FULL PAPER

ADVANCED
ENERGY
MATERIALS

Lithium-lon Batteries

www.advenergymat.de

High Voltage LiNiy sMng 3Co, ,0,/Graphite Cell Cycled at
4.6 V with a FEC/HFDEC-Based Electrolyte

Meinan He, Chi-Cheung Su, Zhenxing Feng, Li Zeng, Tianpin Wu, Michael J. Bedzyk,
Paul Fenter, Yan Wang, and Zhengcheng Zhang*

A high voltage LiNiy sMng 3Coq,0,/graphite cell with a fluorinated electrolyte
formulation 1.0 m LiPF¢ fluoroethylene carbonate/bis(2,2,2-trifluoroethyl)
carbonate is reported and its electrochemical performance is evaluated at cell
voltage of 4.6 V. Comparing with its nonfluorinated electrolyte counterpart,
the reported fluorinated one shows much improved Coulombic efficiency and
capacity retention when a higher cut-off voltage (4.6 V) is applied. Scanning
electron microscopy/energy dispersive X-ray spectroscopy and X-ray photo-
electron spectroscopy data clearly demonstrate the superior oxidative stability
of the new electrolyte. The structural stability of the bulk cathode materials
cycled with different electrolytes is extensively studied by X-ray absorption

near edge structure and X-ray diffraction.

1. Introduction

Due to their many advantages, lithium-ion batteries (LIBs) have
become the power sources for the consumer electronics and
will potentially dominate large-scale energy storage application
for electric vehicles.l'"% To achieve high energy density required
by the transportation application, an applicable approach is to

M. He, Dr. C.-C. Su, Dr. P. Fenter, Dr. Z. Zhang
Chemical Sciences and Engineering Division

Argonne National Laboratory

9700 South Cass Avenue, Argonne, IL 60439-4837, USA
E-mail: zzhang@anl.gov

M. He, Dr. Y. Wang

Department of Mechanical Engineering

Worcester Polytechnic Institute

100 Institute Road, Worcester, MA 01609, USA

Prof. Z. Feng

School of Chemical, Biological, and Environmental Engineering
Oregon State University

Corvallis, OR, USA

L. Zeng, Prof. M. ). Bedzyk

Applied Physics Program

Northwestern University

Evanston, IL 60208, USA

Dr. T. Wu

X-Ray Science Division

Argonne National Laboratory

9700 South Cass Avenue, Argonne, IL 60439-4837, USA
Prof. M. ). Bedzyk

Department of Materials Science and Engineering
Northwestern University

Evanston, IL 60208, USA

DOI: 10.1002/aenm.201700109

Ady. Energy Mater. 2017, 7, 1700109

1700109 (1 of 9)

increase the cell voltage and/or the cell
capacity as inngicated by the following

equation AE = J.V-qdq, where E is the

energy, V is the cell voltage, and g is the
charge. Since the potentials of the lithi-
ated graphite and lithiated silicon anode
materials are close to that of the lithium
metal, there is no space to further lower
the anode potential, thus affording a
high voltage cell. However, much could
be explored on the cathode side such
as enabling 5 V LiNijsMn;s;0, and
LiCoMnPO, cathodes. The traditional Ni-
based layered oxide cathodes (for example,
LiNi;;3Mn; 3C0y30;, NMC111) have a
theoretical capacity of 287 mA h g! and their practical capaci-
ties are proportional to the charging voltages.”=! In particular,
LiNiysMng3Coy,0, (NMC532) is a promising high energy
material due to its good electrochemical stability and high
capacity at high voltages,['®1?! thus abstracting much attention
in the academia and battery industry. However, new challenges
associated with the low voltage stability of the state-of-the-art
(Gen 2) electrolyte hinder the practical application of the high
voltage high energy density LIBs cycled at cell voltages higher
than 4.4 v.[1314

In a LIB, electrolyte plays a basic role in facilitating elec-
trode redox reaction in the format of the Li* transfer back
and forth between the electrodes and passivating the anodes
(for example, graphite or silicon) to enable the reversible Li*
intercalation/insertion. When the charging potential of the
cathode is higher than the thermodynamically stable potential
of the solvated electrolyte solvents, parasitic reactions occur
leading to the decomposition of the electrolyte, loss of active
lithium, and impedance rise on the electrode/electrolyte inter-
face. Gen 2 electrolytes (for example, 1.2 m LiPF¢ in ethylene
carbonate (EC)/ethyl methyl carbonate (EMC) 3/7 weight ratio)
is anodically unstable when charging potential reaches over
4.5 V versus Li*/Li.’] At these high cutoff voltages, the cathode
suffers from the irreversible oxygen evolution and resulting
reactions with electrolyte solvents, and the high oxidation
state active transition metal species (Ni*' and Mn*") oxidizes
the carbonate solvent by accepting electrons and the reduced
species undergoes a disproportionation reaction leading to the
dissolution of the transition metal ions in the electrolyte, espe-
cially Ni** and Mn?*. These metal ions diffuse to the graphite
anode surface getting reduced and catalyze further side-reac-
tion of the electrolyte on the graphite anode causing the huge
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impedance increase and active lithium loss.'>~!8l Next genera-
tion of oxidation-stable electrolytes is in great demand to enable
the electrochemical stability of the LIB when cycled at cell volt-
ages higher than 4.4 V.

In recent years, our group has reported a fluorinated
electrolyte23 as promising substitute for the traditional
carbonate electrolytes and demonstrated the impact of the
fluorination on both the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital, and oxi-
dation stability of the fluorinated carbonate solvents. Other
groups also reported the fluorinated compounds as electro-
lyte additive. For example, Lee et al. reported that the addition
of 5 wt% methyl(2,2,2-trifluoroethyl) carbonate (henceforth,
FEMC) to 1.0 m LiPFg in EC/EMC (3/7 weight ratio) could
improve the cycling performance as the FEMC can form a
passivation layer and can prevent the transition metal from
dissolution on the cathode material surface.?l Another
example by using the fluorinated compound for the high
voltage cell is lithium difluoro(oxalato) borate (LiDFOB). Zhu
and co-workers demonstrated that, by incorporating 2 wt%
LiDFOB as an electrolyte additive,[?’! the cell performance of
Li-rich NMC/graphite cells was improved due to the forma-
tion of the solid-electrolyte-interface (SEI) at the anode elec-
trode and passivation on the cathode preventing the transition
metal dissolution.

Herein, we report a new fluorinated electrolyte formula-
tion of 1.0 M LiPFy fluoroethylene carbonate (FEC)/bis(2,2,2-
trifluoroethyl) carbonate (HFDEC) plus 1.0 wt% LiDFOB addi-
tive and demonstrated its superior performance in a 4.6 V LIB
system with a Ni-rich cathode LiNijsMn,;Co,,0, (NMC532)
coupled with a graphite anode. Beyond the enhanced oxidation
stability, this fluorinated electrolyte met all other prerequisite
requirements as an electrolyte such as high ionic conductivity,
good separator and electrode wettability, and solid—electrolyte-
interfacel?®! formation capability on graphitic surface.

Post-test analysis by scanning electron microscopy (SEM)/
energy dispersive X-ray spectroscopy (EDS) indicated the
cathode cycled with fluorinated electrolyte
as much cleaner surface and less deposit
of decomposition products on the graphite
anode due to the suppression of transi-
tion metal (Mn?') dissolution, consistent
with the X-ray photoelectron spectroscopy
(XPS) data. Bulk electrode analysis via X-ray
absorption spectroscopy (XAS) and syn-
chrotron X-ray diffraction (SXRD) revealed
that the fluorinated electrolyte facilitated
the charging process for both Ni and Co in
the NMC532 compared to Gen 2 electrolyte
and preserved the intact crystal structure
of NMC532 cathode. This systematic inves- ©Q o
tigation of a fluorinated electrolyte in a Ni-
rich NMC532 battery validates the rational
design of the enhanced oxidation stability of
the fluorinated electrolyte and proves to be
an effective approach for high voltage elec-
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2. Results and Discussion

Figure 1 summarizes the chemical structure and acronym of
the fluorinated carbonate solvents, nonfluorinated carbonate
solvents, lithium salt, and electrolyte additive used in this study.
Fluorinated cyclic carbonate FEC, linear fluorinated carbonate
HFDEC, and LiDFOB were synthesized in our lab and purified
by fractional vacuum distillation and recrystallization prior use.
1.0 m LiPF; FEC/HFDEC (5/5 volume ratio) with 1.0% LiDFOB
was formulated in the Argon-filled glove-box. Its conductivity
was measured by AC impedance spectroscopy using a self-
designed coin cell with a hollow Teflon disc with specific thick-
ness and diameter. The detailed measurement and variable
temperature conductivity data were provided in the Supporting
Information.

2.1. Oxidation Stability Fluorinated Electrolyte

Substitution groups of fluorine (—F) on FEC molecule and
fluorinated alkyl (—CH,CF3) on HFDEC molecule exert strong
electron-withdrawing effect on the carbonate core and lower
the HOMO energy level of the solvents based on the quantum
chemistry simulation. Oxidation stability is the important cri-
teria in designing high voltage electrolyte.””?8] Linear sweep
voltammetry (LSV) using an inert working electrode of plat-
inum was first performed on the formulated fluorinated electro-
lyte and the Gen 2 electrolyte with a scan rate of 10 mV s7..
Figure 2 presents the LSV voltammograms covering the voltage
window from 3 to 7 V versus Li*/Li. The drastic increase of
the oxidation current was observed for the Gen 2 electrolyte
at 6.85 V indicating the main oxidative decomposition of the
carbonate solvents. For the fluorinated electrolyte, the same
oxidation current was observed at a delayed voltage of 7.05 V.
Based on the density function theory calculation,?!l the theo-
retical oxidation potential of EC and EMC are 6.95 and 6.91 V,
respectively. Comparatively, the oxidation potential of FEC and
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trolyte development for high energy density
lithium ion battery for next generation elec-
tric vehicles.
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Figure 1. Chemical structures and acronym of carbonates, fluorinated carbonates, electrolyte
additive, and lithium salt employed in this study (EC: ethylene carbonate, EMC: ethylmethyl
carbonate, FEC: fluoroethylene carbonate, HFDEC: bis(2,2,2-trifluoroethyl) carbonate, LiDFOB:
lithium difluoro(oxolato)borate and LiPFg: lithium hexafluorophophate).
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Figure 2. Linear sweep voltammograms of fluorinated electrolytes with a
scan rate of 10 mV s™'. Three-electrode cell with Pt (disc with a diameter
of 2 mm) as working electrode and Li as reference and counter electrodes.

HFDEC were calculated to be 7.24 and 7.25 V, respectively, a
0.2-0.3 V higher than that of the Gen 2 electrolyte. It is noted
that the oxidation potential obtained from the LSV experiment
is significantly higher than that in the previous reports, 4.5 V
versus Li*/Li. That is because unlike a real cathode, which is
an interactive transition metal rich surface, an inert platinum
working electrode usually gives higher value of oxidation poten-
tial. The thermodynamic stability of the fluorinated electrolyte

www.advenergymat.de

is expected to stabilize the cathode/electrolyte interface, thus
suppressing the parasitic reactions causing ultimate transition
metal ion dissolution.

2.2. Stable Cycling of a NMC532/Graphite Cell Charged to 4.6 V

In addition to the enhanced oxidation stability on an inert
working electrode, the 1.0 m LiPF; FEC/HFDEC fluorinated
electrolyte showed excellent performance in a NMC532/
graphite full cell cycled at a rate of C/3 with voltage window
from 3.0 to 4.6 V. Figure 3a,b shows the charge and discharge
voltage profiles for the 1st, 10th, 25th, 50th, 75th, and 100th
cycle for Gen 2 electrolyte and fluorinated electrolyte. It is
manifested that the voltage polarization for both charging and
discharging process increases significantly for Gen 2 cell,l’]
while much less polarization was observed for fluorinated elec-
trolyte cell, suggesting that higher resistance was built up at
the electrode interface caused by the deposit of organic decom-
position species of Gen 2 electrolyte.l'®! Figure 3c shows the
capacity retention for the first 100 cycles. The first charge and
discharge capacities for Gen 2 cell are 248 and 214 mA h g!
(86.4% Coulombic efficiency) and the capacity retention is
67% for 100 cycles. In contrast, despite lower first cycle effi-
ciency (85.4%), the fluorinated electrolyte cell shows a capacity
retention of 82% for 100 cycles, a significant improvement
over Gen 2 cell even in such a limited cycle number. In a lith-
ium-limited full cell, the capacity fading could be caused by
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Figure 3. Voltage profiles for LiNigsMng3Coq,0,/graphite full cells in a) Gen 2 electrolyte, b) fluorinated electrolyte, and c) capacity retention and
Coulombic efficiency (cycling condition: C/10 for two cycle formation and then C/3 for 100 cycles for cycling with 3.0-4.6 V cutoff voltage).

Ady. Energy Mater. 2017, 7, 1700109

1700109 (3 of 9)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
ENERGY
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

180
160
140
120
100F -

80 F " rom
60
40t
20|
ol

Gen 2 cell after formation

T

Gen 2 cell after cycling

T

F-Electrolyte after formation

F-Electrolyte after cycling

T

T

Z' (Ohm)

T

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

0 20 40 60 80 100 120 140 160 180
Z" (Ohm)

Figure 4. Electrochemical impedance spectra for LiNigsMng3Cog,0,/
graphite cells after two-cycle C/10 formation step and 100-cycle C/3
repeated charge and discharge test (all impedance experiments were
performed at fully discharged state).

the oxidative decomposition of electrolyte on charged cathode
and/or the reductive decomposition on the lithiated anode. For
the FEC-based fluorinated electrolyte, it proved to be compat-
ible with graphitic anode due to the sufficient passivation by
the reductive decomposition of FEC solvent.??l In addition,
an SEI formation additive LIDFOB was added to further assist
the SEI formation from FEC, which accounts for the more
loss of active lithium and thus lower first cycle Coulombic
efficiency.30-3¢!
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To probe the interfacial impedance of the cycled cells, elec-
trochemical impedance spectroscopy (EIS) was performed after
the formation cycles and 100 cycles. As shown in Figure 4, the
cells after formation cycles with Gen 2 and fluorinated electro-
lyte showed similar interfacial resistance and charge transfer
resistance represented by the high frequency and mid frequency
semicircles (inset in the figure), respectively.>3”] However, after
100 cycles, the fluorinated electrolyte cell displayed significantly
lower charge transfer resistances than the Gen 2 cell, sug-
gesting that fluorinated electrolyte efficiently suppressed elec-
trolyte breakdown on the surface of charged cathode surface.
EIS results are in good agreement with the scanning electron
microscope analysis. Figure 5 showed the SEM images of the
cycled NMC532 cathodes and cycled graphite anodes in two
electrolytes and the pristine cathode (Figure 5a) and anode
(Figure 5d). For the Gen 2 electrolyte cell, the morphologies
of both cathode (Figure 5b) and anode (Figure 5e) were com-
pletely changed compared with the pristine electrodes and
heavy decomposition of decomposition products were observed
on both electrodes. However, little change in morphology was
observed for the cycled cathode (Figure 5¢) and cycled anode
(Figure 5f) with fluorinated electrolyte. It is surprising that
the cycled graphite anode in the fluorinated electrolyte almost
resembles the pristine one (Figure 5a), confirming the effective
passivation layer formed by fluorinated electrolyte. Since Gen 2
electrolyte forms excellent SEI on the graphite anode, the heavy
deposition on the graphite surface is totally unexpected and
new degradation mechanism must exist.

Figure 6 shows the EDS spectroscopy of the cycled graphite
anodes. Two distinguished Mn peaks were observed in the EDS
spectrum of the Gen 2 anode and the same species was also
detected by the XPS Mn,p spectroscopy as shown in Figure 7.

Summm o L
10.0um 10.0um

Figure 5. SEM images electrode at different stages: a) Pristine NMC532 cathode, b) cycled cathode with Gen 2 electrolyte, c) cycled cathode with
fluorinated electrolyte, d) pristine anode, €) cycled anode with Gen 2 electrolyte, and f) cycled anode with fluorinated electrolyte. Magnification for
cathode is higher than for anode in order to show the surface morphology change.
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Figure 6. EDS spectra of the harvest graphite anode cycled with Gen 2
electrolyte (top black curve) and with fluorinated electrolyte (bottom red
curve). Various spots on cycled anode were examined and are representa-
tive of the whole anode.

The deposition of Mn species on the cycled anode originated
from the dissolution of the cathode active material, migra-
tion through the electrolyte, and deposition on the anode by
forming the metal fluoride (MnF,), metal oxide (MnO), or metal
(Mn).3638] Moreover, the Mn plating catalyzes the electrolyte
decomposition on the anode,*” resulting in a thick electrolyte
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Figure 7. Mn, XPS spectrum for the harvested graphite anodes cycled in
Gen 2 electrolyte and fluorinated electrolyte.
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decomposition layer covering the surface of the anode. No
Mn peaks were observed on the EDS spectrum (Figure 6, red
curve) and XPS spectrum (Figure 7, bottom curve) of the fluori-
nated electrolyte cycled anode. Cyg, Fyg, and Oy XPS data were
included in the Supporting Information.

2.3. Cycled NMC532 Cathode Analysis
2.3.1. X-Ray Absorption Spectroscopy

To examine the electronic and local structure of transition
metal in the cathode at different stages, ex situ XAS has been
employed. Ni, Co, and Mn K-edge X-ray absorption near edge
structure (XANES) as well as Fourier transformed extended
X-ray absorption fine structure (EXAFS) of NMC532 cathode
were carried out at pristine, fully charged (4.6 V), and discharge
(3.0 V) states. The strong arising edge features are ascribed to
the purely dipole-allowed 1s — 4p transition, which reflects
oxidation state change of the transition metals. Figure 8a dis-
plays the Ni K-edge profiles of NMC532 at different stages.
Figure S8a (Supporting Information) confirms that Ni in the
pristine sample is Ni?* referenced as the edge position of the
standard NiO material. At discharged state, Ni K-edge XANES
profile showed a slight shift to low energy when cycled with
fluorinated electrolyte. The large change was observed at the
fully charged state, Ni XANES edge shifts to higher energy for
the fluorinated cycled cathode indicating that Ni reached higher
oxidation state (Ni**/Ni*"). This difference was caused by the
low oxidation stability of the Gen 2 electrolyte which releases
electron and compensates the charge on the Nil*¥ During
the charging, most of the capacity was from Ni oxidation, as a
result, Ni—O and Ni—M bond distance and coordination num-
bers are expected to change, which is evidenced from EXAFS
spectra in Figure 8b. EXAFS spectra for the discharged material
is nearly the same as the pristine, indicating that the local struc-
tures of NMC532 were maintained. However, at the charged
state, the dramatic changes of the first coordination peaks
indicate that the charge compensation mainly occurs at the Ni
sites and results in significant alternations in the average Ni—O
bond length. The large changes for the first Ni—O shell are
caused by the Ni oxidation from Ni?* to Ni* and also reported
for the Li;_,Co;;3Nij;3sMn;30, material by Yoon et al! For
fluorinated electrolyte cycled cathode, large shifts support the
conclusion that Ni could be charged to higher oxidation state
contributing more capacity.

For Mn K-edge XANES spectrum of pristine cathode, it
is slightly on the right side of MnO, (Figure S8c, Supporting
Information) suggesting the chemical state of Mn in NMC532
is 4 + 6, where 6 refers to a small number close to zero.
XANES spectra at charged state did not show a rigid shift to
higher energy region with only a small change in the shape
due to change in the Mn local environment. The energy posi-
tion and the shape of Mn edges are very similar to those of the
Li; ,Cry 4Mng 40, and LiNijsMngysO, materials,*!l and similar
trends of XANES spectra as a function of lithium concentra-
tion in Li;_,NijsMn 5s0,, which suggests that Mn remains at its
original chemical state of Mnt** 9* throughout the charge—dis-
charge processes. This is also supported by previous studies on

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Normalized K-edge X-ray near edge structure (XANES) spectra at a) Ni K-edge, c) Mn K-edge, e) Co K-edge for NMC532 in pristine, charged (4.6 V)
and discharged (3 V) states using Gen 2 and fluorinated electrolytes after 100 cycles, and b) Ni, d) Mn, and f) Co K-edge extended X-ray absorption fine structure
(EXAFS) spectra for NMC532 in pristine, charged, and discharged states (note that the radial distances in EXAFS spectra have not been phase corrected).
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Mn Ly j-edge XAS.*! From the EXAFS of the Mn K-edge in
Figure 8d, the Mn—O bond length remains mostly unchanged
during charge/discharge in both electrolytes; however, the
Mn—M bond length (2 A < R < 3 A) during charge was short-
ened, as the peak position in this region becomes smaller. As
the inert Mn does not change the bond distance between Mn
and O during charge, the reduction of the Mn—M bond length
could be ascribed to the reduction of the a-axis during charge
processes. 0]

Figure 8e shows the K-edge XANES profiles of Co. The oxi-
dation state of Co for the pristine cathode is approximately
Co*" as shown in the Figure S8b (Supporting Information).
Similar with Ni, oxidation state of Co is nearly the same. One
theoretical study for NMC111% indicated that Co**/Co*" redox
reaction would occur at fairly high potentials at high voltages.
At 4.6 V, a slightly higher energy shift was observed for cobalt
in the charge state, suggesting partial of Co involved in the
redox reaction. Co involved more redox reaction when charged
in fluorinated electrolyte than Gen 2 electrolyte as indicated by
both the Co XANES spectra shape change and the bond length
and covalency*!l from the EXAFS data shown in Figure 8f.

In summary, combined with the pre-edge data in Figure S6
(Supporting Information), both the Ni and Co cycled in the
fluorinated electrolyte can be charged to higher oxidation state
due to its intrinsic oxidation stability, thus contribute more
capacity than Gen 2 electrolyte. Mn remains inert during the
electrochemical reaction in both electrolytes. XAS experimental
on Ni, Mn and Co K-edge infers the advantage of fluorinated
electrolyte to promote and protect NMC during charge-
discharge process.

2.3.2. Synchrotron X-Ray Diffraction Analysis

To examine the cathode structure cycled at high voltage, syn-
chrotron X-ray diffraction analysis was performed on cathodes
which were completely galvanostatically discharged with a small
current (C/20) to 3.0 V prior the X-ray experiment. Figure 9
shows the XRD diffraction patterns of the aluminum current
collector, pristine and two cycled NMC532 electrodes in Gen 2
electrolyte and fluorinated electrolyte. Three NMC532 XRD pat-
terns are in good agreement with a single phase R, NaFeO,
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Figure 9. SXRD patterns of aluminum foil, pristine and cycled NMC532
electrodes in Gen 2 electrolyte and fluorinated electrolyte.
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structure and all the reflections can be indexed by assuming the
hexagonal axes setting of the rhombohedral Rs,, space group.[*’!
No new phases were detected by SXRD. The reflection pairs
(006)/(102) and (108)/(110) are well resolved, a typical feature of
a well-developed layered structure.[*4l

Table 1 summarizes the refinement data. Compared with
the pristine material, NMC532 cycled in fluorinated electro-
lyte showed very little crystallographic changes, whereas the
electrode cycled in the Gen 2 electrolyte shrank by 3% due
to the contraction of a, b axis and the enlargement of ¢ axis.
The increase of ¢ parameter is attributed to the loss of active
lithium during cycling.*¥ For the LiMO, (M = Ni, Co, Mn)
material, the oxygen anions are in a close-packed arrangement
in ABCABC framework with transition metal cations located
in the six coordinated octahedral site. The transition metal slab
and lithium layer are stacked alternatively.’) The absence of
lithium ions causes the expansion of the two negative charged
oxide layers, leading to the increase of ¢ parameter.>7! Ide-
ally, the carbonate electrolytes are reduced during the initial
cycles forming SEI on the anode electrode!*®! and kinetically
stabilizes the electrode/electrolyte interface.*”! However, this
interface is changed under high voltage charging condition. As
indicated by the EDS and XPS data shown in Figures 6 and 7,
the electrolyte instability caused the transition metal dissolu-
tion in the electrolyte. During charging process, the Mn?* dis-
solved in the electrolyte and diffused to the anode side getting
reduced.'® This process depleted active Li* by the following
reaction®®l

MnF, + 2LiCy — Mn + 2LiF + 2C¢ (1)

LiF and Mn deposited on the surface of the graphite anode,
which were well identified by the F;; XPS spectroscopy in
Figure S7 (Supporting Information), EDS in Figure 6, and Mn,,
XPS in Figure 7. Due to the loss of active lithium, the number
of active lithium ion that can return to the cathode structure
was reduced, which accounts for the change of cathode crystal
parameter and the irreversible capacity during repeated cycling.
To compensate the charge, the transition metal oxidation state
is increased as evidenced by the XAS data shown in Figure 8.
The bond length of Ni%* is 0.69 A and Co*" is 0.61 A, mean-
while, 0.56 A for Ni** and 0.53 A for Co*".’% The higher
valence state of transition metal leads to the shrinkage of a and
b parameters as shown in Table 1. In contrast, the NMC532
electrode cycled in fluorinated electrolyte resembles the pristine
material and crystal parameters keep almost unchanged. These
results are consistent with XAS experiment data.

Table 1. Refined XRD lattice parameters a,c and cell volume for NMC532
cathodes cycled with Gen 2 electrolyte (Gen 2) And fluorinated electro-
lyte (F-electrolyte).

NMC523 cathode Lattice parameters VIAY
a=b[Al cA] c/a

Pristine 2.866 14.8944 5.196 122.34

Gen 2 2.798 15.1494 5.083 118.60

F-electrolyte 2.871 14.8964 5.182 122.03
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3. Conclusion

In this article, we report a fluorinated electrolyte based on 1.0 m
LiPFg FEC/HFDEC with 1.0 wt% LiDFOB for the high voltage
lithium ion battery. It met all the basic requirements as a non-
aqueous electrolyte including graphite anode passivation, high
conductivity, and excellent wettability with cell components.
On top of these properties, this fluorinated electrolyte is oxida-
tively stable against high voltage charging and showed signifi-
cantly improved cell performance when charged to 4.6 V in
NMC532/graphite couple. Linear sweep voltammetry, repeated
charge—discharge cycling, and a series of post-test analysis
including SEM/EDS, XPS, XRD, and XAS confirm its voltage
advantage over the Gen 2 electrolyte. Charge transfer imped-
ance of the cell cycled with fluorinated electrolyte is much
smaller than that cycled with Gen 2 electrolyte and significant
depositions were detected on the both NMC532 cathode and
graphite anode. Interestingly, the transition metal dissolution
is not detected by EDS and XPS on the fluorinated electrolyte
cycled graphite anode, suggesting the enhanced voltage sta-
bility on the cathode side and the robust SEI formation on the
graphite anode. This has been evidenced from the XAS experi-
ment confirming that the Ni and also Co could be charged to
higher oxidation state (Ni**/Ni*) with fluorinated electrolyte
due to its enhanced oxidation stability. Furthermore, fluori-
nated electrolyte was proved to assist the preservation of the
crystal structure of NMC532 cathode by SXRD results. The
lattice structure of NMC532 is almost intact while significant
shrinkage in its unit cell for Gen 2 electrolyte cycled cathode.
All results converge to the conclusion that FEC/HFDEC based
fluorinated electrolyte is intrinsic ally stable toward oxidation
and is suitable as high voltage electrolyte for high voltage high
energy density lithium ion cell. This example research demon-
strated that new electrolyte design could provide an approach
to solve the technical barriers encountered by the high voltage
high energy density lithium-ion batteries.

4. Experimental Section

Synthesis of HFDEC: The symmetric fluorinated linear carbonates were
synthesized following the procedure published in ref. [21]. In a typical
procedure for di-trifluoroethyl carbonate (HFDEC), 2,2,2-trifluoroethanol
(18.5 g, 0.185 mol, 6.17 equiv), triethylamine (20.2 g, 0.2 mol,
6.67 equiv), and 4-dimethylaminopyridine (Sigma-Aldrich, 36 mg,
0.3 mmol, 1% mol) were mixed together in a round-bottom flask and
cooled to 0 °C. A solution of triphosgene (8.9 g, 0.03 mol, 1 equiv) in
CH,Cl, was added into the mixture dropwise via a syringe pump over
the course of 8 h. The mixture was then allowed to warm up to ambient
temperature and stirred for 48 h. The reaction was then quenched with
1 N HCl, and the product was extracted with CH,Cl, and washed further
with HCl and then with brine solution. The crude product was distilled
to remove CH,Cl,, dried with 4 A molecular sieves, and then fractionally
distilled twice to afford the pure product (99.1% by gas chromatography)
with an isolated yield of 39% and 15 ppm water content as measured
by Karl-Fischer titration. 'H, 13C, and '°F-NMR spectra of HFDEC are
shown in Figures S1-S3 (Supporting Information) and conductivity
data of the formulated electrolytes were shown in Figure S4 (Supporting
Information). Moreover, the wettability of the formulated electrolyte and
baseline electrolyte are shown in Figure S5 (Supporting Information).

Electrolyte and Electrode Preparation: An electrolyte of 1.2 m LiPFg
dissolved in EC and EMC in 3:7 ratio by weight, designated as Gen 2
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electrolyte, was purchased from Tomiyama Pure Chemical Industries.
FEC was purchased from Solvay and was purified by drying with 4 A
molecular sieve and vacuum distillation before use. The fluorinated
electrolyte was prepared by dissolving 1.0 m LiPFg in FEC/HFDEC
mixture solvent at 5/5 ratio by volume with 1.0 wt% LiDFOB as
additive. The electrolyte preparation was performed in an Ar-filled
glove-box with controlled moisture content <5 ppm. The cathode was
made of 90 wt% NMC532, 5 wt% carbon black C45, and 5 wt% Solvay
polyvinylidene fluoride (PVDF) 5130 binder coated on aluminum foil.
The active material loading averaged 9.15 mg cm=2. The graphite anode
was made of 89.8 wt% Conoco Phillips CGP-A12, 4 wt% Super P-Li,
6 wt% Kureha PVDF 9300 binder, and 0.2 wt% oxalic acid coated on
copper foil. The active material loading averaged 5.3 mg cm™2. The
effective diameters of cathode, anode, and separator were 14, 15, and
16 mm, respectively.

Electrochemical Evaluation: Linear sweep voltammetry was performed
using a Pt/Li/Li three-electrode cell with a voltage window from 3 to
7 V at a scan rate of 10 mV s™'. Galvanostatic charge-discharge cycling
tests for NMC532/graphite coin cells (2032) were conducted on Maccor
Electrochemical Analyzer (MIMSclient) with cutoff voltages 3.0 and
4.6 V at C/3 rate after two C/10 formation cycles.

Electrochemical Impedance Spectroscopy: Impedance measurements
were tested at 30 °C that was maintained by an oven. The spectra were
collected using a Solartron impedance analyzer in the frequency range
from 1 MHz to 0.01 Hz, with an amplitude of 10 mV.

Electrode Morphology Characterization: The morphologies of the
electrodes after cycling were investigated by SEM and energy dispersive
X-ray spectroscopyl®® using a Hitachi S-4700-1 microscope in the
Electron Microscopy Center, Argonne National Laboratory.

Electrode Surface Analysis: The cycled cells were disassembled in the
glove-box, and the electrodes were washed with anhydrous dimethyl
carbonate to remove residual electrolyte and dried for overnight. X-ray
photoelectron spectroscopy (XPS) measurements were carried out by
using a Thermo Scientific ESCALAB 250Xi with Al Ko source. A low-
energy electron flood gun was used to compensate for X-ray beam
induced surface charging. C;; peak (284.8 eV) was used for energy
calibration.

X-Ray Diffraction Analysis: SXRD was performed to quantify the
structure and compositions of electrode materials at beam-line 17-BM at
the Advanced Photon Source (APS) at the Argonne National Laboratory
using X-ray wavelength of 0.72768 A. Samples were attached to Kapton
tapes and measured in transmission mode. A PerkinElmer amorphous
silicon flat panel detector was used to collect 2D XRD data. Integration
of the 2D data to conventional plots of intensity versus 26, which was
converted to a 26 value at X-ray wavelength of 1.5406 A (Cu Ko source)
for the convenience of comparison with reference database.

X-Ray Absorption Analysis: X-ray absorption near edge spectroscopy
and EXAFS experiments were carried out at beam-line 9BM-C of APS at
the Argonne National Laboratory. The following electrode materials were
used: pristine NMC532 (called pristine in the discussion), NMC532
cathodes discharged in Gen 2 electrolyte at 3 V (G2_3V) and charged
at 4.6 V (G2_4.6 V) after 100 cycles, and NCM 523 cathodes discharged
in fluorinated electrolyte at 3 V (F_3 V) and charged at 4.6 V (F_4.6 V)
after 100 cycles. Samples were placed in a chamber with helium flow
as the protection. All data were collected in transmission mode. A Lytle
detector was used to collect all transition metal X (X = Ni, Mn, and Co)
while the Si(111) monochromator scanned the incident X-ray photon
energy through X K-edge absorption edge. The monochromator was
detuned to 80% of the maximum intensity at X K-edges to minimize
the presence of higher harmonics. The X-ray beam was calibrated using
the corresponding transition metal foil K-edges, namely Ni, Mn, and Co
foils. Data reduction and data analysis were performed with the Athena
software packages. Standard procedures were used to extract the EXAFS
data from the measured absorption spectra. The pre-edge was linearly
fitted and subtracted. The postedge background was determined by
using a cubic-spline-fit procedure and then subtracted. Normalization
was performed by dividing the data by the height of the absorption edge
at 50 eV.
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