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A B S T R A C T   

The practical application of high-voltage lithium cobalt oxide (LCO) has been hampered by the severe degra
dation of its structural integrity. In this work, a protective bilayer was fabricated on LCO surfaces by means of 
large-scale and facile electrolyte engineering. The protective bilayer consisting of a LiF-rich cathode-electrolyte 
interphase (CEI) as the outermost layer and a layer of disordered spinel structure as the inner layer was uniformly 
fabricated in-situ. The high-resistance CEI layer inhibited the fast transfer of Li ions from LCO to bulk electrolyte 
during the first few cycles, resulting in the significantly increased local overpotential on the LCO surface. As a 
consequence, the LCO surface underwent a phase transformation from the layered phase to the spinel phase first, 
forming the spinel phase inner layer due to the voltage rising beyond 4.55 V (vs. Li/Li+). The CEI and spinel 
layers effectively blocked the dissolution of transition-metal (TM) ions into the electrolyte during cycling and 
inhibited the formation of the structurally defective rock-salt phase that would hasten cycling-induced structural 
degradation. The formation of the protective bilayer effectively prevented the phase transition from the bulk 
layered LCO structure into spinel and then rock salt, thereby reducing decay of its cycling capacity. Remarkably, 
the graphite||LCO pouch cell with optimized electrolyte retained 78.9% of its capacity even after 1000 cycles 
under the operation voltage window of 3.0–4.55 V (vs. Li/Li+). This study provides guidance for the development 
of effective surface treatment strategies for stable layered cathodes with high capacity and cyclability.   

1. Introduction 

Lithium-ion batteries (LIBs) are widely used for energy storage due to 
their long lifespan and high energy density [1–3]. As one of the most 
popular cathode materials, LiCoO2 (LCO) has garnered increased 
attention from academia and industry due to its high theoretical ca
pacity (274 mAh g− 1), high volumetric energy density, and good 
Li+/electrons conductivity [4,5]. Despite its increasing price [6,7], 
markets of LCO cathode materials continue to flourish, particularly in 3C 
electronic devices. However, the low charging cut-off voltage of 4.45 V 
(vs. Li/Li+) currently used for LCO significantly restricts its practical 
capacity to approximately 170 mAh g− 1[4,8]. Typically, when charged 
to voltages higher than 4.5 V (vs. Li/Li+), the deleterious phase transi
tion occurs from the O3 hexagonal phase to the H1-3 hybridized phase 

[5]. This detrimental transition increases the internal strain, leading to 
cracks and pulverization of LiCoO2 particles, ultimately resulting in 
irreversible phase transitions and serious performance degradation 
[9–12]. Besides the failure of bulk structures, surface instability is 
another critical factor that plays a vital role in electrode material sta
bility [9]. The high-valence Co content on LCO surfaces can trigger the 
oxidative decomposition of the electrolyte, while oxygen loss and cobalt 
dissolution occurs from the surfaces to its cores, exacerbating irrevers
ible phase transition and serious performance degradation of LCO at 
high voltage [13–16]. 

Many strategies have been proposed to enhance the cycle stability of 
LCO under high voltage conditions [4,10,17–24]. Element doping and 
surface coating are the most effective techniques identified to date [17, 
23–28]. However, element doping reduces the specific capacity of LCO 
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and increases the complexity of industrial production due to the 
demanding process requirements [17]. Additionally, although surfacing 
coating can improve the electrochemical performance of LCO in some 
cases, most coating layers lack of self-healing capability, thus dimin
ishing the coating’s effectiveness over repeated cycles. Therefore, there 
is a pressing need to devise a straightforward approach for enhancing 
the cycling stability of high-voltage LCO. Optimizing the electrolyte 
composition is a viable approach to address the challenges by estab
lishing a dense and effective cathode-electrolyte interface (CEI) film on 
the surface of LCO [14,29–36]. A robust CEI enables fast Li-ion trans
mission, isolates LCO from electrolytes, restricts irreversible phase 
transformation, and Co dissolution [31]. Electrolyte solvents optimiza
tion is one of the most wildly utilized strategies. Recently, Wang et al. 
[31] designed an all-fluorinated electrolyte containing 1.0 M LiPF6 in 
fluoroethylene carbonate / methyl (2,2,2-trifluoroethyl) carbonate / 1, 
1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether (FEC/FEMC/TTE) 
with 2 wt% tris(trimethylsilyl)borate (TMSB) as an additive. The elec
trolyte demonstrated high oxidation resistance, leading to a robust CEI 
and stable cycling of single crystal LCO at 4.6 V (vs. Li/Li+) with 75% 
capacity retention after 300 cycles at a current density of 0.5C. How
ever, the utilization of all-fluorinated solvents in solvent regulation may 
increase the cost and contradict industrial production. Hence, intro
ducing sacrificing additives into commercial electrolytes is a 
cost-efficient and effective strategy for enhancing interface stability. For 
instance, Yang et al. [34] used Potassium Selenocyanate (KSeCN) as an 
electrolyte additive in a high-voltage LCO cathode system and achieved 
roughly 60% capacity retention after 940 cycles at 4.6 V (vs. Li/Li+), 
owing to the formation of a compact and robust CEI. 

Phosphorus-based lithium bisoxalatodifluorophosphate (LiDFBP) is 
a promising electrolyte additive that can form stable CEI on cathode 
materials [37–44]. However, LiDFBP production process is always 
accompanied by large quantities of by-products, including lithium tet
rafluoro(oxalato)phosphate (LiOTFP) that has low solubility in a 
carbonate-based electrolyte, almost less than 1 wt%. Purifying LiDFBP 
not only increases production and utilization costs but also wastes the 
valuable additive LiOTFP. In this work, we directly introduced LiDFBP 
mixtures containing 40 wt% LiOTFP into the baseline electrolyte (1.0 M 
LiPF6/EC-EMC-DMC=1/1/1 v%) with tris(perfluorophenyl)borane 
(TPFPB) as the co-solvent. The as-prepared electrolyte was observed to 
form a dense, robust, and thick cathode-electrolyte interphase (CEI) 
layer comprising massive B-containing, P-containing and LiF inorganic 
composition on the lithium cobalt oxide (LCO) cathode. The CEI layer 

stabilizes the surface and bulk structure of the LCO cathode, inhibiting 
Co dissolution and irreversible phase transition of the LCO surfaces. 
Further characterization showed that after several activation cycles, a 
thin Co3O4 spinel phase surrounded by the CEI occurred at the LCO 
surface, further protecting the LCO bulk from irreversible phase transi
tion (Fig. 1). As a result, the Li||LCO half-cell using this electrolyte 
exhibited 80.1% capacity retention after 400 cycles at a current density 
of 200 mA g− 1 between 2.7 and 4.6 V (vs. Li/Li+). The optimized elec
trolyte used in the fabricating graphite||LCO pouch cell displayed 
excellent long cycling stability, retaining approximately 78.9% capacity 
after 1000 cycles at 1C. This research provides a practical approach for 
electrolyte optimization in high-voltage LIBs. 

2. Experimental section 

2.1. Materials 

Commercial LCO material was purchased from WeiMing Co., Ltd., 
China. The artificial graphite material was purchased from Shenzhen 
BTR Tech Co., Ltd., China. The baseline electrolyte (BE) comprising 1.0 
M LiPF6 in EC/EMC/DMC=1/1/1 was purchased from DodoChem. The 
TPFPB co-solvents was purchased from Ark Tech Co., Ltd. and LiDFBP 
additive was purchased from Changsha T-rock Biochem Co., LTD. The 
designed electrolyte (DE) was obtained by adding specific amounts of 
TPFPB and LiDFBP mixture into BE in the Ar gas-filled glovebox of 
MIKROUNA. The cathode for coin cells comprised 90 wt% active LCO, 5 
wt% Super P and 5 wt% polyvinylidene fluoride (PVDF) while the anode 
comprised 70 wt% graphite, 20 wt% Super P, 4 wt% sodium carbox
ymethyl cellulose (CMC), and 6 wt% styrene butadiene rubber (SBR). 
The anode for pouch cells was composed of 94.5 wt% graphite, 2.5 wt% 
Super P, 1.5 wt% CMC and 1.5 wt% SBR while the cathode was 
composed of 97 wt% cathode material LCO, 1.5 wt% Super P, and 1.5 wt 
% PVDF. The mass loadings of graphite anodes and LCO cathodes for 
coin cells were about 2.0 and 6.8 mg cm− 2, respectively. The mass 
loadings of the graphite anode and the LCO cathode for pouch cells were 
10.2 and 16.2 mg cm− 2, respectively. Each pouch cell was filled with 6 g 
of the electrolyte. 

2.2. Electrochemical measurements 

All the coin cells mentioned in the paper were assembled by CR2032 
coin cells in the argon-filled glovebox with Celgard 2400 (16 mm in 

Fig. 1. The scheme of proposed dual-protective layer for LCO cathode.  
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diameter) as separator. Then the assembled coin cells were tested on a 
NEWARE battery test system. The pouch cells were performed using the 
constant current (CC) charging and discharging profile and 10 s rest was 
implemented after every cycling. Liner sweep voltammetry (LSV), cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
were tested on the Solartron Analytical 1470E electrochemical work
station. LSV and CV curves were tested with a scan rate of 0.5 and 0.2 
mV s− 1 respectively. The frequency range of EIS from 1000 kHz to 0.1 
Hz with the AC signal amplitude of 10 mV. 

2.3. Characteristics 

Raman data and FTIR spectra were collected using a Laser Confocal 
Raman Spectrometer (Renishaw InVia) and a Nicolet Avatar 360 spec
trophotometer (KBr tablet), respectively. Nuclei magnetic resonance 
(NMR) spectra (1H NMR and 13C NMR) were recorded using Bruker 
DPX 400 MHz spectrometers. The crystal structure of the samples was 
analyzed using a Bruker D8 Advance diffractometer (with Cu Kα radi
ation, at λ = 0.154 nm) for XRD analysis. Elemental analysis was con
ducted using ICP-OES (HORIBA JY2000-2). A scanning electron 
microscope (SEM, Zeiss SUPRA-55) with an X-Max EDS detector was 
used for the investigation of the morphology and elemental distribution 
of the samples. The in-suit Ultraviolet and Visible (UV) spectrum was 
performed on the UV-2450 spectrophotometer. TEM samples were 
prepared using the FIB, and HRTEM was performed using a JEM-100F 
microscope. X-ray photoelectron spectrometry (XPS) on a Thermo Sci
entific Escalab 250Xi spectrometer was used to investigate the chemical 
states of the selected elements. 

2.4. Computational details 

To investigate the dissolution characteristic and the impact of the 
added TPFPB and LiDFBP mixture on the CEI film-forming ability of 
electrolyte, quantum chemistry calculations were implemented to pre
dict binding energies and the frontier molecular orbital energy of sol
vents and additives using the Gaussian 09 program package. The 

calculations were all performed at B3LYP/6–311G (d) level. The binding 
energies were defined as the energy differences between the different 
molecules, namely the binding energy = Eab – Ea - Eb. 

3. Result and discussion 

3.1. Dissolution characteristics of LiDFBP mixture 

To generate LiDFBP according to previous reported [45,46], LiOTFP 
is often generated alongside, which has low solubility in 
carbonate-based solvent. Further purification procedures lead to 
increased production expenses and unnecessary waste of promising Li 
salt additive LiOTFP. A LiDFBP mixture containing 40 wt% LiOTFP can 
be used directly only after increasing the solubility of LiOTFP in 
carbonate-based electrolytes. This issue can be addressed by adding 
electron-withdrawing TPFPB as co-solvent additives [47–50]. As can be 
observed from Fig. S1, upon the addition of 0.5 wt%, 1.5 wt% and 2 wt% 
of TPFPB, the solubility of 1.5 wt%, 5 wt%, and 7.5 wt% of LiDFBP 
mixture in BE was achieved and no precipitation was observed, which 
meant the insoluble LiOTFP dissolved with the help of TPFPB. 

To examine the dissolution properties of LiDFBP mixture with 
TPFPB, Nuclear Magnetic Resonance (NMR) spectroscopy was con
ducted using a single EMC solvent in order to simplify the analysis and 
more effectively demonstrate the changes in the solvation structure. 
Figs. 2a and S2 show that upon the addition of 1.5 wt% TPFPB to pure 
EMC, the 1H chemical shifts of EMC molecules underwent various shifts 
towards lower magnetic field values to a different extent, indicating an 
increased deshielding effect. The H atoms bound to carbons close to 
C=O groups showed larger shifts (Fig. S2), which could be attributed to 
the enhanced electron-withdrawing inductive effect of the C=O groups 
in EMC molecules, indicating their participation in coordination with 
electron-withdrawing groups. Simultaneously, 19F chemical shift of 
TPFPB molecules, assigned to the three types of fluorine atoms on the 
benzene ring [51,52], shifted respectively, confirming the change of 
TPFPB coordination conditions (Fig. 2b). The electrostatic diagram ob
tained through DFT calculation revealed the impact of TPFPB on EMC. 

Fig. 2. The dissolution characteristics of LiDFBP mixture. (a) 1H (b) 19F signals of pure EMC solvent, EMC-1.5 (EMC solution with 1.5 wt% TPFPB) and EMC-1.5–5 
(EMC solution with 1.5 wt% TPFPB and 5 wt% LiDFBP mixtures), respectively. (c) The calculated electrostatic diagram of EMC and TPFPB molecular. (d) The 
calaulated binding energy of TPFPB-EMC, TPFPB-DFBP− and TPFPB-OTFP− . (e) The FTIR spectra of EMC, EMC-1.5 and EMC-1.5–5, respectively. 

H. Zhang et al.                                                                                                                                                                                                                                  



Energy Storage Materials 62 (2023) 102951

4

As shown in Fig. 2c, the electrostatic diagram clearly indicates that the 
C=O bond of EMC displayed stronger electronegativity, whereas the B 
atom of the TPFPB molecule exhibited the strongest electropositivity. 
These findings confirmed the potential coordination interactions exist
ing between the -C=O and -B groups. Upon adding 5 wt% LiDFBP 
mixture to the EMC/TPFPB solution, the 1H signals of EMC and 19F NMR 
signals of TPFPB shifted to higher fields simultaneously, indicating the 
preference of TPFPB to bind with DFBP− or OTFP− than EMC molecules. 
Fig. 2d illustrates that the coordination energy of 
TPFPB-OTFP− (-0.8777 eV) and TPFPB-DFBP− (-0.3844 eV) was lower 
than TPFPB-EMC (-0.2293 eV). This suggests that TPFPB tended to 
combine with OTFP− or DFBP− more than with EMC molecules. 

Fourier transform infrared spectrometry (FTIR) was employed to 
investigate the coordination interactions between TPFPB and LiOTFP or 
LiDFBP. Fig. 2e shows that the peak at 1746 cm− 1, which was attributed 
to the C=O group of EMC[49], experienced a slight red-shift to 1748 
cm− 1 upon the addition of 1.5 wt% TPFPB, due to the coordination in
teractions between EMC and TPFPB. Then, the introduction of 5 wt% 
LiDFBP mixture resulted in the binding of TPFPB molecules with OTFP−

or DFBP− and EMC molecules were left as free molecules. Therefore, the 
FTIR peak of the C=O group returned to 1746 cm− 1. These findings offer 
insights into the mechanism that underlies the dissolution of LiDFBP 
mixture in pure EMC solvent, with the aid of TPFPB. To further inves
tigate the dissolution characteristics of LiDFBP mixtures in real elec
trolyte systems, we obtained FTIR spectra of the baseline electrolyte 
(1.0 M LiPF6 in EC/EMC/DMC=1/1/1 by volume) and the designed 
electrolyte (1.0 M LiPF6 in EC/EMC/DMC=1/1/1 by volume with 1.5 wt 
% TPFPB and 5 wt% LiDFBP mixture), as presented in Fig. S3, which 
confirmed previous findings. In combination with the calculated atomic 

charges of the components in this electrolyte system (Fig. S4), it can be 
concluded that extra OTFP− can exist in the form of TPFPB-OTFP− . As a 
result, the solubility of LiOTFP could be notably enhanced. 

3.2. The CEI generating ability of the electrolyte 

The additive played a pivotal role in altering the physical properties 
of the base electrolyte (BE). By introducing TPFPB and LiDFBP mixtures 
in appropriate amounts, the electrolyte’s conductivity increased as the 
concentration of lithium salts rose. However, excessive additives had the 
opposite effect, decreasing the electrolyte’s conductivity. Fig. S5 shows 
that, among the tested combinations, the electrolyte with 1.5 wt% 
TPFPB and 5 wt% LiDFBP mixture exhibited the highest conductivity. 
Hence, we selected this electrolyte as the designed electrolyte (DE). 

Fig. 3a presents the molecular structure of the potential species in the 
electrolyte, along with their corresponding highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) en
ergies. Notably, free OTFP− or TPFPB-OTFP− displayed the highest 
HOMO energy values among the species in the electrolyte, indicating 
their preference to decompose and form cathode-electrolyte interface 
CEI onto the cathode material surface. Fig. S6 displays the linear sweep 
voltammetry (LSV) curves of BE and DE. Interestingly, DE exhibited 
strong oxidation current around 4.3 V (vs. Li/Li+) and the magnified 
shot revealed that DE initiated decomposition at 3.5 V (vs. Li/Li+). This 
low oxidation resistance was a result of the presence of free OTFP− or 
TPFPB-OTFP− , which preferentially forms CEI on the cathode surface, 
consistent with computational results. After two activation cycles at a 
current density of 0.2C (1C=200 mA g− 1), the SEM images in Fig. S7 
displayed that while the surface of the LCO electrode in BE remained 

Fig. 3. The CEI generating ability of the designed electrolyte and the CEI characteristics. (a) Calculated HOMO and LUMO of different molecular. (b) The TEM 
images of LCO particles cycled in (c) BE and (d) DE after 50 cycles at 1C. (d) F 1s and (e) O 1s core spectra of LCO electrode surface after 50 cycles in BE at 1C. (f) F 1s, 
(g) O 1s and core spectra of LCO electrode surface after 50 cycles in DE at 1C. The atomic percent of C, F, O and Co elements changes with the sputtering time from 
0 to 90 S of LCO electrolyte surface after 50 cycles at 1C in (h) BE and (i) DE. 
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smooth, a significant number of decomposition products appeared on 
the LCO surface in DE, demonstrating that DE had exceptional CEI for
mation capacity. Fig. 3b and c showed the high-resolution transmission 
electron microscopy (HR-TEM) images of LCO particles that were cycled 
in BE and DE after 50 cycles at a current density of 1C (200 mA g− 1). 
After being cycled in BE, the surface of LCO particles displayed uneven 
CEI film with thickness distributions that ranged from 8 to 14 nm 
approximately. In contrast, a more uniform CEI film with a thickness of 
roughly 19 nm was formed in DE. Additionally, through energy 
dispersive spectrometer (EDS) mapping of the two types of LCO particles 
cycled in different electrolytes (Figs. S8 and S9), an increased concen
tration of F element on the LCO surface after cycling in DE was observed. 
Furthermore, the Pt element (acting as a protective layer when prepared 
by the focused ion beam (FIB)) was even able to penetrate the BE- 
induced CEI and reach the LCO surface, while the DE-induced CEI 
exhibited a high dense and smooth surface, illustrating the superior CEI 
formation ability of DE. These findings demonstrated that DE is inclined 
to produce thick and uniform CEI layers that can help maintain the 
cycling stability of LCO under high-voltage circumstances, which will be 
discussed later. 

XPS was performed to investigate the CEI properties on the LCO 
surface. The F 1s core spectra in BE (Fig. 3d) showed that the intensity of 
LiF (685.5 eV) [53,54] increased with the increase of sputtering time, 
while the content of C-F bonds (687.6 eV) decreased, indicating that LiF 
was more likely to appear in the inner layer of CEI. For the O 1s spectra 
(Fig. 3e), the contents of C–O (533.2 eV) and C=O bonds (531.6 eV) 
decreased with the increase of etched depth, while the content of M-O 
bonds (529.9 eV) [44], represented Co-O bonds in this system, which 
was ascribed to the dissolved Co3+ and bulk LiCoO2) increased. The 
contents change of corresponding bonds of LCO surface in DE showed 
the same trend. However, the F 1s XPS spectra (Fig. 3f) revealed that the 
LiF content in DE was higher than that in BE, which could effectively 
stabilize the CEI. In addition, the B-F/P-F bonds (686.6 eV) [55,56] 
appeared in the LCO surface in DE, which was almost ascribed to the 
composition of TPFPB-OTFP− species and played an important role in 
stabilizing CEI. Furthermore, as shown in Fig. 3g, fewer M-O bonds were 
contained in the LCO surface in DE, especially without sputtering, 
indicating less Co3+ dissolution. In addition, the LCO surface in DE also 
contained P-O bonds (134.4 eV) and P-M bonds (130.2 eV, which was 
ascribed to P-Co bonds in this system, Fig. S10a) [57,58], while P ele
ments appeared only when there was no sputtering on LCO surface in BE 
(Fig. S10b). Apparently, in the absence of sputtering, there was no M-O 
bonds in LCO surface in DE, indicating that the P element could bind to 
the Co3+ to be dissolved, inhibiting the dissolution of Co3+. In addition, 
the B element produced by TPFPB-OTFP− decomposition further stabi
lized the CEI of DE (Fig. S11). Fig. 3h and i also show the atomic ratio of 
C, F, O and Co elements in LCO surface with BE and DE. Obviously, more 
F element emerged in the CEI derived from DE, especially with sput
tering, approximately 3 times that of BE. Specifically, irrespective of the 
duration of etching, the content ratio of LiF in DE-induced CEI was 
consistently higher than that of BE. Furthermore, the presence of 
B-F/P-F bonds resulted in less than 10% of the C-F bond being detected 
in the DE-induced CEI following 90 s of sputtering. This value accounted 
for only about a quarter of the BE-induced CEI (Fig. S12). The SEM-EDS 
mapping of the LCO electrodes after 50 cycles also confirms the presence 
of a higher amount of fluorine (F) element on the surface of LCO elec
trode after being cycled in DE, as shown in Figs. S13 and S14. It can be 
safe to conclude that there were more inorganic components in DE 
induced CEI, enabling the excellent stability. The C 1s spectra also 
confirmed that there was more compact and thicker CEI formed on LCO 
surface in DE from the less content of C-F bonds (290.0 eV) [37,38] at 
the LCO surface without sputtering (Fig. S15). 

3.3. The phase transformations of LCO surface 

During the charging process at a high cut-off voltage, the crystal 

structure of LCO particles is altered from a layered phase to a spinel 
phase [4]. Next, the spinel phase switches to a rock-salt phase, which 
results in the dissolution of Co3+ and the breakdown of the LCO surface 
lattice structure, causing the failure of the LCO cathode [5]. The for
mation of high-resistance CEI on LCO surfaces had an impactful role in 
the transformation of LCO’s phase. The CV profiles of LCO cycled in BE 
and DE are presented in Figs. 4a and S11. For DE, LCO showed a unique 
first charge curve where only a weak current density was observed from 
about 4.0 to 4.54 V (vs. Li/Li+). These findings indicated the transfer of 
Li ions from LCO to bulk electrolyte were inhibited during the first few 
cycles. Beyond 4.54 V (vs. Li/Li+), the current density increased sharply, 
which could be ascribed to the formation of lithium-ion transport 
channels inside the CEI layer. Notably, even if reverse scanning of the CV 
curve began, the oxidation current (other than the reduction current) 
continued to increase, demonstrating the presence of a high local 
over-potential existed on the LCO particle surface. Meanwhile, a new 
reduction peak appeared at ~3.58 V (vs. Li/Li+), indicating the forma
tion of a spinel phase. These findings were also observed in galvanostatic 
charge/discharge profiles (Fig. 4b). This can be attributed to the for
mation of a high-resistance CEI layer on the outer surface of LCO, 
inhibiting the fast transfer of Li ions from LCO to bulk electrolyte. Once 
the constant current charging was initiated, the voltage immediately 
reached above 4.55 V (vs. Li/Li+), resulting in the significant increase of 
the local overpotential on the LCO surface. As a consequence, the outer 
surface of LCO underwent a phase transformation from the layered 
phase to the spinel phase first, due to the voltage rising beyond 4.55 V 
(vs. Li/Li+). A discharge platform corresponding to the spinel phase 
occurred around 3.6 V (vs. Li/Li+). Ex-suit Raman spectroscopy 
demonstrated the presence of spinel layer, with the new peak around 
520.9 cm− 1 corresponding to the F2g Raman-active mode of Co3O4 
structure (Fig. 4c) [59–61]. To reveal the effect of the by-product 
LiOTFP, a new electrolyte was formulated, consisting solely of BE with 
1.5 wt% TPFPB and 5 wt% pure LiDFBP (LiDFBP in EMC solvent), as 
opposed to the 5 wt% LiDFBP mixtures previously employed. Figs. S16a 
and S16b indicate the absence of voltage changes in the range of 
4.0–4.54 V (vs. Li/Li+) or a CV reduction peak at approximately 3.58 V 
(vs. Li/Li+) during the initial cycle, which is indicative of spinel phase 
formation on the LCO surface. Thus, it is reasonable to conclude that 
LiOTFP, as the key component in the DE system, undergoes preferential 
oxidation to generate a dense CEI layer and further stabilize the spinel 
phase on the LCO surface during activation cycles. As the result, the 
electrolyte composed of BE with 1.5 wt% TPFPB and 5 wt% pure LiDFBP 
exhibited reduced cycling stability but improved rate performance when 
compared to that of DE (Fig. S16c and d). Fig. 4d presents the HR-TEM 
pattern of the LCO particle after cycling in BE, revealing a dissolved 
layer was clearly visible, implying that BE cannot effectively prevent the 
collapse of the surface structure of LCO under high voltage. In contrast, 
Fig. 4e displays a dense spinel layer with a thickness of roughly 2 nm 
formed on the LCO surface after cycling in DE without any observable 
dissolved LCO phases. The incorporated FTT pattern in the inset of the 
selected region of LCO confirmed the presence of a thin and condensed 
spinel layer [26]. These results indicated that the rapid formation of a 
dense CEI during the initial few cycles prevented the Co3+ dissolution 
and the phase transition of LCO surface, which led to the development of 
a thin spinel layer. As a result, a protective bilayer consisting of a 
LiF-rich cathode-electrolyte interphase (CEI) as the outermost layer and 
a layer of spinel structure as the inner layer was established in situ on the 
LCO particles. 

The in-suit constructed protective bilayer, featuring a thin inner 
spinel layer and a dense outer CEI, effectively prevents the irreversible 
transition of bulk phase and Co3+ dissolution. Concentrations of dis
solved Co on the separators of Li||LCO half-cells after certain cycles with 
different electrolytes were measured using an inductively coupled 
plasma atomic emission spectrometer (ICP-AES), as seen in Fig. 4f. 
Clearly, lower concentrations of dissolved Co were detectable after 
certain cycles in DE, indicating the good stability of LCO structure after 

H. Zhang et al.                                                                                                                                                                                                                                  



Energy Storage Materials 62 (2023) 102951

6

100 cycles. This can be attributed to the formation of a high impedance 
CEI during the first cycle, which induces phase transformation on the 
surfaces of LCO and forms a stable spinel phase, thereby preventing Co 
dissolution. To further investigate the phase transformation of LCO 
particles, HR-TEM analysis was conducted after 200 cycles at 1C be
tween 2.7 and 4.6 V (vs. Li/Li+). Fig. 4g displays that after cycling in BE, 
a thick rock-salt phase and a mixed phase with numerous rock-salt re
gion doped in the spinel phase were generated from the outer layer to 
the inside layer, which can be confirmed by the FTT patterns of the 
selected regions. This suggested that BE could not suppress the irre
versible phase transformation of LCO particles, as previously reported. 
However, upon cycling in DE, merely a mixed layer comprising a small 
amount of rock-salt phase and a higher fraction of spinel phase appeared 
at the outermost layer, and a significantly thicker layered phase was 
observed on the LCO surface (Fig. 4h). According to the EDS line scan 
data (Fig. S17), the elemental distribution along the depth reveals that 
the intensity ratio between Co and O elements at the surface of the LCO 
particle significantly increased after 200 cycles in DE. In contrast, no 
change in ratio was observed on the LCO surface cycled in BE, with only 
a decreasing trend for both elements. Thus, it confirms that, the dense 
Co3O4 structure formed in DE-induced LCO surface rather thanLixCoO2- 

type spinel-like surface, which stabilized the bulk crystal structures of 
LCO. In BE, the lack of a dense CEI and spinel phase caused the LCO 
surface to be highly unstable, resulting in the continual collapse of its 
layered structure and eventual dissolution into the electrolyte. This 
further confirmed that the protective bilayers greatly suppressed the 
irreversible phase transformation of bulk LCO during long cycles. 

To further investigate the effect of the designed electrolyte on 
structural deformation of LCO particles, in-suit Raman spectra analysis 
was carried out. Fig. 5a shows two characteristic peaks at 485 and 595 
cm− 1, corresponding to variations in the O–Co-O bending (Eg) and Co-O 
stretching (A1g) of LCO, respectively [59]. During the charging process, 
the LCO samples in both BE and DE exhibited similar trends. The in
tensity of Eg and A1g peaks in BE and DE decreased, indicating the 
weakening of the O–Co-O and Co-O bonds under high voltage [10]. 
However, BE did not show the corresponding peaks during the dis
charging process, but the corresponding peaks in DE gradually recov
ered. Fig. 5b shows the Raman spectra at OCP, charged to 4.6 V (vs. 
Li/Li+) and discharged to 3.0 V (vs. Li/Li+). As confirmed by previous 
analysis, the phase transformation process of LCO particles in DE was 
more reversible, and the spinel phase appeared when the LCO electrode 
was discharged to 3.0 V (vs. Li/Li+). This was contributed to the superior 

Fig. 4. The phase transformations of LCO electrode in different electrolytes. (a) CV profiles and (b) galvanostatic charge/discharge profiles at the first cycle of Li|| 
LCO half-cells in BE and DE, respectively. (c) The Raman spectra of pristine LCO electrode and the LCO electrodes after 10 cycles in BE and DE. The TEM image of 
LCO particle after 2 cycles in (d) BE and (e) DE with the current density of 0.2 C. (f) The contents of transition metal Co ions in different electrolytes after certain 
cycles. The HR-TEM images of LCO particles after 200 cycles under the operation voltage between 2.7 and 4.6 V (vs. Li/Li+) in (g) BE and (h) DE and the corre
sponding FTT patterns. 
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interaction between the dense CEI and LCO surface, as well as the spinel 
layer on the outer surface of LCO, prohibiting significant structural 
degradation during high voltage cycling. The irreversible phase trans
formation always generated Co3+ dissolution during the cycling process. 
Therefore, the in-situ Ultraviolet and Visible (UV) spectrum was per
formed to investigate the distinct Co3+ dissolution features at the first 
cycle with BE and DE. As shown in Fig. 5c, obvious characteristic peak 
around 470 nm attributed to Co3+ could be found after cycled in BE 
while there was no apparent peak emerged in DE [62]. The difference 
once again indicated the significant effect of DE in prohibiting the LCO’s 
irreversible phase transformation under high voltage operation. 

XRD patterns of LCO electrodes after cycles were performed to 
investigate the phase transformation reversibility of LCO in both BE and 
DE which was charged to 4.6 V (vs. Li/Li+) after different cycles (Figs. 5d 
and S18). After 10 and 50 cycles, two peaks assigned to the O3 and H1-3 
phases at 18.4◦and 19.3◦ [63], respectively, were observed in both 
electrolytes. The small peak at 19.3◦ of LCO electrodes in BE dis
appeared after 100 cycles, while it became shaper in DE. Consequently, 
the results indicated that the LCO cathode has poor H1-3 phase transfer 
ability after cycling in BE, while displaying satisfactory phase trans
formation reversibility in DE. This finding highlights the significance of 
the protective bilayers, comprising a dense CEI and a thin spinel layer of 
LCO, that significantly enhances the structural stability of LCO under 
high voltage. 

3.4. Electrochemical performance 

The cycling stability of the LCO cathode was investigated at a 4.6 V 
(vs. Li/Li+) cut-off charge voltage using Li||LCO half-cells. Fig. 6a shows 
that the LCO cathode displayed a high reversible discharge capacity of 
approximately 207 mAh g− 1 at 0.2C (1C = 200 mA g− 1). Remarkably, 
the capacity retention of 80.1% and 51.2% (in comparison with the third 
cycle) was attained following 400 and 1000 cycles at 1C in DE respec
tively. In contrast, the LCO electrode that cycled in BE degraded to 2% 
after 400 cycles. Moreover, the average coulombic efficiency (CE) of DE 
was 99.8% during 1000 cycles, significantly higher than that in BE. This 
could be attributed to the protective bilayer formation, which hindered 
the continuous electrolyte decomposition and the Co3+ dissolution on 
the LCO surface. 

Graphite||LCO pouch cells were assembled to investigate the prac
ticality of this electrolyte system. Fig. 6b illustrates the galvanostatic 
charge/discharge profiles of the punch cell using BE over various cycles, 
with a voltage range of 3–4.55 V (vs. Li/Li+) at 1C (1C=620 mA). The 
pouch cell with BE delivered an initial reversible capacity of 623 mAh 
with an initial coulombic efficiency of 98.1%. However, it exhibited 
severe capacity fading, with only 31.3% retention after 500 cycles. In 
contrast, the pouch cell using DE exhibited good cycling stability, 
experiencing only a slight capacity decay and retaining 97.7% capacity 
after 500 cycles as shown in Fig. 6c. Nevertheless, the initial reversible 
capacity was only 539 mAh, with an initial coulombic efficiency of 
97.6%, which was considerably lower than the corresponding value in 
BE. The reason for this can be ascribed to the interface’s high resistance 

Fig. 5. Structural and phase transformation analysis of LCO in different electrolytes. (a) In-situ Raman spectra evolution of the LCO particles in BE and DE at the Eg 
and A1g Raman active vibrational peaks during the first cycle at 0.5 mV s− 1. (b) The selected Raman spectra at different states of charge and discharge. (c) In-suit UV 
spectra of Co3+ ions in BE and DE during the first cycle and the corresponding CV profiles are depicted in the inset. (d) The XRD patterns of LCO electrodes cycled in 
BE and DE charged to 4.6 V (vs. Li/Li+) after different cycles at a current of 200 mA g− 1. 
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of CEI and SEI on cathode or anode [64,65]. Fig. S19 illustrates that the 
RCEI of Li||LCO cells with DE was higher than that with BE due to the 
thicker CEI and the presence of the spinel phase. The LCO half-cell using 
DE delivered slightly reduced capacities and significantly increased 
cycling stability at various C rates (Figs. S20 and S21). Similar findings 
were observed in Li||graphite half cells (Figure S22). In contrast to BE, 
the Li||graphite cell in DE displayed a slow activation process, 
notwithstanding its remarkable long cycling stability (Fig. S23). This 
was primarily due to the formation of a high-resistance SEI on the 
graphite anodes. 

A new electrolyte, designated as DE1, was developed to mitigate 
these effects by incorporating 0.5 wt% TPFPB and 1.5 wt% LiDFBP 
mixture in BE and optimizing its application in pouch cells. The 
graphite||LCO pouch cell utilizing DE1 exhibited a superior initial ca
pacity of 635 mAh at 1C, with the initial CE of the pouch cells escalating 
to 98.5%. Although there was slow capacity fading in the electrode, it 
still achieved a capacity retention of 88.5% even after 500 cycles 
(Fig. 6d). The cycling mean voltage of the pouch cells containing the 
three different electrolytes was depicted in Fig. S24. Compared to the 
BE, both DE and DE1 exhibited a higher mean operation voltage, indi
cating the boosted reversibility of the LCO structure in DE and DE1. The 
highest operation voltage in DE1 suggests that the optimized composi
tions could enable a high capacity retention rate while preserving the 
available reversible capacity, unlike DE. The pouch cell with BE had a 
high swollen ratio, rising up to 54.9% after 500 cycles (Fig. S25), due to 
severe side-reactions. However, the swollen ratio decreased significantly 
to 8.3% and 1.5% in DE and DE1, respectively. This finding indicates 
that both electrolytes inhibited the decomposition of electrolytes and 

the potential lithium plating. As a result, the average efficiency of DE 
and DE1 remained as high as 99.9%, exceeding BE’s 99.8% in the first 
500 cycles (Fig. S26). The long-term cycling performance of the pouch 
cells containing BE, DE, and DE1 was illustrated in Fig. 6e. The cell with 
BE exhibited quick failure after only 300 cycles, while DE demonstrated 
significantly increased cycling stability due to the protective bilayers on 
the LCO surface. However, capacity fading still occurred suddenly after 
about 600 cycles, primarily due to Li plating on graphite owing to the 
high resistance SEI. As depicted in Fig. S27, partial Li plating was 
evident on the graphite electrode after cycles with DE, while the 
graphite was almost entirely coated with plated Li after only 500 cycles 
with BE. In contrast, the optimized DE1 showed cathode stability and 
good resistance to Li plating on the graphite anode. Therefore, the pouch 
cell utilizing DE1 delivered a 78.9% capacity retention even after 1000 
cycles under the operation voltage windows of 3.0–4.55 V (vs. Li/Li+). 

4. Conclusion 

The production processes of solid-phase LiDFBP are always accom
panied by impurities, including LiOTFP. A further purification process 
not only increases production cost but also causes material waste. This 
study demonstrated that a LiDFBP mixture containing LiOTFP could be 
directly used in a carbonate-based electrolyte through employing TPFPB 
as the electron receptor. The optimized electrolyte thus obtained could 
achieve high cycling stability of high voltage LCO. By using NMR, FTIR, 
and DFT calculations, the dissolution characteristics of LiOTFP in a 
carbonate-based electrolyte were investigated. Our findings showed that 
a protective bilayer was constructed in-situ, consisting of a compact 

Fig. 6. The electrochemical performance of 
different electrolytes. (a) The cycling perfor
mance of LCO cathodes in BE and DE with the 
voltage range from 2.7 to 4.6 V (vs. Li/Li+) at 
1C (1C = 200 mA g− 1) after 2 activation cycles 
at 0.2C and areal mass loading of 6.8 mg cm− 2 

in Li||LCO half-cells. Galvanostatic charge/ 
discharge profiles of graphite||LCO pouch cells 
with different cycles at 1C (1C=620 mA) in (b) 
BE, (c) DE and (d) DE1 electrolyte, respectively. 
(e) The cycling performance of graphite||LCO 
pouch cells with different electrolytes at the 
current density of 1C.   
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cathode electrolyte interface (CEI) and a dense spinel layer on the LCO 
cathode surface, which effectively prevented the irreversible phase 
transformation of LCO under high voltage. Consequently, the Li||LCO 
half-cells demonstrated 80.1% and 51.0% specific capacity retention 
after 400 and 1000 cycles, respectively, at 1C under 4.6 V (vs. Li/Li+) 
cut-off charge voltage. The capacity retention of the graphite||LCO 
pouch cell using the optimized electrolyte reached 78.9% after 1000 
cycles at 1C, with the voltage range from 3.0 to 4.55 V (vs. Li/Li+). Our 
research establishes an effective and economical approach to enhance 
the energy density of lithium-ion batteries (LIBs). 
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