CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

A novel calculation strategy for optimized prediction of the reduction of electrochemical

window at anode

Guochen Sun(#MNE Z), Jian Gao(r5 1), and Hong Li(ZE¥i4)
Citation:Chin. Phys. B, 2023, 32 (7): 078201. DOI: 10.1088/1674-1056/accd51
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Structural, electronic, and Li-ion mobility properties of garnet-type Li,La,Zr,0,, surface:

An insight from first-principles calculations

Jing-Xuan Wang(E##T), Bao-Zhen Sun(#)E 1), Mei Li(ZEHF), Mu-Sheng Wu (5= A=), and Bo Xu(#4:7%)
Chin. Phys. B, 2023, 32 (6): 068201.  DOI: 10.1088/1674-1056/acc05d

Computational screening of doping schemes for LiTi,(PO,); as cathode coating materials

Yu-Qi Wang(F F2¥), Xiao-Rui Sun(#)BEF), Rui-Juan Xiao( 14 :15), Li-Quan Chen(f437 %)
Chin. Phys. B, 2020, 29 (3): 038202.  DOI: 10.1088/1674-1056/ab7186

Tuning hybrid liquid/solid electrolytes by lowering Li salt concentration for lithium

batteries

Wei Yang(#ff), Qi-Di Wang(F )5 i), Yu Lei(F§ %), Zi-Pei Wan(/JJ T-35), Lei Qin(Z2#%), Wei Yu(4XME), Ru-Liang
Liu(XI)212%), Deng-Yun Zhai(#2 % =), Hong Li(Z%734), Bao-Hua Li(Z= % £), Fei-Yu Kang(f & F)
Chin. Phys. B, 2018, 27 (6): 068201.  DOI: 10.1088/1674-1056/27/6/068201

Redox-assisted Li*-storage in lithium-ion batteries

Qizhao Huang(#% ) #) and Qing Wang(F JX)
Chin. Phys. B, 2016, 25 (1): 018213.  DOI: 10.1088/1674-1056/25/1/018213

High-throughput theoretical design of lithium battery materials

Shi-Gang Ling(#{1:[1]), Jian Gao(/=i ), Rui-Juan Xiao( 4 & 48), Li-Quan Chen(%137. %)
Chin. Phys. B, 2016, 25 (1): 018208. DOI: 10.1088/1674-1056/25/1/018208


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accd51
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accd51
https://doi.org/10.1088/1674-1056/accd51
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc05d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc05d
https://doi.org/10.1088/1674-1056/acc05d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7186
https://doi.org/10.1088/1674-1056/ab7186
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/6/068201
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/6/068201
https://doi.org/10.1088/1674-1056/27/6/068201
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/1/018213
https://doi.org/10.1088/1674-1056/25/1/018213
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/1/018208
https://doi.org/10.1088/1674-1056/25/1/018208

Chin. Phys. B 32, 078201 (2023)

RAPID COMMUNICATION

A novel calculation strategy for optimized prediction of
the reduction of electrochemical window at anode

Guochen Sun(#ME Z)'2, Jian Gao(F#ifi#)>", and Hong Li(ZE¥k)H#

I Key Laboratory for Renewable Energy, Beijing Key Laboratory for New Energy Materials and Devices, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China

2CoHege of Materials Sciences and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China

3College of Chemical Engineering, Beijing University of Chemical Technology, Beijing 100029, China

(Received 20 March 2023; revised manuscript received 13 April 2023; accepted manuscript online 16 April 2023)

The reduction of the electrochemical window (EW) of electrolytes plays a significant role in assessing their compati-
bility with the anode in lithium-ion batteries. However, the accurate calculation of the reduction of EW is still challenging
due to missing the solvation effects, condensation effects, kinetic factors, and the passivation on anodes. The theoretical
prediction of the intrinsic and apparent EW is confirmed by a comprehensive experimental analysis of ethylene carbonate-
dimethyl carbonate (EC-DMC) electrolytes, combining linear sweep voltammetry (LSV) and gas chromatography-mass
spectrometry (GC-MS). The proposed novel kinetic normal distribution theory model can quantitatively explain the current
density from LSV and affirm acetaldehyde (MeCHO) as one of the primary reduction products of EC. The solvent effect
restricts the intrinsic EW of EC-DMC without lithium salt to 2.6 V (vs. Li*/Li) arising from the Marcus—Gerischer theory
and the passivation of MeCHO on the anode broadens the apparent EW to 0.3 V (vs. Li™/Li) arising from the normal
distribution of the lowest unoccupied molecular orbital (LUMO) for MeCHO produced by thermal motion. In addition, the
passivation on the anode depends intensively on the lithium salt, resulting in more complicated influences on the apparent

EW.

Keywords: lithium battery, electrolyte, reduction kinetic, electrochemical window

PACS: 82.47.Aa, 82.45.Gj, 65.40.gk, 87.15.R—

1. Introduction

Extending lithium-ion battery life is a priority for the
development of electric vehicle power batteries, energy stor-
age batteries, recycling technology, and reducing the environ-
mental pollution.!! Efforts are carrying out on altering elec-
trolytes, adding additives, and performing high-throughput
calculations to screen new systems,? as well as developing
the predictive models of battery life based on impedance and
failure analysis to understand the inner mechanism of capac-
ity fading.>*! Having been widely recognized, the continuous
growth of thickened solid electrolyte interphase (SEI) on the
anode primarily accounts for the decay of capacity for com-
mercial battery systems, which comes from the decomposi-
tion of electrolytes and consuming lithium ions.>*! However,
the electrolyte, which can be compatible with the anodes with
lower electric potential, is still urgently demanded, in order
to increase the energy density. For example, several common
solvents, such as propylene carbonate (PC) and dimethyl ether
(DME), fail to accommodate the most popular graphite anode,
which further limits the options for the solvent.!”) The com-
plex side reaction on anodes brings difficulties in the compre-
hension of the decomposition mechanism and reaction con-
ditions. However, it is essential to accurately predict elec-
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trolytes’ stability and compatibility with the lower electrical
potential anodes for rational selection and design of the elec-
trolyte systems for long-life battery systems.

Extensive experimental methods are applied to focus on
various aspects. Aiming at the observation of SEI films
with thickness ranging from a few nanometers to tens of
nanometers, the recently developed cryogenic transmission
electron microscopy (cryo-TEM) succeeds in observing with
slight damage. On the same carbon black anode, both 5 nm
and 100 nm SEI can be observed due to the highly het-
erogeneous process influenced by multiple factors of SEI
growth.®! Also due to the complicated decomposition reac-
tions, graphite layers are observed to be peeled off in graphite
ethylene carbonate-diethyl carbonate (EC-DEC), which is
generally thought to occur only in PC.”) Focusing on the
complex decomposition products and reaction pathways, the
combination of nuclear resonance spectroscopy (NMR), gas
chromatography-mass spectrometry (GC-MS), attenuated to-
tal reflectance infrared spectroscopy (ATR-IR), and x-ray
photoelectron spectroscopy (XPS) is applied.!'”) The elec-
tron paramagnetic resonance (EPR) spectroscopy confirms
that the reduction pathway is influenced strongly by external
energy,!'!! and the operando neutron reflectometry and quartz
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crystal microbalance methods help to distinguish the potential
of growth inner and outer layers of SEI under different elec-

(121 The gas chromatography combined with

trode potentials.
mass spectrometry can distinguish the sole characteristic of
ion fragments for verifying the species of substances and help
to detect the trace content and concentration of products in the
electrolytes.[!3]

The initial reduction processes of EC have been theo-

[14-23] and several pathways

retically investigated extensively,
are proposed for the specific decomposition of EC, among
which the dominant one is decided by the competing reac-
tion rates and electrode potentials during each process. How-
ever, the theoretical quantification of the reduction of the elec-
trochemical window is still challenging. Previously, the re-
duction of EW is usually calculated as the electronic affinity
(EA) between the neutral molecule and the reduced molecule
with negative valence.>*! However, the electric potential of
EA is relative to the equilibrium potential (¢°) formed by
the calculated two structures before and after charging, i.e.,
EA = F(@ — @), (F is the Faraday constant), according to the

25261 And different electric pairs gen-

Butler—Volmer theory. !
erally have different ¢°s, which will bring in errors when di-

rectly comparing the EA between different materials.?®! The

equilibrium potential of lithium-ion dissolved in solvent rela-
tive to lithium metal calculated from dissolving free energy is
also proposed as an approximation to represent EW.[>’] An-
other approach is to obtain the surface potential at zero charge
by calculating the linear relationship between the surficial po-
tential and the surface electron density from a series of charged
models. Then when the surficial charge density is extrapo-
lated to zero, the simulated surficial potential can be regarded
as the conservative electrochemical window, because neither
net in nor out flux of charged carriers (ions and electrons)
across the balanced interface between the electrode and the
electrolyte under the above zero charge potential condition. [?%]
After a long period of confusion, recently, an improved ther-
modynamic cycle method is proposed, involving crucial reor-
ganization energy and solvation energy in predicting EW, then
the mean-absolute-errors can be decreased from 3.25 V by the
traditional method to 0.68 V after corrections, revealing the
source of the dominant errors.[?®! In addition, the solvent ef-
fect is also pivotal in the study of the redox kinetics of inter-
facial reactions in the Li-air battery.3%) Besides all the above
corrections, the improvement of the accuracy in predicting EW
is still in demand, and the only test standard should be account
for the actual battery performance.
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Fig. 1. The schematic relationship between electronic states of cathode, anode, and the normal distribution of Gerischer model, the HOMO
of electrolytes, the LUMO of decomposition product, and electrochemical window. EW, IEW, ND, SD, SEI, CEL Efeig, f, Aot (ng JRed re-
spectively represent the electrochemical window, intrinsic electrochemical window, normal distribution for condensed phase solution, standard
deviation, solid electrolyte interphase, cathode-electrolyte interphase, interfacial electric field, Fermi distribution, total reorganization energies,

and equilibrium potential of the redox couple.

This study is focused on analyzing the complicated elec-
trochemical characteristic of in situ linear sweep voltammetry
(LSV) curves for solvents and the influence of corresponding
passivation products on EW. A novel model based on ther-
modynamics and kinetics of electrochemical reduction with

the Marcus—Gerischer solvent effect theory, the amendment
of the lowest unoccupied molecular orbital (LUMO) based on
the effects of condensation, thermal motion, and the interfa-
cial electric field is proposed, which is in good consistent with
the LSV curves and EWs. The in situ electrochemical signal
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LSV is applied to reveal the complex electrochemical charac-
teristics which arise from the complicated passivation at the
anode, and the intrinsic thermodynamic and kinetic properties
of EC. By the combined analysis of calculation, LSV, and GC-
MS, the decomposition product is detected, and its influence
on the electrochemical process is discussed. With the correc-
tion of the passivation effect observed from experiments, the
LSV and reduction of EW in different passivation cases are ex-
plained by the proposed novel kinetic model, as summarized
in Fig. 1. Details of experiment and calculation method are

provided in the supplementary information,31-4¢!

2. Results and discussion
2.1. Intrinsic reduction electrochemical window of EC

Firstly, the LSVs of EC-DMC (1:1 vol%) start from the
¢° towards negative electric potential until —0.2 V with and
without rotating disk electrode (RDE) are measured as shown
by the red and green curves in Fig. 2(a). Tetrabutylammo-
nium p-toluenesulfonate (TBATOS) is chosen as the support-

[47] for its stability within

ing electrolyte instead of other salts,
the measurement range (Fig. S1), which extends the low po-
tential to —0.2 V vs. LiT/Li. When measured with a glassy
carbon working electrode without RDE, a tiny peak appears at
2.35 'V, which is easy to be ignored in comparison to the large
absolute current density around O V. The absolute current in-
creases when the electric potential is decreased to 2.35 V with
an RDE of 2000 rpm, indicating the appearance of a reduction
reaction of some components. Different from the conventional
method, RDE eliminates diffusion, promotes the transfer of re-
actant, and cleans away the passivation of the product, which
facilitates distinguishing the intrinsic electrochemical charac-
teristics of the solvent. Therefore, EC and DMC are measured
separately to further identify the reduction current in Fig. 2(b),
holding all the measurement conditions as Fig. 2(a), but in-
creasing the temperature to 60 °C for melting EC. The mea-
surements of DMC in Fig. 2(b) and EC-DMC in Fig. 2(a) un-
der 60 °C are also provided, and the temperature is controlled
to the same variable to exclude its influence on the reduction
mechanisms for current density, for each curve has the same
shape but increased current density from 25 °C to 60 °C. When
the RDE is applied and the potential is decreased to 2.35 V,
both the absolute currents increase for EC and DMC. How-
ever, the shapes of LSVs with RDE respective EC and DMC
are different.

Comparing the LSV shapes of EC-DMC, EC, and DMC
with RDE, the reduction current for EC around 2.35 V dom-
inates the reduction of the mixed EC-DMC system, which
could be explained by the Marcus—Gerischer theory: a coor-
dinated molecular or ion stabilized by the coordinated solvent
molecules with the comprehensive interaction, including the
Coulomb attraction and multi-weak interaction, steric effects,

collectively referred to as “the solvent effect in the Marcus
theory”, i.e., the “solvent effect”, and it will bring the posi-
tions of the stable structures for oxidation and reduction close
to each other on the potential energy surface (PES), and build
a pathway for electrochemical redox. The reduction from the
solvent effect weakens the intrinsic stability of the electrolyte,
owing to the reduction potential of the solvent effect at the in-
side of the apparent EW of the EC-DMC electrolyte at 0.3 V
in Fig. 2(a). This solvent effect explains the kinetic reduction
of the electrolytes by searching stable solvent clusters, com-
bining hybrid explicit and implicit solvent models, and apply-
ing the kinetics normal distribution models, shown as the pro-
cess searching the lowest total reorganization energy (Ar) in
supplementary information. Therefore, the absolute reduction
currents R(U) of RDE around 2.35 V could be solved by a ki-
netic electrochemical model, including the Gerischer model,
which is integrated with a normal distribution of the electronic
state @ (U, SD) for EC,

1 o
R(U) = 4, SdNaCour | _f (UL, U) 9 (Ui 0)dUL, (D)

where f(Uri,U) is the Fermi distribution, As the measuring
unit time, S the contact area, d the average distance of trans-
portation of electrons, Na the Avogadro constant, and Cyyx the
bulk concentration of quasi-oxidation molecules.
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Fig. 2. LSV measured by a rotating disk electrode (RDE) with a
glassy carbon working electrode at 25 °C and 60 °C. (a) Experimen-
tal LSVs in solid curves: ethylene carbonate-dimethyl carbonate (EC-
DMC 1:1 vol%) mixed electrolytes or acetaldehyde (MeCHO) both with
tetrabutylammonium p-toluenesulfonate (TBATOS) as supporting elec-
trolytes. Calculational LSVs in dashed curves: from the solvent effect of
the Marcus—Gerischer model and the broadened distribution of LUMO
for MeCHO by thermal motion and interfacial electric field. (b) Experi-
mental LSVs for EC and DMC measured respectively with and without

RDE.
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The average electronic state distribution of solvent effect
from the Gerischer model for EC equals 2.35 V and the stan-
dard deviation (SD, ) is 0.15 V, drawn as the dark blue dashed
curve in Fig. 2(a) by our extended model. The intrinsic EW
of EC-DMC is also restricted by the solvent effect equaling
NDgGerischer + @SDGerischer = 2.6 V (details in the supple-
mentary information). Whereas the reduction of DMC with
RDE has a linear current relative to overpotential like a capac-
itance, which could be derived from the more stable bonds in
DMC than EC, thus the DMC decomposition is depressed, and
the further molecules reduction is also depressed by the cover-
ing of firm ion clusters of reduced DMC due to the Coulomb
interaction.

— EC—EC?*~
----- Two-electron EW
EC?- state g
—— State in inverted region\;
Intrinsic EW
EC- state
EC/EC~ equil. pot.
— Neutral state
7'\

Decreasing voltage

Single point energy

Reaction coordinate

Fig. 3. A schematic of the potential energy surface (PES) for neutral,
charged-1, and charged-2 states of EC during reduction according to the
Bulter—Volmer model and the Marcus theory.

Deduced from the Marcus theory, the growth rate of
EC reduction is depressed within the range between 1.75 V
and 2.35 V in Figs. 2(a) and 2(b), called the inverted region
(Fig. 3), which is derived from the gap in the inverted region
(Invg,p, in Fig. 1) between the reduction of normal distribu-
tion of the Gerischer model (NDEduction ) and the reduction of
normal distribution of thermal motion (NDffietmal motion) of ¢he
product. Because the electronic state of electrolytes breaks
in the Invg,p, the current density of RDE in the inverted re-
gion will not increase, and the reduction current totally comes
reduction
from the ND{5ericcher
gion is the max current density without RDE presented at

Another deduction of the inverted re-

2.35 V, equaling the ¢° minus Ayy/e, and the energy bar-
rier of the transition state AGEé = %(1 + H(ﬁli—o:p"))z doesn’t
fall but increases when the electric potential decreases below
(p0 — Aot/ €, even though the variation of the reaction free en-
ergy decreases monotonously. Meanwhile, from the PES per-
spective, the point of intersection for neutral and charged PES
is higher than the energy of the initial stable state in the in-
verted region, and the redox progress should move on the neu-
tral PES and reach the intersection point before getting or los-
ing the electron moving to the charged PES as the blue ar-
row in Fig. 3. Therefore, the calculation of the decomposition
process, such as the breakage of bonds, in the inverted region
should search from the neutral PES priorly rather than mod-
eling with a charged state, such as directly setting the system

with an extra initial charge. Since most quantum chemistry
programs cannot continuously simulate the external potential,
the subsequent study of the product is simplified to the state of
the whole charge number.

2.2. Reduction products of EC around intrinsic reduction
electrochemical window

Acetaldehyde (MeCHO) is the foremost reduction prod-
uct during decreasing the electric potential, which is confirmed
from the searching by the relaxed scan calculations of the bond
energies for each bond in EC on the neutral state (supplemen-
tary information), also detected by the GC-MS when electroly-
sisat 1.75 V (Table 1 and Fig. 4). The maximum concentration
of MeCHO detected by GC-MS presents at 1.75 V, indicating
MeCHO is the reduction product from the Marcus—Gerischer
theory (Table 1), written as

_ solvent effect
_—

EC+e CO, +CH;3CHO . )

Revealed by GC-MS, the concentration of MeCHO in-
creased from 6.2 nmol/mL to 47 nmol/mL five days later af-
ter electrolysis, consistent with the Marcus mechanism that
EC reduction in the inverted region is motivated by additional
electrons or ions, following the neutral PES preferentially,
written as

_ in solvent

EC+CH3CHO™ ——— CO;, 4+ CH3CHO + CH3CHO. (3)

Py 3 T T
= — TIC
2 o — m/z44.00 |
B — m/z 43.00
5 — m/z29.00
g
=
) 1- 7
8
=2
o
A
= O . .
0 1 2 3

Retention time (min)

Fig. 4. “Liquid” GC-MS chromatograms of electrolyzed EC-DMC at 1.75 V
vs. LiT/Li and the detected production of acetaldehyde with three character-
istic m/z of 44, 43, and 29 and the total ion chromatography (TIC).

The product MeCHO originates from the lack of lithium-
ion involvement and appears only at relatively high potentials,
in contrast to those reported mechanisms that require the con-
sumption of lithium ions or only at low potentials where EC
decomposes by two-electron reduction.!”>! The one-electron
reduction process is possible due to that the uncoordinated sol-
vent molecules are higher than the coordinated one in 1 mol/L
LiPFg with EC-DMC (1:1 vol%), which has the molar ratio
between lithium-ion and solvent of around 1:13 and the co-
ordinated number between solvent and Li™ of about 4. And
when the lithium-ion concentration is insufficiency restricted
by diffusion, formula (2) could be a main decomposition path-
way at high electrode potential, because, with the passivation
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of SEI, the surface potential on SEI will rise much higher than
the anode preventing electrolytes decomposed continuously at
low electrode potential.

Table 1. Concentration of acetaldehyde (nmol/mL) (m/z = 44) by con-

stant potential electrolysis of EC-DMC (1:1 vol%) for glass carbon
(GC) and graphite at different electric potentials.

Working electrode ov 035V 175V 25V
GC 5 min 16.5 34.5 97.8 229

GC 1 min 5.2 5.6 6.2 5.1

GC 1 min 5 days later 14 16 47 13
Graphite 5 min 11.9 13.8 24.8 20.9

Graphite 1 min 55 5.8 8.0 6.8

2.3. Sections of reduction LSV

Furthermore, the LSV of EC-DMC with RDE could be
separated into four sections (in Fig. 2): firstly, from 2.5 V to
1.5 V, reduction current restrained by the solvent effect, and
2.35 V is the intrinsic EW of EC-DMC as clarified above.
From 1.5 V to 1.0V, the reduction of DMC participates in the
reduction current, which is identified from the LSV of DMC
in Fig. 2(b). From 1.0 V to 0.3 V, EC™ reduced to EC>~ by the
solvent effect of the Marcus—Gerischer theory, fitted as the or-
ange dashed curve in Fig. 2(b), which is deduced from the con-
sistency of experimental and calculated current density. How-
ever, in the same electric potential range (1.0-0.3 V) of EC-
DMC, the growth rate of current density for EC-DMC with
RDE (red curve in Fig. 2(a)) is decreased rather than increased,
which might be influenced by the Coulomb repulsive interac-
tion of charged ions on the interface, where the coordinated
solvent structure prevents the further reduction and decreases
the mobility.

Under 0.3 V, the absolute current density of each system
containing EC increases rapidly and reaches 10 mA/cm? at
—0.2 V. Such intensive and sharp current density could only
result from the direct reduction of LUMO inferred from our
kinetic model. Furthermore, it should be attributed to the de-
composed product, which has a larger Cyyx in formula (1),
indicating smaller molecular volume than EC, leading to the
experimental current density markedly larger than the theo-
retical one. The calculation of the LUMO of EC also sup-
ports this conclusion (Fig. 5(a)): the average normal distribu-
tion of LUMO (NDjhermalmotiony for EC_DMC equals —1.38 V
vs. LiT/Li. Both quantum chemistry (QC) extrapolated to
a macroscopical solution (Fig. 5(b)) and ab initio period
calculation, which aligned the absolute position of the den-
sity of states (DOS) to QC, conclude in consistent band gaps
(Fig. 5(a)) for both PBE and B3LYP functional, confirming the
accuracy of ND. The UV-vis absorption spectrum dominated
by the highest occupied molecular orbital HOMO-LUMO
excitation also proves the position of LUMO no more than
—0.45 V (Fig. S3). Therefore, the reduction current below
0.3 V in Fig. 2 is not derived from the LUMO of EC.

Energy level (eV)
—10 —5 0
(a) — ab initio PBE — QC PBE
— ab initio BSLYP — QC B3LYP
7.04

[\ 698
5.60 4.94 5.29 7]0371.38
NDuomo NDrumo
10 B s —
Electric potential (V vs. Lit/Li)

DOS

T T T T T
(P)  m EC-DMC — Fitting curve

Thermal motion distribution {
3tk 4

y=—1.38—2.79(1/N)+2.21(1/N)?

Potential (V vs. Lit/Li)
|
o
I3
i

1 1 1
0 0.1 0.2 0.3 0.4 0.5
1/N

Fig. 5. (a) Normal distributions (ND) of HOMO and LUMO for EC-DMC
(1:1) under thermal motion by AIMD, the statistics of quantum chemistry
(QC) single point calculations, and extrapolating the number of molecules to
infinite, comparing with the density of state (DOS) from ab initio period cal-
culation with PBE and B3LYP functional. (b) The relationship between the
normal distribution of thermal motion for LUMO and the number of molecule
pairs (N) of EC-DMC by QC with B3LYP functional.

2.4. Origin of apparent electrochemical window for EC

MeCHO is one of the decomposition products for EC,
as mentioned above, and the LSV simulated from the nor-
mal distribution of LUMO (NDy ymo) for MeCHO (pink curve
in Fig. 2(a)), which is below 0.3 V, agrees with the experi-
mental LSV of MeCHO (azury curve in Fig. 2(a)). There is
a gap between the experimental current density of EC-DMC
and MeCHO, and the latter is divided by 2 to suit the con-
centration of MeCHO the same as the concentration of EC in
EC-DMC (1:1 vol%). Appending the two-electron reduction
mechanism of EC to the simulated LSV of MeCHO, the fit-
ting curve agrees with the experimental one, indicating the re-
duced product MeCHO could form unstable passivation on the
interface of glass carbon (GC) electrode, thus preventing the
further reduction of solvents at high electric potential; when
the electric potential is decreased to lower than NDy ymo, Me-
CHO decomposes rapidly and impairs the protection for EC,
especially in the case of the LSV without RDE.

2.5. Reduction of EC-DMC on graphite anode

As the most common anode material in lithium batter-
ies, graphite shows larger current density than GC, especially
within the decomposition range between 1.2 V and 0.3 V (pink
curve in Fig. 6(a)). The increased current density could mainly
fit from the MeCHO reduction under RDE (azury curve in
Fig. 6(a)), indicating the MeCHO passivation effect on the sur-
face of GC or graphite is different. For graphite, the uneven
edge and interspace between layers lead to a larger contact
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area, which might break the unstable passivation by MeCHO
and aggravate the MeCHO decomposition. Besides, the co-
incidence of experimental LSV under 1000 rpm RDE and the
segmented calculation curves from the Gerischer model (red
dashed curve in Fig. 6(a)) corrected by the NDpymo proves
again the electrochemical reaction follows the most probable
pathway for each feasible pathway.

2.6. Passivation effect of lithium salt

For the electrolytes with LiPFg, the passivation layer is
caused by the decomposition of LiPFg with solvent and con-
tains highly robust products. Even with a high sweep speed of
50 mV/s, effective passivation occurs on the surface of GC
after the first LSV, as depicted in Fig. 6(b), and the surfi-
cial electric potential on SEI is increased to higher than the
EW of MeCHO. Further passivation with a low sweep speed
of 1 mV/s can prevent the decomposition of EC-DMC until
0 V. Although the apparent EW does not have a unique stan-
dard that takes all kinds of passivation effects into considera-
tion, the efforts on the analysis of the EW from solvent effect,
LUMO, and the electrochemical characterization of the prod-
uct can help in the selection and design of the electrolytes. As
aresult, SEI is a crucial phase in maintaining the performance
of lithium batteries since the intrinsic EWs of most solvents
are too narrow to match the low electric potential at the an-
odes of lithium-ion batteries.
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Fig. 6. (a) LSVs of acetaldehyde (MeCHO) with glassy carbon (GC)
made RDE as working electrode, EC-DMC with a graphite disk as
working electrode, calculated LSVs by the Gerischer model and the
normal distribution of LUMO for MeCHO, and the fitting curve from
the experimental LSV of MeCHO to the reduction of EC-DMC with a
graphite disk working electrode. (b) LSVs of 1 mol/L LiPFs EC-DMC

with GC working electrode.

2.7. Accuracy of the calculation model on other elec-
trolytes

The apparent EW on the electrolyte reduction depends on
the reduction products, such as SEI, rather than the electrolyte
itself discussed previously.[*8) As a result, it is of critical im-
portance to identify these substances and discuss the role of
each composition, which brings synergistic complexity. Fur-
thermore, as an opposite example, the apparent EW of acry-
lonitrile is restricted by the LUMO of itself investigated as
the accurate calculation model. Herein, the LSV is carried
on with the glassy carbon as the working electrode (without
RDE), and TBATOS as the supporting electrolyte, and a three-
electrode system for acrylonitrile shown in Fig. 7. The reduc-
tion current lower than 1 V in Fig. 7(a) comes from the normal
distribution of LUMO verified by the result calculated from
formula (1), and the extrapolated NDy ymo of acrylonitrile is
shown in Fig. 7(b). One peak occurs at 2.4 V, corresponding to
the reduction arising from the solvent effect, which is verified
by the calculations (details in the supplementary information).
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Fig. 7. (a) Experimental LSV for acrylonitrile measured with glassy
carbon working electrode without RDE, and the corresponding calcu-
lated LSVs from the normal distribution of LUMO corrected by thermal
motion and interfacial electric field, and the normal distribution of the
solvent effect of the Gerischer model. (b) The relationship between the
normal distribution of thermal motion for LUMO of acrylonitrile under

thermal motion and the reciprocal of the number of model molecules
(N) by QC with B3LYP functional.

3. Conclusion

The intrinsic EW of EC is 2.6 V derived from the sol-
vent effect of the Marcus—Gerischer model, and the calculated
results are confirmed by the LSV with RDE. In the situation
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without the participation of lithium ions, acetaldehyde is the
primary one-electron reduction product of EC. In comparison,
in the more common and actual situations with existing diffu-
sion control, i.e., where the RDE is not applied and the diffu-
sion process is non-negligible, the physical adsorption of ac-
etaldehyde and electrostatic adhesion of acetaldehyde ion lead
to the passivation effect at the glassy carbon working elec-
trode, leading to resist reactant in outer layers further access
the interface. As a result, the absolute current density is re-
duced, and the apparent EW of the EC-DMC electrolyte is
broadened up to 0.3 V. However, as the adsorption or adhesion
of MeCHO can break away during a charge—discharge process
and dissolution, this passivation effect is unstable. In addition,
the restricted apparent EW is caused by the NDyymo of ther-
mal motion arising from acetaldehyde rather than EC or DMC.
Therefore, the successful application of EC-DMC with LiPFg
is primarily attributed to the rigid passivation of SEI arising
from the decomposition product of electrolytes, especially the
lithium salt therein. And the increasing surficial electric po-
tential by SEI facilitates alleviating the decomposition of the
electrolytes.

Deducted from the theory model, SEI with a thickness
of the order of a few nanometers is enough to prevent solvent
decomposition caused by electric potential, due to the aver-
age distance of transportation of electrons d in formula (1) is
only as small as the thickness of one single layer of molecules
and the overpotential decays rapidly whatever in SEI or elec-
trolyte according to the elaboration of the distribution of the
electrostatic potential in the Helmholtz layer by the double-
layer theory. However, the thickness of SEI larger than 100 nm
is still reported in some experimental research. Acetaldehyde
is identified as one of the unstable decomposition products of
EC, and this reaction mechanism is revealed in this study. It is
a pivotal factor to limit the battery life because of the narrow
initial intrinsic EW of reduction as 2.6 V. Partial constituents
in SEI are inevitably unstable, and the dynamical dissolution
and growth of SEI hold on during the cycling of batteries un-
til the electrolytes are dried and the batteries fail. Moreover,
acetaldehyde is easy to react with lithium metal and leads to
hydrogen gas, which leads to continuous SEI growth and po-
tential insecurity. In conclusion, this study proposes that the
detailed analysis of the successive physical and electrochemi-
cal processes as well as the corresponding products is critical
to evaluate the compatibility of an electrolyte with the specific
anode. Other details, for example, the process such as the em-
bedding of solvent in graphite and solvent solvated-structure
need to be considered to design the electrolytes systemically.
This study also elaborately proposes a combined novel elec-

trochemical kinetic model which takes the solvent effect from

the free energy perspective and the amended distribution of
energy level by thermal motion and electric field in consid-
eration, disassembling the LSV curve shape to different reac-
tion mechanisms. Further investigations are still in demand for
the more nuanced decomposition products and mechanism of
electrolytes, and further information can be applied for a more
accurate prediction of the stability of electrolytes and the com-
patibility with anode.
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