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High-voltage lithium-metal batteries (LMBs) with LiCoO, (LCO) as the cathode have high volumetric and
gravimetric energy densities. However, it remains a challenge for stable cycling of LCO >4.5 V. Here
we demonstrate that a rationally designed sulfonamide-based electrolyte can greatly improve the
cycling stability at high voltages up to 4.7 V; by stabilizing the electrode—electrolyte interfaces (EEIs) on
both the Li-metal anode (LMA) and high-voltage LCO cathode. With the sulfonamide-based electrolyte,

Received 27th April 2021, commercial LCO cathodes retain 89% and 85% of their capacities after 200 and 100 cycles under high
Accepted 27th September 2021 charging voltages of 4.55 V,; and 4.6 V, respectively, significantly outperforming traditional carbonate-
DOI: 10.1039/d1ee01265¢ based electrolytes. The surface degradation, impedance growth, and detrimental side reactions in terms

of gas evolution and Co dissolution are well suppressed. Our work demonstrates a promising strategy
rsc.li/ees for designing new electrolytes to realize high-energy Li||[LCO batteries.

Broader context

The demand for higher energy density (e.g. >400 W h kg ") urges us to explore more aggressive chemistries beyond traditional lithium-ion batteries (LIBs),
including high-voltage LiCoO, (LCO) cathodes and lithium-metal anodes. However, such chemistries are usually accompanied by high electrochemical
reactivity and unstable electrode-electrolyte interfaces (EEIs), making it challenging to maintain a satisfactory cycle life. In the present work, we demonstrate
that our sulfonamide-based electrolyte effectively stabilizes the EEIs and thus enables excellent cycling performance of the 4.5-4.7 Vy; LCO||Li-metal batteries.
By employing several in situ and ex situ techniques, the oxidative stability of the sulfonamide-based electrolyte and the evolution of the EEIs on LCO surfaces at
different potentials were studied, revealing the role of electrolytes in stabilizing the LCO single-crystal surfaces and in preventing intragranular stress corrosion
cracking (SCC).

Lithium-ion batteries (LIBs) have conquered important density”’® (e.g. >400 W h kg ') urges us to explore more
markets of electric vehicles, portable electronics, and robotics aggressive chemistries beyond traditional LIBs, including
due to their high energy density/efficiency and long cycle life."  high-voltage-capacity cathodes and conversion-type anodes.
The significant growth in the demand for higher energy However, such chemistries are usually accompanied by high
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electrochemical reactivity and unstable electrode-electrolyte
interfaces (EEIs), making it challenging to maintain a satisfactory
cycle life.* Therefore, it is crucial to form stable EEIs to mitigate
the degradation of reactive electrodes and electrolytes.

For the cathode, an effective approach to increase the energy
output is to extend the operating voltages, especially for LiCoO,
(LCO), the dominant cathode in current LIBs for consumer
electronics™® because of its superior volumetric energy density
(E,). However, the charging voltage in commercial products’ is
usually limited below 4.35 Vy;, yielding a discharge capacity of
~165 mA h g ' (Li;_,C00,, x = ~0.6), still far away from the
theoretical maximum (274 mA h g™ '), because the substantial
increase in capacity achieved at higher charging cut-off voltage
(=4.5 Vy;) would come at the expense of rapid decay of capacity
and efficiency.® For high-voltage LCO, constructing a stable
cathode-electrolyte interface (CEI) is challenging due to the
high reactivity between electrolyte components and high-
valence Co** (x>3) / O~ ($<2).”*° On the one hand, the
undesirable electrolyte decomposition’* including solvent
oxidation and hydrogen abstraction'? from solvent molecules
leads to the formation of high-impedance CEIs generally in
the form of oxyfluorides/oligomers.'*> On the other hand,
the parasitic electrolyte-cathode reaction promotes further
degradation, including the formation of ionically resistive
spinel* transformed from the layered structure, Co dissolution
in the electrolyte'>'® and O loss'” from oxygen evolution. Therefore,
constructing stable CEIs to mitigate these degradations is
required. Prevailing strategies for protecting LCO are bulk
doping”®"® and surface modification.>*'*>'7'92% An alternative
strategy is to develop highly compatible electrolytes to form
stable CEIs. Although fluorinated electrolytes,>***> multifunc-
tional polymer electrolyte,>®*” and additives®>®**° have demon-
strated promising cyclability improvement, such explorations
have been focused mainly on charging voltages up to
4.5 vi;##?>3° (Table S1, ESIt). It still remains challenging to
design suitable electrolytes for higher-voltage (>4.5 Vy;) LCO.

For the anode, the lithium-metal anode®'* (LMA) has
become a hot topic in recent years due to its highest theoretical
capacity of 3861 mA h g~ ' (ten times that of the commercial
graphite anode, 374 mA h g~ '). However, significant challenges
associated with the instability of LMA still hinder the practical
application of lithium-metal batteries (LMBs).>* Unstable solid-
electrolyte interface (SEI) between reactive Li and electrolyte®®
leads to severe side reactions, detrimental deposition morphology
like mossy Li, and thus poor LMA reversibility. To realize highly
reversible LMBs, therefore, the key is to construct stable LMA-
electrolyte interfaces, which again calls for developing reliable
electrolytes.®

In order to simultaneously achieve stable EEIs on both LCO
and LMA to increase cycling stability at high voltages >4.5 Vy;, we
have taken a molecular design approach utilizing stable functional
groups that mimic the structures of common Li-salt anions.*® Using
this strategy, we recently discovered a new class of sulfonamide
electrolytes based on N,N-dimethyltrifluoromethanesulfonamide®”>°
(DMCF;SA) to enable stable cycling of LiNijgC0y1Mng 10,
(NMC811) at an ultrahigh charging voltage of 4.7 V;;.* In such
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an agglomerated polycrystalline cathode, oxidative dehydrogenation
of carbonate solvents to generate protic species’>***! and inter-
granular cracking®® are mainly responsible for the performance
degradation using traditional electrolytes because they lead to the
loss of electronic contact and more parasitic reactions between the
exposed surfaces of the primary particle grains and the electrolyte
infiltrating along the intergranular cracks. Our sulfonamide-based
electrolyte is chemically stable against oxidative dehydrogenation,
which effectively stabilizes the grain boundaries (GB) under cyclic
stress by relieving the chemical dissolution attack and thus
suppressing the GB cracking. But the situation with the LCO
cathode is arguably quite different. Industrially, LCO is typically
made using a solid-state synthesis method, producing large single
crystals on the order of ten microns, that can be hard-rolled into
electrodes to improve the electrode density, whereas NMC is
typically made with wet co-precipitation methods with complex
primary/secondary-particle structures, that are known to be quite
fragile and cannot be hard-rolled in electrode manufacturing.
Thus, the starting microstructures are quite different, and therefore
the stress-corrosion cracking (SCC) pathway due to the electrolyte
corrosion and phase-transformation stress could be quite different
between NMC and LCO electrodes. Also, investigations on
electrolyte interactions with the cathode primary particle, especially
with the more reactive surfaces than NMC'’s (such as LCO surface),
as well as the correlation with the electrochemical performance are
still missing, which are critical for understanding not only the
sulfonamide-based-electrolyte-cathode interaction but also the
broader cathode degradation mechanisms.

In this work, single-crystalline LCO particles, which can
exhibit high surface reactivity towards oxidative dehydrogenation
of carbonate solvents,”® is selected in the present work. By
employing several in situ and ex situ techniques, the oxidative
stability of the sulfonamide-based electrolyte (1 m LiFSI in
DMCF;SA) and the evolution of the CEIs on LCO surfaces at
different potentials were studied, revealing the role of electrolytes
in stabilizing the LCO single-crystal surfaces. This sulfonamide-
based electrolyte greatly improves the cycling performance of
commercial LCO cathodes at high charging voltages of 4.5 Vy;
to 4.7 Vy; by suppressing the LCO surface degradation and side
reactions. In particular, with the sulfonamide-based electrolyte,
LCO cathodes demonstrate high capacity retentions of 89%
and 85% under 4.55 V;; and 4.6 Vi; with excellent Coulombic
efficiencies (CE ~99.84%) and rate performance, respectively.
Compared to our work on NMC811*° with an E, ~3100 Wh L™},
the present 4.6 Vi; LCO exhibits much higher E, >3600 Wh L*
with comparable cycling stability. The sulfonamide-based
electrolyte also enables a high CE ~99.7% for Li stripping/
plating on a Li matrix. Post-cycling microstructural evaluation
revealed suppressed intragranular cracking in high-voltage LCO,
instead of suppressed intergranular cracking in NMC. Our work
highlights the importance of constructing stable EEIs against
SCC and provides a new approach for designing new electrolytes
for high-voltage LMBs.

In this work, we selected 1.2 M LiPF; in ethylene carbonate
(EC)/ethyl methyl carbonate (EMC) (3:7 wt%) as the reference
electrolyte (Fig. S1, ESIt). To evaluate the oxidation stability of
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different solvents, we employed density functional theory (DFT)
calculations to compare the energetics of oxidation reactions
AE between EC/DMCF;SA molecules and the highly delithiated
LCO surface®® (Fig. 1a and b). Note that EC dissociation (AEgc =
—3.02 eV) is energetically more favorable than DMCF;SA
dissociation (AEpmcrzsa = —2.87 eV), implying a higher
oxidation resistance of the latter molecule. Experimentally,
linear sweeping voltammetry (LSV) was used with Al foil as
the working electrode. Fig. 1c shows that the onset of oxidation
in the sulfonamide-based electrolyte is ~5 Vy; with no peak
corresponding to Al corrosion,®® while the oxidation of the
carbonate-based electrolyte starts at ~4.2 V;.** The excellent
oxidation resistance and compatibility with the Al current
collector of the sulfonamide-based electrolyte are essential for
operating the LCO cathode at high voltages.

Three types of commercial LCO cathodes were tested. The
S-LCO, A-LCO, and T-LCO denote the LCO purchased from
Sigma Aldrich without any doping or coating, the one provided
by Argonne National Lab, and the one purchased from Targray
Co, respectively. The electrochemical performances of all
Li||LCO batteries were evaluated using galvanostatic cycling with
charging voltages from 4.5 Vy; to 4.7 V; at room temperature.
With our sulfonamide-based electrolyte, the uncoated and
undoped S-LCO exhibits significantly increased capacity retention
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of 91% and 79% at 4.5 Vy; and 4.55 Vy;, compared to 24% and 5%
with the carbonate-based electrolyte after 200 cycles, respectively
(Fig. S2, ESIt). It indicates that the CEI stability plays a dominant
role in the capacity fading at 4.5 V;;*® rather than the bulk stability
because excellent cycling stability can be achieved by choosing a
more reliable electrolyte without the assistance from LCO doping
or coating (Fig. S3, ESIt). We also evaluated the commercial
A-LCO cathode, which should have been doped as the minor
peaks”” at 4.1-4.2 Vy; in the voltage profiles of the undoped S-LCO
(indicated by the red circles in Fig. S2b, ¢, e and f, ESIt) associated
with order-disorder transitions are eliminated.” Under a charging
voltage of 4.5 Vi; and a discharge rate of 150 mA g~ ', the Li||A-
LCO cell with the carbonate-based electrolyte exhibits very low
capacity retention of 7%, a low operating mid-voltage retention of
~81.00% and an average CE of ~99% after 200 cycles (Fig. 2a—c).
The voltage profiles in Fig. S4 (ESIt) indicate obvious over-
potential growth during cycling. In contrast, the 4.55 Vy; cycling
performance of the Li||A-LCO cell with the sulfonamide-based
electrolyte is dramatically improved. The cell shows an initial
capacity of 200.8 mA h g~ " with 89% and 99.74% retention of the
capacity and operating mid-voltage after 200 cycles (Fig. 2a and c),
respectively. An excellent average CE of ~99.84% (Fig. 2b)
suggests that the undesired side reactions between the A-LCO
cathode and electrolyte are largely suppressed. Even at a higher
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Fig. 1 Electrolyte design and performance. Relaxed structure and reaction energy AE of DMCF3SA (a) and EC (b) oxidated by the highly delithiated LCO
surface, as determined from DFT calculations. The reaction energies are —2.87 eV for DMCF3SA and —3.02 eV for EC, respectively. The reaction on the
LCO surface includes H-abstraction and C-O bond formation between the solvent and the LCO.*+4345 (c) Oxidation stability of different electrolytes
evaluated by linear sweeping voltammetry at a scanning rate of 4 mV s~ The sulfonamide-based and carbonate-based electrolytes are 1 m LiFSI in

DMCF3SA and 1.2 M LiPFg in EC/EMC (3:7 wt%), respectively.
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Fig. 2 Electrochemical performance of Li||LCO cells with different electrolytes. The specific capacities (a), Coulombic efficiencies (b), and operating mid-
voltages (c) of Lil|A-LCO cells as a function of cycle number with different electrolytes. The upper charging voltage was 4.55 V|;. The current densities during
charging and discharging were 50 mA g~*and 150 mA g™, respectively. 10 mA g~ charging—discharging was used for the initial 1st cycle. (d) Rate performance
of Li[JA-LCO cells at 4.55 V|; and corresponding voltage profiles with the sulfonamide (e) and carbonate (f) electrolytes. The unit of the current densities in (d—f)
is mA g, (g) Cycling performance of Li||T-LCO cells and the corresponding voltage profiles (h) at a charging voltage of 4.6 V|; and current densities of
50 mA g~ for charging and 150 mA g~ for discharging at room temperature. 10 mA g~ charging—discharging was used for the initial two cycles. The amounts
of the sulfonamide-based and carbonate-based electrolytes were ~15 pL and ~50 pL per cell, respectively. 350-pm-thick Li foils were used.

charging voltage of 4.6 Vy; our electrolyte shows enhanced
cycling stability (Fig. S5, ESIt) with a high cathode-specific
E, >3600 W h L', Despite the poor LMA compatibility of the
carbonate-based electrolyte, under our testing conditions,
including superabundant LMA and electrolyte, the LMA does not
affect the cycling performance (Fig. S6, ESIt), which allows systematic
comparison of all cathode performances with both electrolytes.

Besides investigating the electrolyte effect on the cycling
stability, the rate performance at 4.55 Vy; was also evaluated
(Fig. 2d-f). The Li||[A-LCO cell using the sulfonamide-based
electrolyte exhibits higher reversible capacities of 197.3 mA h g™,
1961 mAhg ,191.2 mAh g ', and 183.1 mA h g~ ' compared to
1847mAhg ',1600mAhg %, 1374mAhg *,and 764 mAhg '
with the reference electrolyte at current density of 50 mA g~ to
300 mA g ', respectively. The excellent rate performance at

Energy Environ. Sci.

high voltages is also a good indicator of the stable CEI and LCO
surface. Furthermore, another commercial T-LCO cathode was
also evaluated at higher charging voltages of 4.6-4.7 Vi,
Although the Li||T-LCO cells with both electrolytes reach
similar high initial capacities ~220 mA h g ', the capacity
retentions show a dramatic difference (85% vs. 57%, Fig. 2g and h).
For 4.65 Vy; and 4.7 Vi, the sulfonamide-based electrolyte enables
high initial capacities of 227.2 mA h g " and 241.5 mA h g~ * with
greatly improved cycling stability compared to the carbonate-
based electrolyte (Fig. S7, ESIt). Furthermore, our electrolyte
demonstrates excellent cycling stability (4.55 Vy;, 97.6% capacity
retention, CE ~99.88% after 70 cycles, Fig. S8, ESIT) at a high
temperature of 45 °C.

To shed light on the degradation mechanisms, the following
investigations are focused on A-LCO cathodes after cycling at

This journal is © The Royal Society of Chemistry 2021
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4.55 Vy; in different electrolytes. We first conducted the
galvanostatic intermittent titration technique (GITT) on the
Li||A-LCO cells to measure the impedance growth after cycling
(Fig. 3a and b). For the reference electrolyte, severe impedance
growth and huge overpotentials after 200 cycles are observed
(Fig. 3b, average overpotential is 758 £+ 80 mV). In comparison,
for our electrolyte, the overpotentials are an order of magnitude
smaller after 200 cycles (Fig. 3b, average overpotential is 15 +
4 mvV), which is consistent with the better capacity retention
and rate capability reported above. Such a prominent difference
in the overpotential growth by using different electrolytes can
also be supported by electrochemical impedance spectroscopy
(EIS) measurements. For the A-LCO with the carbonate-based
electrolyte, cycling at 4.55 Vy; induced a much higher charge
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transfer resistance (R.) than the one cycled in the sulfonamide-
based electrolyte (Fig. S9, ESIt). The continuous impedance
growth hinders the bulk from achieving a high oxidation state
and thus leads to a large difference in the Co oxidation states in
the cycled A-LCO cathodes, which was revealed by the X-ray
absorption near edge structure (XANES) mode of full-field X-ray
imaging (FXI). Co oxidation states were mapped by tracking
the whiteline peak positions*® of the XANES spectra acquired
by scanning every pixel (~20 x 20 nm? area) in a 40 x 40 pm>
area of interest (Fig. 3c and d). After charging the cycled
A-LCO cathodes to 4.55 V;, higher and more uniform Co
valences are noted in the one cycled with our electrolyte
(Fig. 3c) than that with the carbonate-based electrolyte
(Fig. 3d). This result is further confirmed by the plotted
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Fig. 3 Characterization of the A-LCO cathodes cycled in different electrolytes at 4.55 V charging voltage. (a) Discharge voltage profiles from GITT plots
of the cells after 200 cycles in different electrolytes. (b) Average overpotentials over different discharge states with error bars for standard deviation.
XANES mapping of the A-LCO particles cycled in the sulfonamide-based (c) and carbonate-based (d) electrolytes for 100 cycles and then charged to
4.55 V,;. Statistical analysis (e) of the whiteline distributions of particles in c and d. All the C1, C2, and C3 particles with the sulfonamide-based electrolyte
have higher Co oxidation states than D1 and D2 particles with the carbonate-based electrolyte. SEM images of the surfaces (f and h), the cross-sections
(g and i), and HRTEM images (j and k) of A-LCO cathodes after 200 cycles in the carbonate-based (f, g and j) and sulfonamide-based (h, i and k)
electrolytes. Yellow dot lines in (j and k) indicate the transformed spinel layers. Insets in (j and k) in the upper right corners are the FFT patterns from the
areas indicated by the yellow squares, indicating that the transformed layers are spinel structures.
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histograms of the whiteline distributions of several representative
particles (Fig. 3e).

We investigated the microstructure and surfaces to under-
stand the origin of impedance growth.?® Post-cycling analysis
was conducted on the surfaces and cross-sections by scanning
electron microscopy (SEM, Fig. 3f-i and Fig. S10, ESIt). As
highlighted by yellow arrows in Fig. 3f and g, the A-LCO cycled
in the carbonate-based electrolyte shows apparent cracks in the
bulk particle while the one cycled in the sulfonamide-based
electrolyte keeps intact (Fig. 3h and i). This result suggests that
the SCC behavior usually observed in polycrystalline NMC
cathodes® is also present in the deep-cycled LCO cathode with
a single-crystalline microstructure, which is usually considered
not to crack easily.”® Similar cracking behavior was previously
reported in deep-cycled single-crystalline NMC>® and LCO”**
cathodes. Considering the high catalytic capability of the LCO
surface that may promote more intensive side reactions, a
“good” electrolyte or proper surface modification that can
passivate the surface cracks and thus suppress the SCC, is
required for >4.5 Vi; LCO.

Another surface degradation causing impedance growth and
slow charge transfer kinetics is the surface transformation from
the original layered structure to spinel phase,*" resulting from
the reduction of high-valence Co™" by electrolyte components.
Avisible difference in the thickness of the detrimental layers is
identified by high-resolution transmission electron microscopy
(HRTEM). While the resistive layer is ~11 nm thick (Fig. 3j) for
the A-LCO cycled in the carbonate-based electrolyte, it is
suppressed by our sulfonamide-based electrolyte (~ 5 nm thick,
Fig. 3k). Fast Fourier transform (FFT) patterns in the insets of
Fig. 3j and k show that the detrimental layers are spinel phases.
Consistently, higher-degree cation-mixing in the bulk structure
of the A-LCO cycled in the carbonate-based electrolyte is
revealed by a decrease in the intensity ratio of Inoz/I104 in the
XRD pattern compared to the one cycled in the sulfonamide-
based electrolyte (Fig. S11, ESIt). These results indicate that our
electrolyte greatly mitigates the surface degradation and thus
suppresses the resultant impedance growth at high charging
voltages, which is consistent with the improved cycling perfor-
mance in Fig. 2.

The differences in the surface and interface degradation are
mainly attributed to the cathode-electrolyte side reactions, as
will be investigated by characterizing the side reaction
byproducts in terms of gas emission, CEI, and Co dissolution.
Differential electrochemical mass spectroscopy (DEMS) was
carried out to monitor the gas evolution during charging to
4.7 Vii. When A-LCO is charged to above 4.5 Vy; in the
carbonate-based electrolyte, obvious CO, gas begins to release
(Fig. 4a), confirming the oxidation of electrolyte components.
In contrast, no obvious gaseous products including CO,, O,
(Fig. 4b), or other possible gases (Fig. S12, ESIt) are detected
with the sulfonamide-based electrolyte, demonstrating its
excellent oxidation resistance.

In order to shed more light on the oxidation process of
our sulfonamide-based electrolyte on LCO surfaces, first,
in situ Fourier-transform infrared spectroscopy (FT-IR)'? was
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performed to characterize the evolution of CEIs during galva-
nostatic charging to 4.8 Vp;. Upon charging LCO from open
circuit potential (OCP) to 4.8 Vy; (Fig. 4c), obvious changes in
the IR spectra are observed from 3.9 Vi; to 4.2 Vy; (Fig. 4d).
A peak at ~1260 cm™ " in the S=O region, which appeared the
earliest at ~4.0 Vi, was noted. It could be attributed to the
decomposition of LiFSI or DMCF;SA since they both have S—0O
groups. Upon further charging from 4.2 Vi; to 4.8 Vy;, the
spectra almost remain unchanged (Fig. 4d), indicating good
chemical stability of the CEIs against oxidation, which can be
further confirmed by the unchanged spectra acquired during
holding the potential at 4.8 V;; and subsequent resting at OCP
(Fig. S13, ESI¥).

Second, an ex situ X-ray photoelectron spectrometer (XPS)
was used to analyze the surface chemistry of the carbon-free,
binder-free electrodes at different states of charge in our
sulfonamide-based electrolyte, which can avoid interference
from the binder and high-surface-area conductive carbon.'
Solvent oxidation on LCO surfaces upon charging to ~4.4 Vy; is
confirmed by XPS analysis of C 1s (Fig. 4e) as the peak
intensities at high binding energies (i.e., corresponding to
oxidized carbon such as C-O and C-SO,) increase from
4.2 Vi; to 4.4 Vi, indicating the growth of surface species
formed by DMCF;SA decomposition. Above 4.4 Vi, the C 1s
spectra remain almost unchanged with increasing voltage,
suggesting a good CEI stability at high voltages, which matches
well with the FT-IR results in Fig. 4d. On the other hand, S-F
species are noted from F 1s spectra (Fig. 4f) from 4.4 V;; and
above, which is likely attributed to the decomposition of LiFSI
salt with the S-F bond rather than the DMCF;SA solvent with
the CF; bond. The higher C-F peak intensity than the S-F one
(Fig. 4f) implies that the CEIs on the LCO surface are mainly
derived from the decomposition of DMCF;SA solvent rather
than LiFSI salt.

In addition, the A-LCO cathodes after cycling in different
electrolytes were also examined by XPS and soft X-ray absorption
spectroscopy (sXAS). The CEI formed in the reference electrolyte
is mainly composed of solvent decomposition products as
evidenced by the C-0, C=0,">> and CO;>" species,”* while
less are observed for that formed in the sulfonamide-based
electrolyte (Fig. S14a, S15a and S15b, ESIf). Note that the
presence of these carbon-oxygen species usually correlates with
the dehydrogenation of carbonate molecules™ and the resultant
formation of corrosive HF.>* A LiF-rich CEI formed in the
sulfonamide-based electrolyte is also noted in the F K-edge sXAS
spectra®® (Fig. S15c and d, ESIf), which is believed to be a
favorable feature for enhancing the cathode stability.*>**>*
Another difference in CEI components lies in the N and S
induced by the sulfonamide-based electrolyte (Fig. S16, ESIT),
which is absent in the CEI formed in the carbonate-based
electrolyte. Furthermore, suppressed Co dissolution by the
sulfonamide-based electrolyte is revealed by the Co 2p XPS
results (Fig. S14c, ESIt). It is likely that the less Co dissolution
can be attributed to the formation of stable CEI, which can
effectively suppress side reactions between the electrolyte and
LCO and thus prevent the Co species from leaching out from the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Characterization of the cathode-electrolyte side reaction and the surface chemistry of CEls of the LCO cathodes. In situ DEMS analysis of the gas
evolution during first charging in the carbonate-based (a) and sulfonamide-based (b) electrolytes. (c) Voltage profile of LCO during charging to 4.8 V|, in
the sulfonamide-based electrolyte. (d) In situ FT-IR spectra on LCO surfaces upon charging to 4.8 V; in the sulfonamide-based electrolyte. XPS spectra
of the C 1s (e) and F 1s (f) for the carbon-free, binder-free LCO electrodes after charging to 4.2, 4.4, 4.5, 4.6, and 4.7 V; with the sulfonamide-based

electrolyte.

cathode. These results clearly manifest that transition-metal
cation dissolution is greatly suppressed and a stable CEI is thus
constructed in our sulfonamide-based electrolyte, which benefits
the high-voltage electrochemical performance.

In addition to stabilizing the high-voltage LCO cathodes, it is
also very important for an electrolyte to have good compatibility
with the LMA to realize long-term cycling stability in Li||[LCO
batteries. Although our electrolyte has shown good compatibility
with LMA,*® the CE evaluated by Li||Cu configuration is more
appropriate to correlate with an ‘“‘anode-free” scenario, which is
not applicable for our Li||LCO batteries with excess Li inventory.
Therefore, we adopted another well-established method> by
Li||Li configuration to evaluate the Li-metal stripping/plating
CE on the Li matrix (Fig. 5a). Our sulfonamide-based electrolyte
shows a much higher CE ~99.7% and smaller overpotentials
during Li plating and stripping than the carbonate-based
electrolyte (CE ~65.7%). The significant difference in CE can
be mainly attributed to Li metal morphologies and SEIs formed
in different electrolytes. To investigate the LMA morphology,
LMAs were retrieved from the Li||A-LCO cells after 100 cycles in
different electrolytes at 4.55 Vy;. Dendrite-like Li deposits are

This journal is © The Royal Society of Chemistry 2021

seen on the LMA cycled in the carbonate-based electrolyte
(Fig. 5b). Such a high-surface-area morphology can promote
the harmful side reactions between the LMA and electrolyte,
thus leading to poor LMA reversibility.”* In addition, an obvious
Co signal from the electron dispersive spectroscopy (EDS)
spectrum (Fig. 5¢) is detected, which is believed to have migrated
from the LCO cathode, matching well with the cathode result in
Fig. S14c (ESIf). In contrast, with our sulfonamide-based
electrolyte, the morphology of Li deposits tends to be large
particles with less surface area (Fig. 5d) without the presence
of crossover Co (Fig. 5e), which is desirable for LMA reversibility.
Furthermore, we evaluated the electrolyte by an anode-free
A-LCO||Cu cell under lean electrolyte conditions. Our electrolyte
successfully enables capacity retention as high as 72% after
70 cycles (Fig. S17, ESIT), indicative of its excellent compatibility
with both the LMA and high-voltage LCO cathode.
Furthermore, to understand the effects of both electrolytes
on the SEIs, surface chemistry analysis by XPS was conducted
on the cycled LMAs. Since carbon-containing species are mainly
derived from the electrolyte solvents, we can trace C 1s to
get more information on the solvent decomposition on LMAs.
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A-LCO cathodes cycled in different electrolytes.

The lower C 1s intensity in Fig. 5f indicates less solvent
decomposition for the sulfonamide than carbonates. In addition,
the F 1s XPS spectra (Fig. 5g) reveal that the LiF content in the SEI
formed in the sulfonamide-based electrolyte is higher than that
formed in the carbonate-based electrolyte, which can effectively
stabilize the SEL**** Moreover, the presence of lower-valence
sulfur species (S7/S*7, Fig. S18, ESIf) could facilitate the Li*
transportation®® and lower the Li stripping/plating overpotential.
These results suggest that our sulfonamide-based electrolyte
successfully stabilizes the LMA-electrolyte interface and thus
enables a highly reversible LMA. Finally, compared to carbonate
electrolytes, the cost of the DMCF;SA solvent is still higher
(Table S2, ESIt), which is expected to be greatly reduced if mass
production is realized as the cost of organic solvents is highly
scale-sensitive.

Conclusions

In the present work, we designed and demonstrated a
sulfonamide-based electrolyte to stabilize the electrode-electrolyte
interface in high-voltage Li metal||[LCO batteries. The
sulfonamide-based electrolyte successfully enables excellent
cycling performance of commercial LCO cathodes with high
capacity retentions of 89% and 85% after 200 and 100 cycles at
high charging voltages of 4.55 Vy; and 4.6 Vi, respectively.
Our electrolyte effectively stabilizes the cathode-electrolyte
interface by suppressing surface degradation, impedance growth,

Energy Environ. Sci.

and side reactions in terms of gas evolution and Co dissolution.
Beyond the cathode, the sulfonamide-based electrolyte also
has excellent compatibility with the lithium metal anode
featuring a high Li stripping/plating CE ~99.7% due to the
formation of favorable deposition morphology and stable SEI
Our work proposes a promising strategy for designing new
electrolytes to realize high-voltage and high-energy Li metal||LCO
batteries.

Experimental section

Materials

LiCoO, (A-LCO, the LCO powder was from BTR New Energy
according to the provider) cathodes were provided by Argonne
National Laboratory with ~13 mg cm™> active material
loading. The other two types of LiCoO, powder used in this
work were purchased from Sigma Aldrich (S-LCO) and Targray.
Co. Ltd (T-LCO) respectively. All the LCO powders and cathode
were used without further treatment. The DMCF;SA solvent was
synthesized according to our previous work.>” The LiFSI salt
was provided by KISCO Co. Ltd. “m” stands for molality,
mol-salt in kg-solvent (mol kg™ ). Certain amounts of DMCF;SA
solvent and LiFSI salt were added into a glass vial with a
magnetic bar stirring for 30 min until a clear solution was
obtained. All solvents needed to be purified by the 4A molecular
sieve before use. The reference carbonate electrolyte, 1.2 M and
1 M (“M”, mol-salt in L-solution, mol L") LiPF, in ethylene
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carbonate (EC)/ethyl methyl carbonate (EMC) (3:7 wt%), were
purchased from Gotion Co.

Electrochemical measurements

The S-LCO and T-LCO cathodes were fabricated by mixing
LiCoO, powder, Super C65 (conductive agent), and polyvinyli-
dene fluoride (PVDF, binder) with a weight ratio of 94 : 3 : 3 with
N-methyl-2-pyrrolidone (NMP) as solvent. Then the slurry was
tape-casted by doctor blade on aluminum foil followed by
vacuum drying at 120 °C overnight. The obtained electrodes
were punched into disks with a diameter of 10 mm and then
rolled. The active material loadings of the S-LCO and T-LCO
electrodes were ~4 and ~11 mg cm™ 2, respectively. CR2032
coin cells with Li metal as an anode were used to evaluate the
electrochemical performance. Electrolytes were injected by
pipette to control the electrolyte amount (sulfonamide-based
electrolyte: 15 uL per cell and carbonate-based electrolyte: 50 pL
per cell). 350 um-thick Li metal foils were used. The cells were
tested by the galvanostatic method with different current
densities on Landt CT 2001A and BTS9000 Neware cyclers.
A well-established method® was used to evaluate the Li-metal
stripping/plating Coulombic efficiency. In detail, 4 mA h cm™>
Li was firstly plated onto the Cu substrate, followed by fully
stripping to 1.5 Vi; to remove possible oxidation layer.
Subsequently, 4 mA h em™? Li was redeposited at 0.2 mA cm™>
as a Li reservoir, then 0.5 mA h em ™2 Li was stripped and plated
at a current density of 0.5 mA cm > between Li and Cu for
10 cycles. After that, the remaining Li reservoir was fully stripped
at 0.4 mA cm™ 2, The galvanostatic intermittent titration techni-
que (GITT) was conducted to evaluate the overpotentials after
cycling with current pulse intervals at 20 mA g~ * for 8 minutes
and rests for 60 minutes after each pulse. Linear sweeping
voltammetry (LSV) was used to measure the electrochemical
stability window of the electrolytes with Li||Al (coated with Super
C65 and PVDF) configuration at a scanning rate of 4 mv s .
An anode-free cell was constructed using A-LCO as the cathode,
bare Cu as an anode, and 1 m LiFSI/DMCF;SA as an electrolyte.
The A-LCO cathode loading is 2.5 mA h ecm™?, and the electro-
lyte/capacity ratio (E/C ratio) is 3.2 g Ah™". The cell was tested by
a galvanostatic method with C/5 charging and C/2 discharging
(C/10 charging-discharging for the initial 3 cycles) between
3 and 4.5 V at room temperature.

Characterization

The cycled Li||[LCO cells with different electrolytes were
disassembled in a glovebox filled with Ar, followed by washing
with dimethyl ether (DME, for Li anode) and dimethyl
carbonate (DMC, for LCO cathodes) three times to remove
residual lithium salts. Scanning electron microscopy (SEM,
Zeiss Merlin) coupled with energy-dispersive spectroscopy
(EDS) was performed to examine the surface morphology and
identify the elemental compositions. Focused ion beam (FIB,
NVision 40 CrossBeam, ZEISS Co.) was used to prepare thin
slices for transmission electron microscopy (TEM) and cross-
sectional SEM observations. In situ differential electrochemistry
mass spectrometry (DEMS) was conducted to detect the gas
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species during cell operation. Ex situ transmission X-ray micro-
scopy X-ray absorption near-edge structure (TXM XANES) was
performed to map the Co oxidation states of the LCO electrodes
cycled in different electrolytes after charging to 4.55 Vy; at the
full-field X-ray imaging (FXI) beamline at NSLS II of Brookhaven
National Laboratory. The TXM results were analyzed by a
whiteline peak position tracking method.*® Soft X-ray
absorption spectroscopy (sXAS) measurements in total electron
yield (TEY) and partial fluorescence yield (PFY) detection
modes were conducted at the I0S beamline (23-ID-2) of the
National Synchrotron Light Source II (NSLS-II), Brookhaven
National Laboratory. Samples at discharged states were
mounted on a sample plate using carbon tape and loaded into
the ultrahigh vacuum (UHV) chamber before measurement.
PFY spectra were measured using a Vortex EM silicon drift
detector. X-ray diffraction (XRD, Rigaku SmartLab) was
conducted on pristine and cycled LCO cathodes for phase
identification and peak intensity ratios were calculated by the
ratio of peak areas after background subtraction. In situ
Fourier-transform infrared spectroscopy (FT-IR) was performed
by a specially designed electrochemical cell to characterize the
evolution of CEIs during galvanostatic charging to 4.8 Vy; at a
current density of 25 mA g~ '. More details about in situ FT-IR
can be found in our previous work.’> FT-IR spectra were also
acquired at regular intervals during holding the potential at
4.8 Vi; and subsequent resting at open circuit potential.
An ex situ X-ray photoelectron spectrometer (XPS, Physical
Electronics Versaprobe II) was used to analyze the surface
chemistry of the cycled electrodes and carbon-free, binder-
free electrodes at different states of charge. Samples were
transferred by a specially designed transfer vessel to avoid
any contact with air. The carbon-free, binder-free electrodes
were fabricated by mixing LCO powder with NMP in a 1:50
mass ratio. The slurry was cast on a piece of aluminum foil
followed by vacuum drying at 120 °C overnight. The obtained
LCO electrodes were then roll-pressed and punched. Half cells
were assembled with the carbon-free, binder-free electrodes
and were then charged to 4.2, 4.4, 4.5, 4.6, and 4.7 Vy; at a rate
of 1/20 C. Ex situ XPS spectra on carbon-free and binder-free
electrodes were normalized for comparison.

First-principles calculations

DFT, as implemented in the VASP package®® was employed in
this study, with the projector augmented wave method®” and
Perdew-Burke-Ernzerhof>® exchange-correlation functional.
The energy cutoff used is 500 eV, and a 1 x 1 x 1
Monkhorst-Pack® k-point sampling is adopted. We took the
literature values*® (Ueg = 6.7 €V and J = 1 eV) for the DFT+U
treatment of Co 3d orbitals. DFT-D3 correction® was also used
to account for the van der Waals effect. To simulate the LCO
surface, a4 x 4 x 1 slab with 20 A vacuum was built, and atoms
in the bottom 4.8 A were kept immobile during ionic
relaxations. The reaction on the LCO surface includes H-
abstraction and C-O bond formation between the solvent and
the LCO. The overall reaction energy (AE) was therefore
computed as the difference between the energy of the eventual
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adsorbate-LCO system (Eagsorbea) and the sum of independent
solvent molecule (Esoent) and a clean LCO substrate (Egyptrate):
AE = Eagsorbed — (Esolvent + Esubtrate)- HeTe, a less negative value
implies higher oxidation resistance of the solvent molecule.
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Supplementary Fig. 1 Electrochemical performance of the Li||A-LCO cells with different
electrolytes. The specific capacities (a), Coulombic efficiencies (b), and corresponding voltage
profiles (c, d) as a function of cycle number with 1 M LiPF¢ in EC/EMC (3:7 wt) and 1.2 M LiPF4
in EC/EMC (3:7 wt) electrolytes. (e, f) Voltage profile of the Li||A-LCO cell with 1 M LiFSI in
EC/EMC (3:7 wt) and LiPF¢ in DMCF;SA electrolytes, respectively.

As shown in (a~d), we compared the cycling performance of the LCO cathode using 1 M LiPFg in
EC/EMC (3:7 wt) and 1.2 M LiPFg4 in EC/EMC (3:7 wt) electrolytes. Better capacity retention and
slightly higher CE were noted for 1.2 M LiPF¢ in EC/EMC (3:7 wt) electrolyte.

We also conducted further experiments trying to fix the salt in both carbonate and sulfonamide
solvents. If 1 M LiFSI salt was used in carbonate, yielding 1 M LiFSI in EC/EMC (3:7 wt)
electrolyte, Al corrosion by LiFSI salt cannot be avoided (e). LiPF¢-sulfonamide combination does
not have Li-ion conductivity because LiPF4 cannot be dissolved in DMCF;SA (f).
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Supplementary Fig. 2 Electrochemical performance of Li||[S-LCO cells with different electrolytes.
Cycling performance and corresponding voltage profiles with upper cut-off voltages of 4.5 Vy; (a,
b, ¢) and 4.55 Vi, (d, e, 1), respectively. The current densities for charging and discharging were 50
mA g ! and 150 mA g7!, respectively. 10 mA g™!' charging-discharging was used for the initial 1%
cycle. Minor peaks at 4.1~4.2 V; in voltage profiles (b, c, e, f) were indicated by red circles, which
are associated with order-disorder transitions of undoped LCO materials.



41)

o 250

- 1 A-LCO, sulfonamide, 4.5V A-LCO, carbonate, 4.5V

< 200+ =S-LCO, sulfonamide, 4.5V S-LCO, carbonate, 4.5V

é IS st R9,4,L§°/?
2 150+ 91.3%
% "

% 100 - 39.8%
O ]

& 50

g . 1 24.0%
2 0 50 100 150 200

Cycle number

Supplementary Fig. 3 Cycling performance of the Li||A-LCO and Li||S-LCO cells with an upper
cut-off voltage of 4.5 V; using the sulfonamide-based and carbonate-based electrolytes. A-LCO is
a commercial LCO from BTR, China with doping and coating. S-LCO has no doping or coating
purchased from Sigma Aldrich.
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Supplementary Fig. 4 Voltage profiles of the Li||A-LCO cells with the sulfonamide-based (a) and
carbonate-based (b) electrolytes. The cells were cycled at an upper cut-off voltage of 4.55 V; and
charging/discharging rates of 50/150 mA g™'. 10 mA g™' charging-discharging was used for the
initial 1% cycle. The amounts of the sulfonamide-based and carbonate-based electrolytes were 15
pL and 50 pL per cell, respectively. 350 um Li foils were used.
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Supplementary Fig. 5 Cycling performance of the Li||A-LCO cells with different electrolytes under
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cycles.
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Supplementary Fig. 6 GITT plots of the Li||A-LCO cell with the carbonate electrolyte after 100
cycles (4.55 Vy; cut-off and 50/150 mA g™! for charging/discharging) before and after changing a
fresh Li metal and refilling with fresh electrolyte. The almost identical plots indicate that with
abundant Li metal anode (350 um Li foil), electrolyte (50 uL) and a slow charging rate of 50 mA g
(~0.63 mA cm™2), the capacity decay and overpotential growth are mostly from the cathode side. The
degradation of Li metal anode has almost no influence on the performance, which makes the comparison

with the sulfonamide-based electrolyte sufficiently fair.
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Supplementary Fig. 7 Electrochemical performance of Li|[T-LCO cells with different electrolytes.
Cycling performance and corresponding voltage profiles with upper cut-off voltages of 4.65 Vi, (a,
b) and 4.7 Vy; (c, d), respectively. The current densities for charging and discharging were 50 mA
g 'and 100 mA g, respectively. 10 mA g™! charging-discharging was used for the first 2 cycles.
The amounts of the sulfonamide-based and carbonate-based electrolytes were 15 pL and 50 pL per
cell. respectively. 350 um Li foils were used.
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Supplementary Fig. 8 Electrochemical performance of Li||T-LCO cells with the sulfonamide-based
electrolyte with an upper cut-off voltage of 4.55 V; and discharging rate of 100 mA g™! at 45 °C
(20 mA g! charging/discharging for the first two cycles). The capacity retention is 97.6% and the
average CE is 99.88% calculated from the 3™ cycle to the 70% cycle.
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Supplementary Fig. 9 EIS plots of the Li||A-LCO cells after 200 cycles in different electrolytes
with an upper cut-off voltage of 4.55 V;. The enlarged high-frequency area on the right side
clearly indicates a much smaller charge transfer resistance (R) of the cell cycled in the sulfonamide-

based electrolyte than the one cycled in the carbonate-based electrolyte.
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Supplementary Fig. 10 Low-magnification SEM images of the A-LCO cathodes after 200 cycles in
the carbonate-based (a) and sulfonamide-based (b) electrolytes at 4.55 V; cut-off voltage.
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Supplementary Fig. 11 XRD patterns of pristine A-LCO cathodes after cycling in different
electrolytes with an upper cut-off voltage of 4.55 V;.
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Supplementary Fig. 12 In-situ DEMS analysis of the SO,, NO, and NO, evolution during first
charging the A-LCO to 4.7 V; in the sulfonamide-based electrolyte.
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Supplementary Fig. 13 In-situ FT-IR spectra on LCO surfaces in the sulfonamide-based electrolyte
at regular intervals during holding the potential at 4.8 V; (a) (after charging to 4.8 V; in Fig. 4c, d)
and subsequent resting at open circuit potential (b).
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Supplementary Fig. 14 XPS analysis of the CEIs retrieved from the Li||A-LCO cells at 4.55 V; for 100
cycles for C 1s (a), F 1s (b), and Co 2p (c).
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Supplementary Fig. 15 C K-edge (a), O K-edge (b), and F K-edge (c) sXAS TEY spectra and F K-edge
PFY spectra (d) of the pristine and cycled A-LCO cathodes in different electrolytes with an upper cut-
off voltage of 4.55 V.

The evolution of CEls formed on A-LCO cathode surfaces in different electrolytes was
examined by XPS and sXAS. XPS and the total electron yield (TEY) mode of sXAS are
sensitive to the surface (~5 nm) and the partial fluorescence yield (PFY) mode of sXAS can
collect information from the bulk (~100 nm). Such a combination will provide more
information on the CEI structure and underneath.
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Supplementary Fig. 16 XPS spectra of the CEI formed on the A-LCO cathodes after 100 cycles in
the sulfonamide-based electrolyte at an upper cut-off voltage of 4.55 Vi;. (a) N 1s and (b) S 2p.
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Supplementary Fig. 17 Cycling performance (a) and corresponding voltage profiles (b) of an anode-
free A-LCO)||Cu cell in 1 m LiFSI/DMCF;SA electrolyte with a bare Cu as the anode. 2.5 mAh cm™
LCO cathode and lean electrolyte (electrolyte/capacity ratio, E/C ratio ~3.2 g Ah™!) were used with
C/5 charging and C/2 discharging (C/10 charging-discharging for the initial 3 cycles) between 3~4.5

V at room temperature.
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Supplementary Fig. 18 XPS spectra of the SEIs on Li metal anode retrieved from the Li||A-LCO
cells after 100 cycles in different electrolytes with an upper cut-off voltage of 4.55 V;. (a) N 1s and

(b) S 2p.



Supplementary Table 1 Comparison of our work with recent electrolyte works on high-voltage LCO

Cathode side Li-Anode
Composition Cut-off Cyclability
Cathode Highest capacity CE CE (Li-Cu)*
voltage
1 m LiFSI/DMCF;SA (our Commercial LCO (BTR, 4.55Vy,; 200.8 mAh g™! ~99.84% 89% (200 cycles)
~99.7%
work) China and Targray. Co) 4.6 Vy; 219.6 mAh g! ~99.55% 85% (100 cycles)
1.2 M LiPFs in
LCO (unspecified source) 4.5Vy, ~184 mAh g'! e 83.6% (300 cycles) ~98%
FEC/DMC/HFE (1:1:1 v)i
LiFSI-1.0 DME-3 TTE (mol Commercial LCO (BTR,
4.5V ~184 mAh g™! ~99.9% 92.9% (300 cycles)
ratio)l?! China)
poly (butyl vinyl ether-alt-
Commercial LCO (CATL,
maleic anhydride) based 4.45Vy ~181 mAh g! — 96% (150 cycles) —
China)
polymer electrolytel®)
FN + 1 M LiPF-EC/ Commercial LCO (Hunan
4.5V ~188 mAh g™! —_— 95.7% (120 cycles) —
EMC/DECH Shanshan)
PPFPN+1 M Commercial LCO (Hunan
4.5Vy ~185 mAh g™! — 90% (300 cycles) —
LiPF¢-EC/DMCFE! Shanshan)
ADN+THFPB+CHB+1 M Commercial LCO (CATL,
445 Vy ~174 mAh g'! —_— 77% (100 cycles) —_—
LiPF¢+EC+EMC+DECI] China)
0.4 M LiODFB +0.6 M Commercial LCO
LiPFs-(TMTA- (Amperex Technology Co. 4.4 Vy, ~143 mAh g! e 105% (90 cycles)
TESI)/DMC!! China)
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Supplementary Table 2 Costs of the chemicals used for DMTMSA solvent synthesis

Formula Role Price Vendor
Dimethylamine (CH3),NH Raw material $600/ton Industry
Trifluoromethanesulfonyl ) Aaron
. CF;S0,Cl Raw material $2,670,000/ton ]

chloride Chemicals
Dichloromethane CH,CI, Solvent $615/ton Industry
Tetrahydrofuran C4HgO Solvent $1,700/ton Industry

. . Removing
Triethylamine N(C,Hs)3 $1,400/ton Industry
byproduct HCI1

LiFSI LiF,NO.S, Salt $150,000/ton Industry

The cost of carbonate-based electrolytes is around ~$6,000/ton.
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