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ABSTRACT: To better understand the irence of electrolyte chemistry on the ion- Strongly-Solvating

Electrolyte

apply free-energy sampling to simulations involving diethyl ether (DEE) an@*'#3-
dioxoloane/1,2-dimethoxyethane (DOL/DME) electrolytes, which display bulk

solvation structures dominated by ion-pairing and solvent coordination, respectivelys, X
This analysis was conducted at a pristine electrode with and without applied’biasat ” “%

desolvation portion of charge-transfer beyond the commonly applied techniques; we Q
Charge
\Transfer,

298 and 213 K to provide insights into the low-temperature charge-transfer behavior,
where it has been proposed that desolvation dominates performandeh¥{geto

reach the inner Helmholtz layer, ion-paired structures are advantageous and that thews ‘e
Li* ion must reach a total coordination number of 3, which requires the shed 'Ug of T _ -~ e -
species in the DEE electrolyte 08 8pecies in DOL/DME. This work represents a S
e ort to predict the distinct thermodynamic states as well as the most probable kin

pathways of ion desolvation relevant for the charge transfer at electrochemical
interphases.

Scondary batteries based on Li chemistries have becoelectrodé®®'’ However, recently, a growing amount of

n indispensable technology for modern portable eleevidence has suggested that the charge-transfer process is also
tronics. However, to enable theceent utilization of  highly inuential in the kinetic performance of Li-based
renewable energy technologies for electric vehicles abdtteries, which is largelywed by the Lisolvation structure
advanced air mobility, considerablatehas been put into  in the electrolyt&™'® ?° It is also important to note that this
improving the energy density, power density, and operatid@parge-transfer relationship viell-accepted in batteries
versatility of these devite$.Of note, the electrochemical employing multivalent charge carfierS. While there are
kinetics of commercial batteries are currently ¢isut to  many methods by which bulk ion transport and SEI chemistry
provide charging times comparable to standard refueliggn be characterized, thé desolvation process and the

periods and to deliver power at reduced operating tempedystem factors which dictate its energetics are still largely
atures. * Additionally, these operating issues are expected tfhknown and therefore are under-studied.

be exacerbated with the introduction of Li metal anodes, WhIChWh||e the interp|ay between impedance contributors arising

promise improved cell energy density, but introduce internglom ion desolvation, SEI, and bulk electrolyte transport is still
shorting and poor cyclability concerns at high current rates gfrgely unclear under standard operating temperatures, it has
reduced temperature.”* To alleviate these concerns, peen suggested that the desolvation impedance is dominant at
substantial @rt must be placed into understanding andytralow operating temperatures 28 °C).22° This height-
addressing the electrochemical rate-limiting steps of curref{fed charge-transfer barrier at ultralow temperatures has been
and next-generation secondary batteries. demonstrated to lead to ingtient power delivery and, in the
Generally, the limiting kinetic factors of Li-based secondagyse of Li metal anodes, to lead to extremely reduced cycling

batteries employing aprotic electrolytes are considered 10 8€cijency and internal cell shorting as a result of dendritic
(1) di usion of Li within the bulk of the electrode materials, growth!*2728 Our recent work has concluded that the

(2) migration of Li through the solid-electrolyte-interphase
(SEI), (3) di usion of Li through the electrolyte bulk, and (4) -
charge-transfer at the electrode interphase, which has b&&geived: March 15, 2022
suggested to be dominated Bydeisolvatioft*>*° The latter ~ Accepted: May 6, 2022
three of these processes are highly sensitive to electrolyte

chemistry, where there is a well-establisbete maximize

the LI transference number and ionic conductivity in solution

while forming low-impedance SEI products on each
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Figure 1.Snapshot of the equilibrated electrolyte/graphene simulation cells at 298 K employing (a) 1 M LiFSI DOL/DME and (b) 1 M LiFSI
DEE. 1D free energy pte of LI as a function of distance from the graphene electemtiat the plare= 0 in (c) 1 M LiFSI DOL/DME and

(d) 1 M LiFSI DEE. Normalized system number density as a function of distance from the graphene electrode taken from equilibration trajectc
in (e) 1 M LiFSI DOL/DME and (f) 1 M LiFSI DEE.

introduction of ion-pairing and weakly coordinating solvent In this work, we aim to gain a more precise understanding of
within the electrolyte may sigrantly reduce this desolvation the interphasial speciation and desolvation mechanics of the
impedance at reduced temperatures, enabling the reversidvated Liion via accelerated molecular dynamics (MD)
cycling of Li down to 60 °C.** Despite these trends, many simulations emgloying a previously established metadynamics-
mechanistic questions still remain, particularly in the case ksed approaéhOur approach is motivated by the fact that
Li-based systems. the complexity of the desolvation process requires an
Though there is a clear correlation in the literature betwee#nderstanding of the entire electrode/electrolyte phase space,
the electrolyte bulk solvation structure and its temperatureincluding states beyond what is thermally accessible through
dependent charge-transfer, the precise details of the desoff@ndard MD simulations. By exploring the multidimensional
tion process at the electrode are relatively unclear. FromPRase space along speaeaction coordinates this free energy
Marcus theory perspective, both thermodynamic and kineﬁ@mpl'”g, techmqqe allows us to uncover the ess_entlal fgatqres
factors may give rise to this temperature depefidetce. and details qlétgge‘l’é%n desolvation process and their quantitative
From a thermodynamic standpoint, Wang et al. recent aracteristics. Though we acknowledge that the

proposed that the *Lisolvation structure at the interphase mployment of polarizable or reactive faitis may provide

directly denes the electrochemical exchange entropy betwe higher level of sophistication o such analysis the classical
solvated [ii and metallic Li/llithiated ho&t.Of note, ion- orce eld employed here is necessary to operate within the

pairing was demonstrated to reduce the temperature depeﬁ'gjsepggﬁlgﬁyne(ﬁ: S?;%;%rcfugihmﬁ;nﬂwg?l M lithium
ence of LilLT exchange. From a kinetic standpoint, theys ", os ifonyljimide (LIFSI) in 1,3-dioxolane/1,2-dime-
sti ness of the Lisolvation shell at the interphase directly oxyethane (DOL/DME) and 1 M LiFSI in diethyl ether
dictates the reorganization process required for charge-tran BEE) in contact with a model solid electrode, using a
In this regard, multiple works have concluded that ion-pairingsmpination of reaction coordinates that includes the distance
in solution generally appears to reduce overall impedance Q&ween Liand the electrode as well as the speciation of the
to a reduced barrier for nuclear motion of the solvation shell 8gyation shell as a tool to probe desolvation dynamics at the
the interphas€”>** Though Li/solvent binding energy interphase. These two model electrolytes were applied in our
calculated via density functional theory is often used aspgevious experimental work, where the heavily ion-paired DEE
proxy for interphasial desolvation enérgy; this analysis  electrolyte displayed a sabsially reduced desolvation
neglects the ects of a biased electrode, solvation shelimpedance and correspondingly favorable low-temperature
speciation, and many-bodye@s on the desolvation route, performance compared to the DOL/DME system, which
which suggests that a more sophisticated methodology displayed solvent-dominatedl ¢dordinatiort? Considering
necessary. the aforementioned thermodynamic and kinetic factors
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Figure 2.2D free energy pries of 1 M LiFSI DOL/DME/graphene cells at 298 K as a functiof/gfaphene distance and coordination
number. Prdes with respect to*l$olvent oxygen coordination number with a graphene charge of (a) 0 and (8) dh.5 Pro les with
respect to Lisolvent and anion oxygen coordination number with a graphene charge of (c) 0 andGayi £.%e) 1D free energy pries as

a function of L'isolvent oxygen CN in the bulk electrolgeporting Informatipand within the outer layer region (integrated overfy of

the 2D proles. (f) Visualized Ldesolvation process of in 1 M LiFSI DOL/DME at 298 K.

dictating charge-transfer, this highly disparate electrochemicalltiplied by 2 to retrieve the correct/Qi coordination
performance may originate from an explicit change in preferredmber (CN). Conversely, the DEE electrolyte results in a
solvation structure at the interphase at reduced temperatureharavily ion-paired solvation structure of [Li-
the inherent temperature dependence of the kinetic desol(®EE), {FSI),{ °on average. The 1D free energylpso
tion barrier(s) along the previously established reactiofor the LT coordination environment of each system indicate
coordinates. Hence, we aim to better understand the origthat minima exist for [LiiDME)Y* (5 DME oxygens) and
and energetic implications of electrolyte chemistry, interphadiai(DME) ,(FSI)] (four DME, one FSI oxygen) states in 1 M
bias, and reduced system temperature on the solvation stdt#SI DOL/DME, whereas the DEE system primarily supports
present in the bulk, the electrode double-layer, and theiti(DEE),(FSI)j]? and [Li(DEE)(FSI),] states. It is also
corresponding transformations as the charge carrier proceadsth noting that the DOL/DME system was found to favor a
to the interphase. total coordination number of5, as opposed4 in DEE,
Before assessing the interphasial solvation structures aadective of the increased sterics in DEE.
solvation dynamics at the interphase, the coordinating After bulk analysis, the electrolyte systems were then placed
environments of 1 M LiFSI DOL/DME and 1 M LiFSI in contact with a pristine graphene electrode similar to
DEE were rst analyzed in the bulpporting Informatipn previous workk No passivating layer was included on the
As shown inFigure S1, parts a andwe found that the surface of the electrode due to the unclear speciation, spatial
primary L1 solvation shell in the bulk DOL/DME system is orientation, and structure of such a layer at the angstrom scale,
dominated by coordinating DME oxygen atoms, whiclwhich we believe would overcomplicate the interphasial
predicts an average solvation structure of [Lisolvation analysis. While the structure and chemistry of said
(DME), {DOL) o 3{FSl)o.4d>* after equilibration. Notably, passivating interphase have been shown to play easigni
DME contains two oxygens per molecule and must bmole in the energetics of interphasial ion processes, we propose
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Figure 3.2D Free energy pries of 1 M LiFSI DEE/graphene cells at 298 K as a functidiigofjphiene distance and coordination number.
Pro les with respect to*lsolvent oxygen coordination number with a graphene charge of (a) 0 and (6)chi.5 Pro les with respect to
Li*/solvent and anion oxygen coordination number with a graphene charge of (c) 0 andGayr 2.%e) 1D free energy pri@s as a function

of Li*/solvent oxygen CN in the bulk electroly@eporting Informatiprand within the outer layer region (integrated ovér& of the 2D

pro les. (f) Visualized Ldesolvation process of in 1 M LiFSI DEE at 298 K.

that the designed system is appropriate to investigate the rtdger) preceding charge-transfer is of high interest to the
of electrolyte chemistry and temperature on desofdfion. electrochemical performance of each s&&'t%%’ﬁ
Future investigation of such passivating layers on desolvatioffo understand the dynamics of thesbivation shell at the
behavior requires a more thorough understanding of thaterphase, free energy analysis was conducted on cells with
interphasial environment and may lead to additional insightaeutral and negatively charged graphene electrodes at 298 K.
Snapshots of the equilibrated cells for 1 M LiFSI DOL/11.5 C cm ? was chosen as the graphene charge (see details
DME and 1 M LiFSI DEE are shown in parts a andriyofe in the Supporting Informatipnwhich is a similar magnitude
1, with more details provided in tRepporting Information  to previous MD works involving charged electfddies. 2-D
For the remainder of this work, we wiledéntiate between energetic surfaces were resolved with respeatliistance to
various regions within these interphasial MD simulations thgtaphene as well its coordination environment, inferring
describe speci energetic states of interest for théohi and speciation from dérences between preferred total coordina-
its solvation. These regions are labeled in parts ¢ and dta@dn number and solvent speccoordination number. The
Figure 1las the bulk electrolyte (>10 A from the graphene inner layer was found to be energetically inaccessible for Li
sheet), the outer Helmholtz double layés (7 A), and the (Li* < 2.5 A from the electrode) unless a negative charge
inner Helmholtz layer (<3 A). It can be seen in the 1D freavas applied to the electrodiégre 2-d). By comparing the
energy prdes that the free energy minima d&f ihi both 1D solvation prde of the bulk and integrated outer layer
electrolytes in contact with neutpE(0) graphene are inthe  (Figure 2), we nd that both the [Li(DME){* (i.e., a
outer Helmholtz layer. Wend that the low density region complex with CN(QJue = 5, where two DME molecules
corresponds to preferred location, whereas the deadi provide four oxygens, and another DME molecule provides 1
regions consist of its solvent and FSure SR We believe  oxygen) and [Li(DMEJFSI)] (CN(O) pue = 4) states are
the degree to which these solvating species must be displaaedessible in either region, regardless of the interphase charge.
for Li*/electrode adsorption (i.e., entering the inner HelmholtzHowever, wend that the [Li(DME) d* structure does not
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Figure 4.1D free energy pries with respect to*$olvent oxygen coordination number at 298 and 213 K in (a) 1 M LiFSI DOL/DME and (b)
1 M LiFSI DEE. 2D Free energy pes of electrolyte/charged graphene cells at 213 K as a functigmagfene distance and solvent oxygen
coordination number in (c) 1 M LiFSI DOL/DME and (d) 1 M LiFSI DEE. 1D free enerdgsas a function of'lsolvent oxygen CN within

the outer layer region (integrated over labeled region) of the 28 @at0298 and 213 K in (e) 1 M LiFSI DOL/DME and (f) 1 M LiFSI DEE.

approach the electrode from the outer layer. Instead, the Idiwe coordinating FSls of signicance to the distance tan
energy pathway requires generation of the ion-paired [Lapproach the graphene interphase, where [Li{{(FSB)]>
(DME),(FSI)] state Figure B,d), which is consistent with and [Li(FSI)]® are able to approach the electrode at much
previous conclusions made when considering the Mg(TFSl)closer distances than complexes with higher DEE composi-
THF system? Furthermore, comparing the 2-D free energytions. However, as the fully anion coordinated complex
spectra with respect to solvent coordination number onlfLi(FSI),J® is inaccessible in the bulk, we believe this is
(Figure B) and both solvent and aniofsgure @), we nd highly unlikely to exist exqimentally. Moreover, the
that in order for the Lito reach the inner layer in DME, the consistency between the supported solvation states in the
[Li(DME) 5(FSI)] (CN(O) pme = 4) complex must undergo bulk and the outer layer is maintained when a negative charge
two desolvation events. Speally, the [Li(DME)(FSI)] of 11.7 C cm?is applied to the graphene electrédguie
complex mustrst shed its coordinating F8 exit the outer  3b,e). It was also found that the adsorbed states are stabilized
layer and arrive withins A of the electrode, after which the by the application of negatively charged graphene, where
[Li(DME) ;] * (CN(O) pme = 4) complex must then shed one [Li(DEE),(FSI)? and [Li(DEE}(FSI),] outer layer states

nal DME oxygen to fully reach the inner laygure 2 proceeded to the inner layer without the removal of any
illustrates this low energy pathway in detail. coordinating DEBEHjgure B,d). When cross-referenced to the

The interphasial solvation dynamics of 1 M LiFSI DEHree energy surfaces with respect to total coordination number,
diverge signcantly from those of DOL/DME, as demon- it was found that this ‘llgraphene adsorption is made
strated by the presence of highly ion-paired bulk structures possible by the removal of one F&lom the [Li-
the outer layer. It is also readily apparent that the number ¢DEE),(FSI);]?> or [Li(DEE),(FSI),] complexes. Consider-
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ing these observations, the predicted desolvation process indueing charge-transfer to such a transition is relatively unclear,
DEE electrolyte at 298 K is illustrateérigure & this process is predicted to involve overcoming an activation
After establishing the predicted desolvation processes in #eergy of >5 KT Kigure 4). Alternatively, charge-transfer
electrolytes of interest at 298 K, we conducted a similalirectly from the [Li(DME)* system is possible, but would
analysis 213 K in order to understand the impact of reducditely require substantially increased driving force given the
temperature on this process. First, the impact of thidistance between*Land the electrode, which is highly
temperature reduction on the kblvation structure in the in uential in outer-sphere kinefit®. We hypothesize that
bulk electrolyte was assessed, as th@uration of this  this arduous desolvation pathway may be the source of the
structure has been experimentally correlated to changessinbstantial electrochemical performance degradation of the
charge-transfer kineti¢s>92%?%31 As shown irFigure 4, DOL/DME system at reduced temperatt{es®
the DOL/DME electrolyte was found to adopt a substantially On the other hand, the DEE system was found to maintain a
di erent LT coordination environment than at 298 K, and it isrelatively simple desolvation process, where the [Li-
dominated by solvent interactions, whéfegli ion-pairing (DEE),(FSI),] complex is supported in the outer layer
in solution (CN(Opye = 4) is no longer thermodynamically (Figure ), only requiring the ejection of 1 F8liolecule for
accessible. Instead, a new favorable solvent coordination stat@raphene adsorption. The [Li(DEESI),] complex is
appears, corresponding to an oxygen coordination numberligkly to be kinetically constrained at the interphase due to its
5.7, implying that the previously dangling oxygen of the thirability to approach the interphase cloBayute 4), which
coordinating DME begins to participate in solvation. Thémplies the Lienters the double layer at 213 K largely from
noninteger coordination number value is likely an artifact Li(DEE),(FSI),] in the outer layer, similar to the [Li-
the denition of the coordination number as a continuous(DME),(FSI);] complexes in the DOL/DME system at 298
variable $upporting Informatipnso that we consider the K. It is also crucial to note that the change in total
5.7 CN state to be ectively 6 CN. The 1D free energy coordination number required for Ito reach the inner
spectra with respect to total coordination number of the DOLlayer is substantially dient between electrolytes, where the 1
DME system also supports thisling, where the minima is M LiFSI DEE electrolyte only requires a reduction @f,CN
again shifted from5 at 298 K to 6 at 213 KF{gure S3h from 4 to 3. Conversely the DOL/DME system requires a
The 1 M LiFSI DEE electrolyte was found to undergo a simila€N,.;, from 6 to 3, thus placing a heightefisdlution
transformation, where the previously prevalent [Lireorganization enefgpn the system, indicative of highly
(DEE)(FSI)? and [Li(DEEY(FSI),] states at 298 K thermal behaviorF{gure Sp The illustrated desolvation
shift to [Li(DEEX(FSI),] and [Li(DEE)}(FSI),] states at  processes for each system are shdviguire 5parts a and b,
213 K. However, unlike the DOL/DME system, the totalwhere the complexity of the DOL/DME system relative to the
coordination number of the DEE electrolyte was found to bBEE electrolyte is clear.
unchanged by the reduced temperatbigu{e S3pb The
e ect of temperature on bulk coordination may be related to
the thermally accessible vibrational states of each coordinating
molecule in solution. In the DOL/DME system, the reduced
temperature may favor more the electrostatically driven
coordination of the third DM&ESsecond oxygen (enthalpically
preferred) which otherwise dangles due to the increased
entropic preference at 298 K. Additionally, the tendency of
both systems to skew toward solvent coordination at reduced
temperature may reveal an intrinsierénce in the ratio of
entropic loss to enthalpic gain between the coordination of
solvents and FSI
To assess whether this shift in coordination environment has
a meaningful ect on the interphasial solvation dynamics at
213 K, we conducted a similar 2-D free energy analysis to the
outer layer and inner layer regions of identical graphene cells
(Supporting InformatipnSimilar to the 298 K simulations,
we nd that the inner layer‘lstates are only accessible when
negative charge is applied to the electiogere Sji As & 5.Visualized Lidesolvation process at 213 K in (a) 1 M
shown inFigure 4, it is once again observed that at least ong'gure o.Visualiz :
Li*/FSI pair is required to approach the interphase in théFS! POL/DME and (b) 1 M LiFSI DEE.
DOL/DME system. However, unlike at 298 K, the simulations
do not indicate that the [Li(DMEKJSI)] is supported in the Though the desolvation processes investigated here are not
outer layer. Instead, the same [Li(DMEJCN(O) pye = 6) specic to faradaic charge-transfer, the capacitive desolvation
state was found to persists from the beiu¢e €). This process shown here is analogous to previous charge-transfer
mismatch between the preferred outer layer solvation statesdels for metal platifgOur previous work has shown that
and the path necessary féitaireach the inner layer indicates the consequence of the heightened temperature dependence of
that a solvation transition must occur between the fully solveDME-based electrolytes leads to rapid cell failure at low
coordinated [Li(DME)]" (CN(O)pwe = 6) and [Li- temperature’$, which is problematic given that DME is a
(DME)(FSI)] (CN(O) pme = 4) states, which involves the primary constituent of conventional electrolytes for Li metal
full replacement of a coordinating DME molecule with amand Li sulfur batteriés?® Given the previously established
FSI. Though the driving force provided by the electrodeconclusion that desolvation processes limit electrochemical
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kinetics at low-temperatures, thesinces in the predicted Jolla, California 92093, United Stetes;id.org/0000-
desolvation processes of the DOL/DME and DEE may be the 0003-2096-1143

mechanistic origin of their divergent beh&Vid#“® More- Complete contact information is available at:

over, this behavior is only understood through explicit fre‘i’ﬂtps://pubs.acs.org/lo.1021/acs.jpc|ett.2000-770
energy sampling of the electrolyte/electrode phase space,

which allows for the proposal of a charge-transfer route fr(_’ﬂhthor Contributions

the bulk-electrolyte to the inner Helmholtz layer. Though th|§\ B. and J.H. conceived the idea and experimental plan. A.B

work makgs progress in doing so, a more _sophisticatgﬂl_ T.A.P., and Z.C. directed the project. J.H. and A.B. carried
understanding of the interplay between solvation structur U .t,he. sim.tyjlations. J H AB. ZC. PL ' a.nd.TA P.w}ote the

m_terphase material, ar)d correspondmg |on-dynam|cs couPiether. All authors discussed the results and commented on the
with advanced experimental validation techniques at t anuscript

interphase is necessary to fully understand the charge-transfer
behavior in electrochemical systems. Notes _ o
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