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ABSTRACT: Solid electrolyte interphase (SEI)-forming agents
such as vinylene carbonate, sulfone, and cyclic sulfate are
commonly believed to be film-forming additives in lithium-ion
batteries that help to enhance graphite anode stability. However,
we find that the film-forming effect and the resultant SEI may not
be the only reasons for the enhanced graphite stability. This is
because the as-formed SEI cannot inhibit Li*—solvent co-
intercalation once the additive is removed from the electrolyte.
Instead, we show that the Li" solvation structure, which is modified
by these additives, plays a critical role in achieving reversible Li*
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(de)intercalation within graphite. This discovery is confirmed in

both carbonate and ether-based electrolytes. We show that the problem of graphite exfoliation caused by Li*—solvent co-
intercalation can be mitigated by adding ethene sulfate to tune the Li* coordination structure. This work brings new
insight into the role of additives in electrolytes, expanding the prevailing thinking over the past 2 decades. In addition,
this finding can guide the design of more versatile electrolytes for advanced rechargeable metal-ion batteries.

significant role in rechargeable battery systems because

they can enhance the performance of electrodes and
electrolytes."™ One of the most successful examples is the
improved graphite stability in carbonate-based electro-
lytes,""~"° particularly in propylene carbonate (PC) sol-
allowing their wider application (e.g., low or high
temperature, high voltage) in lithium-ion batteries. To date,
this enhanced graphite stability has been commonly ascribed to
the film-forming effect, where the SEI can be modified by the
reduction of additives at a higher potential than the solvent.
The more robust SEI can passivate the electrode and reduce
the reduction of electrolyte components on the electrode
surface for most carbonate (ethylene carbonate, EC)-based
(PC-free) electrolytes. In addition, the SEI may also suppress
the structural damage of graphite (its well-known exfoliation

S olid electrolyte interphase (SEI)-forming agents play a
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issue) in PC-based electrolytes.'”"** However, herein we show
that the film-forming effect of additives cannot alone account
for the graphite stability. This is because the SEI-protected
graphite is found to be unstable once the additives are removed
from the battery. We reveal that the real role of additives is
changing the lithium (Li*) solvation structure in the
electrolyte; although the additive can affect the chemical
composition of SEI, as-formed SEI is incapable of stabilizing
the graphite. We show that the additive plays a coordinator
role in the electrolyte, which changes the Li"—solvent
interaction. Thus, the additive ultimately determines the
behavior of Li" ions or Li* clusters, such as the competitive
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Figure 1. Effect of additives on Li" ion (de)interaction within graphite. (a) Schematic illustration of the controversial role of the additive
effect on graphite stability: the commonly believed film-forming additive effect or another effect (e.g., coordinator in Li* solvation structure
to change the nature of the electrolyte). (b) Pristine graphite electrode (vs metallic Li) cycles in the electrolyte, where the SEI is formed on
the graphite when film-forming additives are used, giving rise to SEI-coated graphite in the initial battery. (c) Typical voltage vs capacity
profiles of graphite in the electrolyte of 1.0 M LiPF, in PC with and without 6 wt % DTD. (d) SEI-coated graphite electrode disassembled
from the initial battery and reassembled (vs metallic lithium) in a new battery. (e) Typical voltage vs capacity profiles of SEI-coated graphite
cycled in the electrolyte of 1.0 M LiPF, in PC with and without 6 wt % DTD.

(de)intercalation of Li* or co-intercalation of Li*—solvents
within graphite. Excellent research about the coordinative role
of electrolyte additives has been reported,*™>° but this is the
first try to discover and emphasize their dominant role in
determining the Li* (de)intercalation or Li*—solvent co-
insertion behaviors within graphite. This viewpoint is different
from the commonly believed film-forming agent effect. Our
new discovery is the first that has been proven both in the
common carbonate-based electrolytes and in ether-based
electrolytes.

Ether-based electrolytes are widely used in current lithium—
sulfur (Li—S) and lithium—oxygen (Li—0O,) batteries.*®
However, there is no literature reporting the use of additives
to improve graphite stability and the ability to store lithium
successfully in these systems. The storage of lithium within
graphite could be an alternative and efficient strategy to
address the safety issue of metallic lithium®” and mitigate the
side-reactions of lithium with oxygen or lithium polysulfide in
Li—0, and Li—S batteries, respectively.”*~** Although
excellent reports have recently been published on the
superhigh concentration strategy to stabilize graphite,*~*
the effect that makes the super-high-concentrated electrolyte
work could be further explored from a different viewpoint.

In this study, we show that additives with strong
coordination ability can make the ether-based electrolyte
work as well as the carbonate-based electrolyte without the
need to use the superhigh concentration strategy. In addition,
we introduce a basic unit of the Li" solvation structure model
to show the coordinative behaviors of additives, which would
be very useful for understanding the molecular behaviors in the
electrolyte. This work not only presents new knowledge on the
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additive role in electrolytes but can also guide the design of
more versatile electrolytes for advanced metal (ion) batteries.

Controversial Role of the Additive Effect. The controversial
issue of the electrolyte additive effect on graphite anode
stability is presented in Figure la; the model of PC-based
electrolyte with ethylene sulfate (DTD) additive is studied first
in a graphite-based lithium battery (i.e., graphite vs lithium).
As can be seen, graphite is stabilized with the capacity at
around 353 mAh g~ in a PC-based electrolyte using around
4—6 wt % DTD (Figures S1—S4), where an SEI can be formed
on the graphite surface (Figure 1b). A typical good (dis-
)charge curve without continuous electrolyte reduction and/or
graphite exfoliation””*’ is confirmed (Figure 1c); meanwhile, a
long cycle life over hundreds of cycles can be maintained
(Figure S1A,B). Then, we disassemble this initial battery after
several cycles and take out the SEI-coated graphite, where the
SEI-coated graphite is reassembled as an electrode in a new
battery, as shown in Figure 1d. We find that the SEI-coated
graphite can work well with the capacity at around 353 mAh
g~! continually in the same electrolyte with 6 wt % DTD but
fails immediately in DTD-free electrolyte (Figure 1b,d). The
serious electrolyte reduction and graphite exfoliation are both
observed at around 0.94 V in dry and wet SEI-coated graphite
(Figures le and SI1C) in the new battery without DTD
additives. This is similar behavior to pristine graphite tested in
DTD-free electrolyte or in electrolytes with less than 4 wt %
DTD (Figure S1A). This result demonstrates that the SEI layer
cannot stabilize graphite for reversible Li* (de-)intercalation.
Note that the SEI-coated graphite in the new battery can
continually cycle in the electrolyte with 6 wt % DTD (Figure
S1D). In fact, the first (dis-)charge curve in Figure 1b almost
overlaps with that of stabilized graphite in the initial battery,
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Figure 2. Confirmation of residual additive in electrolyte. (a) Weight variation of SEI on the graphite electrode with cycling in the electrolyte
of 1.0 M LiPF,, 6 wt % DTD in PC. Insets show the SEM image and energy-dispersive X-ray analysis (EDXA) of the SEI-coated graphite
electrode. The scale bar is 5 gm. (b,c) Comparative XPS analysis of Cls, S2p, and Ols for the pristine and the SEI-coated graphite electrode
with cycling. (d) FTIR analysis of solvent, solute, and fresh and residual electrolyte with and without DTD additives. (e) '*C NMR and (f)
"H NMR spectroscopy of fresh and residual electrolyte, demonstrating the existence of residual DTD. (g) Quantitative analysis of DTD in
residual electrolyte vs the number of cycles, where the residual DTD is measured by "H NMR spectroscopy based on the molar ratio of PC/

DTD.

without any electrolyte decomposition. This result shows that
the SEI exists on the graphite surface and plays a role in
preventing further decomposition of the electrolyte. The dQ/
dV analysis and cyclic voltammetry (CV) results further
corroborate this conclusion (Figures S5 and S6). These results
confirm the existence of SEI on the graphite surface (Figure
§7), but unfortunately, the SEI cannot mitigate the continuous
electrolyte reduction, and it is insufficient to inhibit the Li*—
solvent co-intercalation and graphite exfoliation if there is no
DTD additive in the electrolyte (Figures le and S1C). In brief,
the SEI can be preserved well without partial dissolution
during the disassembly and reassembly of the battery. The
capability of SEI inhibiting the graphite exfoliation depends on
whether there is sufficient DTD additive in the electrolyte. The
critical factor to affect the graphite performance (e.g, Li*
(de)intercalation or Li*—solvent insertion) is actually the
electrolyte composition. Thus, the partial dissolution of SEI
cannot cause the exfoliation, but it can be judged from the
electrolyte decomposition. We also confirm that these
observations are general and exist in other kinds of carbonate-
and ether-based electrolytes (Figure S8). Taken together, these
results inspired us to reconsider the conventional wisdom that
the role of additives is to improve graphite stability by acting as
SEI-forming agents.

Residual Additive in Electrolyte. In the past 2 decades, many
kinds of additives (e.g., vinylene carbonate (VC),"" LiBOB,"”
metal ions,”*® sodium or potassium salts,'”*" vinyl ethylene
sulfite (VES),”* prop-1-ene-1,3-sultone,”*** sulfur trioxide,”’
phosphoric ester,” tris(trimethylsilyl) phosphite,”® and fur-
anone’*) have been commonly used as SEI film-forming
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agents,' 7**>*7>* which can protect the graphite anode and

guarantee the reversible Li* (de)intercalation within graphite
(Table S1). However, the consumed amount of additives
during battery cycling has been ignored, even though the
concentration of most commonly used additives is at least ~0.3
M when converted from weight percent (or volume ratio) to
molar concentration (Table S2). This value is even much
higher than that of lithium salt in the electrolyte (e.g., 2.64 M
VES vs 1.0 M LiPF,)** in the case of PC-based electrolyte
(Table S2). Herein, we find that the amount of consumed
additive such as DTD during the repeated (dis-)charge process
is highly limited. The first piece of evidence for this conclusion
is the lack of SEI variation with cycling (Figures S9—S11). We
find that the SEI forms fast on the graphite surface in the initial
cycles, and then, there is no obvious variation in its weight,
morphology, or composition (Figures 2a and S10). The
features of SEI formed in the PC-based electrolyte with DTD
are also compared to SEI formed in commercial EC-based
electrolytes (see details in Figure S12). In addition, we confirm
that the amount of consumed DTD additive cannot exceed
1.1%, which is estimated based on the measured SEI variation
(see details in Figure S10). X-ray photoelectron spectroscopy
(XPS) analysis further confirms this phenomena. The
intensities, shapes, and fitting of Cls, S2p, and Ols peaks of
the graphite electrode in Figure 2b,c show clear change in the
first cycle compared to the pristine state, demonstrating the
formation of SEI in the first cycle. Thereafter, the variation is
small, as further confirmed by the spectra of Fls and P2p
(Figure S11). This result demonstrates that the DTD may be
involved in SEI formation only in the initial cycles without
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Figure 3. Coordination structure of Li* ions affected by additives in carbonate-based electrolyte. (a) Raman spectrum variation of PC with
increasing concentration of DTD additives in electrolyte. The description of “Li*—PC&DTD” or “Li'—DTD&PC” means that the DTD
molecules can replace the PC molecules in the Li* clusters. The DTD can gradually replace the PC solvent in the Li* cluster (i.e., Li*—
PC&DTD) and finally dominate the cluster environment (i.e., Li*~DTD&PC), weakening the Li*—PC interactions and releasing the free PC
in electrolyte. (b) Comparative '"H NMR spectroscopy of PC/DTD with and without LiPF,. The inset shows the interaction of Li* and
oxygen atoms in DTD. (c) Radial distribution function (RDF) of Li* to the oxygens in PC without and with DTD additives. The inset shows
the schematic interactions of Li* with oxygens in PC in and near the first solvation shell (light blue area). Snapshot of Li"’s first solvation
shell (d) without and (e) with DTD additives, where the DTD can replace the PC solvent in the first solvation shell. The results are
consistent with those observed in Raman spectra. (f—j) Schematic illustration of the molecular interaction between carbonate solvent (PC),
LiPF, solute, and DTD additives.

further consumption afterward; this conjecture is based on the addition, the change in SEI upon cycling was further confirmed
analysis of SEI formed on the electrode, which is further by transmission electron microscopy (TEM) (Figure S19),
proved by the presence of DTD in the residual electrolyte. The showing consistent behavior with the SEM and XPS results
existence of DTD in residual electrolyte after cycling is (Figures 2 and S9—S12). The data collectively confirm our

confirmed by FTIR spectra, which show adsorption peaks of viewpoint about the SEI and electrolyte additive roles in
§=0 (~1212 and 1015 cm™) and S—O (~917 ecm™’, 650 graphite stability (Figure S19).

cm™) stretch vibrations belonging to the typical sulfate Coordinative Role of Additive. An insight into the electrolyte
(Figures 2d and S13). The residual DTD and its concentration coordination chemistry can be gained from the Raman
were quantitatively determined by *C NMR and 'H NMR spectroscopy analysis of PC-based electrolyte containing
(Figures 2e—g and S14—S17 and Tables S3 and S4). The different DTD concentrations. First, it is observed that the

results in Figure 2f show that more than § wt % DTD still fitted peaks at around 718 and 721 cm™', assigned to the
exists in the residual electrolyte, even after prolonged cycling asymmetric ring deformation of PC molecules® (Figure $20),
(Figures S14—S17 and Table S3). In addition, we find that the decrease in amount and shift to higher wavenumbers once the
consumed DTD is highly limited when a fresh electrolyte with LiPFq salt is dissolved. We attribute this to the formation of
6 wt % DTD is used to assemble a new battery using the SEI- Li*—PC clusters and the decreased concentration of free PC

coated graphite (Figure S18). This result also confirms that the molecules in the electrolyte (i.e., Li*[PC];,¢s[PF¢"]). Upon
SEI is maintained on the graphite surface and the DTD adding DTD into the electrolyte (below 6 wt % DTD), the

additive affects the electrolyte properties and suppresses peaks of Li*—PC become broad because of the varied
decomposition. Thus, we have to reconsider that the real interactions of Li*—=DTD and Li'—PC within the Li" cluster
reason for the enhanced graphite stability after adding the (i, Li*—~PC&DTD), where the DTD molecule can
additives is the change in electrolyte chemistry, rather than the competitively coordinate with Li* (i.e.,

SEI film-forming effect, as previously believed.'’~** In Li'[DTD],[PC],,[PF ], & = 0, 024, 0.48, 0.73). An
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Figure 4. Coordinative role of additives in ether-based electrolyte for graphite stability. (a) Raman spectrum variation of electrolyte with
increasing concentration of additives. Voltage vs capacity profile of the graphite electrode in the electrolyte of 1.0 M LiTFSI in DOL/DME
with (b) varied concentration of DTD and (c) other kinds of additives in the first cycle. (d) Comparative electrostatic potential surface of
additives. (e) RDF of Li" to the oxygen of ether solvent with and without the DTD additives. The frequency of ether solvent that appeared in
the first Li* solvation shell decreases, indicating that the Li*—ether interaction can be weakened by adding DTD. (f,g) Snapshot of the first
solvation shell of Li" ions without and with DTD additives, where the DTD can replace the ether solvent in the first solvation shell. (h—1)
Schematic illustration of molecular interaction between the ether-based solvent (DOL/DME), the solute of LiTFSI, and DTD additives.

obvious separation of Li* clusters and free PC appears when
the DTD increases to 6 wt % (i.e.,
Li*[DTD],-3[PC];,56[PFs"]). This result demonstrates that
the DTD mainly dominates the coordinative situation of Li*
clusters (i.e., Li*—=DTD&PC), where the strength and number
of Li*—PC units in the Li* clusters becomes weaker and
decreases (Figure 3a), thereby releasing a large amount of free
PC. In brief, the Li* clusters can change from the Li*—PC to

*—PC&DTD or Li*—DTD&PC when the amount of added
DTD increases in the electrolyte. This conclusion is supported
by the '"H NMR analysis (Figure 3b), which shows that the H
chemical shift in DTD moves to a higher wavenumber and
thus confirms the coordination of DTD with Li* in the
electrolyte.

This observation is further supported by large-scale
molecular dynamics (MD) simulation (details shown in the
Supporting Information). In general, the Li* cation can
dissolve well in PC solvent and may have 4—6 neighbors
mainly consisting of the solvent molecules.” After adding 6 wt
% DTD into the solvent, DTD may replace some solvent
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molecules and participate in constructing the first solvation
shell of the central Li* cation. The replaced solvent molecules
exhibit features that belong to the “free solvent”, leading to an
obvious separation in peaks in the Raman spectrum from free
solvent to the coordinated ones in Li* clusters (i.e., Li*—
DTD&PC, Li*[DTD]y,3[PCli,56[PFs ]). The reduced fre-
quency of PC molecules within the Li* first solvation shell after
adding 6 wt % DTD confirms the results in Figure 3c. The
snapshot in Figure 3d,e shows the simulated Li" solvation
structure with and without DTD in the electrolyte. It can be
seen that the DTD can indeed act as a coordinator and replace
PC molecules, thereby changing the Li* solvation structure.
Thus, a schematic illustration of molecular interaction among
PC, LiPF, and the varied amount of DTD additives is further
shown in Figure 3f—j to make the Li*—solvent interaction
clear. The decreased interaction of Li*—solvent can make the
(de)intercalation much easier within graphite, thus
avoiding the exfoliation problem caused by the Li*—solvent
co-intercalation and giving rise to good stability of graphite.
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This point is further confirmed by the fact that increasing
the DTD to 12 wt % (i.e., Li'[DTD], 44[PC];,56[PFs]) also
stabilizes graphite due to the reduced Li*—solvent (i, Li'—
PC) interactions (Figure S21). In addition, the lithium cation
transference number decreases with the increasing amount of
DTD in the electrolyte, which corroborates the stronger
interaction of Li*—~DTD compared to Li*—PC (Figure S22).
Note that the additive molecules could also provide better
coordination structure to prevent the decomposition of
solvents. This is because the electrolyte decomposition and
the consumption of DTD are highly limited when a fresh
electrolyte with 6 wt % DTD is used to assemble a new battery
with SEI-coated graphite (Figure le, black curve, Figure S18).
In contrast, there is a serious electrolyte decomposition in
DTD-free electrolyte (e.g, 1.0 M LiPF, in PC). This is true
even when SEI-coated graphite is used in a new battery (Figure
le, red curve).

Applicability from Ester- to Ether-Based Electrolyte. Our
proposed mechanism is further shown to work in ether-
based electrolyte, in which the Li*—solvent co-insertion is also
suppressed by adding additives. For example, we examined the
typical electrolyte 1.0 M LiTFSI in DOL/DME used in Li—S
batteries,”*>® in which the layered graphite structure is always
exfoliated by the Li*—solvent co-intercalation in the first
cycle.”” When we introduce up to 6 wt % DTD additive in the
ether-based electrolyte, there is an obvious Raman shift to
higher wavenumbers for the S—N—S bending vibration of
TESI™ ions, as shown in the Raman spectra in Figure 4a. This
result demonstrates that the interactions of Li*—TFSI™ are
strong and that DTD can replace the ether solvent molecules
to make contact with Li*
(Li'[DTD],[DME], 3,[DOL], sx[TESI"], x = 0, 021, 0.45,
0.66). Direct proof of this conclusion is the reduced amount of
free TESI™ ions (FI) and the increased amount of loose ion
pair (LIP) and intimate ion pair (IIP) & aggregated ion pair
(AIP),%* as shown in Figure $23. Note that the ratio of (LIP/
IIP&AIP)/FI increases from 0.89 to 2.56 when the DTD
increases to 6 wt %. In this way, the strength of Li*—solvent
interaction can be largely reduced, and finally, the Li* is
expected to be (de)intercalated into the graphite without Li*—
solvent co-insertion. This proposed mechanism is consistent
with the results observed in the discharge curves of graphite in
a lithium battery, where the reversible capacity of graphite
increases and reaches normal values when the DTD content is
around 6 wt % (Figure 4b). In addition, the lithium cation
transference number decreases with increasing amount of
DTD; this trend corroborates the stronger interaction of Li"—
DTD compared to Li*—ether solvent (Figure S24). Interest-
ingly, this is the same trend observed in PC-based electrolyte.
We specifically note that this is the first demonstration that
additives in ether-based electrolyte can stabilize graphite and
successfully prevent the well-known graphite exfoliation
problem (Table S5).*%*3#661=¢7

Coordination Capability of Additives and Its Universality. By
changing the type of additive, we can further illustrate its role
as a coordinator that changes the Li* solvation structure in
electrolytes. Figure 4c shows the electrostatic potential on the
surface of different species, which is broadly used as a
qualitative measure of cation—7 interactions.”®”" In general,
DTD has two highly negative S=O bonds, and it can strongly
bind to Li" cations. On the other hand, the generally used VC
additives have relatively weaker columbic interactions with the
positive lithium cations and hence are expected to weakly bind
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to Li* cations. This is in fact confirmed in PC-based
electrolyte, where DTD can make the electrolyte work well,
but VC always fails, even when the amount of VC is increased
from 6 to 12 wt % (ie., Li*[VC],[PC],,s6[PF ]s x = 1.06,
2.12, Figure S25). Similarly, the vinyl ethylene carbonate
(VEC) additive®”" does not improve graphite stability in PC-
based electrolyte either (Figure S26). This is because the
coordination ability of VC and VEC is insuflicient to compete
with PC. Moreover, ether-based electrolyte using additives
with weaker coordination capability, such as VC, EC, and PC,
has more serious electrolyte decomposition and Li*—solvent
intercalation (i.e., graphite exfoliation) within the voltage range
of 1.0-0.1 V (Figure 4c), which further confirms the
importance of additives’ coordination capability (Figure 4d).
These results are confirmed by simulations. Specifically, we can
see that the frequency of ether-based solvent appearing around
Li" is significantly reduced when the DTD additives are added
into the electrolyte (Figure 4e). One typical snapshot in Figure
4f,g clearly shows that the ether solvent can be replaced by
DTD, leading to weaker Li'—solvent interactions. Thus, a
schematic illustration of molecular interaction among DOL/
DME, LiTFSI, and the varied amount of DTD additives is
further shown in Figure 4h—1 to make the Li'—solvent
interaction variation clear. In addition, the Li*—solvent
interaction is further presented in Figure Sa—c when different
additives (e.g., VC, EC, or PC) were used in the electrolyte of
1.0 M LiPF4 in PC or 1.0 M LiTFSI in DOL/DME. On the
basis of these results, we present an alternative viewpoint that
brings significant new insight regarding the stability of graphite
in super-high-concentrated electrolyte systems.**~*””* In these
systems, full aggregation of Li*—solvent and protection of SEI
are considered to be necessary to suppress the Li*—solvent co-
intercalation and stabilize the graphite. Our results show that
the decreased Li"—solvent interaction at higher salt concen-
trations or the weaker coordination capacity of solvents may be
the root cause of graphite stabilization. In other words, the SEI
effect may not be the most critical factor, and full aggregation
may not be necessary, if the Li*—solvent interaction can be
weakened enough by strong coordinative additives (e.g.,
DTD).

In addition, we studied the additive effect in relation to the
popular concentrated electrolyte concept. We found that the
ratio of solvent/Li* in concentrated electrolyte is only about
1-3 (i.e., Li*[solvent],_;[anion], Figures Sd—g and
$27),**"7*72 which is much lower than the number (12—
13) in our present electrolyte (e.g.,
Li'[DTD],[PC],,56[PF ]s) and in commercial electrolyte
(e.g, Li'[EC), 4o[DEC], 1,[PFs "], 1.0 M LiPF, in EC/DEC).
This means that more lithium salt is used in concentrated
electrolyte. Thus, the popular (superhigh) concentrated
electrolyte concept and the additive effect in presented
electrolyte systems represent different ways of changing the
Li* solvation structure (e.g., Li*—solvent interaction). We are
therefore able to change the Li*—solvent interactions by the
additive effect, which allows us to reduce the concentration of
electrolyte to achieve comparable or even better performances
at much lower cost. To provide further evidence for our
hypothesis, we examine the ether-based electrolyte used in Li—
O, batteries with tetraethylene glycol dimethyl ether
(TEGDME)™ as solvent. Here again, we find that the graphite
can be stabilized at around 355 mAh g~' using the DTD
additive (Figure S28), where the Li*—solvent interaction
becomes weakened due to the presence of DTD additive
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Figure 5. Schematic illustration of molecular interaction between
solvent and solute in different systems. (a) 1.0 M LiPF; in PC and
(bc) 1.0 M LiTFSI in DOL/DME using different kinds of
additives with an amount of 6 wt %. (d—g) Super-high-
concentrated electrolyte reported before, in which no additive is
used. (h,i) 1.0 M LiTFSI in TEGDME (h) with and (i) without 6
wt % DTD additive.

(Figure Shyi, Li'[DTD],s[TEGDME], ,s[TESI]). On the
basis of these results, it is easy to understand why using other
carbonate solvents (e.g., EC, EMC, DMC, which could also be
considered as additives) instead of PC in solvent can stabilize
the graphite even using a smaller amount of additives (Table
$2). The reason is the changed Li*—solvent coordination
structure with solvent and additives. Besides, we have to note
that any soluble byproducts from the side-reactions (e.%.,
electrolyte decomposition, and/or dissolution of lithium)'*"*
can also affect the Li* solvation structure. Thus, more attention
should be paid when the amount of byproduct reaches a value
similar to that of additives (e.g, >1 wt %). In this study, the
side-reactions in the electrolyte are very limited, judged from
the initial (dis-)charge curves (i.e, Coulombic efficiency)
(Figure 1c,e); thus, we believe that the byproduct effects could
be ignored.

Thus, the additive’s coordinator role in different kinds of
electrolytes is demonstrated systematically in electrolyte
systems commonly used in Li-ion, Li—S, and Li—O, batteries
(Figure 6). The proposed coordinator role of additives in
ester- (i.e., carbonate) and ether-based electrolytes offers a new
way to optimize metal-ion batteries using different solvents
(e.g., sulfoxide, sulfone, nitriles, phosphorus, or silicon-based
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Li-S & ¢
Li-O; batterie
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Metallic lithium Li intercalated graphite

Figure 6. Confirmation of the coordinative role of additives in
different types of electrolytes toward the stability of graphite
anodes. The coordinative role of additives in electrolytes is proven
in ester- and ether-based electrolytes, which are widely used in
lithium-ion, Li—S, and Li—O, batteries.

solvent), additives, or salts in the electrolyte (Figure
$29).>3%7%75 Eurthermore, the Li*—solvent interaction model
proposed here can facilitate the study of desolvation behavior
of other cations (e.g, Li", Na*, K', Mg**, Al*, etc.) on
electrode surfaces, which can help to interpret the electro-
chemical performance in the molecular-scale approach.

In summary, we have demonstrated that the variation of Li*
solvation structure with additives has a significant effect on
graphite stability, which is different from the commonly
believed SEI film-forming additive effect. The additives can in
fact act as coordinators, changing the Li* coordination
structure and the interactions of Li*—solvent pairs in the
electrolyte. Thus, the competitive Li* (de)intercalation or Li*—
solvent co-insertion within graphite can be tuned by the
concentration of salt, additive chemistry, or solvent composi-
tion. This new discovery is confirmed both in commonly used
carbonate and ether-based electrolytes and provides deeper
insight into understanding the role of additives. We further
surmise that the coordination chemistry of electrolytes may be
the root cause of this enhanced battery performance as it can
affect the electrolyte and electrode behavior. This work
provides significant insight that can be used to improve mobile
ion battery systems.
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