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1 Introduction

Vinylene carbonate reactivity at lithium metal
surface: first-principles insights into the early steps
of SEl formationf

Francesca Fasulo,@a Ana B. Muﬁoz—Garcia,ﬂDb Arianna Massaro,@a
Orlando Crescenzi,? Chen Huang® and Michele Pavone & *

Engineering a solid-electrolyte interphase (SEI) with purposely designed molecules represents a promising
strategy to achieve durable and effective anodes for lithium metal batteries (LMBs). The use of vinylene
carbonate (VC) as an additive in conventional electrolytes has been shown to promote the formation of
a stable and protective SEI at the Li metal interface. The fine-tuning and control of the underlying
reactions still represent a major issue, due to complex VC decomposition and polymerization processes
that may occur upon battery cycling. To dissect the tangled VC reactivity, here we present new atomistic
insights into VC-induced SEI formation at the Li(001) interface: Density Functional Embedding Theory
(DFET) is employed to combine the best feasible computational approaches to treat molecular species
with localized charge (i.e., VC derivatives upon the reductive decomposition process) and the Li metal
surface by means of hybrid DFT and semi-local GGA-based methods, respectively. Exploring VC
adsorption and dissociation paths, our DFET investigation reveals that the thermodynamically accessible
mechanisms for the VC ring-opening reductive reaction on Li(001) feature energy barriers in the range
of 0.29-0.34 eV. Dissociation via cleavage at vinylic sites (i.e., Cy—Oy) is more likely to occur and leads
to a highly reactive intermediate that can undergo either further decomposition towards C,H, and
Li,CO3z formation or a polymerization process, in close agreement with experimental observations. By
setting solid scientific foundations for advanced understanding of initial SEI formation, our theoretical
results can drive future experimental efforts towards the rational design of Li/electrolyte interfaces with
tailored properties for high-performing LMB devices.

major challenges including long-term stability and perfor-
mance issues need to be addressed to boost the LMB develop-

Lithium Metal Batteries (LMBs) are among the most promising
next-generation energy storage technologies.”® The use of Li
metal as an anode material is the object of great interest in both
academia and industry: the low electrochemical potential
(—3.047 V vs. standard hydrogen electrode, SHE), the ultrahigh
theoretical specific capacity (~3860 mA h g™ '), and the low
density (0.534 g cm ™) are some of the attractive features for the
employment of Li metal anodes in high-energy and efficient
devices, from electric vehicles to space applications.*® However,
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ment as a viable solution for electric energy storage (EES)
applications.

Dendrite formation at the metal electrode/electrolyte inter-
face and the related side reactions can increase the generation of
electrically “dead” Li, with detrimental effects on coulombic
efficiency and mechanical properties.*” In the worst scenario,
uncontrolled dendritic growth upon cycling can lead to severe
safety hazards. A well-known effective strategy to mitigate those
problems is given by protective and stable layers between the Li
metal and the electrolyte, namely the solid electrolyte interphase
(SEI).® An effective SEI allows Li" transport and blocks electrons
in order to prevent further electrolyte decomposition and ensure
continued electrochemical reactions. This nanometer thick film
generally consists of organic and inorganic species deriving from
the degradation of electrolyte components that are redox-active
within the operating voltage range. The resulting intricate
mixture covers the highly reductive Li metal anode and thus
directly determines its morphology as well as the Li" deposition-
dissolution mechanisms.*** Intense research efforts are
currently devoted to minimizing the dendritic growth and
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maintaining the protective nature of the SEI: very promising
results have been achieved by modifying the electrolytes with
small amounts of electrochemically inactive materials.’>™**
Recent experiments proved that the addition of vinylene
carbonate (VC) can assist the development of an effective SEI on
Li metal either with common organic (e.g., ethylene and diethyl/
dimethyl carbonate, EC and DEC/DMC) or protic ionic liquid
electrolytes (PILs).’*>® Enhanced performances can be achieved
with an electrolyte formulation with a small amount of VC as
additive: the optimal concentration of ~1-2 wt% can successfully
limit the uncontrolled electrolyte decomposition not only on
graphite or Li metal anodes, but also on LiNi;;3Mn;,;C04/30,
cathode material, suggesting promising capability towards both
SEI and CEI (cathode electrolyte interphase) formations that can
directly benefit anodic and cathodic stability windows, battery
lifecycle and coulombic efficiency.'**"*

From the microscopic point of view, the chemical composi-
tion and morphology of the SEI produced in VC-containing
electrolytes largely differ from those of VC-free ones, the
former showing a mosaic-like nanostructure comprised of
organic species, Li,O and Li,CO; and the latter a multilayered
SEI involving Li,O and Li domains.”” The VC passivating prop-
erties seem to be remarkable and they are generally ascribed to
its peculiar reactivity towards multiple decomposition pathways
that can occur during the first charge cycle. In contrast to other
carbonates, e.g., ethylene (EC) and propylene (PC) carbonates,
VC can also undergo polymerization in the presence of a radical
initiator. Poly(vinylene carbonate) (poly(VC)) has been identi-
fied on Li metal anodes and the resulting SEI is shown to
improve the electrochemical performance at higher working
temperature and to successfully resist possible thermal
damage.'®***?® As reported by ex situ investigations on Li
metal anodes and gas evolution analysis, VC polymerization can
change the primary gas generated and it turns out to be mostly
accompanied by CO, release, with rather low or even neglect-
able development of CO and C,H,.>**"**?¢ As a matter of fact,
the development of other reductive decomposition gas
components, such as ethylene or methane, is noticeably sup-
pressed in the presence of VC, being mainly related to EC-DMC
reduction reactions.?®

Despite these remarkable advances, the mechanisms
responsible for VC reductive decomposition and polymerization
are still little understood, a knowledge gap that can be traced
back to intrinsically demanding characterization and modelling
of LMB electrode/electrolyte interfaces. On the one hand, the
complexity of in situ observation at the electrode-electrolyte
interface upon battery operation makes the VC reactivity and
subsequent SEI growth hard to unveil. On the other hand, the
application of multiscale simulations in a wide range of spatial
and temporal scales necessary to unravel intricate reaction
mechanisms can be challenging.?® The theoretical investigation
performed with atomistic details and direct access to electronic
structures can be helpful towards the fundamental under-
standing of reductive decomposition mechanisms. In general,
the first step toward the reduction of carbonate-based mole-
cules is a ring-opening reaction. Different decomposition paths
can be envisaged, involving an initial single-bond cleavage
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occurring either at the -O-C=C- vinyl or at the -O-C=0
carbonyl group. Computational studies can complement the
experimental efforts to gain in-depth understanding and
mechanistic insights from an atomistic perspective. To the best
of our knowledge, previous DFT-based studies have addressed
the VC ring-opening reaction mechanisms in conventional
electrolyte solvents,'®**>* but only different carbonate-based
additives have been investigated at the Li metal interface.’*%”
On one hand, reductive cleavage at the carbonyl site (formally
breaking a vinyl ester C-O bond of the O-C=0 moiety) seems to
be kinetically favored compared to a cleavage at the vinyl site
(formally breaking a vinyl ether C-O bond of the O-C=C
moiety), and the former mechanism can be further promoted in
electrolyte formulations with a high content of reducing
agents.”***> On the other hand, the less-likely ‘CH=CH-O-
COO- radical anion derived from the reductive cleavage at the
vinyl site is considered as a probable radical initiator toward VC
polymerization, despite showing an energy barrier of
~0.8 eV.*** Online Electrochemical Mass Spectrometry Anal-
ysis (OEMS) results on the CO, release would also support this
mechanism and thus suggest that radical addition by the initial
VC reduction product ‘CH=CH-O-COO- could be the domi-
nant pathway toward poly(VC) formation.*

Notwithstanding the broad literature and the great advances
in this field, we believe that atomistic investigation on VC
decomposition mechanisms should not disregard the role of
the Li interface. While recent studies investigated the influence
of Li* in the electrolyte medium,****3* we now consider the role
of the Li metal anode surface representing the physical contact
at the electrode/electrolyte interface in LMB devices and acting
as a key player in the VC reductive decomposition. To this end,
we hereby report a thorough study on the adsorption and
dissociation of VC molecule on the most stable Li metal surface,
ie.,, the (001) lattice termination.***® The higher stability
suggests that the (001) surface is predominant in real samples,
as Li metal will preferentially expose the termination requiring
minor energy expenditure (i.e., lowest surface energy, see Table
S1 in the ESIt). Other Li metal surfaces may still be present and
could draw interest due to different electron densities probably
leading to different activity towards VC decomposition. Never-
theless, addressing the multitude of surface reactivity was
beyond the scope of this work, where we choose to focus on the
main VC/Li(001) interactions by application of the recently
proposed Density Functional Embedding Theory (DFET).***?
Even though Density Functional Theory (DFT) provides a great
balance between computational effort and accuracy, the widely
used density functionals within the general gradient approxi-
mation (GGA) (i.e., without including Hartree-Fock-like
exchange) are not able to describe the correct physics of bond
breaking processes and strongly correlated systems.** The
development of density-based embedding strategies has
successfully yielded localized features in periodic metallic
systems.”” By employing the unique embedding potential
(Vemn), we model the VC/Li(001) interface as a system that can
be partitioned into a cluster and its environment.* In this way,
we can overcome the current limitation of semi-local DFT
methods in modeling localized interactions between reacting
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molecules and metal surfaces. On one hand, the choice of
hybrid functionals (in which the conventional LDA or GGA
exchange-correlation functional is mixed with a fraction of the
Hartree-Fock exchange energy) to describe confined charge
transfer phenomena is well-suited for the VC decomposition
products with localized electron density.*® On the other hand,
the GGA level of theory enables reliable predictions on the
electronic structure of metallic systems, e.g., the Li metal
surface.” In this work, the environment (i.e., lithium surface) is
treated with the Perdew-Burke-Ernzerhof (PBE) functional,*
and the clusters are treated with the Heyd-Scuseria-Ernzerhof
(HSEO06) hybrid functional.*>*® All in all, the application of the
HSE06-in-PBE approach allows the decoupling of the localized
electronic nature of organic reactive species from the metallic
background. Our results show that the VC decomposition can
take place on the Li(001) metal surface provided that an energy
barrier in the range of 0.29-0.34 eV is overcome. The reductive
ring-opening mechanism via cleavage at the vinyl ether C-O site
(Cy-Oy) is more likely to occur, and in principle can proceed to
further decomposition towards the formation of Li,CO; and
acetylene or even towards polymerization, in close agreement
with experimental observations.?* The theoretical characteriza-
tion of species from VC ring-opening, enabled by DFET, allows
us to highlight their potentially high reactivity on the Li metal
surface and their key role as chain linkers or radical initiators.
While the general picture on the SEI composition and the
effects induced by VC-containing electrolytes is taking shape,
this work sheds light on the origin of VC reactivity at the Li
metal interface, which is essential to exploit rational design and
engineering strategies for a safe and durable SEI. Beyond these
results, our study paves the route for future applications of
DFET-based methods for advanced investigation on electro-
catalytic processes occurring at heterogeneous interfaces.

2 Structural models and
computational details

The structural model for the vinylene carbonate (VC) interfaced
to the Li(001) metal surface is based on the periodic slab
approach.”* We cleave up the Li bulk structure along the (001)
lattice plane and then introduce a vacuum slab of 15 A along the
¢ direction (see Fig. S1 in the ESIT). A 4 x 4 supercell containing
4 layers of Li atoms (i.e., 64 atoms) is adopted to host the VC
molecule as well as all the reaction intermediates upon VC
dissociation pathways.

Spin-polarized DFT calculations are performed within peri-
odic boundary conditions (PBCs) by employing plane-wave (PW)
basis sets as implemented in the Vienna Ab initio Simulation
Package (VASP, ver. 5.4.1).°>*° We use the PBE exchange-
correlation functional within GGA and add the D3 a posteriori
correction to account for van der Waals (vdW) forces at the
interface.***”*®* Core electrons are described by projector-
augmented wave (PAW) potentials obtained from the VASP
repository,” while the valence/outer-core electrons that are
included in the self-consistent-field calculations are: [1s*2s"] for
Li, [2s*2p°] for C, [2s*2p*] for O, and [1s'] for H atoms. Pseudo-
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wave functions are expanded in a PW basis set with a kinetic
energy of 600 eV and a 4 x 4 x 1 Monkhorst-Pack k-point mesh
for sampling the Brillouin zone. The Methfessel-Paxton method
of the first order with a 0.2 eV smearing width is used for the Li
surface.®® Geometry optimization is carried out by relaxing the
atomic positions within the two topmost layers of the Li(001)
slab until the maximum forces acting on each atom are below
30 meV A™*, while all the other coordinates are kept constant.
For all the calculations, the convergence threshold for energy is
set to 10° eV.

DFET is applied to address the VC reactivity and improve the
description of the molecule-metal interface.**** By employing
the unique embedding potential (Venp), we model the Li(001)/
VC interface as a cluster system embedded in the extended Li-
surface environment (see the ESIf for further details on
method validation). Vemp can be solved by maximizing an
extended Wu-Yang functional known from an optimized effec-
tive potential (OEP) approach and then can be used in combi-
nation with higher-level methods on the cluster subsystem to
achieve a more accurate description of localized electronic
structures.®® In our study, the HSE06 hybrid functional is
employed, and the HSE06-in-PBE energies within DFET are
calculated as:

PBE PBE HSE06
E = Eiivepse — ELimvedusterd Vembl T ELivC.cluster] Vembl (1)

where Ef?,EVC‘pBC is the DFT-PBE energy of the system within
PBCs, while EE?EVC,Cluster[Vemb] and Egisla\?g,cluster[vemb] are the
energies of the cluster system at, respectively, PBE and HSE06
levels of theory, that are computed with a PBE-derived embed-
ding potential, Vemp. The Kohn-Sham equations for clusters
and environments are solved with a local DFET implementation
within a modified ABINIT program that treats the embedding
potential as an external potential.®> We use the norm-conserving
pseudopotential (NC) given by the thi98PP program for all the
atoms® and a kinetic energy cutoff of 1000 eV as determined
from convergence tests on the total energy and the structural
parameters of the VC molecule (Fig. S2 in ESI{).**%*

VC reaction mechanisms are characterized via calculations
of minimum energy paths (MEPs) for the VC dissociation
reactions, and the corresponding barrier heights are deter-
mined by the Climbing Image-Nudged Elastic Band (CI-NEB)
approach.®¢

3 Results and discussion

3.1. VC adsorption at Li metal (001) surface termination

The first step for SEI formation at the electrode/electrolyte
interface is represented by the interaction and adsorption of
VC molecules at the Li metal surface. Here, we address the
adsorption of a single molecule on the Li(001) surface termi-
nation. Several interacting modes exist, and we explore most of
them by considering side, parallel and perpendicular arrange-
ments of the VC molecule with respect to the Li surface (see
Fig. S37): (i) the side position would expose two oxygen atoms
(i.e., the carbonyl and vinylic oxygen, O¢ and Oy) towards the Li
surface and actually leads to a stable bidentate configuration

This journal is © The Royal Society of Chemistry 2023
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that is named Li[OcOy] hereafter; (ii) in the parallel arrange-
ment, the VC molecule could in principle be stabilized by
stacking interactions; in practice, parallel arrangements are
found to evolve to either of two tilted configurations, forming
one or two Li-O bonds via the carbonyl oxygen atom, O, and
thus corresponding to “end-on tilted” or “bridged tilted”
configurations, respectively (Li[Ocle: and Li[O¢]p¢); (iii) when
placed perpendicularly to the surface, the O¢ directly points
towards the Li surface and binds either in an “end-on perpen-
dicular” or “bridged perpendicular” coordination modes (Li
[Ocle,p and Li[Oc]y ) according to the number of established
linkages. The corresponding adsorption energies can be calcu-
lated as:

Eags = Eve—1Li — ELi — Evc (2)

where Eyc_y;, Er; and Eyc are the total energies of, respectively,
the VC molecule adsorbed on the Li(001) slab, the pristine
Li(001) surface, and the isolated VC molecular system (i.e.,
inside a 10 A-cubic cell so as to avoid intermolecular interac-
tions). Fig. 1 depicts the results obtained at the PBE-D3 level of
theory, with our minimum-energy structures being directly
comparable to the previous theoretical outcomes on EC and PC/
Li metal interfaces.***”

Adsorption energy results show that the most favorable
configuration is given by the bidentate mode, Li{OcOy], followed
by the two bridged states, Li{Oc]p, « and Li[Oc]s , and then by the
end-on ones, Li[Ocle¢ and Li[Oclep. The number of specific
molecule-surface interactions explains this trend, with an extra
stabilization occurring in the two-bond configurations (bidentate
and bridged states) compared to the one-bond ones (end-on
coordinations). Detailed structural analysis reveals that Li
metal undergoes a slight surface reorganization, with
a displacement of Li atoms of about 0.2-0.3 A toward the VC
molecule in all the considered adsorbed states (see Fig. S37).

View Article Online
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Moreover, there is an elongation of the carbonyl C=0 bond of
about 0.02 A compared to the value in the free VC molecule (see
Fig. S2 and S37), while no significant pyramidalization at the
carbonyl site is observed (evaluated as variation of the dihedral
angle Oy,0y~C=0 from 180°, i.e., the planar configuration, see
Table S27). The largest dihedral variation is detected for the
bidentate configurations, namely Li[O¢]p ¢ (~5°). Overall, the Li-
O bonds that are established at the interface lie in the range of
1.86-2.19 A, which is comparable to those in the Li,O solid
phase, ie., 1.99 A% These results would suggest that VC
adsorption on the Li(001) surface exhibits an ionic-like character,
that can be unveiled from electronic structure analysis. The
charge density (CD) difference upon VC adsorption can be
calculated as:

(3)

Ap = pyc-Li — PLi — PVC

where pyc_1i, pri and pyc are the charge densities of each
adsorbed state, the isolated Li(001) slab and the VC molecule,
respectively. The corresponding CD plots (insets in Fig. 1) show
a surface-to-molecule charge transfer in all the explored
configurations, suggesting a key role of the Li metal surface in
shifting the electron density on the VC molecule and making it
prone to a reductive evolution path.

We also consider the Bader charges variation upon adsorption
on both VC and Li sides of the interface. The overall negative
charge variation on the whole VC molecule, i.e., Agyc, suggests
that the adsorbed VC is reduced compared to the isolated mole-
cule (first row in Table 1), while the positive/negative variations
calculated on Li/O atoms (Agy; > 0 and Ago < 0, second and third
rows in Table 1) confirm the surface-to-molecule charge transfer
occurring along the Li-O bonds and accounting for electron
depletion/accumulation on the Li/VC side. The comparison of
Bader charges among the different configurations reveals that the
lowest-energy bidentate Li{OcOy] state displays a smaller extent of

o |
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© 000 /0000, 0000 o § oo, 0 0 00O
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—0(}0 ©0-0-0-0-00--0--0--0--0 0--0--0--0--00--0--0--0--0 .
-0.74 eV -0.71 eV -0.66 eV -0.61 eV -0.51 eV a
) 7 . | Eads‘

Fig. 1 VC adsorption on Li metal: minimum-energy structures of VC/Li(001) adsorbed states in different configurations and corresponding
adsorption energies calculated according to eqn (2) at the PBE-D3 level of theory. Insets: charge density difference plots computed according to

eqn (3) (isosurface: 3 meV A~
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3). Color code: Li (green), C (black), O (red), and H (white); electron gain (yellow) and electron loss (cyan).
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Table1 Bader charge variation upon adsorption calculated on the whole VC molecule (Agyc), and the Li (Aq;) and O (Ago) atoms involved in the
Li—-O bonds at the interface. The net charge on the oxygen atoms bonded to the surface in the final adsorbed state is also reported (go)

Li[OcOv] Li[OC]b,t Li|:OC:|bYp Li[Oc]eyt Li[OC]eyp
Agyc —0.26 —0.36 —0.31 —0.25 —0.19
Aqri +0.86 (Oc) +0.23 (Oy) +0.70/+0.87 +0.48/+0.59 +1.13 +0.81
Ago —0.13 (Og) —0.08 (Oy) —0.28 —0.23 —0.14 —0.11
do —1.24 (O¢) —1.11 (Oy) —1.34 —1.30 —1.26 —1.22

electron reduction (less negative Agyc and Agp) compared to the
bridged Li[Ocp: and Li[Oc],, configurations. However, the
electron transfers in these cases are delocalized on the two oxygen
atoms (O¢ and Oy) bonded to the surface, which could explain the
higher stability. These results highlight the direct correlation
between the thermodynamic stability of VC/Li interfaces and the
related charge transfer degree.

Similar results have been reported for similar cyclic
carbonates, i.e., EC and PC, by taking implicit solvent into
account, thus suggesting that the unsaturated site in the ester
ring does not affect the adsorption on the Li metal anode and
that solvation effects can be neglected in such a first attempt to
model VC/Li interactions.?>**”

We calculate the projected Density of States (pDOS) for an
unbound state, that is modelled by placing the VC molecule far
away from the surface (i.e., ~5 A), and all the adsorbed config-
urations. As confirmed by the comparative pDOS in Fig. S4, the
distance of ~5 A is adequate to represent an unbound system
and avoid any VC-surface interaction.

Following similar approaches employed for EC- and PC-Li
systems,*>*” the effect of VC/Li interactions on the electronic
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5F ' . [sA
' ' i Li[0;0/]
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Fig. 2 Projected Density of States (pDOS) of the VC-adsorbed
configurations on Li(001). From top to bottom: unbound state Li + VC;
bidentate Li[OcOyl; bridged tilted Li[Ocly« and perpendicular Li[Oclp, p;
end-on tilted Li[Ocle, and perpendicular Li[Ocle p. Black arrows show
the energy gap, AE = E ymo — Er. Color code: Li (green lines) and VC
molecule (red solid pattern). The corresponding structures are shown
to the side for clarity.
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structure can be evaluated from the energy gap between the
LUMO (i.e., lowest unoccupied molecular orbital) and the Fermi
energy (Erumo — Er, highlighted by the black arrows in Fig. 2).
Comparison between the pDOS of unbound and each bound
states reveals that the VC adsorption on the Li(001) surface
significantly lowers the LUMO energy, the effect being more
remarkable for the two bridged configurations, Li[Oc], , and Li
[Ocbt (AE = Erymo — Er = 0.66 and 0.74 €V, respectively). One
requirement to enable the SEI formation at the electrolyte/
anode interface is that the LUMO energy of the electrolyte
should lie across or just above the Fermi level of the anode
material.® The two bidentate states exhibit the lowest energy
gaps (slightly differing for ~0.08 eV) and could be considered as
the most likely ones to initiate the reductive decomposition.
However, we do believe that the extent of surface reconstruction
also describes the most prone configuration to undergo disso-
ciation reactions. As anticipated before, the highest variation of
the dihedral angle observed for Li[Oc]y ¢ (see Table S2t) couples
to an enhanced charge transfer (see Table 1) and thus motivates
our choice to select this configuration for the overall balance
between thermodynamic stability and electronic features.

3.2. Reductive dissociation pathways towards VC
decomposition

Inspired by previous mechanistic studies on bare molecular
systems, we consider two possible reduction pathways, differing
for the ring-opening site along Cc-Oy or Cy—-Oy, bonds (see Fig. 3
in light blue and orange, respectively).??°*>3* The so-obtained
initial ring-opening products (open-VC) are hereafter desig-
nated as DISS(COy) and DISS(CyOy) dissociated states and can
undergo further reductive decomposition: the former would
proceed to the formation of an acetylene molecule (C,H,) and
lithium oxide cluster (Li,O) via a two-step reaction with CO
evolution; the latter would involve the release of C,H, coupled
to the formation of a lithium carbonate cluster (Li,CO3) in only
one step. From the open debate in the literature concerning the
dominant pathway, we gather that the Cc-Oy breaking is
kinetically more accessible and that CO diffusion into the Li
metal structure can take place; however, low acetylene release
would conflict with this hypothesis.>®*****” On the other hand,
cleaving the Cy-Oy bond would lead to the 2-(carboxylatooxy)
ethenyl radical anion ("CH=CH-O-COO-), which has been
proposed as a radical initiator for VC polymerization.*"**** We
must note that the whole picture on VC reactivity could be
noticeably affected by the Li metal environment, which has
been neglected in previous reports."®**** Hence, we first
address the thermodynamic stability of each reaction

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Reductive VC ring-opening dissociation on the Li(001) surface:
minimum-energy structures along two possible reaction pathways
obtained at the PBE-D3 level of theory with their corresponding

energetics, AE, calculated according to egn (4). Color code as in Fig. 1,
Cc-Oy (light blue) and Cy—Oy cleavage (orange).

intermediate along the two decomposition pathways occurring
on the Li(001) surface using standard semi-local DFT calcula-
tions. In Fig. 3, the resulting minimume-energy structures of
each reaction step are reported together with the corresponding
energetics. The energy variation upon each reaction step is
calculated at the PBE-D3 level of theory as:

AE=E,—E, (4)
where E, and E,_, are the total energies of the nth and (n—1)th
reaction intermediates along the corresponding pathway. Our
calculations predict that both mechanisms can occur, with
a largely favourable energy gain for the final acetylene release,
AEi o = AE3 950 = —5.29 vs. —3.92 eV from Cc-Oy and Cy-Oy
cleavage, respectively. However, these results seem to be
contradictory owing to the experimental evidence of low C,H,
release,"****** and further investigation is required. Detailed
structural and electronic analysis on DISS(CcOy) and DISS(Cy-
Oy) shows that an overall geometry reorganization occurs upon
ring-opening, involving the displacement of Li atoms along the
z axis of ~0.3-0.4 A, the shortening of Li-O distances and the
elongation of VC bond lengths (Fig. S4t). The VC/Li interface in
both dissociated states is characterized by surface-to-molecule
charge transfer, which can account for strongly stabilizing Li-
O/C interactions (see CD plots in Fig. S41). The large negative
Bader charge variations on carbonyl and vinylic carbon atoms
(calculated according to Eqn (3)), respectively, suggest a local-
ized reduction on these carbon sites, DISS(C:Oy) and DISS(Cy-
Oy) (Ag = —1.97 and —1.29, Fig. $47). It is noteworthy that the

This journal is © The Royal Society of Chemistry 2023
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vinylic carbon atom in DISS(CyOy) displays a net negative
charge (gc = —0.85) and could be associated to a further
reduction of the ‘CH=CH-0O-COO- radical anion debated in
the literature.>**** The potentially high reactivity of this species
may be exerted towards several processes beyond the reductive
ring-opening decomposition, which makes its chemical nature
key to unveiling the overall VC role in the SEI formation on the
Li metal anode.

On one hand, more accurate theoretical methods beyond
DFT are required to achieve reliable and useful predictions of
highly correlated systems with localized electron density. On
the other hand, it is important to preserve the suitable
description for the metal surface without losing accuracy. To
this end, we propose the mechanistic study of ring-opening
reactions by means of DFET. In this approach, the total
system is partitioned into two subsystems sharing the embed-
ding potential Vemp: the cluster, which contains the localized
phenomena under study, and the environment. Usually, the
cluster can be treated at the most accurate level of theory, or the
most suited also for the property of interest. In our case, we
perform HSEO06-in-PBE calculations, that is, we describe the
cluster (the VC reactive site at the Li interface) by using the
hybrid HSE06 functional and account for the environment (the
remaining Li metal surface) at the PBE level of theory. From the
method validation based on different-sized clusters (see the
ESIf for further details), we choose to solve the Ve, for a 12-
atom Li cluster, which represents an optimal compromise for
modelling both the local interactions and the reactivity at the
VC/Li(001) interface with an affordable computational cost
(Fig. S5 and S6 in the ESIt). The corresponding DFET energetics
for adsorption/dissociation properties are computed according
to eqn (5):

E,qs1dis = Eadsigis-vcari — Eui — Eve (5)

where E,qg/disvcari Fri and Eyc are the total energies of the
adsorbed/dissociated VC states at the Li metal interface, the
pristine Li surface, and the isolated VC molecule. We can now
compare the different models and methods on the two most
stable adsorbed configurations (Li[OcOy] and Li[O¢]y ) and the
two possible open-VC dissociated states (DISS(CcOy) and
DISS(CyOvy)). The results are listed in Table 2, together with DFT
values from PAW and NC pseudopotentials, employed in VASP
and ABINIT, respectively.

From the values listed in Table 2, we can see that both
adsorption and dissociation energies at the HSE06-in-PBE level

Table 2 The adsorption/dissociation energies, E.qs/qiss, Calculated
according to eqgn (5) for periodic (DFT-PBE(PAW) and DFT-PBE(NC))
and embedded cluster (DFET-HSEQ6-in-PBE) models of Li[OcOy], Li
[OC]b,tr DlSS(CCov) and DlSS(CVov)

Eaasdis (€V) Li[OcOy] Li[Oclhe DISS(CcOy) DISS(CyOy)
DFT-PBE(PAW) —-0.511 —0.556 —3.581 -3.970
DFT-PBE(NC) —-0.471 —0.530 —3.521 —3.886
DFET-HSE06-in-PBE  —0.266 —0.419 —3.227 —-3.737
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of theory are lower than DFT-PBE results. However, the overall
energy trend remains unchanged, and the relative stabilities
can be confirmed with higher accuracy. It is noteworthy that the
localized anionic nature in DISS(CyOy) is also revealed by the
Bader charges computed at the HSE06-in-PBE level of theory (gc
= —1.04 vs. —0.85 from DFET and DFT, respectively), thus
confirming the before-mentioned potential reactivity of this
carbanionic-like species.

To gain deeper insights into the two ring-opening mecha-
nisms, we investigate the MEPs along the VC dissociation
process. By applying the CI-NEB method between the adsorbed
Li[Oc]p, state (as the initial state, i.e., i00), and a given disso-
ciated structure, DISS(C:Oy) or DISS(CyOy), (final state, i.e.,
i06), we find that both the MEPs can be described by the i01-i05
images reported in the top and bottom panels of Fig. 4. The
corresponding energy variations are derived at the DFT-PBE and
DFET-HSEO06-in-PBE levels of theory and plotted in the middle
panel of Fig. 4. We can clearly see that the HSE06-in-PBE
method predicts an energy barrier of about 0.3 eV, which is
associated with the formation of the high-energy i01 images
along both MEPs and is not detectable with semi-local PBE-DFT
approaches. The results listed in Table S21 show that both
PBE(PAW) and PBE(NC) pseudo-potentials provide a negligible
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Fig.4 VC migration on Li metal: minimum energy paths (MEPs) for the
migration of the VC molecule from its adsorbed to dissociated states,
(top) DISS(COy) and (bottom) DISS(CyOy), computed by means of the
CI-NEB approach. The corresponding energetics obtained at the DFT-
PBE(PAW) (dark-blue and burgundy lines), DFT-PBE(NC) (blue and red
lines) and DFET-HSE06-in-PBE (light-blue and orange lines) levels of
theory are plotted along the MEPs. The related reaction intermediates
(images i01-i05) are also displayed.
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barrier for both the degradation mechanisms, well below the
barrier heights found at the DFET-HSE06-in-PBE level of theory.

Fig. 5a shows the structural and electronic analysis on the
highest energy structures, ie., the i01-DISS(C:Oy) and i01-
DISS(CyOy) transition states. We have quantified the structural
reconstruction as the geometrical distortion on the carbonyl
carbon atom from its original planar configuration: the further
the Oy, Oy—C=O0 dihedral angle from 180° value, the larger the
rearrangement at the Cc atom. As shown in left Fig. 5a, the
dihedral angle decreases by about 38° and 30° for i01-
DISS(COy) and i01-DISS(CyOy), respectively, suggesting that
the VC ring undergoes a structural reorganization from an
approximately trigonal planar to a trigonal pyramidal geometry.
This pyramidalization at the Cc atom in both structures comes
with the elongation of C-Oy and C¢-Oc bonds (Fig. 5a). Bader
charges analysis on the VC molecule (gyc), combined with the
spin density of the i00-ground state (Li[Oc],,) and the two i01-
transition states reveals, that the ring-opening mechanisms
are coupled to the reduction of the VC molecule to a ketyl-like
radical anion (see Fig. 5a). The energy barriers predicted by
the HSE06-in-PBE approach are therefore associated with the
VC pyramidalization and formation of the radical anion. The
minor extent of structural and electronic reorganization in i01-
DISS(CyOy) could account for the lower energy barrier and thus
suggest a more accessible pathway leading to a more stable
dissociated product (AE = —3.57 vs. —3.21 eV, see Fig. 3). This
conclusion is in line with previous studies reporting the pref-
erential breaking of the Cy~Oy bond.**** While proving experi-
mentally the thermodynamics of reaction profiles and the
existence of an energy barrier associated with VC pyramidali-
zation is extremely difficult, our theoretical findings can directly
relate to existing experimentally observed phenomena. The
predicted dissociation products and related stability can be
compared to the composition and morphology of the VC-
induced SEI In particular, the formation of a Li,O cluster,
following bond cleavage at the Cc-Oy site and the decomposi-
tion to acetylene and Li,COj;, resulting from Cy-Oy bond
breaking, relates to the mosaic-like nanostructure comprising
organic species, Li,O and Li,CO; reported by Xu et al.>> More-
over, our computed barrier heights are slightly lower than those
reported by Wang et al. (~0.3 vs. 0.8 eV), owing to the presence
of the Li metal surface acting as an electron donor and thus
favoring the reductive reaction.**** By following the Bader
charge trend along the MEPs reported in Fig. S7,T we observe
a slight decrease of net charge on the vinylic oxygen, while the
charge lowering on both carbonyl and vinylic carbons is more
significant. This clearly suggests that a reductive mechanism is
taking place, as a result of the before-mentioned charge transfer
from the Li(001) surface. The g¢ values along DISS(CyOy) are
more negative (up to —1.04) and would account for an even
more anionic nature of the reaction intermediates compared to
DISS(CcOy). This result is confirmed by the electronic analysis
in Fig. 5b: DISS(CyOy) and DISS(COy) correspond, respectively,
to a carbanion and a radical species, as revealed by the spin
density and the extent of charge transfer associated with their
formation (gyc = —3.16 vs. —2.48 for the radical DISS(COy) and
the carbanion DISS(CyOy), respectively).

This journal is © The Royal Society of Chemistry 2023
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(b) Projected Density of States (pDOS), spin density (isosurface 0.05 e/bohr®) and total Bader charge on the VC molecule of LilOclp . DISS(CcOy)

and DISS(CyOy). Color code as in Fig. 2.

In both cases, the ring-opening reaction proceeds with
further electron transfer from Li to VC, leading to two highly
reactive products that can exert different activities towards SEI
formation on the Li metal surface. Recent scientific discussions
highlight that open-VC (i.e., the "CH-CH-O-COO- radical anion
arising from Cy-Oy bond breaking) can initiate complex poly-
merization reactions via radical attack on other VC
molecules.***?%3 The preferential reactivity of open-VC to
other VC molecules rather than EC also emphasizes that
considering explicit solvent molecules would not be key to VC
reactivity on the Li metal anode.* The presence of poly(VC) or
cross-linked polyacetylene has been confirmed by IR, NMR and
XRD analysis performed on VC-containing electrolytes
employed in LMBs, and it is associated with good Li passivation
and effective inhibition of  further electrolyte
degradation.***?%% Although the formation of polymer chains
or complex superstructures was beyond the scope of this work,
we attain the identification of the reactive species responsible
for VC decomposition that can in principle play the role of
a potential chain linker or a polymer initiator. By proving the
high reactivity of the dissociated states, i.e., the DISS(CyOy) and
DISS(CcOy) intermediates with anionic and radical nature,
respectively, we show that the activity towards polymerization
(as a result of the Li surface-to-VC electron transfer) rather than
further decomposition to fully reduced moieties would also
provide feasible explanation of the low acetylene release
observed in the experiments.>%>"32¢

Our model is capable of representing the main VC/Li(001)
surface interactions and the first steps towards reductive
decomposition. We must note that VC-induced SEI formation
and growth can be sensibly influenced by other interfacial
reactions and solvent molecules and association with dissolved
Li" departing from the anode upon cycling. As an early attempt
to characterize the origin and underlying mechanism of VC
decomposition, here we have neglected the role of electrolyte
elements to determine the critical effect of the Li metal surface

This journal is © The Royal Society of Chemistry 2023

in promoting the VC degradation reactions in VC-induced SEI
formation. As a matter of fact, adsorption trends, reaction
profiles and predicted polymerization activity discussed in this
work are in line with former mechanistic studies considering
similar systems with implicit solvation as well as with VC/Li"
association.***"**% Moreover, our study shows how an
advanced DFET approach is able to properly describe the VC
dissociation mechanisms and the related intermediates
featuring localized charges. DFET represents an innovative
computational tool capable of providing a reliable picture for
electrocatalytic reactions occurring at heterogeneous interfaces.
By elucidating the VC reductive mechanism on the Li surface,
we believe that the theoretical efforts reported so far will
empower future studies aiming to unveil the key aspects in the
formation of a safe and stable SEI, thus guiding the rational
engineering of efficient Li metal anodes and providing value to
upcoming battery design principles.

4 Conclusions

We hereby present new atomistic insights into the first steps of
VC-induced SEI formation at the Li metal anode surface as
derived from first principles. Despite the broad literature on the
beneficial use of VC-containing electrolytes for an effective and
durable SEI, an in-depth understanding of reductive mecha-
nisms that are responsible for SEI formation is still required.
We have performed a thorough investigation on VC adsorption
and reactivity at the Li(001) surface termination, which can be
helpful for future design and engineering strategies towards
a stable and protective SEI for efficient LMBs.

Density Functional Embedding Theory is employed to
combine hybrid-DFT and semi-local GGA-based methods,
which are accurate and reliable for molecular species and metal
surfaces, respectively. Our aim is to unveil the VC reactivity at
the Li surface and the underlying decomposition mechanisms
and dissect the roles of VC and the Li background in the
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formation of a stable and durable SEI. Our main findings can be
summarized as follows:

- Concerning the adsorption of a VC molecule on the Li(001)
surface, several explored VC orientations lead to stable metal
electrode/electrolyte interfaces, the binding being stronger
when more Li-O interactions are established. The pDOS
calculations and Bader charge analysis are consistent with the
adsorption trend and reveal surface-to-molecule charge trans-
fers for all the configurations.

- The reductive decomposition pathway is tracked along two
possible ring-opening mechanisms, following the bond
cleavage at the carbonyl C-vinylic O (C¢-Oy) and vinylic C-
vinylic O (Cy-Oy) sites. The first pathway consists in a two-step
decomposition, leading to release of acetylene and CO as well as
to formation of a Li,O cluster; along the second pathway,
a single reaction step leads to simultaneous development of
both acetylene and Li,CO;. While being thermodynamically
feasible, the VC decomposition features either way an energy
barrier of ~0.3 eV associated with the VC pyramidalization due
to further reduction favored by the Li metal surface. Because of
the ketyl-like anion radical nature of the transition states, the
detection of such barriers is only possible with HSE06-in-PBE
DFET calculations. In particular, the ring-opening at the Cy—
Oy site turns out to be easier and leads to a highly anionic
intermediate, namely DISS(CyOy), with a net negative charge on
the C atom of —1.04, while the less favourable DISS(C:Oy) has
a radical nature. In both cases, the reaction proceeds with
further electron transfer from the Li surface to VC, leading to
two products that can have different reactivities towards SEI
formation processes, e.g., polymerization. By directly under-
going polymerization rather than further decomposition to fully
reduced moieties, the VC reactivity unveiled so far would also
provide feasible explanation of the low acetylene release
observed in the experiments. Regardless of whether such
species will act as chain linkers or polymer initiators, their
stability is key to the VC reactivity as it can outline rational
strategies to tune and design artificial SEI layers containing
tailored macro-molecular systems or polymers.

Beyond these specific results, our study also highlights the
suitability of DFET-based methods in modelling complex elec-
trocatalytic reactions at heterogeneous interfaces with afford-
able computational costs, thanks to the combination of suitable
computational approaches for different cluster/environment
systems. The application of DFET, a new yet established theo-
retical method beyond standard semi-local DFT, allows new
insights into the mechanisms of VC decomposition at the LMB
electrode to be obtained, providing new fundamental knowl-
edge for the fine-tuning of VC-based SEI engineering. As the first
study to attain the description of early VC reactivity at the Li
metal interface, this work will enable further investigations
aiming to include realistic interfacial features and electrolyte
elements, such as solvation effects and association with Li"
departing from the Li anode upon cycling, and thus addressing
the many subtle features of the complex SEI formation process
and growth.
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