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a b s t r a c t

The battery energy density can be improved by raising the operating voltage, however, which may lead

to rapid capacity decay due to the continuous electrolyte decomposition and the thickening of elec-

trode electrolyte interphases. To address these challenges, we proposed tripropyl phosphate (TPP) as an

additive−regulating Li+ solvation structure to construct a stable LiF–rich electrode carbonate−based elec-

trolyte interphases for sustaining 4.6 V Li||LiCoO2 batteries. This optimized interphases could help reduce

the resistance and achieve better rate performance and cycling stability. As expected, the Li||LiCoO2 bat-

tery retained 79.4% capacity after 100 cycles at 0.5 C, while the Li||Li symmetric cell also kept a stable

plating/stripping process over 450 h at the current density of 1.0 mA/cm2 with a deposited amount of

0.5 mAh/cm2.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As one of typic commercial cathode materials, LiCoO2 has huge

potential as high–capacity cathode for lithium metal batteries

(LMBs) [1–3], especially coupled with Li anode [4–6], since only

half of the theoretical capacity of LiCoO2 can be delivered at the

cut–off voltage of 4.25 V. Thus, the energy density of Li||LiCoO2

batteries can be promoted by raising the cut–off voltage [7–10].

Unfortunately, traditional carbonates have strong binding ability

with Li+ that are difficult to desolvation, which leads to slow re-

action kinetics. Moreover, the strong coordination of EC and EMC

with Li+ lead to serious side reactions with LiCoO2, resulting in

loose porous organic cathode electrolyte interphase (CEI), which is

constantly broken/reconstructed during the charge/discharge pro-

cess, resulting in continuous consumption of electrolyte and rapid

capacity decay [11–13]. Moreover, the continuous accumulation of

non–conducting and fragile solid electrolyte interphase (SEI) leads

to poor interface stability and uncontrolled growth of Li dendrites,

which reduce the capacity and coulomb efficiency (CE) [14–19].

Therefore, it is very crucial to promote cycling stability and rate

capability by optimizing CEI and SEI in high–voltage Li||LiCoO2 bat-

teries [20–23].
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Electrolyte additive strategy is demonstated to effectively im-

prove CEI/SEI performance [24–28]. Among them, phosphates

are well–known co–solvents and additives due to their non–

flammability and film–forming properties [29–31]. Moreover,

phosphate–based additives are also reported to improve the cycling

performance of lithium–ion batteries at elevated temperatures by

constructing superior electrode electrolyte interphases [32]. How-

ever, the efficient phosphate–based additives are rarely reported in

high–voltage Li||LiCoO2 batteries.

In this work, we proposed an additive regulating Li+ solvation

structure strategy for constructing dual LiF–rich electrode elec-

trolyte interphases to support 4.6 V Li||LiCoO2 batteries. For the

cathode, the well–formed CEI with inorganic substances restrains

the harassing oxidative decomposition of solvents. For the anode,

TPP promotes the formation of SEI enriched in fluoride/phosphide

components, which facilitates uniform Li deposition and sup-

presses the formation of Li dendrites [33,34]. This work contributes

to a deep comprehensive understanding of the specific working

mechanism of phosphate additives.

To investigate the electrochemical stability and solvation effects

of the phosphate–based additives, the theoretical prediction based

on density functional theory (DFT) and molecular dynamics (MD)

simulations were carried out (Fig. 1). Among the molecules, EMC

and TPP have the highest HOMO and are easily oxidized while FEC
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Fig. 1. Theoretical prediction of phosphate−based additives. (a) LUMO (lowest un-

occupied molecular orbital) and HOMO (highest occupied molecular orbital) en-

ergy values of carbonate solvent molecules and TPP. Schematic diagrams of the

ESP charge distribution in the solvated sheath of (b) blank electrolyte and (c) TPP–

contained electrolyte. Molecular dynamics simulation of Li+ in different electrolytes,

the cumulative coordination number (n(r)) of Li+ with (d) PF6
− anion, (e) FEC

molecule, and (f) EC molecule.

and TPP exhibit the lowest LUMO and are easily reduced (Fig. 1a),

which provides a thermodynamic basis for the growth of inter-

phases. The MD simulation results in Figs. 1b-f show that the Li+

in the blank electrolyte is closely coordinated with EC and EMC,

which are carried to the electrode surface for oxidation to form

various loose and unstable organic by–products. As expected, the

highly electronegative O atom of TPP coordinates with Li+ and

occupies the solvated group, reducing the coordination number

of anions and solvent molecules due to its large steric hindrance

(Fig. S1 in Supporting information). Therefore, in the process of

charging, more free PF6
− are preferentially adsorbed on the surface

of the positively charged LiCoO2 under electrostatic action than

the Li+−solvent complexes, realizing the anion−dominated inner

Helmholtz plane (IHP) and the formation of inorganic species−rich

CEI layer. At the same time, the solvation degree of weakly coordi-

nated FEC increases with the influence of TPP, which is conducive

to the formation of LiF−rich SEI.

To build a deeper understanding of the phosphate−based ad-

ditive, the surface chemical compositions of CEI films formed in

different electrolytes were characterized by X−ray photoelectron

spectroscopy (XPS). As shown in Fig. 2, Figs. S2 and S3 (Support-

ing information), the depth profile of the LiCoO2 electrode was

detected by Ar sputtering at 2 min and 4 min. The CEI films in

all electrolytes contain organic components (C−F, C−O, C=O and

C−C/C−H) and inorganic components (Li2CO3, LiF and LiPFxOy).

The C signal peaks in Figs. 2a and b and Fig. S3 show that

the organic compounds (C−O, C−C peaks) from the decomposi-

tion of carbonate solvents are abundant in the CEI formed in the

blank electrolyte, suggesting a large amount of electrolyte con-

sumption during the cycling process. The organic−rich CEI is quite

tightly bound to the LiCoO2 surface and cannot withstand the large

volume changes generated by the oxide cathode during the cy-

cling process, resulting in CEI fragmentation and continuous side

reactions between the LiCoO2 and electrolyte during the lithia-

tion/delithiation process [35,36]. In sharp contrast, the anions are

well adsorbed in the IHP of LiCoO2 with the attraction of elec-

trostatic field due to the exisitence of TPP, and then decomposed

into the LiF−rich CEI. The bonding energy of the inorganic sub-

stances and transition metal oxide is relatively weak, which can ac-

commodate the repeating volume change during cycling and play

a positive role in protecting the cathode material [37]. In addi-

tion, the decomposition product LiF of PF6
− has a wide electro-

Fig. 2. XPS curves of CEI on LCO cathode, formed in different electrolyte systems.

C 1s spectra: (a) Blank electrolyte and (b) TPP−contained electrolyte. F 1s spectra:

(c) Blank electrolyte and (d) TPP-contained electrolyte. P 2p spectra: (e) Blank elec-

trolyte and (f) TPP-contained electrolyte. (g) Content of LiF of the CEI of blank and

TPP−contained electrolytes.

chemical stability window, which passivates LiCoO2 surface [38].

The LiF−rich CEI effectively hinders the interface side reactions be-

tween the highly oxidized LiCoO2 and the electrolyte, and reduces

solvent molecular consumption. As can be seen from Figs. 2c−g,

the strong signals of LiF and LiPFxOy in the inner layer of CEI with

TPP indicate the formation of anion−derived CEI, which is consis-

tent with the speculation. In addition, due to the highest HOMO, a

trace amount of TPP can be also decomposed on LiCoO2 to provide

phosphide components for CEI.

To visually assess the enhancement effect of TPP on LiCoO2

cathode, Li||LiCoO2 batteries with different electrolytes were mea-

sured in a voltage range of 3−4.6 V. As shown in Fig. 3a, the bat-

tery with TPP shows a little higher initial discharge capacity of

187.7 mAh/g while the capacity remained at 149.0 mAh/g with

a retention rate of 79.4% after 100 cycles. By contrast, the bat-

tery without TPP only shows a low retention rate of 67.9% over

100 cycles. The voltage polarization can be demonstrated by the

voltage profile curve visually. As shown in Fig. 3b, the capacity of

the battery with blank electrolyte decreases and the polarization

voltage increases rapidly over 100 cycles, which is attributed to

the intense side reactions between the electrolyte and LiCoO2 as

well as the continuous fragmentation/remodeling of CEI. However,

the polarization voltage of the battery with TPP has little change

(Fig. 3c). In Fig. 3d, the impedance of the battery with TPP is signif-

icantly lower than that of the battery with blank electrolyte since

the almost same battery impedances before cycling (Fig. S4 in Sup-

porting information). Moreover, the equivalent circuits and fitting

results of the EIS were shown in Fig. S5 (Supporting information),

which exhibits a much smaller charge transfer impedance (Rct) of

the battery with TPP than that with blank electrolyte after 10 cy-

cles. The EIS results revealed the fast electrochemical reaction ki-

netics in the electrolyte with TPP. Furthermore, the transmission

electron microscopy (TEM) characterizations visually display the

explicit shape of CEI (Figs. 3e and f). Due to the extremely low

electronic conductivity of LiF, the anion−induced CEI with TPP is

thin and compact, while the CEI with blank electrolyte is bumpy.

The firm CEI structure with TPP provides the sustainable basis of
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Fig. 3. Electrochemical performances of Li||LCO cell assembled with different elec-

trolyte systems: (a) Cycling performances. (b) Charge–discharge profiles of blank

electrolyte and (c) TPP contained electrolyte. (d) EIS profiles after 10 cycles. (e, f)

TEM images of CEI on the cathode and (g) rate performances, test in a voltage range

of 3–4.6 V (vs. Li+/Li).

the repeated lithiation/delithiation. Furthermore, the battery with

TPP exhibits enhanced rate capacities of 194.9, 180.3, 168.1, 149.9,

123.3 mAh/g at current densities of 0.2, 0.5, 1, 2, and 5 C, respec-

tively, and returns to 189.2 mAh/cm2 at 0.2 C (Fig. 3g), while a

capacity of 109.7 mAh/g is delivered at 5 C for battery with blank

electrolyte, which indicates the formation of fast Li+ transport dy-

namics in the CEI formed with TPP.

Finally, the phosphate−based additive also has an impact on Li

plating/stripping. As shown in Figs. 4a and b, the Li||Li symmet-

ric cell with TPP could maintain a stable plating/stripping process

over 450 h at the current density of 1.0 mA/cm2 with the capac-

ity of 0.5 mAh/cm2 while only 285 h is sustained for the cell with

blank electrolyte. At lower current density, the cells with/without

TPP exhibit the same polarization voltage value. The cell with

TPP exhibits the longer plating/stripping process in ∼260 h with

a lower polarization voltage when the current density increases

to 2.0 mA/cm2 (Figs. 4c and d). As shown in Figs. 4e and f, Li

deposited into a bulb shape in the blank electrolyte. The trans-

port of Li+ was hindered by the accumulated layer of dead Li.

In contrast, the plated Li anode with TPP exposed a smooth sur-

face without projecting Li dendrites. The bulk Li with dense and

overlapping surface maintains structural integrity during the plat-

ing/stripping process, avoiding battery safety issues caused by Li

dendrites piercing the diaphragm. The surface morphologies of the

Li anodes correspond to the performances of the symmetrical cells

[39]. The SEI formed on the Li anodes were further characterized

by XPS, which are composed of organic/inorganic components in-

cluding C−C/C−H, C−O/C=O, ROCO2Li, Li2CO3, LiF and LiPFxOy. The

results are shown in Fig. 4g and Figs. S6−S8 (Supporting informa-

tion). According to the Li+ solvation results, the most easily re-

ducible FEC with low LUMO in the solvation group is enhanced,

and the TPP is involved in solvation and decomposed on Li surface,

which provides high F and P content for SEI, respectively. Thus, the

SEI formed with TPP contains rich LiF produced by the decompo-

sition of FEC, which is a strong electrical insulator for suppress-

ing the continuous consumption of the electrolyte by resisting the

Fig. 4. Li dendrite inhibition effect of TPP. (a) Li plating/stripping cycling perfor-

mance and (b) magnified time–voltage profiles during selected cycle time, under

1.0 mA/cm2, 0.5 mAh/cm2. (c) Li plating/stripping cycling performance and (d)

magnified time–voltage profiles during selected cycle time, under 2.0 mA/cm2, 1.0

mAh/cm2. SEM images of cycled lithium metal anode in different electrolyte sys-

tems (after 25 cycles): (e) Blank electrolyte, (f) TPP–contained electrolyte. (g) Con-

tent of LiF on anode surface with blank and TPP–contained electrolytes after 10

cycles.

electrons that passing through the SEI layer [40,41]. Besides, LiF ex-

hibits lithiophobicity properties and high Young’s modulus, which

can promote the lateral growth and the uniform deposition of new

Li on the anode surface [42]. Moreover, LiPFxOy provides the SEI

with high ionic conductivity and reduced impedance, which en-

ables efficient transport of Li+ and allows the battery to exhibit

better rate performance [43].

In summary, we have successfully explored a

phosphate−contained high−voltage electrolyte for 4.6 V Li||LiCoO2

batteries. TPP could regulate the Li+ solvation structure to op-

timize the structure and components of CEI/SEI. The designed

anion−derived CEI with plenty LiF component forms a parclose

to protect the LiCoO2 structure and reduce the persistent side

reactions of solvents. At the same time, the TPP−induced SEI

with high content of F and P radicals guarantees excellent anode

stability. This work demonstrate the effectiveness of electrolyte

additives to optimize the structure and components of electrode

electrolyte interphases via regulating the Li+ solvation structure.
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