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A B S T R A C T   

A current emerging trend in materials research for Li-ion batteries (LIBs) is exploring cathode materials whose 
price is neutral to global supply chain issues. In this regard, removing cobalt in conventional high-Ni Li[Nix-

CoyMnz]O2 (NCM) cathodes has been adopted as one of the most promising strategies. However, Co-free Li 
[NixMny]O2 (NMX, x 〈 0.8, y 〉 0.2) cathodes should require the high voltage (≈4.5 V vs. Li/Li+) operation to 
obtain the high energy density as the level of conventional high-Ni NCM cathodes, which is considered as the 
major barrier of their real application to the LIB industrial field. To address this issue, it is essential to develop the 
novel electrolyte system for optimizing the high voltage operation of NMX cathodes. In this study, a delicate 
consideration of the whole battery system’s chemical ensemble and its target usage condition has been 
attempted, and, as an exemplifying example, a Co-free Li[Ni0.75Mn0.25]O2 cathode has been paired to an con-
ventional electrolyte with 1,4-butane sultone (BS) electrolyte additive. Since highest occupied molecular orbital 
(HOMO) energy of BS is lower than both other well-known electrolyte additives and similar with the carbonate- 
based solvent, BS enables formation of homogeneous and stable cathode-electrolyte interphase (CEI) layer 
especially at the high voltage (4.5 V vs. Li/Li+). Thus, 1wt% BS-added electrolyte can result in excellent 
cyclability of the full cell based on a Co-free Li[Ni0.75Mn0.25]O2 cathode even in the 5.8 Ah prismatic cell with 
~78% capacity retention for 1000 cycles, which indicates that a Co-free Li[Ni0.75Mn0.25]O2 cathode with BS- 
based electrolyte can be applied to the real LIB industry as the low-cost alternative to conventional high-Ni 
NCM cathodes.   

1. Introduction 

The forthcoming energy paradigm shift in mobilities, boosted by 
globally spreading decarbonization policies, is technically based on the 
evolutionary electrification of consumer vehicles [1,2]. The driving 
range of state-of-the-art electric vehicles (EVs) nearly approaches that of 
conventional engine-driven vehicles, which has been enabled by the 
introduction of high-energy-density Li-ion batteries (LIBs) [3]. More-
over, not only in terms of energy, but also in a viewpoint of affordability 
of current LIBs, the latest EVs have proven themselves as even stronger 
competitive than ever to its conventional counterparts [4]. From a 
cell-level perspective, this rapid advance in battery technology has 
mainly been based on thorough understanding of materials science. For 

example, the successful adoption of high-Ni (Ni ≥ 0.8 mol) Li[Nix-

CoyMnz]O2, (NCM)) has contributed to developing EVs with superior 
driving range. The most recent version of commercial high-Ni NCM 
cathodes showed >800 Wh kg− 1 [5]. However, recent sustained in-
creases in raw material prices, particularly for Co sources, due to various 
global supply chain issues, suggest that relying on conventional high-Ni 
NCM cathode materials may not be the most economically feasible 
strategy in the EV market [6,7]. Instead, making batteries whose price 
neutral to their external circumstances is becoming the strongest strat-
egy [8,9]. 

Recently, Co-free layered-oxide cathodes, Li[NixMny]O2 (NMX), 
have great attention as the ultimate goal of current LIB system, satisfying 
ultra-low-cost and high-energy-density simultaneously [10–12]. To 

* Corresponding author. 
E-mail address: jongsoonkim@skku.edu (J. Kim).  

Contents lists available at ScienceDirect 

Energy Storage Materials 

journal homepage: www.elsevier.com/locate/ensm 

https://doi.org/10.1016/j.ensm.2024.103291 
Received 26 December 2023; Received in revised form 14 February 2024; Accepted 21 February 2024   

mailto:jongsoonkim@skku.edu
www.sciencedirect.com/science/journal/24058297
https://www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2024.103291
https://doi.org/10.1016/j.ensm.2024.103291
https://doi.org/10.1016/j.ensm.2024.103291


Energy Storage Materials 67 (2024) 103291

2

significantly reduce the production cost of LIBs, it is also essential to 
decrease the Ni contents in the NMX compared to the high-Ni NCM. 
However, the decrease of Ni contents results in lower available energy 
density of Li[NixMny]O2 (x〈 0.8, y〉 0.2) in the same charge/discharge 
cut-off voltages than those of the high-Ni NCMs [13,14]. Thus, the high 
voltage (~4.5 V vs. Li/Li+) operation should be required for Li 
[Ni0.75Mn0.25]O2 to get the similar energy densities with the conven-
tional high-Ni NCM cathodes. However, this high voltage requirement 
(~4.5 V vs. Li/Li+) leads to the catastrophic cathode-electrolyte side 
reactions and severe structural changes in the layered structure, which 
prevent the real application of the Li[Ni0.75Mn0.25]O2 cathode [15–17]. 
Moreover, the aggravated transition metal (TM) dissolution occurred at 
the high voltage charging process leads to the accumulation of 
TM-containing impurities on cathode and even anode by chemical 
cross-over effect [18–21]. The cathode itself also experiences the 
harmful surface reconstruction reaction related to the TM loss and 
densification, which leads to the rise in charge-transfer resistance be-
tween cathode and electrolyte [22–24]. Since commercial LIB cells 
contain only lean amount of electrolyte inside, consumption of elec-
trolyte by vigorous side reaction during the high voltage operation 
should give rise to a rapid growth of cell resistance and sudden 
end-of-life (EOL) event [25,26]. In particular, these side reactions 
occurred at the high voltage regions are further accelerated at the high 
temperature [27–30]. Although various researches have been conducted 
to address the detrimental phenomena occurring at the 
cathode-electrolyte interphase (CEI) in the high-Ni NCM cathodes, it is 
difficult to apply the same method for the high-Ni NCM cathodes based 
on the 4.3 V (vs. Li/Li+) charging process to the Li[Ni0.75Mn0.25]O2 
cathode requiring the charging cut-off voltage of 4.5 V (vs. Li/Li+) 
[31–34]. An effective approach has not yet been proposed for the 
commercialization of low-cost Li-ion batteries (LIBs) based on Li 
[Ni0.75Mn0.25]O2, which should ensure stable operation in the high 
voltage regions. Considering the unprecedented harsh conditions that 
cathodes need to endure, especially, it is not only important to focus on 
the electrode protection but also to take into account the entire chemical 
ensemble of the LIB system and its essential usage conditions to make Li 
[Ni0.75Mn0.25]O2 competitive. 

In this study, we demonstrated that Li[Ni0.75Mn0.25]O2 can be stably 
operated even at extremely harsh operation conditions in the LIB full cell 
system, such as high voltage (~4.5 V vs. Li/Li+), high delithiation (>210 
mAh g− 1) and high temperature (45 ◦C), by development of novel 
electrolyte system. To prevent both too thick formation and instability of 
CEI layers at charging to 4.5 V (vs. Li/Li+), we tried to discover the novel 
electrolyte additives with low highest occupied molecular orbital 
(HOMO) energy compared to other well-known electrolyte additive for 
4.3 V charging process, using first principles calculation. It was 
confirmed the HOMO level of 1,4-butane sultone (BS) is not only lower 
than those of other electrolyte additives but also similar with those of 
the carbonate-based solvent. Thus, our newly designed electrolyte 
containing BS exhibited the best formation of the stable CEI layers for Li 
[Ni0.75Mn0.25]O2 at the charging cut-off voltage of 4.5 V (vs. Li/Li+) in 
the half cell system, which is clearly distinct from the conventional 
electrolyte system for 4.3 V charging process. As a result, the Li 
[Ni0.75Mn0.25]O2‖graphite full cell using the carbonate-based electrolyte 
with 1 wt% BS additive showed superior electrochemical performances 
in the voltage range of 2.9–4.45 V at the high temperature of 45 ◦C. The 
full cell with BS additive delivered large capacity and energy density of 
~217 mAh g− 1 and ~827 Wh kg− 1, respectively. Furthermore, its ca-
pacity was retained to ~80 % after 200 cycles at 200 mA g− 1, which is 
much better than the full cell using the base electrolyte without BS that 
shows just capacity retention of ~68 % at the same conditions. Espe-
cially, the remarkably enhanced cycle-performance in 5.8 Ah prismatic 
cell by BS additive suggested that BS is one of the most important key 
factor for real industrial application of the low-cost Li[Ni0.75Mn0.25]O2- 
based LIBs. 

2. Experimental section 

2.1. Preparation of electrolyte samples 

1.2 M LiPF6 in EC/EMC/DMC (2:4:4 vol%) was used as the base 
electrolyte. In an argon-filled glovebox, 1,4-butane sultone (BS, ≥99 %, 
Sigma-Aldrich) additive was added into the base electrolyte and stirred 
at 100 RPM and 60 ◦C for 60 h. After stirring, it was rested for 3 days to 
stabilization. Tetraethyl orthosilicate (TEOS, ≥99 %, Sigma-Aldrich) 
and Tris(trimethylsilyl)borate (TMSB, 99 %, Sigma-Aldrich) sample 
also prepared as same way with BS sample. 

2.2. Electrochemical characterization 

Li[Ni0.75Mn0.25]O2 cathode active materials (CAM) were provided by 
Samsung SDI. For a typical example of preparing CAM in Samsung SDI, 
co-precipitated (Ni0.75Mn0.25)OH precursor was mixed thoroughly with 
LiOH with a stoichiometric ratio and annealed at 850 ◦C for 10 h under 
an O2 atmosphere. 

For fabrication of the Li[Ni0.75Mn0.25]O2 electrode, Li[Ni0.75Mn0.25] 
O2 cathodes powder, conductive carbon, and polyvinylidene fluoride 
(PVdF)-based binder were mixed in 96 : 2 : 2 wt ratio in anhydrous N- 
methyl-2-pyrrolidone (NMP) solvent. The Li[Ni0.8Co0.1Mn0.1]O2 elec-
trode was also fabricated by mixing 85 wt% active material, 5 wt% super 
P carbon black, and 1 wt% PVdF in NMP solvent. The slurry was ho-
mogenized and applied onto an aluminum foil using the doctor-blade 
method, and then dried at 120 ◦C for approximately one hour. The 
resulting cathode electrodes had an areal loading level of 10.5 mg cm− 2. 

For the half cell test, 2032-type coin cells were prepared using the Li 
[Ni0.75Mn0.25]O2 and Li[Ni0.8Co0.1Mn0.1]O2 electrodes, Li metal as 
reference/counter electrodes, separator (conducted by Samsung SDI), 
and 1.2 M LiPF6 in EC/EMC/DMC (2:4:4 vol%) electrolyte with the 1 wt 
% BS additive. They were assembled in an Ar-filled glove box (H2O, O2 <

0.1 ppm). Galvanostatic charge/discharge tests were performed at 
various current rates (300–1500 mA g− 1) in the voltage range of 3.0–4.5 
V (vs. Li/Li+) using a battery test system (WonATech WBCS3000). 

For the full cell test, same conditions with half cells except graphite 
electrode as the reference/counter electrode and voltage range of 
2.9–4.45 V. The graphite was fabricated with the graphite and cmc 
(sodium salt of carboxymethyl cellulose)/sbr (styrene-butadiene rubber) 
using the Cu foil. Finally, CR2032-type full cells were assembled with 
the Li[Ni0.75Mn0.25]O2 cathode and graphite anode (capacity ratio of 
negative and positive electrodes of ~1.11) in an Ar-filled glove box. 

For the 5.8 Ah prismatic cell test, the same conditions of 1.2 M LiPF6 
in EC/EMC/DMC (2:4:4 vol%) and 1wt% BS-added electrolytes used for 
the coin-cell tests were applied to the prismatic cell tests. The charge and 
discharge current densities were 100 and 200 mA g− 1, respectively, and 
its charging protocol was based on the constant current-constant voltage 
(CC–CV) with a cut-off current to 40 mA g− 1. The voltage range was 
maintained between 3.0 V and 4.4 V. Moreover, the charge/discharge 
was performed at 66 mA g− 1 every 60 cycles in whole cycles for refer-
ence performance test (RPT) to assess standard capacity and DC-IR 
characteristics. DC-IR analyses were conducted by recharging the cell 
to 50 % state of charge and discharging it for 10 s at 200 mA g− 1. DC-IR 
was calculated from the voltage change over current (ΔV/I) during this 
brief interval. 

2.3. Materials characterization 

The crystal structures of Li[Ni0.75Mn0.25]O2 were characterized using 
X-ray diffraction (XRD, PANalytical) with Mo Kα radiation (λ = 0.70932 
Å). Structural data were collected over the 2θ range of 4.6◦–34.3◦ with a 
step size of 0.01◦. The XRD patterns’ angles were transformed using Cu 
Kα radiation (λ = 1.54178 Å) to contrast with previous research. The 
FullProf Rietveld program was used to analyze the XRD data [35]. The 
operando XRD patterns were obtained to monitor structural change 
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during charge/discharge at current density of 30 mA g− 1 within the 
voltage range 3.0–4.5 V (vs. Li/Li+). Operando XRD patterns of Li 
[Ni0.75Mn0.25]O2 were also measured using an X-ray diffractometer 
(XRD, PANalytical) in the 2θ range of 7.0◦− 33.0◦ with a step size 0.013◦, 
which was also transformed using Cu Kα radiation (λ = 1.54178 Å). 

The morphology and particle size of Li[Ni0.75Mn0.25]O2 were deter-
mined using scanning electron microscopy (SEM; Hitachi SU-8010), 
operated at 15 keV. Before the measurement, each specimen was 
coated with Pt nanoparticles to enhance the conductivity. 

The morphology and particle size of Li[Ni0.75Mn0.25]O2 were also 
determined using transmission electron microscopy (TEM; JEOL JEM- 
F200), operated at 300 keV. Before the measurement, the Li 
[Ni0.75Mn0.25]O2 powder was sonicated in ethanol, and droplets of the 
suspension were spread onto a carbon-coated Cu TEM grid. The spec-
imen was dried at room temperature overnight to evaporate the ethanol. 

2.4. Computational details 

All the density functional theory (DFT) calculations were performed 
using Gaussian 16 software package [36]. For all the calculations, 
spin-unrestricted density functional theory (DFT) was performed based 
on the Becke–Lee–Yang–Parr (B3LYP) hybrid exchange–correlation 

functional [37–39] and the triple-zeta valence polarization (TZVP) basis 
set [40–42]. The calculated molecular structures of the additives and 
solvents were visualized using Avogadro software [43]. The 
EC/EMC/DMC (2:4:4 vol%) solvent was considered by applying a 
dielectric constant of 21.468, as used in previous studies [44–46]. 

3. Results and discussion 

3.1. High cut-off voltage: more energy density, more challenges 

We performed various analyses to verify the successful preparation 
of Li[Ni0.75Mn0.25]O2. The detailed analysis processes were provided in 
Supplementary Note 1 (including Fig. S1–2). To compete with conven-
tional high-Ni NCM cathodes, achieving an energy density of over ~800 
Wh kg− 1 is crucial for Li[Ni0.75Mn0.25]O2 (Fig. 1a) [47–51]. However, in 
the typical voltage range of 3.0–4.3 V (vs. Li/Li+), which is commonly 
applied to ensure stable cycling, the specific capacity and energy density 
of Li[Ni0.75Mn0.25]O2 are only ~180.7 mAh g− 1 and ~686 Wh kg− 1, 
respectively. To address this limitation, we decided to increase the 
charge cut-off voltage to 4.5 V (vs. Li/Li+), which results in the specific 
capacity and energy density of Li[Ni0.75Mn0.25]O2 reaching ~216.8 
mAh g− 1 and ~827 Wh kg− 1, respectively. However, this change poses a 

Fig. 1. Schematic image of (a) needs for high voltage in Li[Ni0.75Mn0.25]O2 cathode. (b) Importance of stable and homogenous CEI formation for Li[Ni0.75Mn0.25]O2 
cathode requiring the high-voltage charging process. 
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new challenge, as maintaining performance for long-term cycling be-
comes difficult due to the side reactions from accelerated electrolyte 
decomposition at the high voltage of 4.5 V (Fig. 1b). It is also 
well-known that the hydrolysis of LiPF6 in a battery cell leads to the 
formation of various acid compounds, including HF. This reaction oc-
curs due to the high reactivity of LiPF6 with even trace amounts of 
moisture present in the cell and especially accelerated at high voltage or 
temperature [52,53]. The HF compound attacks the well-established 
interfacial layer on the Li[Ni0.75Mn0.25]O2 cathode. As a result, resis-
tive LiF compounds are generated, which increase the resistance of the 
electrode and the internal pressure of the LIB. Additionally, HF causes 
the dissolution of TM ions from the cathode into the electrolyte, and it 
leads to the formation of resistive TM-based fluoride compounds on the 
cathode surface [54]. Finally, it contributes to several interfacial deg-
radations, such as structural disordering or surface phase transitions, 
ultimately leading to the development of micro-cracks [55]. To make 
this promising Li[Ni0.75Mn0.25]O2 cathode practical for commercial 
LIBs, a suitable electrolyte system must be designed to ensure stability 
even under harsh conditions involving high state of charge (SoC) and 
high voltage (4.5 V vs. Li/Li+). Specifically, introducing small quantities 
of functional additives in the electrolyte can effectively safeguard the 
cathode electrode by forming a cathode-electrolyte interface (CEI) layer 

on the particles. The homogeneous CEI formed on electrode surface not 
only acts as a barrier against electrolyte side reactions at the cathode but 
also mitigates interfacial degradation caused by the irreversible phase 
transition of Ni-rich cathodes and the formation of micro-cracks within 
the secondary particle [56,57]. Thus, it is important to develop the 
optimal electrolyte system with the suitable additive to enable stable 
and outstanding electrochemical performances of Li[Ni0.75Mn0.25]O2 
even during charging to 4.5 V (vs. Li/Li+). 

3.2. Development of the optimal electrolyte system for stable high voltage 
operation 

To explore the appropriate electrolyte additive for stable operation 
of Li[Ni0.75Mn0.25]O2 at the high voltage region (4.5 V vs. Li/Li+), we 
investigated the theoretical highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) energy levels of the 
various additives and the carbonate-based solvents molecules using first- 
principles calculation. To prevent the formation of excessively thick CEI 
layers and instability during charging to 4.5 V (vs. Li/Li+), the additive 
should have lower HOMO energy compared to the well-established ad-
ditives applied for the stabilization during the 4.3 V charging process. 
Fig. 2a presented that the HOMO energy level of the BS additive is lower 

Fig. 2. (a) HOMO and LUMO energy levels of various additives and ethylene carbonate solvent. (b) Cycle performances of Li[Ni0.75Mn0.25]O2 for 70 cycles at 200 mA 
g− 1 using 1wt% of 1,4-butane sultone (BS), tetraethyl orthosilicate (TEOS) and Tris(trimethylsilyl)borate (TMSB) in base electrolyte with error bars displayed in 
insets. (c) 1H, (d) 13C NMR-spectra of the BS, base electrolyte and BS 1wt% electrolyte. (e) Cycle performances of Li[Ni0.75Mn0.25]O2 for 70 cycles at 200 mA g− 1 

using BS 1wt% electrolyte at various cut-off voltages with error bars displayed in insets. (f) TEM images of Li[Ni0.75Mn0.25]O2 electrodes after 70 cycles using BS 1wt 
% electrolyte at various cut-off voltages. 
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than other well-known additives such as tetraethyl orthosilicate (TEOS) 
or Tris(trimethylsilyl)borate (TMSB), furthermore, similar with the 
carbonate-based solvents. It implies BS can be participated in the reac-
tion for CEI formation at the higher voltage region than other additives 
and can also initiate a reduction behavior shortly after the solvent 
decomposition. Specifically, the superoxide radical formed on the Ni- 
rich cathode surface during the charged state (> 4 V) triggers electro-
lyte oxidation through the dehydrogenation reaction of ethylene car-
bonate (EC) [58,59]. This leads to the production of gaseous products 
(CO2 and CO) and harmful oligomers. Therefore, it is crucial that the 
additive begins decomposition shortly before the EC decomposition to 
mitigate undesirable outcomes. 

Actually, the BS-applied electrolyte exhibited better cyclability in the 
voltage range of 3.0–4.5 V (vs. Li/Li+) at 45 ◦C than not only base 
electrolyte (1.2 M LiPF6 in EC:EMC:DMC=2:4:4 (v/v%)) but also the 
other-additive-added (1wt%) electrolytes (Fig. 2b and S3). Since we 
targeted to stable operation at the high voltage of 4.5 V, it becomes 
evident that BS is more suitable for Li[Ni0.75Mn0.25]O2 compared to 
commonly used additives, considering their HOMO and LUMO energy 
level. To decouple the contribution of anode in the cycle lives, the ca-
pacity retention was re-measured up to 200 cycles with refreshment of Li 
metal and electrolytes every 40 cycles (Fig. S4). The periodic replen-
ishment of a Li source contributed to the rise in initial discharge capacity 
every 40 cycles, and similar to above results, the sample with BS-applied 
electrolyte delivered enhanced cyclability. With the exception of anode, 
TEOS and TMSB additives showed insufficient stable CEI formation 
during cycling at high voltage, which was speculated to result in severe 
degradation of the cathode interfacial structure. Furthermore, electro-
chemical impedance spectra (EIS) analyses were performed to investi-
gate the effect of BS additive on the electrode and electrolyte interfaces 
after cycling. As presented in Fig. S5, the introduction of 1wt% BS ad-
ditive noticeably reduced the interfacial resistance in mid-frequency 
region after 70 cycles. Since charge-transfer resistances between two 
samples with base and 1wt% BS-added electrolytes were similar with 
each other, we speculated the main differences in the interfacial resis-
tance originate from the CEI resistance. To further clarify the effect of BS 
on the surface, the X-ray photoelectron spectroscopy (XPS) S 2p spectra 
analyses was conducted. As shown in Fig. S6, it was demonstrated that 
decomposition products, such as Li2SO3 and ROSO2Li, resulted from a 
series of reactions form the CEI layer on the surface of the Li 
[Ni0.75Mn0.25]O2 electrode after 50 cycles. Based on the above results, it 
was verified that the BS additive was decomposed on the surface layer of 
Li[Ni0.75Mn0.25]O2 and participated in the CEI formation. As the CEI 
forming additive, it is expected that BS would be decomposed via Li 
deintercalation at the cathode electrode in the Li cell system with 
possible reaction paths presented in Fig. S7. The initial stage of BS 
reduction involves the creation of a lithium ion-coordinated radical 
anion through a one-electron transfer (A). Subsequently, another elec-
tron transfer occurs, resulting in the formation of a radical alkyl sulfo-
nate (B). Then, the radical alkyl sulfonate can yield various products, 
such as alkenyl sulfonate (C), alkyl sulfonate (D) and sulfonate dimers 
(E) [60]. According to the above results, it was speculated that the S––O 
functional group played an important role of facilitating the formation 
of the protective layer on the cathode during Li+ extraction from cath-
ode material, resulting in abundant formation of Li2SO3 and ROSO2Li, 
main components of a stable CEI. [61–65] In addition, we performed 1H 
and 13C NMR analyses on BS, base electrolyte, and the 1wt% BS-added 
electrolyte (Fig. 2c–d). Although the peaks were weak due to the low 
contents, all the BS peaks were well-resolved at the similar chemical 
shift, which indicates successful preparation of the 1wt% BS-added 
electrolyte. 

To validate the optimized cell condition with the 1wt% BS-added 
electrolyte, the cycle test was performed on a half cell with Li metal as 
anode, employing different voltage ranges and BS contents. All elec-
trochemical tests were conducted at 45 ◦C to construct a more chal-
lenging environment, aimed at accelerating HF attack and the TM 

dissolution. To compare the electrochemical performances and CEI 
formation according to the cut-off voltage, we conducted the cycle tests 
on the BS sample with various cut-off voltages at 200 mA g− 1 (Fig. 2e-f 
and S8). Interestingly, it was observed that the sample with a cut-off 
voltage of 4.4 V (vs. Li/Li+) exhibited poorer capacity retention of 
~55 % than the other samples. Moreover, as shown in the TEM images 
after 70 cycles, the formation of CEI layer to prevent HF attacks and TM 
dissolution during cycles was insufficient in the sample with a cut-off 
voltage of 4.4 V. This finding suggests that the BS additive is not suit-
able for the cut-off voltage condition below 4.4 V. In the case of the 
sample with the cut-off voltage of 4.6 V, the capacity retention was also 
lower than the sample with the cut-off voltage of 4.5 V and an exces-
sively thick and uneven CEI layer was also detected. It implies that BS is 
not suitable for the typical 4.3 V cut-off voltage operation of NCM-based 
cathode materials, but rather specialized for Co-free Li[NixMny]O2 
(NMX) cathodes requiring high-voltage operation above 4.5 V for 
obtaining high energy density as a level of high-Ni NCM, which is 
distinguished from the previous research on BS application for NCM111 
[61]. In addition, the cycling performance was conducted with 
refreshment of Li metal and electrolyte every 40 cycles, solely to isolate 
the impact of anode on the cycle lives, employing different voltage 
ranges (Fig. S9). To further demonstrate the CEI formation process based 
on a cut-off voltage, the XPS S 2p spectra analyses were performed 
(Fig. S10). In contrast to the sample charged to 4.4 V with low intensity, 
the sample charged to 4.5 V exhibits increased intensity of Li2SO3 and 
ROSO2Li, indicating sufficient formation of the CEI layer within the 
voltage range of 4.4 V to 4.5 V. Meanwhile, the sample charged to 4.6 V 
displayed higher intensity compared to the sample charged to 4.5 V, 
suggesting excessive decomposition of the BS, resulting in the formation 
of a thick CEI layer. Thus, compared to the other samples, the sample 
with a cut-off voltage of 4.5 V showed the best electrochemical perfor-
mance and homogeneous formation of the CEI layer, which indicates 
that BS is suitable for the additive in the electrolyte for 4.5 V charging 
process. In addition, it was verified that the cycle retention of the 
samples with 0.5wt%, 1wt%, and 3wt% BS contents after 70 cycles at 
200 mA g− 1 in the voltage range of 3.0–4.5 V were ~55 %, ~80 %, and 
~64 %, respectively (Fig. S11). Moreover, through comparison of TEM 
images among the samples, it was confirmed that the 1wt% BS-added 
electrolyte results in the well-formed and uniform CEI layer on the Li 
[Ni0.75Mn0.25]O2 particles even after 70 cycles, which is clearly distinct 
from the 0.5wt% and 3wt% BS-added electrolyte displaying an exces-
sively thin or thick and uneven CEI layers. These results indicate the 
optimized condition for Li[Ni0.75Mn0.25]O2 electrode is the addition of 
1wt% BS additive and the charging cut-off voltage of 4.5 V (vs. Li/Li+). 

3.3. The effect of BS additive in the full cell system of Li[Ni0.75Mn0.25] 
O2‖graphite 

To exclude the effect of Li metal and confirm the prospect in pro-
posed electrolyte system, Li[Ni0.75Mn0.25]O2 electrodes were investi-
gated in full cell system employing graphite anode (Fig. 3a-b). As we 
changed the anode electrode from Li metal to graphite, we adjusted the 
voltage range to 2.9–4.45 V to minimize the hindrance of CEI formation 
caused by the BS additive. After the pre-cycle for 2 cycles, the samples 
using base and BS (1wt%)-added electrolytes exhibited the high specific 
capacities of ~217.3 and ~216.8 mAh g− 1 at 30 mA g− 1 (temperature: 
45 ◦C), respectively. Interestingly, at a high current density of 1000 mA 
g− 1, the sample using the 1wt% BS-added electrolyte exhibited the 
specific capacity of ~154.5 mAh g− 1, whereas the sample using the base 
electrolyte just deliver a specific capacity of ~136.8 mAh g− 1 at the 
same conditions. It is expected that the enhanced power-capability of 
the full cell in the high charging cut-off voltage of 4.45 V and the high 
temperature of 45 ◦C originates from the improved interfacial resistance 
through the application of BS in the electrolyte. Furthermore, the 
occurrence of the uniform redox reaction during charge/discharge 
processes at both cathode and anode interfaces with a sufficient N/P 
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ratio of 1.11 indicated that the cathode potential of the full-cell system 
could be attained around 4.5 V (Fig. S12) [66]. The tendency for 
securing the electrochemical stability through stable CEI formation was 
also verified in the cycling performance results. In Fig. 3c and S13, the 
cyclability of full cells demonstrated a significantly better performance 
compared to half cells, primarily attributed to being free from the 
degradation of Li metal, which occurs at a high temperature of 45 ◦C. 
After 200 cycles at 200 mA g− 1 (45 ◦C), the sample using the 1wt% 
BS-added electrolyte exhibited the capacity retention of ~82 % 
compared to its initial capacity, while the sample using the base elec-
trolyte only delivered a capacity retention of ~69 % compared with the 
initial capacity under the same conditions. Furthermore, it was 

demonstrated that the application of 1wt% BS could be helpful in 
improving interfacial resistance through EIS analyses using 200-cycled 
full cells (Fig. S14) tested in the high charging cut-off voltage and 
temperature. In the profiles of the EIS, both semicircles representing 
solid electrolyte interface resistance (RSEI) and charge transfer resistance 
(RCT) were significantly reduced in the sample using the 1wt% BS-added 
electrolyte, indicating that the protective BS-based CEI layer enhanced 
the interfacial stability of the electrode, leading to stable operation 
under the harsh conditions. In addition, to certify the effect of BS 
incorporation for universally applicable, we investigated the full cell test 
of Li[Ni0.8Co0.1Mn0.1]O2 (NCM811) cathode with 1wt% BS-added 
electrolyte. The discharge capacity of NCM811 cathode was delivered 

Fig. 3. Charge/discharge curves of Li[Ni0.75Mn0.25]O2‖graphite full cell using (a) base electrolyte, (b) 1wt% BS-added electrolyte in the voltage range of 3.0–4.5 V at 
various discharge current rates. (c) Cycle performances of Li[Ni0.75Mn0.25]O2‖graphite full cell for 200 cycles at 200 mA g− 1 using base electrolyte and BS 1wt% 
electrolyte with error bars displayed in insets. (d) XRD patterns, (e, f) TEM images, (g, h) SEM images of Li[Ni0.75Mn0.25]O2 electrodes and (i, j) SEM images of 
graphite electrodes after 200 cycles using base electrolyte and 1wt% BS-added electrolyte. (k) Cycle performance Li[Ni0.75Mn0.25]O2‖ graphite full cell in 5.8 Ah 
prismatic cell system. 
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to be approximately 200 mAh g− 1 in the typical full-cell system [67,68]. 
As shown in Fig. S15 below, it was observed that the sample with BS 
additive exhibited capacity retention of ~79 % for 100 cycles, which is 
better than the sample without BS additive (~70 %). This result suggests 
that employing the BS-based electrolyte on Ni-rich layered oxide is 
generally effective in forming stable CEI mechanism. 

Moreover, we conducted various analyses to investigate the suc-
cessful protection of Li[Ni0.75Mn0.25]O2 particles even in the harsh 
condition of the high charging cut-off voltage (4.45 V) and temperature 
(45 ◦C) by formation of stable CEI layer using the BS additive. As pre-
sented in Fig. 3d, it was observed that the sample using the base elec-
trolyte is suffered from severe structural degradation compared to the 
sample using the 1wt% BS-added electrolytes. After cycling, the in-
tensity of (003) peak was lower than that of (104) peak in the sample 
using the base electrolyte, whereas that in the sample using the 1wt% 
BS-added electrolyte was well retained. Considering that the ratio of 
(003)/(104) indicates with Li+/Ni2+ cation mixing[69], these results 
indicate that a significant number of cations in the sample using the base 
electrolyte migrated from the TM layer to the Li layer after cycling, and 
BS additive can successfully protect the overall crystal structure of Li 
[Ni0.75Mn0.25]O2. In addition, Fig. 3e reveals the presence of an inho-
mogeneous and uncontrolled CEI layer in the sample using the base 
electrolyte. The CEI layer exhibited significant thickness variation, 
ranging from ~16.72 nm to ~1.93 nm and this uneven thickness of the 
CEI layer contributes to the degradation of the cathode surface. On the 
other hand, the sample using BS 1wt% electrolyte exhibited formation of 
a robust and homogeneous CEI layer, protecting the electrode from 
degradation despite of the same conditions (Fig. 3f). Moreover, SEM 
analyses were performed on the cathode and anode electrodes of both 
samples using base and 1wt% BS-added electrolytes to evaluate the 
stability of the electrodes under repeated charge/discharge cycles ac-
cording to the presence or absence of BS additives (Fig. 3g–j). After 200 
cycles, the surface of the Li[Ni0.75Mn0.25]O2 electrode using base elec-
trolyte experienced complete surface destruction, leading to the expo-
sure of the electrode’s interior and even the fracturing of secondary 
particles. Similarly, that of graphite electrode also suffered several 
damage on surface and showed the critical cracks on particles. In 
contrast, both the Li[Ni0.75Mn0.25]O2 and graphite electrodes using the 
1wt% BS-added electrolyte exhibited a smooth and clean surface 
morphology, devoid of significant damage, resulting from the formation 
of a stable CEI layer. Furthermore, it was demonstrated that BS additive 
helped to suppress TM dissolution after long-time cycles compared to 
base electrolyte sample through SEM EDS-mapping using graphite 
electrodes after 200 cycles. (Fig. S16). 

To further verify the effect of CEI-controlling in practical industrial 
systems, a Li[Ni0.75Mn0.25]O2‖graphite full cell was tested in the 5.8 Ah 
prismatic cell system. The prismatic cell, with a capacity of 5.8 Ah, 
underwent 1000 charge-discharge cycles within the voltage range of 
3.0–4.4 V. The cycling was conducted at the charge current density of 
100 mA g− 1 and the discharge current density of 200 mA g− 1 and the 
CC–CV based charging protocol with a cut-off of 40 mA g− 1 during 
charge. Moreover, DC-IR analyses were conducted by recharging the cell 
to 50 % SOC, then discharging it for 10 s at 200 mA g− 1. As shown in 
Fig. 3k and S17, the presence of BS contributed to stable long-term 
cycling, even at the high capacity of 5.8 Ah. In addition, the reference 
performance test (RPT) was performed with the charge/discharge cur-
rent densities of 66 mA g− 1 every 60 cycles up to 1000 cycles using the 
base and 1wt% BS-added electrolyte to assess standard capacity. It was 
verified that the degraded capacity of the prismatic cell using the base 
electrolyte was recovered after RPT and then sharply decayed in the 
afterward cycling. Furthermore, the full cell test on the coin cell system 
was conducted under identical electrochemical conditions to those of 
the prismatic cell system (Fig. S18). Consequently, both cycle-tests re-
sults of the coin and prismatic cell systems clearly showed the enhanced 
cyclability at the high charging cut-off voltage by application of 1wt% 
BS additive in the base electrolyte. DC-IR was calculated from the 

voltage change over current (ΔV/I) during this brief interval. Fig. S19 
shows that 1wt% BS addition was found to have a positive influence on 
alleviating the internal resistance during long-term cycles. The prismatic 
cell using the base electrolyte showed a ΔDC-IR of 11.77 mΩ, while in 
the case of the prismatic cell using 1wt% BS-added electrolyte, this value 
was significantly lower at just 9.03 mΩ. Hence, these findings highlight 
the significant potential of BS as an electrolyte additive for the real in-
dustrial applications, facilitating stable operation at the high voltage for 
Co-free Li[Ni0.75Mn0.25]O2. 

3.4. Suppressed structural degradation by application of BS additive 

Previous studies reported occurrence of the phase transition of the 
Ni-rich NCM cathode from the original hexagonal structure (H1) to the 
monoclinic phase (M), followed by the second hexagonal phase (H2) and 
the third hexagonal phase (H3) [15,70,71]. During initial delithiation 
process, the c-lattice parameter is enlarged owing to O–O repulsion. 
However, after further delithiation to high voltage region (4.5 V vs. 
Li/Li+), the significant lattice shrinkage along the c-direction is occurred 
with phase transition to the H3-phase, which leads to volume changes 
and the accumulation of local stress, ultimately resulting in the forma-
tion and propagation of micro-cracks in secondary particles. In the case 
of Li[Ni0.75Mn0.25]O2, the 4.5 V charging process is essential to get the 
high energy density, thus, it is very important to suppressed the severe 
structural degradation occurred during charge/discharge. 

We conducted operando XRD analyses to understand the structural 
evolution of Li[Ni0.75Mn0.25]O2 during charge/discharge and investi-
gate how the BS additive suppress the structural degradation during 
charging to the high voltage region. The electrochemical tests for the 
operando XRD analyses was measured in the current density of 30 mA 
g− 1 at 45 ◦C based on the half cell system. As shown in Fig. 4a-b and S20, 
the XRD patterns of the sample using the base electrolyte exhibited a 
noticeable shift that depended on the SoC. Specifically, the shift of the 
(003) reflection towards lower 2θ angles in the voltage range of 3.0 to 
4.1 V (vs. Li+/Li) indicates a progressive increase of the c-lattice 
parameter, which is associated with the H1-H2 phase transition in Li 
[Ni0.75Mn0.25]O2. Subsequent delithiation occurred during charging 
from 4.1 V to 4.5 V caused a substantial contraction of the c-axis during 
the H2-H3 phase transition, resulting in a noticeable shift of the (003) 
reflection towards higher 2θ angles within contraction along the c-axis 
by ~2.6 %. Interestingly, the application of BS additive in the electrolyte 
provided highly enhanced structural stability of Li[Ni0.75Mn0.25]O2 
under same conditions (Fig. 4c-d). The sample using the 1wt% BS-added 
electrolyte delivered smaller shift of the maximum 2θ angle during the 
H2-H3 transition than that using the base electrolyte, despite of almost 
same specific capacities for both samples. The c-axis contraction in the 
sample using the 1wt% BS-added electrolyte during charging from 4.1 V 
to 4.5 V is just ~1.7 %, which is attributed to the stable protection of Li 
[Ni0.75Mn0.25]O2 by the BS-based CEI layer. Moreover, it indicates that 
the stable formation of the CEI layer in the NMX cathode through BS 
application can result in not only suppression of the side reactions 
occurring at high voltages but also reduced lattice parameter variations 
and suppressed H2-H3 phase transition during charge/discharge, 
thereby inhibiting structural degradation of NMX cathode for prolonged 
cycling and improving the cycle-performance. 

Furthermore, the dQ/dV analyses of Li[Ni0.75Mn0.25]O2‖graphite 
full-cell depending on BS additive in the electrolyte supported the 
operando XRD results (Fig. S21a-b). Interestingly, the voltage regions at 
3.6–3.9 V indicating the monoclinic phase were noticeably different for 
both samples using the based and 1wt% BS-added electrolytes. While the 
presence of the monoclinic phase was difficult to confirm in the dQ/dV 
curves when using the base electrolyte after 200 cycles, it was evident in 
the case of the 1wt% BS-added electrolyte even after 200th cycles. These 
findings suggest that Li[Ni0.75Mn0.25]O2 using the base electrolyte un-
dergoes the undesirable phase transition without the monoclinic phase 
due to the severe structural degradation during prolonged cycling with 
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the high charging cut-off voltage. In contrast, the application of BS ad-
ditive allows for a stable and smooth phase transition during charge/ 
discharge, including monoclinic phase even after 200th cycles, which 
results from the protection of Li[Ni0.75Mn0.25]O2 structure by the stable 
BS-based CEI layer even in the high voltage region. As shown in 
Fig. S21c, it was observed that the proportion of the dQ/dV in the 
4.1–4.45 V range for 200 cycles exhibited greater increase in the sample 
using the base electrolyte (+2.16 %) than that in the 1wt% BS-added 
electrolyte (+1.37 %). These results imply that H2-H3 phase transition 
during cycling was heavier occurred in the base electrolyte than the 1wt 
% BS-added electrolyte. Thus, we confirmed that the application of the 

BS additive effectively suppresses the H2-H3 transition of Li 
[Ni0.75Mn0.25]O2 structure in the full cell even after charging to 4.45 V, 
leading to improving the structural stability during the prolonged 
cycling. 

Additionally, we compared high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images between the 
samples using the base and 1wt% BS-added electrolytes after 10 cycles 
(Fig. 4e–g). In the case of the sample using the base electrolyte, it 
experienced severe structural degradation with formation of the rock- 
salt (Fm3m) phase in most of the surface region, which indicates that 

Fig. 4. Operando/ex-situ XRD patterns and change in lattice parameter c of Li[Ni0.75Mn0.25]O2 using (a, b) base electrolyte, (c, d) 1wt% BS-added electrolyte during 
charge/discharge. HAADF-STEM images and FFT image of marked region of (a) fresh electrode and after 10 cycles using (f) base electrolyte, (g) 1wt% BS-added 
electrolyte. 
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the high structural instability of Li[Ni0.75Mn0.25]O2 in the full cell during 
cycling in the harsh conditions (4.45 cut-off voltage and 45 ◦C opera-
tion). On the other hand, the sample using 1wt% BS-added electrolyte 
exhibited the relatively suppressed structural change of the surface to 
the mixed structure with layered and spinel-like (Fd3m) phases, not the 
rock-salt phase at the same harsh conditions. These results also imply 
that TM dissolution in the surface of Li[Ni0.75Mn0.25]O2 is effectively 
minimized through application of BS additive, which is also demon-
strated using the ex-situ XPS analyses (Fig. S22–23). The formation of 
TM fluorides, such as MnF2 and NiF2, can serve as a direct indicator of 
TM dissolution. In the Mn and Ni 2p3/2 spectra, the sample using the 
base electrolyte sample exhibited higher peaks corresponding to MnF2 
(~642.1 eV) and NiF2 (~858.3 eV), in comparison to that using the 1wt 
% BS-added electrolyte. These results suggest that the BS additive en-
ables reduced TM dissolution due to the effective formation of a pro-
tective CEI layer in the harsh operation conditions for the Li 
[Ni0.75Mn0.25]O2‖graphite full cell. 

4. Conclusion 

In order to take advantage of the low-cost Li[Ni0.75Mn0.25]O2 cath-
ode, raising the cut-off voltage from 4.3 V to 4.5 V (vs. Li/Li+) was 
crucial to compete with conventional cathodes in terms of energy den-
sity. However, the pursuit of higher energy density came with chal-
lenges, as the cell’s vulnerability to instability at the high voltage by 
structural degradation. To address this challenge effectively, we pro-
posed a strategy involving the introduction of an electrolyte additive, BS 
to promote the formation of homogeneous and stable CEI layer even at 
the high voltage, thereby enhancing the structural stability. Using first 
principles calculation and various experiments, it was confirmed that BS 
with lower HOMO energy than other well-known electrolyte additives 
enables the formation of the homogeneous and stable CEI layer on the 
surface of Li[Ni0.75Mn0.25]O2 cathodes during charging to the high 
voltage. Moreover, we clearly demonstrated that the BS-based CEI layer 
effectively protected the Li[Ni0.75Mn0.25]O2 cathode, preserving its 
crystal structure and particle morphology even in the high voltage 
charging process (to ≈4.5 V vs. Li/Li+), using operando XRD, ex-situ 
HAADF STEM analyses, etc. These findings indicate that the application 
of the BS additive can help to stabilize the operation of the Li 
[Ni0.75Mn0.25]O2-based full cell with high energy density in the high 
voltage condition, resulting in the highly enhanced cyclability and 
power-capability. Especially, in the 5.8 Ah prismatic cell system, BS- 
based electrolyte enables excellent cyclability with a capacity reten-
tion of ~78% for 1000 cycles, which is more outstanding than the base 
electrolyte. We believe this study provides valuable insights into un-
derstanding the compatibility between target usage conditions and the 
entire chemical landscape within a LIB cell when designing a cell that 
combines ultra-low cost, ultra-high energy density, and ultra-stable 
properties. 
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[41] A. Schäfer, H. Horn, R. Ahlrichs, Fully optimized contracted Gaussian basis sets for 
atoms Li to Kr, J. Chem. Phys. 97 (1992) 2571–2577. 
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