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ABSTRACT: Improving the energy output of batteries at sub-zero Ultra-Low Temperature Li
temperatures is crucial to the long-term application of advanced Metal Battery

electronics in extreme environments. This can generally be
accomplished by employing high-voltage cathodes, applying Li

metal anodes, and improving the electrolyte chemistry to provide Reversible
facile kinetics at ultralow temperature. However, systems capablegf i etal Anode
all three of these have seldom been studied. Herein, we demonstr g K

the design of such a system through solverdrination, applying a M\ 4 el

1 M LiPR in a methyl 3,3,3-triuoropionate (MTFP)/ uoro- (‘

ethylene carbonate (FEC) (9:1) electrolyte that simultaneously .-

provided high-voltage cathode and Li metal anode reversibility at Stable 4.5V

room temperature. This performance was attributed to the

production of uorine-rich interphases formed in the MTFP-

based system, which was investigated by X-ray photoelectron

spectroscopy (XPS). Furthermore, the allerinated electrolyte provided 161, 149, and 133 mAhwghen discharged at40,
50, and 60 °C, respectively, far exceeding the performance of the commercial electrolyte. This work provides new

principles for high-voltage batteries capable of ultra-low-temperature operation.

operation of portable electronics in harsh environmentsompounded with the inherently high reactivity of met

such as high altitude and outer space. However, curreint often results in a low Coulombicogency (CE) during

LIBs are insucient in terms of both energy density and thecycling, which fundamentally limits the cyclability of pract

ability to retain such an energy density at temperatures bel@Wmetal batteries (LMBs) due to the repeated consumptio

20°C, severely limiting their applicatioris. cyclable [i** ?® These issues have been previously mitig

To increase the baseline energy density of LIBs, it is cruci} designing advanced electrofft&s2° constructing

to employ Li metal anodes, which provide a theoreticay;j cjal Li surface coatings3® and applying porous three-
capacity of 3860 mAh'dvs 372 mAh ¢ in graphite), andt0  gimensional hosts for Li deposifidri®

increasegboth thg spant:a}pacity and operating voltage of the o, the contrary, common organic electrolytes exh

cathode:” In particular, LiNigC Mno O, (NMC 811) has notably sluggish charge transfer kinetics at low tempera|

been of primary interest due to its high but achievablﬁ1 addition to extremel S o
) : ; , y reduced ionic conductivity, o
operating window (4.5 V) and high capacity (>200 mAh freezing at temperatures bel@®@ °C. These factors result in

g 9),"° yet despite these promising attributes, the long-termq.” " o
cycling stability is typically poor compared to those of cathodné@nI cantly reduced cell output voltage and capaciy:

with less Ni (e.g., LipiCay Mny O, or NMC 523), which is
generally a result of an increased level of parasitic electrolfeeived: March 22, 2020
reactions at high voltages, an increased level of gas generafifgpted: April 9, 2020
and interfacial phase transformdfiolf. These issues have Published: April 9, 2020
been previously mitigated by lattice substitution/surface

coatings’ *” and advanced electrolyte formulaftohs® Li

metal anodes face similar cycling stability issues, where the

I ithium-ion batteries (LIBs) are a key technology for thdarge volume change associated with metal conve
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Figure 1. Properties of derent electrolytes. (a) LSV prtes of conductive carbon electrodes in selected electrolytes at 1'm¥)sImage
of selected electrolytes a0 °C. (c) lonic conductivity of selected electrolytes measured atréint temperatures. Lradial distribution
functions, snapshots, and representative solvation structures from MD simulations of (d) 1 MEGRFEC (1:1), (e) 1 M LiPR; MP/FEC
(9:1), and (f) 1 M LiPR; MTFP/FEC (9:1) electrolytes.

So far, traditional electrolyte chemistries have not been sho®hl capacity retention of 80% after 250 cycles with a cuto
to support high-voltage cathodes for LMBs at extremely lowltage of 4.5 V, as well as superior Li metal performance,
temperatures. The poor energy retention of LIBs at lowesulting in a practical Li (2-fold exd@¢s)C811 full cell that
temperatures has generally been attributed to the internalovided 80 cycles of stable performance, long after
resistances associated withcbinduction through the bulk comparable systems (noarinated ester and carbonate)
electrolyte, interfacial migration of kit the electrode failed. In addition to its ability to support high-energy battery
interfaces, and*Ldesolvation, which has been suggested tahemistries, the investigated electrolyte provided capacities of
play an especially important fofe > These resistances have 161, 149, and 133 mAh'gvhen discharged a#0, 50, and
been primarily addressed in previous studies through improves0 °C, respectively, a performance far superior to that of the
ments in the battery electrolyte, employing novel saktandard carbonate control. We attribute this cycling stability
additives*® and employing low-melting pdinf® and/or to the uorine-dominated interphases formed during cycling
low-polarizability > solvents with low viscosity. In spite of and the low-temperature performance to the physical proper-
this progress, a system providing high energy retention at Ities of carboxylate ester solvents that yielded a high ionic
temperatures and stable performance for high-voltage cathodesductivity of 0.75 mS chat 60°C. This work provides a
and Li metal anodes has yet to be reported to the best of ouiable route for the future design of bifunctional electrolytes in
knowledge. support of stable high-voltage Li metal batteries at ultralow
Herein, we propose and demonstrate a novabaiihated temperatures.
carboxylate ester-based electrolyte that simultaneously profo provide a viable low-temperature control, methyl
vides stable long-term NMC 811 cycling at the high-voltageopionate (MP) was applied as the primary solvent with a
cuto of 4.5V and sigriantly improved Li metal deposition 10% (v/v) uoroethylene carbonate (FEC) additive and 1 M
morphology and cycling €ency, all while conserving the LiPF; salt to form an electrolyte system similar to that of our
excellent low-temperature performance provided by noprevious study, in which 10% FEC was found to be the
uorinated carboxylate ester-based syStéms. In this minimum amount required to amtain electrochemical
work, we take a major step to achieve high-voltage LMBs ttatability while providing improved low-temperature perform-
can be operated at ultralow temperatures through solveance’® To further improve the electrochemical stability of this
uorination, which is well-known to improve the oxidativesystem for high-voltage applications, we substitute MP with its
stability of systems via the production of electrochemicallyuorinated counterpart, methyl 3,3,3utoropionate
stable uorinated interphas&s?**>°° This all-uorinated  (MTFP), which has been previously applied to high-voltage
ester system was found to provide an extremely stable NM@stems as a low-percentage additiee substitution of
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Figure 2. Room-temperature electrochemical behavior of selected electrolytes in NMCl&lftcells. (a) Cycling performance at 0.5 C.
(b) Voltage proles at the 250th cycle. (c) Nyquist plots after cycling for 250 cycles at 0.5 C.

uorine groups is well-known to decrease the HOMO energyathode side and yields a stability that is greater than those of
of molecules due to the high ionic potential, high electrothe pure solvent systenigglre Sp>*829°05564 70

negativity, and low polarizability of therine atom, resulting As previously stated, designing an electrolyte for ultra-low-
in an increased resistance to oxid&fivii?>>® € To temperature batteries requires the employment of solvents
preliminarily commm the hypothesized electrolyte stability With a low melting point and a low viscosity, yielding a high
trends, linear scan voltammetry (LSV) measurements wefglic conductivity at low temperatures. As observeglire
carried out on conductive carbon electrodsporting 1b, both ester-based electrolytes remain in a liquid sté@e at
Informatio) to provide an accurate representation of C. While the typical carbonate electrolyte becomes frozen,
performance in practical cells. As presentédgine & indicating the higher melting points of carbonates compared to
both 1 M LiPE MP/FEC and 1 M LiPEethylene carbonate those of esterg @ble S). These observed trends are further
(EC)/diethyl carbonate (DEC) (1:1 volume) systems exhibitSuPstantiated by a comparison of the ionic conductivity of
signi cant anodic current a6.0 V versus Li/ti(indicative of selected electrolytes with decreasing temperature measured via
electrolyte decomposition), whereas the 1 M INFIFP/ electrochemical impedance spectroscopy (Bfgjuire t. It

: was found that 1 M LIRRMTFP/FEC displayed a trend
< noteworiy that the MTP-based siectaite cispiays a sg[TIP2rable © that o 1 M LPIFEC, where the former
y Y pay Rtained an impressive ionic conductivity of 0.75 mSatm

peak at 4.75 V, far before decomposition, which likely 60°C, far exceeding that of 1 M LiBEC/DEC, which was
indicates the formation of a passivating CEI on the electroq8und t’o decrease to 0.005 mSlem '

surface. This trend was aoned by gas phase, electronic 14 hrovide further insights into the solvation structure
structure calcu_lafuons at the density functional theory (DFTbresent in each electrolyte, classical molecular dynamics (MD)
level of .theory |Fr|gure_S_'LWe note, however, that such D_FT simulations were conducted as detailed inSthorting
calculations cannot inherently capture the complexity Qhformation As displayed iigure @, the radial distribution
decomposition mechanisms between the various systefnction of Li in the 1 M LiPE EC/DEC system displayed a
components in the multicomponent mixtures; however, su@haracteristic solvent-separated ion pair (SSIP) structure, in
results do provide a qualitative indication of the onset afhich the Li ions are primarily coordinated by solvent
runaway oxidation in the systems of interest. In botlmolecules (Eisolvent coordination number of 3.7), excluding
electrolyte systems, we also note that the oxidative stabilityPig; to the secondary solvation shell. On the other hand, the
further increased by the addition of 10% FEC, which is knowP/FEC and MTFP/FEC system&igure &,f) display a

to form passivating layers on both the anode side and tis¢ructure in which RF partially participates in the solvation,
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Figure 3. Room-temperature Li metal performance of selected electrolytes. (a) Couloml#o®y measurements in||Gu cells according
to the accurate measurement procedi{irgp) SEM images of 1 mAh crfLi metal plated at 0.5 mA crf in selected electrolytes. (c)
Cycling performance of INMC 811 full cells with a 2-fold excess Li capacity.

with calculated t/solvent coordination numbers of 3.3, and ine ective in protecting the cathdd€&: '’ To test the
2.7, respectively. This cgaration is similar to the contact practical stability of the MP- and MTFP-based electrolytes, we
ion pair (CIP) structure, which has commonly been observerbnducted cycling tests of NMC@llhalf-cells with an
in previous literature regarding electrolytes containing a higlggressive cuteoltage of 4.5 V to exploit the high capacity of
salt concentration, or low-polarizability sol¢&mts: ™ the nickel-rich cathode. As observé&dgare 2, the cells in 1
While this solvation structure is commonly associated witd LiPR; MP/FEC and 1 M LiPEFEC/DEC both retain only
highly desirable properties, including a higlrdnsference  53% of their original capacity after 250 cycles, whereas the
number and improved electrochemical stability at roonVITFP-based electrolyte provides a signtly improved
temperature, the ect of this structure at low temperatures capacity retention of 80% under the same condiignse
has not been studied to the best of our knowledge and will b displays the chargdischarge prées of the 250th cycle of
studied furthef"® each cell employing selected electrolytes, where @asityni

It is well-known that typical commercial electrolytes, such &srger polarization and capacity degradation can be observed in
1 M LiPK; EC/DEC, suer parasitic reactions and oxidative the cell using the MP-based and carbonate-based electrolytes.
decomposition at high voltages (typically >4.3 V), yieldinghese observations are likely a consequence of the oxidative
corrosive species such as HF and organic deposits that degomposition of the electrolyte on the cathode stitfate.
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ACS Energy Le020, 5, 14381447


https://pubs.acs.org/doi/10.1021/acsenergylett.0c00643?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00643?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00643?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c00643?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c00643?ref=pdf

ACS Energy Letters http://pubs.acs.org/journal/aelccp

Figure 4. Characterization of electrode surfaces by XPS. (a) F 1s and (b) O 1s regions and (c) elemental composition of NMC 811 surfaces
after 250 cycles. (d) C 1s and (e) F 1s regions and (f) elemental composition of 1 mArotmlated Li.

For a deeper insight into this trend, EIS measurements wearerphologies associated with this vast divergence in CE were
conducted on the cells after 250 cyélggi(e 2), where the  then examined via scanning electron microscopy (SEM) as
cell employing the MTFP-based electrolyte exhibits a chargBown inFigure ®, where the EC/DEC and MP/FEC
transfer impedanc&) signi cantly lower than that of the electrolytes were found to produce a highly dendritic Li
cell using a MP-based or carbonate-based electrolyte.  structure, which is commonly found in similar systems with
O_ne feature_ qf_ the MTFP-k_Jase_:d electrolyte that is WortBoor reductive stabil#§?*?° The MTFP/FEC system, on the
noting is the initial Coulombic eiency (CE) of therst  qher hand, produced exceedingly large Li chunks without
cycle, which ranks among the lowest of the investigateflyiceanle dendrites, which are typically associated with a small
systems (60%, as opposed88% for both 1 M LiRfMP/ surface area and a low porosity and thus minimize

FEC and 1 M LIPFEC/DEC) before approaching 100% in decomposition reactions with the electrolytezurthermore,

the subsequent cycles. We attribute this to the formation of A g . .
. o these promising results were put to a more rigorous test, in

robust CEl in therst cycle that serves to stabilize the Iong_which ractical full cell LMBs were constructed with only a 2-

term cycling of the cathode. P y

In addition to the long-term cycling stability of the cathode‘fOld excess of Li compared to NMC 811 (N/P = 2), which

a high Li metal CE is required for the application of hightorresponds well to the goals set by the Battery 500
voltage Li metal batteries. To measure this, we conductégnsortiunt. This full cell was found to retain 88% capacity
testing with the commonly applied accurate CE measureméHter 80 cycles, whereas the full cell employing 1 YHIPF
procedure developed by Adams EttalLi||Cu cells, which ~DEC began to sharply degrade before 10 cycles had been
can be found iffigure &. We calculated that the MTFP/FEC performed Eigure 8). Hence, it was determined that the
system provided performance vastly superior to that of MMVITFP/FEC electrolyte could provide remarkable stability for
FEC and EC/DEC electrolytes, exhibiting a CE of 97.6%igh-voltage Li metal batteries on both the cathode side and
compared to values of 6.2% and 87.7%, respectively. Tthe anode side.
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Figure 5. Low-temperature discharge behavior of selected electrolytes in NNJO Balf-cells at 0.1 C. Voltage pries of NMC 81]lLi
cellsin (a) 1 M LiPk EC/DEC, (b) 1 M LiPR; MP/FEC, and (c) 1 M LiPE MTFP/FEC. (d) Room-temperature capacity retention.

To further probe the interphases formed in each electrolytaniformly distributed through the NMC 811 particle, as shown
X-ray photoelectron spectroscopy (XPS) was applied to the Figure S6
NMC 811 cathodes before and after cycling, and the 1 mAhThe XPS prdes of the solid electrolyte interphase (SEI) on
cm 2 of Li metal plated in each system. As observed in thglated Li of each electrolyte show a similar trend. First, we
comparison of C 1s spectfaglre S5athe overall intensity  observed a substantial decrease in the overall level of carbon
of the cycled cathodes decreasesagly and shifts toward found in the MTFP system, primarily due to the reduced
organic oxygen species, indicating the presence of the CEl ai€,?> peak as shown irigure 4. Most importantly, we note
cycling. Comparison of the F 1s speéligu(e 4) indicates  the extreme increase in the level oFLon the surface of
two primary uorine-based CEI components: RIM F plated Li in the MTFP/FEC systerhrigure 4), where the
( 685.3 eV), which is typically a product of the decompositionverall uorine content was found to be 59.6%, as compared to
of LiPR and or FEC (when applicable), andFC( 687.7 the values of 16.2% and 14.9% found in the MP/FEC and EC/
eV), which is likely a product of similar salt/solventDEC electrolytes, respectivélig(re ). Li F is known to
decomposition reactiohé. While little deviation can be be particularly desirable as a SEI component for Li metal
observed in the F 1s spectra between cathodes cycledaimodes, due to its electrochemical stability and its strong
carbonate and MP-based electrolytes, the MTFP-basedrrelation to systems providing a high cycling EE>>°
electrolyte yields a CEl clearly dominated bly. ©rganic Hence, we believe highlyorinated interphases result in both
uoride dominant CEI compositions are rarely observed in thbe stable cycling of NMC 811 at high voltages and the high
literature*?9>3788081 however, we believe such an interface iCE of Li metal plating demonstrated by the MTFP/FEC
responsible for the highly stable performance provided by tkeéctrolyte.
MTFP/FEC system. Further comparison with the O 1s spectra To demonstrate the advantage of the designed ester
found inFigure # reveals an increased presence @f GO electrolytes at low temperatures, NM{|ig11alf-cells were
( 534.4 eV), which may suggest that the CEIl primarilyested using a method commonly applied in low-temperature
consists ofuorinated polyesters. Quantitative analysis of thbattery studies, in which the cells were charged at room
XPS resultsHjgure 4) further conrms a higher atomic temperature followed by discharge at low temperatures to
uorine content and a lower content of carbon overall in theimulate 4practical device applicatighgpiforting Informa-
NMC 811 CEl after cycling in the 1 M LIPMMMTFP/FEC  tion).?8394%47%0 Although the origins of low-temperature
system. The atomiciorine percentages for the MTFP/FEC, performance degradation remain controversial, the primary
MP/FEC, and EC/DEC electrolyte system are 30%, 19.7%miting factors are generally believed to be the reduced bulk
and 15.9%, respectively, while the corresponding atomdanic conductivity of the electrolyte and a severe reduction in
carbon contents are 52.2%, 58.4%, and 63.1%, respectiveigrge transfer kinetics, which has been suggested to be
Furthermore, this highuorine content was observed to be dominated by Lidesolvation.®3° 48291 |n terms of these
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metrics, we believe our ester electrolytes are superior in every Experimental and computational methods, table of
respect, owing to the high retention of ionic conductivity at physical properties of organic solvents, DFT and
ultralow temperatures and the introduction of FEC, which has  electrolyte stability data, voltage leof NMC 81[1
been noted to have a'lsiolvation energy sigeantly lower Li half-cells, rate performance, XPS spectrax aiil
than that of EC, allowing for facile desolvation. XRD patternsKDF)

The voltage prdes of these tests are displayeBidnre
5a c, an_d the_ r_etention versus temperature for each systemis A ) THOR INFORMATION
summarized iRigure 8. From these data, we observe that the i
typical carbonate electrolyte was unable to support the lofrorresponding Author

temperature operation of the cell, failing & any signcant Zheng Chen Department of NanoEngineering, Program of
capacity (10%) at 40 °C due to the high meiting point of Mater!als Science, Program of Chemical E_nglnt_aermg, and .
EC/IDEC, as well as the strong binding betwetrarid Sustainable Power and Energy Center, University of Californi

ECP582 84 gy contrast, the ester electrolytes made remarkable S&n Diego, La Jolla, California 92093, United States;
progress in enhancing low-temperature device performance, © 0rcid.org/0000-0002-9186-4#@ail.zhengchen@
where the MP/FEC system provided room-temperature ~€Ng.ucsd.edu
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