compared to BE, the oxidation current of B-0.5 increases significantly after 3.3 V in Figure 1E, 
corresponding to the preferential oxidation of B2O3 on the cathode surface, which facilitates the CEI 
formation. As shown in Figure 1F, there are two reduction peaks around 1.5 and 0.65 V in BE, which are 
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Figure 1. (A) Optical photos of the laser beam passing through BE. (B-D) Laser beam passing through (B) upper, (C) middle and (D) 
lower parts of B-0.5. (E) Oxidation and (F) reduction stability of BE and B-0.5 by LSV at a scan rate of 0.5 mV s-1.

derived from the reduction reactions of linear and cyclic carbonate solvents in the electrolyte[20,21,29]. 
However, there are three evident peaks observed between 1.8 and 2.6 V in B-0.5. This may be attributed to 
the initial reduction reaction that occurs in B-0.5 generating unstable intermediates, which subsequently 
undergo further reactions as the voltage changes, ultimately forming the unique substances including 
Li-B-O species. Additionally, the intensity of reduction peak around 0.65 V is noticeably weakened in B-0.5. 
The findings suggest that B2O3 can also be preferentially reduced on the anode surface, which benefits the 
SEI formation and alleviates the decomposition of solvents. Therefore, the unique redox reactions provide 
the possibility for the additive to simultaneously improve the interfaces of both the cathode and anode sides.

Plating/Stripping behavior of Li metal
Symmetric cells are usually used to verify the cycling performance of LMA[15]. Herein, Li||Li symmetric cells 
were assembled and cycled at different current densities to evaluate the polarization behavior during Li 
plating/stripping processes. As shown in Figure 2A-D and Supplementary Figure 2, the polarization 
potential of the cells with BE exhibits a clear increase after 250 h at 0.5 mA cm-2 and 90 h at 1 mA cm-2, 
respectively. Differently, at the same test conditions, the symmetric cells with B-0.5 still maintain stable and 
reduced overpotential after long-term cycling. In addition, there is a slightly higher overpotential of both 
samples in the initial stage, which remains stable after a period of cycling. This phenomenon is closely 
related to the original state of the lithium metal and the subsequent SEI formation[20]. Furthermore, when 
the current density is increased to 2 mA cm-2, the cell with B-0.5 still exhibits better cycling performance 
than that with BE [Supplementary Figure 2A and B]. The polarization voltages after 50 and 100 h at 
different current densities are compared and shown in Supplementary Figure 2C and D. As the current 
density increases, the polarization gap between the two electrolytes also becomes larger. The above 
improvement effects are related to the high-quality SEI derived from B-0.5 (further analyzed in the 
subsequent sections), which is beneficial for accelerating the rapid migration of Li+ at the interface. As a 
result, the compatibility between the electrolyte and LMA is enhanced.
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Figure 2. (A-D) Cycling performance of Li||Li symmetric cells at different current densities: (A and B) 0.5 mA cm-2 and 0.5 mAh cm-2, 
(C and D) 1 mA cm-2 and 1 mAh cm-2. (E) Tafel plots of Li||Li symmetric cells in different electrolytes. (F) Nyquist plot for Li||Li 
symmetric cells after ten cycles at 1 mA cm-2 and 1 mAh cm-2.

The exchange current density and EIS were tested to understand the differences of SEI layers formed in BE 
and B-0.5. According to the test results of Li||Li symmetric cells after ten cycles, the exchange current 
density with B-0.5 is four times larger than that of BE, as shown in Figure 2E, revealing the enhanced 
reaction kinetics at the Li electrode/electrolyte interface in B-0.5. The rapid charge transfer ability helps 
suppress the uneven plating and uncontrollable dendritic growth of lithium metal. EIS tests also confirm 
that the additive is beneficial for reducing the interface impedance due to the highly conductive SEI layer 
[Figure 2F]. Therefore, the cells in B-0.5 show better rate performance than the BE, as presented in 
Supplementary Figure 3.

Li||Cu cells were used to further evaluate CE during the Li plating/stripping process. As presented in 
Supplementary Figure 4 and Figure 3A and B, at the conditions of 1 mA cm-2 and 1 mAh cm-2, it can be seen 
that the CE of Li||Cu cell with B-0.5 is obviously higher than that with BE after 50 cycles. Moreover, the 
nucleation overpotential decreases from 283 to 179 mV after adding B2O 3, as shown in 
Supplementary Figure 5, and the polarization potential at different cycles is also lower than that in BE 
[Figure 3C].

Besides, the deposition morphology of lithium metal in the two electrolytes was investigated using SEM. 
The lithium metal deposited on the Cu substrate appears to be loose and porous with severe dendritic 
growth in the BE electrolyte, as shown in Figure 3D, which accounts for the poor cycling performance and 
low CE. In comparison, a denser and flatter plating surface without obvious Li dendrites is obtained when 
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Figure 3. (A and B) Li plating/stripping voltage profiles with different electrolytes at the 15th, 25th and 35th cycles under the conditions 
of 1 mA cm-2 and 1 mAh cm-2. (C) Polarization voltages at different cycles (0.3 mAh cm-2). (D and E) Morphology of Li deposited on Cu 
substrate after ten cycles in Li||Cu cells with (D) BE and (E) B-0.5 at 1 mA cm-2. (F-K) XPS spectra for Li||Li symmetric cells after ten 
cycles with (F-H) BE and (I-K) B-0.5.

using a B-0.5 electrolyte [Figure 3E]. The high ionic conductivity at the interface of the cell with B-0.5 would 
reduce the nucleation overpotential and enable the uniform deposition of lithium metal, thereby preventing 
the risk of short circuits[15].

After ten cycles of Li||Li symmetric cells with a current density of 1 mA cm-2 and a capacity of 1 mAh cm-2, 
the SEI composition on the surface of Li electrodes is analyzed by XPS to gain a deeper understanding of 
how the additive B2O3 helps to regulate the plating morphology and improve the reaction kinetics. As 
shown in Figure 3F-K, in F 1s XPS spectra, the content of LiF derived from BE is higher than that from 
B-0.5, indicating that more lithium salts are decomposed. LiF has electronic insulating properties but poor 
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ionic conductivity[20]. An appropriate amount of LiF can prevent electron tunneling, minimize capacity loss, 
and inhibit electrolyte decomposition. Nevertheless, excessive LiF is not beneficial for enhancing the 
electrochemical performance[30,31]. The O 1s XPS spectra in B-0.5 exhibit a lower content of C=O species 
compared to that in BE, suggesting the reduced solvent decomposition with the additive. Besides, in Li 1s 
XPS spectra, the lower contents of LiF and Li2CO3 further confirm the fewer side reactions in B-0.5[32]. After 
adding B2O 3, the components  of  B-F and Li-B-O species  can be c learly  observed in 
Supplementary Figure 6A[33]. These results suggest that the additive is involved in the reduction reaction on 
the anode surface, and the products constitute the important parts of the SEI. Furthermore, the formation of 
B-F species can remove HF and decrease the content of LiF. The higher bond energy of B-F also enhances 
the SEI stability[34,35]. Besides, the lower F and Li contents in the SEI layer indicate fewer parasitic reactions 
and less consumption of active Li in B-0.5 [Supplementary Figure 6B]. From the XPS results, it can be seen 
that the decomposition of lithium salts and organic solvents is suppressed in B-0.5, benefitting to form a 
stable SEI composed of B-containing species and less LiF, which can promote uniform and rapid Li 
deposition.

Electrochemical performance of Li||LRM cells
To identify the optimal additive amount, the electrochemical properties of the Li||LRM cells with the 
electrolytes containing various amounts of B2O3 were evaluated. As shown in Supplementary Figure 7, the 
Li||LRM cell with B-0.5 electrolyte (B-0.5-cell) exhibits the best performance in the voltage range of 2-4.8 V 
at 1 C. Therefore, the electrolyte with 0.5 wt% of B2O3 additive is used in the following part. As depicted in 
Figure 4A, the Li||LRM cell with BE (BE-cell) exhibits a capacity retention of only 73.7% after 200 cycles at 
1 C within 2-4.8 V. In contrast, the B-0.5-cell delivers a higher capacity retention of 92.1% after 200 cycles, 
which is nearly 20% more than that of BE. Moreover, the discharge capacity is up to 221 mAh g-1 and the 
average CE is also higher, reaching 99.1% after 200 cycles by introducing B2O3 into the BE. However, the 
initial CE of the BE-cell is 86%, while the B-0.5-cell exhibits a low CE of < 70%, which can be attributed to 
the interface reaction involving the additive. Moreover, the charge/discharge curves shown in 
Figure 4B and C indicate more pronounced voltage degradation in the BE-cell, as further confirmed in 
Figure 4D. The addition of B2O3 promotes the formation of a stable and durable CEI layer on the cathode 
surface, helping to maintain the stability of the cathode material. Besides, the existence of the robust CEI 
layer avoids the direct contact between the cathode and electrolyte, which can suppress the decomposition 
of the electrolyte, reduce the generation of by-products and decrease the consumption of active Li during 
the repeated rupture/repair process of CEI in subsequent cycles. Consequently, the capacity attenuation is 
significantly alleviated during long-term cycling.

Furthermore, the leakage current and self-discharge behavior were tested to assess the high-voltage stability 
at 4.8 V. The results show that the introduction of B2O3 evidently reduces the leakage current after 100 
cycles [Figure 4E]. In the self-discharge tests conducted after 50 and 100 cycles, the voltage of BE-cells drops 
below 3.3 V after five days, and below 2 V after ten days [Figure 4F and Supplementary Figure 8]. In 
comparison, the B-0.5-cells can maintain a slower trend of voltage drop. The smaller leakage current and 
lower self-discharge level reveal that the CEI derived from B-0.5 has better stability under high voltage and 
helps to reduce the side reactions.

In addition, the rate capability was conducted under different current densities, as shown in Figure 4G. The 
B-0.5-cell exhibits better rate performance, and the discharge capacities are 278, 257, 239, 217, 202, and 
179 mAh g-1 at the current densities of 0.2, 0.5, 1, 2, 3, 5 C, respectively. The reversible capacity is also 
restored more effectively after returning to the small current of 0.2 C. Besides, a 3 C cycling experiment was 
carried out after the rate performance tests. Compared to BE, B-0.5-cell reflects higher cycling stability and a 
slower decay trend during long-term cycling [Supplementary Figure 9]. As illustrated in 
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Figure 4. Electrochemical performances of Li||LRM cells in BE and B-0.5: (A) Cycling performance at 1 C. (B and C) Charge-discharge 
curves in (B) BE and (C) B-0.5. (D) Average charge/discharge voltage during cycling. (E) Leakage current during 4.8 V constant-
voltage floating tests after 100 cycles. (F) Self-discharge curves after 100 cycles. (G) Rate performance.

Supplementary Figure 10, the capacity of BE-cell decreases to 91.7 mAh g-1 rapidly after 300 cycles when 
cycled at a high rate of 5 C, whereas a higher capacity of 154.7 mAh g-1 is sustained for B-0.5-cell under the 
same testing condition. The improvement can be attributed to the enhanced reaction kinetics of CEI in B-
0.5-cell, which promotes rapid Li+ transport and is also confirmed by the electrochemical impedance spectra 
(EIS) and GITT tests. As presented in Supplementary Figure 11, EIS was first employed to investigate the 
effect of the additive on the electrode/electrolyte interface. The semicircles in the high and middle-
frequency regions are related to the film resistance (Rf) and charge transfer resistance (Rct). The Rf in B-0.5-
cell is slightly larger compared to that in BE-cell after five cycles, which may be linked to the formation of a 
protective layer by the additive [Supplementary Figure 11A][36]. After 100 cycles, the resistance in BE-cell 
increases more obviously, suggesting the decline in the interfacial conductivity [Supplementary Figure 11B]. 
The GITT tests reveal that the B-0.5-cell exhibits a higher DLi+ than the BE-cell during the charging and 
discharging process [Supplementary Figure 12].

The cycling performance under severe conditions is evaluated to comprehensively verify the effectiveness of 
the additive. The B-0.5-cell maintains a better cycling performance under a high mass loading of 
12.1 mg cm-2 at 0.5 C, while the capacity of the BE-cell declines drastically after 15 cycles, as shown in 
Figure 5A. The stable CEI formed from B2O3-containing electrolyte not only protects the cathode structure, 
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Figure 5. (A-C) Cycling performance in different electrolytes: (A) at 0.5 C with high mass loading of 12.1 mg cm-2, (B) at 1 C and 55 °C, 
(C) at 0.33 C and -15 °C. (D) Cycling tests at 2-5 V under room temperature.

but also reduces side reactions, and the formed low-impedance interface layer also promotes interfacial Li+ 
diffusion. Therefore, the cycling stability of the B-0.5-cell is significantly improved under high mass loading. 
In the high-temperature environment, the interfacial side reactions become more intense and the volume 
change is larger due to the deeper Li+ deintercalation, while the increased polarization would lead to rapid 
attenuation of capacity and voltage at low temperature. This unfavorable low-temperature polarization is 
not only related to the increased electrolyte viscosity, but also to the compositions of the interface layer. The 
uniform and durable interface protective layer containing B components is obtained after introducing the 
additive into the electrolyte, which plays an important role in reducing the degree of electrolyte 
decomposition at high temperatures and improving the low-temperature kinetics. As a result, the B-0.5-cell 
delivers higher discharge capacity and mitigated voltage decay at 1 C and 55 °C [Figure 5B and 
Supplementary Figure 13]. Besides, under the testing conditions of 0.33 C and -15 °C, the discharge capacity 
of the B-0.5-cell remains at 117 mAh g-1 after 350 cycles with a capacity retention of 78%, which is higher 
than that of BE-cell (< 60%) [Figure 5C and Supplementary Figure 14]. As shown in Figure 5D and 
Supplementary Figure 15, increasing the upper cut-off voltage to 5 V, the B-0.5-cell achieves a discharge 
capacity of 233 mAh g-1 and a capacity retention of 88.8% after 150 cycles at 1 C, which are superior to BE-
cell. The average CE of B-0.5-cell is as high as 98.8%, and the CE fluctuation is also obviously smaller than 
that of BE-cell [Supplementary Figure 16].
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Morphological and structural changes of LRM cathode
For deep insights into the effect of the additive on stabilizing LRM cathodes under high voltage, the cycled 
cells were disassembled and evaluated. Upon cycling, the continuous decomposition of electrolyte will lead 
to the generation of HF, which corrodes the cathodes and damages the CEI film, ultimately resulting in the 
dissolution of TM. For the prepared LRM materials, the proportion of Mn is approximately four times 
higher than that of Ni and Co, and considering the possible testing errors, the content of Mn migrating to 
the anode can serve as a crucial indicator to reflect the dissolution degree of TM. In this context, the 
inductively coupled plasma (ICP) tests were performed to verify the content of Mn on the anode surface 
after cycling. Figure 6A shows that the content of the dissolved Mn element in B-0.5 is noticeably lower 
than that in BE. This result is attributed to the stable and durable CEI formed on the cathode surface and 
fewer harmful species including HF in B-0.5, thereby inhibiting the dissolution of TM and alleviating the 
structural degradation of LRM. In addition, the cathodes were tested by Raman spectroscopy to investigate 
the effect of the additive on phase change after 150 cycles. As depicted in Figure 6B, the vibrations near 495 
and 600 cm-1 are attributed to the bending (Eg) and stretching (A1g) modes of the layered structure, while the 
vibration at ~640 cm-1 corresponds to the characteristic peak of the spinel structure[37-39]. The larger blue shift 
of the A1g peak indicates that more phase transitions have occurred in the LRM cathode from the BE-cell, 
which further reveals the beneficial effect of the additive in restraining the structural change of cathode 
material upon cycling.

The structural evolution of the LRM cathode in the first two cycles was also examined by in-situ XRD tests 
in Figure 6C and Supplementary Figure 17. Wherein, the angular variation of (003) diffraction peak is 
closely related to the intercalation/deintercalation behavior of Li+ during the charging and discharging 
processes. In the early stage of charging, the extraction of Li+ from the lithium layer causes an increase in the 
electrostatic repulsion between the oxygen layers, which results in the expansion of lithium layer spacing 
and the shift of (003) peak towards a low angle. As the voltage is gradually raised to around 4.5 V, Li+ in the 
TM layer is extracted along with the activation of oxygen for charge compensation, and the (003) peak 
gradually moves back to the high-angle direction. Afterward, during the subsequent discharge stage, the 
extracted Li+ is embedded back into the TM and lithium layers, corresponding to the movement of the (003) 
peak to the low and high angles, respectively. In the following cycles, the change of the (003) peak shows a 
similar trace as in the first cycle. Compared with the initial position, the (003) peak of the LRM cathode in 
B-0.5-cell shows a smaller average angle shift (0.175° and 0.185° in B-0.5 and BE), indicating the reduced 
volume change along the c-axis, which reveals the enhanced stability of the LRM cathode in B-0.5 
electrolyte [Figure 6C][20]. Supplementary Figure 18 shows the XRD patterns of the initial LRM cathode and 
the cycled electrodes after 200 cycles in different electrolytes. The diffraction peaks of (003) and (104) in BE 
exhibit weaker signals, reflecting the more serious structural deterioration. Additionally, the (003) peak in 
BE also shows a more pronounced leftward shift, which can be ascribed to the higher consumption of active 
Li and larger polarization. The lack of active Li leads to an increased interlayer, resulting in a larger angle 
deviation.

To achieve an in-depth understanding of the enhanced electrochemical performance, the surface 
morphology of the LMA disassembled from the cycled Li||LRM cells is checked after 200 cycles. The 
morphology of the fresh LMA is tested by SEM and shown in Supplementary Figure 19. The whole surface 
is flat with slight streaky traces caused by mechanical processing. However, after long-term cycling, clearly 
different features are presented on the LMA surface in distinct electrolytes. Without an additive in BE, the 
anode surface appears to be distinctly black, with numerous mossy Li dendrites covered by side products 
[Figure 7A and B]. In contrast, the LMA in B-0.5 exhibits a cleaner, denser, and flatter surface due to the 
regulated SEI film [Figure 7C and D]. Moreover, the surface morphology of the LRM particles in B-0.5 is 
also cleaner and smoother after cycling compared with the rough and uneven surface of those in BE 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40186-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40186-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/em40186-SupplementaryMaterials.pdf


Page 12 of Zhou et al. Energy Mater. 2025, 5, 500033 https://dx.doi.org/10.20517/energymater.2024.18617

Figure 6. (A) The ICP test results of Mn element dissolved and deposited on LMA in BE-cell and B-0.5-cell after 200 cycles. (B) Raman 
spectra of the cathode material before and after cycling. (C) Variation of (003) peak during the initial two cycles by in-situ XRD tests.

[Figure 7E and F]. The TEM tests also reveal that a relatively uniform CEI layer with a thickness of 4-6 nm 
is formed on the cathode surface after cycling in B-0.5 [Supplementary Figure 20]. This protective CEI can 
maintain the stability of the cathode surface structure and suppress the electrolyte decomposition under 
high voltage, ultimately enhancing the long-term cycling performance.

The chemical composition of CEI on the cathode surface was identified by XPS [Figure 7G-L and 
Supplementary Figure 21]. The two peaks in F 1s XPS spectra correspond to LiF and C-F/P-F, and the 
stronger LiF signal indicates that more lithium salts are consumed in BE[31]. The O 1s XPS spectra contain 
three peaks, corresponding to C-O, C=O and TM-O. With the introduction of B2O3, the C-O peak is slightly 
stronger than that in BE, which is related to the products caused by the additive[25,40]. In P 2p XPS spectra, 
the two peaks represent LixPOyFz and PO43- species[31,41]. In the battery system, the substances containing 
F elements are PVDF and lithium salts, wherein PVDF has high chemical stability, which suggests that the 
generated F-containing species in the CEI mainly originates from the decomposition of lithium salts. From 
this perspective, the presence of higher LiF content with BE electrolyte illustrates that more lithium salt 
decomposition occurs [Figure 7G, J]. However, the content of P in BE is slightly lower than that in B-0.5 
[Supplementary Figure 21B], indicating that some P-containing species derived from lithium salts in BE 
may be dissolved over cycling. The appearance of B-containing substances (such as Li-B-O, BxOy, and B-F) 
in B 1s XPS spectra directly demonstrates that B2O3 participates in the formation process of CEI 
[Supplementary Figure 21A][9,25]. These substances play a crucial role in reducing adverse reactions and 
enhancing the Li+ diffusion rate[25,28]. Especially, the Li-B-O species can endow CEI with high mechanical 
and thermal stability[42]. The composition difference of CEI was further verified by TOF-SIMS. As depicted 
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Figure 7. SEM images of LMAs disassembled from Li||LRM cells after 200 cycles with (A) BE and (C) B-0.5 electrolytes, wherein (B) 
and (D) are the corresponding locally enlarged images. SEM images of LRM particles after 200 cycles in (E) BE and (F) B-0.5 
electrolytes. XPS spectra of the cycled LRM cathodes in (G-I) BE and (J-L) B-0.5 electrolytes.

in Supplementary Figure 22, the interface fragments contain more PO- species in B-0.5, which is beneficial 
to elevating the CEI stability[43,44]. Besides, fewer MnF3

- species demonstrate that the harmful reactions are 
suppressed in B-0.5, contributing to the integrity of CEI and cathode materials, which is consistent with the 
ICP results.

The improvement mechanism of the above proposed dual-functional electrolyte additive is schematically 
shown in Figure 8A and B, and summarized below: (I) The B2O3 additive can facilitate the formation of 
stable and durable SEI and CEI layers on the surface of cathodes and anodes. The regulated interface films 
can avoid the direct contact of electrode and electrolyte, thereby restraining the side reactions; (II) The 
generated B-F species can reduce the presence of HF; (III) The highly conductive SEI can suppress the Li 
dendrites growth; and (IV) The uniform and durable CEI can also stabilize the cathode structure and 
alleviate the dissolution of TM. These improvements ultimately enhance the electrochemical performance 
of cells.
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Figure 8. (A and B) Schematic illustrations of Li||LRM batteries using (A) BE and (B) B-0.5 electrolytes. (C) Cycling performance of 
Li||LRM batteries with 0.5 wt% different additives in the same electrolyte. (D) Cost comparison of different additives (Note: data from 
Manufacturer of Shanghai Aladdin Co., Ltd.).

Apart from the significant advance on improving performance, cost-effectiveness also needs to be 
considered for a good high-voltage additive. As depicted in Figure 8C, several conventional additives 
containing B were employed for the cycling tests in the voltage range of 2-4.8 V at 1 C. It is observed that, 
with the same amount of addition, the discharge capacity with B2O3 is evidently higher than other 
electrolytes after 200 cycles. Besides, the price of B2O3 is seven times lower than other additives [Figure 8D 
and Supplementary Table 1]. Its combined advantages of improved performance and low cost make it 
promising in commercial applications.

CONCLUSIONS
In summary, the inorganic oxide B2O3 is employed as a dual-functional additive in the carbonate electrolyte 
to enhance the performance of Li||LRM batteries by constructing durable CEI/SEI films. The B2O3 additive 
can participate in the interface reactions to form the functional protective layers containing B substances. 
The thin and uniform CEI formed on the cathode side can effectively maintain a stable layered structure of 
LRM with less TM dissolution and alleviate the continuous electrolyte decomposition. Moreover, the robust 
SEI formed on the LMA can regulate the deposition morphology with fewer dendrites, improve the CE 
during Li deposition and stripping process, and enhance the Li+ transport kinetics. Hence, the enhanced 
cycling property is achieved. Specifically, the Li||LRM battery using the B2O3-containing electrolyte displays 
a high discharge capacity of 221 mAh g-1 after 200 cycles at 1 C with a high capacity retention of 92.1%. After 
increasing the upper cut-off voltage to 5 V, more than 85% capacity retention can still be obtained after 150 
cycles at 1 C. This work proposes the use of low-cost inorganic oxide as a dual functional additive, 
providing an attractive new approach for the design and development of the high-voltage electrolyte.
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