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Batteries power numerous technolo-
gies, yet higher energy density de-
mands push lithium cobalt oxide (Li-
CoOg referred as LCO) cathodes to
higher voltages, triggering unwanted
chemical reactions. In this work, we in-
vestigate how carbonate-based elec-
trolytes degrade on deeply delithiated
LCO surfaces via extensive reactive
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molecular  dynamics  simulations.

These simulations unveil the forma-
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tion of characteristic gas products and unstable surface species, which can undermine the

cathode structure and reduce battery performance. By examining different solvent composi-

tions, the simulations reveal that partial fluorination reduces oxidative degradation and gas

evolution, thus offering a route to improve interface stability. Overall, this study provides an

atomic-level perspective on preventing unwanted reactions and guiding the design of safer and

more robust battery systems for high-voltage applications.
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I. INTRODUCTION

As global energy demands surge, lithium-ion batter-
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ies (LIBs) have become indispensable to both research
and industrial applications. Among various cathode ma-
terials, layered lithium cobalt oxide (LiCoO2), here-
after referred to as LCO, stands out for its high theoret-
ical capacity of 274 mA-h-g ! [1], robust volumetric en-
ergy density [2], and superior lithium-ion/electron con-
ductivity [3]. Despite these advantages, LCO cathodes
typically deliver only about half of their theoretical ca-
pacity (approximately 170 mA'h-g_l) because of elec-
trolyte decomposition occurring at 4.4 V wvs. lithium

© 2025 Chinese Physical Society


mailto:yliu1992@suda.edu.cn
mailto:yliu1992@suda.edu.cn
mailto:yliu1992@suda.edu.cn
mailto:tangchao@atlbattery.com
mailto:tangchao@atlbattery.com
mailto:tcheng@suda.edu.cn
mailto:tcheng@suda.edu.cn
mailto:tcheng@suda.edu.cn
https://doi.org/10.1063/1674-0068/cjcp2505068
https://doi.org/10.1063/1674-0068/cjcp2505068
https://doi.org/10.1063/1674-0068/cjcp2505068
https://doi.org/10.1063/1674-0068/cjcp2505068
https://doi.org/10.1063/1674-0068/cjcp2505068

Chin. J. Chem. Phys., Vol. 38, No. 4

(Li/Li") [4-6]. Extending the cutoff voltage above 4.5 V
can in principle unlock additional capacity and enhance
energy density. However, LCO faces severe chemical,
electrochemical, structural, and thermal instabilities
above 4.6 V, giving rise to phase transformations, accel-
erated side reactions, and persistent capacity fading
[7-9].

These side reactions include the formation of a cath-
ode electrolyte interphase (CEI), which releases gases
such as O2 and CO9 and provokes transition metals
(TMs) dissolution [10-12]. During high-voltage charg-
ing, the evolution of Oy from LCO arises not only from
lattice instability (e.g., phase transitions and TM mi-
gration) but also from irreversible oxygen redox reac-
tions, where excessive oxidation of lattice oxygen (O?")
leads to oxygen release [13, 14]. A thin CEI can facili-
tate rapid ion transport, whereas a denser layer can
mitigate TM leaching [15]. Nonetheless, dissolved TMs
may diffuse to the anode, causing cross-talk effects,
heightened safety concerns, and rapid capacity decline
[16]. Gas evolution further complicates thermal man-
agement and may lead to catastrophic failure [17]. Al-
though previous studies investigated gas generation and
interphase composition using X-ray photoelectron spec-
troscopy (XPS) and pulsed electrochemical mass spec-
trometry (p-EC-MS), the early-stage evolution of
byproducts at higher voltages remains partially under-
stood [18].

At the atomic level, density functional theory (DFT)
simulations have elucidated mechanisms such as oxida-
tive dehydrogenation and ring-opening of carbonate sol-
vents on LCO surfaces [19-21]. Yet, traditional DFT
calculations tend to pre-assume reaction pathways, po-
tentially overlooking the full complexity of interfacial
processes. Ab initio molecular dynamics (AIMD) simu-
lations capture more pathways, but they are limited by
high computational costs, restricting simulation length
and sometimes requiring elevated temperatures or re-
duced electron counts to initiate reactions [22—25]. The
reactive force field (ReaxFF') approach extends both the
timescale and system size, offering a more comprehen-
sive picture of long-time scale degradation [26—28].
However, ReaxFF parameters that accurately describe
LCO chemistry have been unavailable.

In this work, we build on Reddivari’s [29] parameter
set to develop ReaxFF parameters covering carbon (C),
hydrogen (H), oxygen (O), lithium (Li), fluorine (F),
phosphorus (P), and cobalt (Co) interactions. We then
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perform reactive molecular dynamics (RMD) simula-
tions to probe how lithium hexafluorophosphate
(LiPFg) in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) degrades on LCO under
high-voltage conditions. We validate key reaction
routes using additional first-principles calculations,
thereby establishing a comprehensive map of gas gener-
ation and interphase evolution. By illuminating the
atomic-scale processes underlying battery failure, we
aim to guide the development of safer, longer-lasting
LCO-based energy storage devices.

Il. COMPUTATIONAL METHODS

A. LiCoO3 cathode surface models

The layered LiCoO2 crystal was modeled initially in
its conventional hexagonal cell (R3m space group). In
this study, all simulations utilized the Lig 5CoOs9 super-
cell as a model for the 4.2 V charged state, which corre-
sponds to a delithiation level that avoids rapid capacity
fading observed at higher voltages [3]. Previous studies
have indicated that the (003) surface generally exhibits
the highest stability, followed by the (104) surface [30].
However, the (003) surface can require specific chemi-
cal conditions to remain stable [31], so the more widely
stable (104) surface was investigated here, and the sim-
ulation employed a stoichiometric slab model with a Co-
O-rich terminated surface as the exposed termination
facet, which can reflect the bulk properties of the mate-
rial more accurately. For the DFT calculations, the
Lig5C002 (104) surface was constructed as a 1x4x4 su-
percell with a~15 A vacuum region along the out-of-
plane (Z) direction to avoid spurious interactions be-
tween periodic images. The bottom two atomic layers
were frozen to mimic the bulk environment, while the
remaining layers were fully relaxed during geometry op-
timizations.

For the RMD simulations, the same Lip5Co02(104)
surface was built as a 2x11x12 supercell to accommo-
date the larger simulation cell. Approximately 74 A of
electrolyte was placed atop the LCO surface at experi-
mental concentrations. To maintain computational effi-
ciency, the middle eight layers in the slab were held
fixed, while the topmost and bottommost layers were
allowed to relax during equilibration.

B. Ab initio calculations

All quantum-mechanical (QM) and DFT calcula-
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tions were performed with the Vienna Ab initio Simula-
tion Package (VASP) version 5.4.4. The projector-aug-
mented wave (PAW) method was used for electron-ion
interactions, with a plane-wave energy cutoff of 520 eV
[32—34]. Spin-polarized calculations were carried out,
and electron exchange-correlation effects were de-
scribed using the Perdew-Burke-Ernzerhof (PBE) func-
tional under the generalized gradient approximation
(GGA) [35]. The strongly correlated d-electrons of Co
were treated via DFT+ U with U=3.32 ¢V [36]. Disper-
sion corrections were included via the DFT-D3 ap-
proach with Becke—Johnson damping [37]. For Brillouin-
zone sampling, a ['-centered Monkhorst-Pack grid of
2x3x1 was employed [38].

Tonic relaxation was carried out using the conjugate-
gradient algorithm until residual forces were below 0.01
eV/A, and electronic self-consistency was converged
within 1x107% eV. The climbing image nudged elastic
band (CI-NEB) method was employed to optimize the
reaction pathway’s minimum energy and determine the
transition state structure. For equation-of-state (EOS)
calculations, the plane-wave cutoff was set to 400 eV,
and a self-consistent field (SCF) convergence threshold
of 1x1078 eV was applied. An 8x8x1 I'-centered grid was
used for accurate computations of energy band struc-
ture and density of states. The ionic relaxation thresh-
old was 1x1073 eV /A.

C. Force field optimization

The ReaxFF parameters for C/H/O/Li/F/P/Co
were optimized by matching QM data to the corre-
sponding ReaxFF predictions (e.g., bond lengths, an-
gles, charges, and energies) [39]. The total error func-
tion in Eq.(1) sums the squared differences between QM
and ReaxFF quantities (e.g., bond lengths, angles, and
energies), with each being scaled by weights o;:

= T QM — L, ReaxFF 2
Error = Z ( : : ) (1)

‘ 0
=1 v

Monte Carlo (MC) annealing [40-42] was employed
to explore the parameter space, with the acceptance
probability for new parameter sets governed by:

P, = min{l,e_B(E“_EO)} (2)

where (Ey, — Ep) is the difference in the objective func-
tion before and after the proposed move, 3= (kBT)_1 is
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the reciprocal temperature factor, kg is the Boltzmann
constant, and T is the temperature. The optimization
procedure was carried out using the Amsterdam Model-
ing Suite (AMS) 2024.102 environment [43].

D. Reactive molecular dynamics simulation

All RMD simulations were performed using the
ReaxFF functional form introduced in 2008 [27] and im-
plemented in AMS 2024.102. The simulation tempera-
ture was maintained at 298 K via the Nosé—Hoover
thermostat in an NVT (constant particle number, vol-
ume, and temperature) ensemble. A damping parame-
ter of 50 fs was used to return the system to the target
temperature every 20 steps. The time step was set to
0.25 fs for stable integration.

For each simulation, a trajectory of 1.0 ns was con-
ducted to observe electrolyte decomposition and inter-
facial reactivity under oxidative conditions. Beyond
1.0 ns, no further chemical reactions were detected, and
the potential energy plateaued, indicating reactive equi-
librium. These protocols were repeated for various elec-
trolyte compositions (with or without fluorinated addi-
tives) to enable robust comparisons of interfacial degra-
dation pathways.

Ill. RESULTS AND DISCUSSION

A. Results of the force field optimization

To enable a reactive force field framework for the Li-
Co0O3 cathode surface, we incorporated QM training da-
ta into the parameter-fitting process. Specifically, we
extended the ReaxFF potentials to cover C, H, O, Li, F,
P, Co interactions by including the results for EOS
curves, bond lengths, bond angles, torsion angles, and
atomic charges. FIG. 1(a) compares the ReaxFF-de-
rived EOS curve with DFT data, showing close align-
ment over a broad volume range for LCO. Bulk struc-
tural properties are also captured well, as shown by the
comparisons of bond lengths, bond angles, and torsion
angles in FIG. 1 (c¢) and (d). In addition, FIG. 1(b) con-
firms the close match between atomic charges
by ReaxFF-calculated and the Charge Model 5 (CM5)
predictions. Collectively, these agreements demon-
strate that the newly developed force field parameters
reproduce DFT-level descriptions of LCO and form a
solid basis for the large-scale RMD simulations present-
ed below.

© 2025 Chinese Physical Society
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FIG. 1 Comparison of the DFT-based calculation and ReaxFF results. (a) Fitted curves of the EOS. (b) Atomic charge of
LiCoOy using the CM5 and ReaxFF methods. (¢) Bond angles for O—Co-O, O-Li-O, and Li-O—Co and torsion angles for
Co-O-Li-O. (d) Bond length for Li-O and Co—O bonds. DFT-based results in blue and ReaxFF results in purple.

B. Degradation mechanism of electrolyte (1 mol/L LiPFg
in EC/DMC (3:7, V/V)) on LCO Surfaces

A key objective of this study is to unravel the atomic-
level degradation pathways of carbonate-based elec-
trolytes on LCO surfaces, particularly under high-volt-
age conditions. We employed RMD simulations for
1.0 ns at 298 K to investigate the interfacial reactions
between 1 mol/L LiPFg in an EC/DMC (3:7, V/V)
mixture and the Lig 5C00z2 (104) surface. FIG. 2 (a) and
(b) show initial and final atomic snapshots, indicating
that reactive events occur primarily at the CEI layer.

FIG. 2 (c) and (d) illustrate how solvent molecules
first adsorb onto the oxygen-rich LCO surface, leading
to bond cleavage and the accumulation of decomposi-
tion products. At deep delithiation, oxygen undergoes
partial oxidation, forming O2"" (n<2) radicals [44—46],
which drive the oxidation of the electrolyte. Charge-
density shifts in oxygen (FIG. 2 (e) and (f)) underscore
the central role of oxygen radicals in initiating side reac-
tions.

After 1.0 ns, both DMC and EC decompose into CO,
CO3, CH20, and CoHy (FIG. S1 in Supplementary ma-
terials, SM), consistent with experimental observations
[18, 47—49]. FIG. 3(a, b) highlight major DMC decom-

DOI: 10.1063/1674-0068 /cjcp2505068

position pathways initiated by C—O bond scission in the
methoxy group. These processes yield intermediates
such as -OCHs and CH302CO-, followed by proton-
transfer reactions to form CHs0O, CH30H, and COao.
FIG. 3(c) shows an alternate DMC route involving ox-
idative dehydrogenation before C-O bond cleavage.
Meanwhile, EC predominantly undergoes ring-opening,
either via direct C—O scission or oxidative dehydrogena-
tion (FIG. 3 (d) and (e)), resulting in CO9 along with
CH20 release [28, 50, 51].

Protons liberated at the interface can also attack
PFg~ and form hydrogen fluoride (HF) (FIG. S4 in SM),
a corrosive agent that promotes LCO lattice degrada-
tion [52]. Curbing solvent dehydrogenation is therefore
essential for minimizing HF formation and TM dissolu-
tion. Additional RMD simulations of pure EC and pure
DMUC electrolytes with LiPFg reaffirm that CO» is the
principal byproduct from EC, whereas DMC decompo-
sition preferentially yields methoxy species, minor CO,
and CH30H or HCHO (FIGs. S3 and S5 in SM).

After 1.0 ns of RMD simulation, a CEI layer was
formed on the surface of the LCO electrode, as illustrat-
ed in FIG. 2(d). These species exhibit low stability and
heterogeneous charge distribution (FIG. S6 in SM),
which may facilitate Li* coordination and makes them

© 2025 Chinese Physical Society
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FIG. 2 Snapshots of 1 mol/L LiPF¢ in the EC/DMC and
the cathode. (a) Initial snapshot at 0.0 ps. (b) Final snap-
shot at 1.0 ns. (c) Molecules involved in the reaction are
highlighted in the initial snapshot at 0.0 ps. (d) Products
highlighted in the final snapshot at 1.0 ns. (e) Charge dis-
tribution at 0.0 ps. (f) Charge distribution at 1.0 ns. Color
codes: carbon, gray; hydrogen, white; oxygen, red; lithium,
purple; fluorin, blue; phosphorus, orange; cobalt, deep
blue.

prone to subsequent decomposition reactions. The or-
ganic components of the CEI primarily consist of
species such as -OCO2CH3 and -CHoOCO2CH3, with
their specific structural formulas depicted in FIG. S1
(SM). Li et al. [53] conducted a detailed analysis of the
formation and evolution of the CEI on layered oxide
cathodes using XPS technology, revealing the presence
of C-O and C=0 bonds in the CEI, which aligns with
the components obtained from the simulation. The for-
mation of the inorganic component LiF in the CEI oc-
curs through two main pathways: (1) the hydrolysis of
LiPF¢ to generate LiF, and (2) the decomposition of the
electrolyte to produce HF, which subsequently leads to
the formation of LiF [54]. LiF demonstrates exceptional
chemical stability, with its ionic nature establishing a
uniform electrostatic field at the electrode/electrolyte
interface that promotes stable Li* transport [55]. How-
ever, in this study, since the system simulation was con-

ducted under dry and anhydrous conditions, LiPFg does
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Q ,° = a P =, He=c=0 + CO,

FIG. 3 DMC and EC decomposition paths for 1 mol/L
LiPF¢ in the EC/DMC system in the RMD simulation. (a)
Path 1 for DMC, (b) path 2 for DMC, (c) path 3 for
DMC; (d) path 1 for EC, and (e) path 2 for EC. The col-
or codes are the same as those in FIG. 2.
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not undergo hydrolysis to form LiF. HF was observed in
the pure EC and pure DMC electrolyte systems con-
taining LiPFg, suggesting that LiF molecules may form
subsequently. After 1.0 ns of RMD simulation, signifi-
cant amounts of COg were generated from electrolyte
decomposition, which may further react with HoO and
O3 to form LisCOj3 [56, 57]. Taken together, these large-
scale simulations confirm that: i, oxygen radicals on
LCO initiate solvent oxidation; ii, ring-opening or
demethylation are major routes for DMC/EC degrada-
tion; iii, proton transfer plays an important role in fur-
ther byproduct formation; and iv, the formation of CEI
is mainly derived from organic products formed by the

oxidative decomposition of solvents.

C. DFT calculations of the decomposition of DMC and EC
on the Lip 5C002(104) surface

To validate the reaction pathways suggested by
RMD, we used DFT to examine four key initial decom-
position steps on the LipsCo02(104)
FIG. 4(a)—(d) show the structures of the optimized con-
figuration for the reaction mechanisms. FIG. 4(e) sum-

surface.

marize the computed Gibbs free energy (AG) for: (i)
C-0O bond cleavage in DMC, (ii) oxidative dehydro-
genation of DMC, (iii) ring-opening of EC, and (iv) ox-
idative dehydrogenation of EC. The negative AG val-
ues confirm thermodynamic favorability, consistent
with the RMD trajectories. These findings further vali-
date the reliability of this force field in investigating the
decomposition mechanisms of solvent molecules at the
LCO interface. Specifically, C-O scission in DMC
(AG=-1.42 V) is more favorable than oxidative dehy-
drogenation (AG=—0.63 ¢V), mirroring the main path-
ways in the simulation. For EC, while ring-opening
(AG=-1.13 eV) and oxidative dehydrogenation
(AG~-3.65 eV) are both strongly exergonic, they exhib-
it positive activation barriers (ring-opening: 0.53 eV;
oxidative dehydrogenation: 0.56 eV) (FIG. S7 in SM).
This indicates that although both degradation path-
ways are thermodynamically favorable, the actual reac-
tions require to overcome certain energy barriers. The
relative heights of these activation barriers determine
their competitive relationship under practical condi-
tions, which collectively explains the coexistence of
these two degradation mechanisms. Overall, DFT cor-
roborates the RMD-derived picture of COg, radical, and
intermediate formation at high voltages.
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Oxidative dehydrogenation
reaction of EC

Oxidative dehydrogenation
reaction of DMC
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FIG. 4 The structures represent the optimized configura-
tions for the reaction mechanisms: (a) demethylation of
DMC, (b) oxidative dehydrogenation of DMC, (c) ring-
opening of EC, and (d) oxidative dehydrogenation of EC.
(e) AG of the above four response mechanisms. The color
codes are the same as those in FIG. 2. i, C-O bond cleav-
age in DMC; ii, oxidative dehydrogenation of DMC;
iii, ring-opening of EC; and iv, oxidative dehydrogenation
of EC.

D. Degradation mechanism of the electrolyte (1 mol/L
LiPFg in FEC/DMC (3:7, V/V) on LCO surfaces

Fluorinated additives, such as fluoroethylene carbon-
ate (FEC), have been widely reported to form more ro-
bust CEIs and improve cycling stability above 4.5 V
[68-60]. We replaced EC with FEC (while retaining
DMC) in 1 mol/L LiPFg solutions to investigate its im-
pact on gas evolution and side reactions. FIG. 5(d)
present DFT-calculated AG values for FEC ring-open-
ing and oxidative dehydrogenation. In FIG. 4(e) and
FIG. 5(d), FEC shows a less exergonic pathway for hy-
drogen abstraction (—3.38 V) compared with EC
(=3.65 V), implying that proton-driven reactions are
somewhat suppressed.

RMD simulations (FIG. 5(e, f) and FIGs. S8, S9 in
SM) confirm that FEC primarily undergoes a one-step
ring-opening before stabilizing, which limits CO2 and
HCHO production. FEC can also scavenge protons at
the interface and thereby reduce HF formation [22],

© 2025 Chinese Physical Society
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FIG. 5 The structures represent the optimized configurations for the reaction mechanisms considered: (a) oxidative dehy-
drogenation reaction of FEC, (b) oxidative dehydrogenation reaction of FEC (on the fluorine atom side), and (c) ring-
opening reaction of FEC. (d) AG of the above three response mechanisms. FEC decomposition paths for 1 mol/L LiPFg in
the FEC/DMC system in the RMD simulation. (e) Path 1 for FEC and (f) Path 2 for FEC. (g) Comparison of the num-
ber of final gas products between 1 mol/L LiPFg in the EC/DMC system and 1 mol/L LiPFg in the FEC/DMC system.
The color codes are the same as those in FIG. 2. i, C-O bond cleavage in DMC; ii oxidative dehydrogenation of DMC; and

iii, ring-opening of EC.

minimizing acid-driven lattice damage. Consequently,
the total gas emission is significantly reduced compared
with baseline electrolytes containing EC (FIG. 5(g)).
These findings align with experiments indicating that
FEC-containing electrolytes foster more stable CEls,
lessen gas evolution, and boost battery longevity. Over-
all, fluorinated additives help mitigate the degradation
phenomena discussed in Section III.B by curbing hydro-
gen-driven side reactions, diminishing acid formation,
and stabilizing high-voltage performance.

IV. CONCLUSION

We have developed and validated a new set of
ReaxFF parameters for C/H/O/Li/F/P/Co, thus en-
abling large-scale investigations on LCO cathodes un-
der high-voltage conditions. Our RMD simulations, cor-
roborated by DFT calculations, elucidate ring-opening,
demethylation, and dehydrogenation pathways that
yield CO9, CO, and other byproducts. We further show
that fluorinated additives can suppress proton-driven

DOI: 10.1063/1674-0068 /cjcp2505068

side reactions, thereby reducing gas evolution and inter-
phase degradation. These findings enhance our under-
standing of how the LCO interface deteriorates when
deeply charged and outline a pathway toward more ro-
bust cathode-electrolyte systems. Future extensions
may target other electrode materials and electrolyte
chemistries, guiding the development of safer, longer-
lasting energy storage technologies.

Supplementary materials: Computational details and
the full set of developed ReaxFF parameters
(C/H/O/Li/F/P/Co) are provided. FIG. S1 shows the
final product distribution for 1 mol/L LiPFg in
EC/DMC after 1.0 ns. Scheme S1 shows equation for
DMC and EC decomposition. FIG. S2 shows detailed
DMC and EC decomposition paths under RMD. FIGs.
S3-S5 provide additional decomposition snapshots and
paths for EC or DMC-only systems. FIG. S6 provides
charge  distribution of the -OCO2CHs and
-CH30CO2CH3 radicals for 1 mol/L LiPFg in
EC/DMC after 1.0 ns. FIG. S7 shows the pathways for
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EC dissociation on the Lig 5C00Oz2 (104) surface, with op-
timized reactants, products, and transition state struc-
tures. FIG. S8 provides time-evolution snapshots for
1 mol/L LiPFg in FEC/DMC, while FIG. S9 offers the
final product distribution.
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