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The employment of Li metal anodes is a key to realizing ultra-high energy batteries. However, the
(LMBs)
thermodynamic instability and competitive oxidative decomposition of the solvent. Herein, a bi-

commercialization of lithium metal batteries remains challenging partially due to the

functional electrolyte for stabilizing the interfaces of both the Li metal anode and LiCoO, (LCO) cathode
is designed by introducing lithium nitrate (LINOs) through Ethylene Glycol Bis(Propionitrile) Ether (DENE).
For the anode, the CgH;,N,O,—-LiNOs coordination-solvation contributes to forming a stable LizN-

enhanced solid electrolyte interphase (SEl), which increases the average Li coulombic efficiency (CE) up

to 98.5%. More importantly, in situ electrochemical dilatometry further reveals that the highly reversible
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Accepted 11th September 2023 behavior and a low volume expansion of lithium deposition are related to the stable LizN-enhanced SEI.
The designed electrolyte enables the Li||[LCO cell to achieve an average CE of 99.2% and a high capacity

DOI: 10.1035/d35c04263d retention of 88.2% up to 4.6 V after 100 cycles. This work provides a strategic guidance in developing
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1 Introduction

With the popularity of electric vehicles, the requirement for
high-energy-density batteries is becoming increasingly urgent.*
As the power of electric vehicles, the battery's energy density
determines the vehicle's mileage. Using high-voltage-capacity
cathodes and lithium metal anodes is one of the options for
building high-energy systems.>”> However, such systems are
usually accompanied by the issues of thermodynamic insta-
bility and aggressive surface chemistry.*” Therefore, forming
a stable electrolyte interphase is essential to mitigate the
oxidative decomposition of solvent and electrodes.®™*

For the anode, lithium deposition tends to be non-uniform
and intensifies with cycling, eventually piercing the separator
and causing runaway battery explosions."™** The electrolyte is
the source of the SEI, and it has been demonstrated that the SEI
composition can be effectively tuned by a special solvation
structure design.'**® For example, LiNO; has been shown to
participate effectively in SEI formation and improve the cycling
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high-voltage Li||[LCO batteries with dual electrolyte additives.

performance of LMBs."”*° However, LiNO; is almost insoluble
in carbonate electrolytes. Given this, Lu et al. introduced a sol-
ubilizer (tin(u)) as the third solvent to overcome the dissolution
barrier of LiNO;, the designed electrolyte can significantly
enhance the CE of lithium and the cycle performance of the full
cell is improved by as much as 12 times.** However, the addition
of Lewis acid also increases the instability of the electrolyte,
which requires precise control of the additional amount. Wang
et al. further introduced LiNO; into a high-concentration sul-
folane (SL) electrolyte and obtained >99% CE in the full cell.>>**
In addition, much research on LiNO; has been reported, such as
pre-implantation of LiNO3,>*® construction of artificial SEI
layers containing LiNOj; (ref. *’) and linking NO;~ to ether
moieties,*® which have improved the stability of LMBs.

For the cathode, LiCoO, is the earliest commercialized
cathode material for lithium-ion batteries.* A higher cut-off
voltage (>4.35 V) is one of the ways to improve the energy density
of LCO, while this will be at the cost of fast capacity fading as
a result of the high reactivity between solvents and the high-
valence Co*" (a > 3). The main strategies to protect LCO are bulk
doping and surface modification. For example, the coating of
Li3AlFs,*® LiyMns04,,*' LiCoPO,,** and Li,CoTizOg (ref. **), and
the doping of Al, Ti, Mg, P and F*** into bulk phases can inhibit
the irreversible phase transition of LCO. Another strategy is
introducing nitrile,**** sulfone,*>** fluoroether** and borate**¢
additives to form a stable cathode electrolyte interphase (CEI).
Such explorations mainly focus on the cathode, so it is still

© 2023 The Author(s). Published by the Royal Society of Chemistry
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challenging to realize high-voltage LCO and lithium metal-
compatible electrolytes.

Here, we demonstrate the excellent cycling stability of the
lithium anode and a high-voltage LiCoO, can be achieved in
a base electrolyte (1 M LiPF, dissolved in EC/DMC (1: 1 by vol)
with 5% FEC) by introducing the DENE/LiNO; (1 M) composite
additive. Using the high Gutmann donor number (DN) of DENE
solvent (DN of 19.6 kcal mol "), we have realized the utilization
of LiNO; (NO;~, DN of 22.2 kcal mol™ ") in a carbonate-based
electrolyte. The high donor number DENE solvent can solve the
insolubility problem of LiNO; in carbonate-based electrolytes.
At the same time, because the DN values of the anion and the
solvent are close, the anion can easily enter the solvation
sheath, which helps to improve the reduction stability of the
electrolyte. The introduction of LiNOj; can induce the formation
of a Li;N-enhanced SEI layer. Meanwhile, the performance of
high-voltage LCO can be improved simultaneously due to the
strong adsorption of DENE on the LCO surface. The electrolyte
with a 5% volume of DENE/LINO; (1 M) (denoted as 5% DLE)
achieves the highest CE (98.5%) of the lithium metal anode and
improves the capacity retention of the commercial LCO cathode
(4.6 V) to 88.2% after 100 cycles. Interestingly, we further
developed a thickness expansion characterization method to
illustrate the failure mechanism of lithium metal. In situ elec-
trochemical dilatometry further reveals that the highly revers-
ible behavior and a low volume expansion of lithium deposition
are related to the LizN-enhanced SEI, which can inhibit dead
lithium formation. Our work shares new insight into con-
structing stable compatible electrolytes for high-voltage LMBs
with dual electrolyte additives.
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2 Results and discussion

2.1. Electrochemical behaviors and solvation structure of
DLE electrolyte

The solubility of LiNO; in DENE is demonstrated by Nuclear
Magnetic Resonance Spectroscopy (NMR). As a result, the "Li
NMR spectrum in Fig. S1 exhibits the Li" solvation signal after
adding 1 M LiNO; salt in DENE, and the solvent is clear without
insoluble LiNO; particles. Different volumes of DENE/LiNO;
composite additive were added into the base electrolyte (deno-
ted as 1% DLE, 5% DLE, 10% DLE), equivalent to introducing
0.01 M, 0.05 M, and 0.1 M LiNOs;. The electrochemical stabilities
of the base electrolyte with different volumes of DENE/LINO;
composite additive were compared. The high-voltage tolerance
of DLE was investigated by linear sweep voltammetry (LSV)
starting from 2.5 V up to 6 V at a scan rate of 10 mV s ' in
Fig. 1a. Unlike the base electrolyte that starts to oxidize at 4.3 V,
the DLE owns a wider electrochemical window that exhibits an
oxidation stability of 4.5 V (1% DLE), 4.8 V (5% DLE) and 5.2 V
(10% DLE), respectively. It can also be found that the oxidation
current of the electrolyte with DENE is higher than that of the
base electrolyte, indicating that DENE is preferentially oxidized
and participates in the formation of the surface layer.*” To verify
the peroxidation of DENE, the electrostatic potential and the
corresponding lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) energy levels
of DENE and other solvents have been calculated and demon-
strated in Fig. S2a.f The highest HOMO energy level of DENE
confirms its preferential oxidation, forming stabilizing CEI
films. The reduction of NO;~ was also detected by cyclic

1.0 0.8 0.6
a - b BE c BE
1% DLE | ——1% DLE 1% DLE
“.‘E 0.84 &y DLE 06 5% DLE 04 5% DLE
9/ % un
E 10% DLE 2 0.4 10% DLE 2 10% DLE
< 0.6 8, ]
E & 0.2 2
< 0.4 s \ =
c > 0.0 —a T TTTTTY ‘~«.-._‘“J.7< o
e 0 ot P > 0.2
-
3 0.2
o 0.2 R R 0.4
= S mAcm ImAh.cm= 2mA cm? 2mAh cm?
0.0 . v : . ey 0.4 . v v v v 0.6 s e : g
25 30 35 40 45 50 55 6.0 0 20 40 60 80 100 120 0 100 200 300 400 500
Voltage / V (vs Li/Li* ) Time /h Time/h
10 2.0
——Li-NOy’ ——NoOy
LI-DENE | o DENE
Li-DMC 1.54 DMC
Li-EC
. EC
——Li-FEC —
i : 6: Q ——FEC
2 e <1.04
/ 4 o
| e et | B S i
ﬁ _____ — Ao 0.5 e =h i =
] —o = Ity
e e il
T 0 0.0 L T T T T
2 4 8 0.0 0.2 04 0.6 0.8 1.0
&) Z (nm)

Fig. 1

(a) LSV profiles of Li||stainless-steel cells with different electrolytes at a scanning rate of 10 mV s

~1 (b) Li plating/stripping profiles in the

base electrolyte and DLE electrolytes at 0.5 mA cm™ and 1 mA h cm™2. (c) Performances of Li||Li cells in different electrolytes at a current density
of 2mA cm~2and 2 mA h cm™2. (d) Snapshots of 5% DLE simulated by MD, and (e) the radial distribution functions and coordination numbers for
5% DLE. (f) MD-obtained normalized number density profiles of different types of molecules at the Li-metal surface in 5% DLE.
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voltammetry (CV) in Fig. S2b.T A wide peak from 1.6 to 1.8 V can
be observed in 5% DLE, confirming the reduction of NO;™.

Aurbach CE tests® investigate the impact of the DENE/
LiNO; composite additive on Li deposition. Fig. 1b and S3af
illustrate that the base electrolyte is unstable in the Li plating/
stripping process, showing a poor CE of 84.1%. However, the Li
metal CE improves when different volumes of DENE/LiNO;
composite additives are added. The 5% DLE shows the best CE
(98.5%) compared with 1% DLE (97.4%) and 10% DLE (97.6%).
The long-term cycling performances of Li||Li symmetric cells
further prove the benefit of the 5% DLE by showing
a substantially reduced overpotential at current densities of 2
mA cm ?and 2 mA h em™? in Fig. 1c. The Li||Li symmetric cell
in the base electrolyte exhibits a high polarization, which
increases to more than 200 mV after 200 h. In comparison, DLE
electrolytes show much lower polarization. The cells with 5%
DLE demonstrate a steady cyclability with the smallest over-
potential of 96 mV after 500 h. Therefore, 5% DLE is the
optimal proportion for subsequent testing. The smaller
potential polarization is attributed to the difference in elec-
trochemical kinetics. To understand the difference of charge
transfer kinetics of the lithium anode in the different electro-
lytes, CV tests of the Li||Cu half cell were carried out to probe
the effect of additive in Fig. S3b.t An obvious redox couple
corresponding to Li plating/stripping is observed from —0.2 to
0.2 V (versus Li/Li"). As a comparison, the average redox area for
5% DLE is 2.81 mA V cm™?, which is about 4.0 times higher
than that of the base electrolyte (0.69 mA V cm ™). The higher
current response can be mainly associated with a higher ionic
transfer rate, which is consistent with the polarization dis-
cussed above. Meanwhile, the Nyquist plots of the Li|Li
symmetric cell after 100 cycles also show a much higher SEI
and charge transfer resistance in the base electrolyte than in
5% DLE (Fig. S3c, Table S1t), which also implies better elec-
trochemical kinetics of 5% DLE.

In Fig. 1d-f, molecular dynamics (MD) simulation was used
to study the effect of additives on the solvation structure of
lithium ions. By reason of the high electron donor character-
istics of DENE, DENE takes precedence over EC, DMC and FEC
in participating in solvation coordination. The high coordina-
tion number in the radial distribution functions further indi-
cates that DENE has a stronger affinity for Li", which is the main
reason why DENE can dissolve LiNO3. Furthermore, NO;~ will
still tend to coordinate with Li* and appear in the primary Li'-
solvated structure. It is worth noting that the competitive
adsorption of different species on the Electrical Double Layer
(EDL) of the lithium metal anode greatly influences the initial
interface chemistry of the SEI. Therefore, we calculated the
tendency distribution of different components on the lithium
metal surface. As the activation energy of NO;™ is lower than
that of other species, it will preferentially adsorb closer to the
lithium metal surface and accumulate in the EDL so that it is
first reduced to form an intermediate phase to protect lithium
metal. On the other hand, the strong interaction between DENE
solvent and Li* inhibits more solvent components from
entering the EDL and reduces the side reaction at the electrode
interface.
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2.2. Evolution of morphology for Li-metal anodes

To reveal the morphology evolution of lithium anodes at
different electrolytes, an in situ monitor using an optical
microscope was applied to visualize the evolution during Li
plating/stripping (Videos S1 and S2%). As compared in Fig. 2a
and b, remarkable dendrite growth can be observed in the base
electrolyte after 2 minutes of deposition. As the deposition time
increases, uneven Li deposition deteriorates, resulting in
a porous structure. In contrast, the nucleation of the deposited
Li in 5% DLE is more homogeneous, leading to a denser and
smooth morphology. Simultaneously, the Li deposits disappear
uniformly in 5% DLE after stripping with the same current
density. While in the base electrolyte, plenty of dendritic Li
remains on the surface to form black “dead lithium,” which is
the main reason for the low CE (Fig. 1b).

In more detail, in situ electrochemical dilatometry further
monitored the lithium anode's thickness change during the
plating/stripping process (Fig. 2c). The cells were cycled at
a current density of 1 mA em ™ for 3 cycles. The symbols I, Py,
and S, describe the thickness changes of the lithium in the
initial, plating, and stripping states (n represents the cycle
number).*”*** Accordingly, Au represents the thickness change
caused by unstripped lithium metal and is defined as:

Ap = (S, — Iy 1)

Since the capacity and thickness of lithium metal deposition
can be regarded as linear changes, we define the slope of the
curve as the expansion rate («) of lithium metal per unit capacity
(in this experiment, Q = 1 mA h cm™?), and « is defined as:

Pn B Sn—l

=T o ®)

As shown in Fig. 2d, e and Table S2+, Au of lithium in the
base electrolyte increases rapidly during the cycle, i.e., from 0.48
um to 10.98 pm. Equally bad, /; increases sharply to 16.09 um in
the final cycle. This result indicates that the thickness of the
dead lithium on the anode increases continuously. Interest-
ingly, the value of Ay in the 5% DLE remains almost unchanged
(from 0.10 um to 0.99 um), showing that the thickness of the
lithium anode maintains stable during continuous cycling.
Further analysis is carried out on the expansion rate « and it can
be found that in the base electrolyte, due to the self-deteriora-
tion effect of lithium dendrite, the dead lithium leads to the
powdery expansion of lithium. The expansion rate increases
from 3.88 to 12.45 pum cm” mA h™', leading to the rapid failure
of the lithium anode. In 5% DLE, the expansion rate increases
from 2.89 to 4.58 um cm” mA h™', which significantly inhibits
the powdered expansion of lithium metal. The thickness change
is consistent with the in situ optical microscopy results and
further proves the excellent compatibility of 5% DLE with the
lithium metal anode.

The morphologies of the plated Li on Cu substrate can be
seen in scanning electron microscopy (SEM) images. Rod-like
and thick Li deposition (~30 pm) with high tortuosity is formed
in the base electrolyte as shown in Fig. 3a-c, which can easily

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 In situ optical microscopy observation of the Li deposition process in (a) the base electrolyte and (b) 5% DLE electrolyte at 5 mA cm~2 and
0.5 mA h cm™ the ruler is 200 pm. (c) The schematic of the in situ electrochemical dilatometry measurement and the thickness change of the
lithium anode in (d) the base electrolyte and (e) 5% DLE at the current density of 1 mA cm™2 for 1 mA h.

penetrate the separator and cause a short circuit in LMBs. In
contrast, grain coarsening behavior of lithium deposition with
smooth and dense morphology (~21 pm) can be observed in 5%
DLE in Fig. 3d-f, indicating a homogeneous and dense Li
deposition behavior. Optical images also show that Li deposi-
tion in the base electrolyte is heterogeneous with locally
aggregated sediments. In contrast, the Li deposition in 5% DLE
flashes a bright metallic luster, which proves that a more stable
SEI is formed on the lithium metal.

To further investigate the underlying reason for better
performance, X-ray photoelectron spectroscopy (XPS) analysis is
performed to reveal the chemical composition of the SEL** As
presented in Fig. 3g, the N 1s spectrum exhibits an obvious peak
of Li;N at 398.6 eV in 5% DLE. While due to the lack of LiNOj3, the
SEI formed in the base electrolyte is absent for the N element.
Li3N is considered to be a fast conductor of lithium ions, which
can regulate Li' flux distribution and facilitate Li* diffusion
through the SEI layer.” In the F 1s spectra, both electrolytes
present the existence of Li,PF), and LiF. In comparison, fewer
Li,PF), and more LiF are generated in 5% DLE than in the base
electrolyte. This is because the N-rich interface formed by the
preferential decomposition of LiNOj; inhibits the decomposition
of the LiPFe. The C 1s spectra further prove that the SEI formed
by 5% DLE has lower C content, suggesting fewer organic
components. The enhanced Li;N and LiF can improve the ionic
conductivity and stability of the SEI, which is beneficial to
uniform and dendrite-free deposition of Li".

© 2023 The Author(s). Published by the Royal Society of Chemistry

The negative ion time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) analysis was implemented to investigate
the spatial distribution of F, N and O in the SEI layer within
a target area of 20 x 20 pm. The depth profiles of different
components formed in 5% DLE are demonstrated in Fig. 3j.
The peaks of F~ and Li;N~ are maximal at the top layer of the
lithium anode, indicating that LiF and Li;N are the main
species of the SEI layer. The high lateral resolution mapping of
F~ and Li;N~ on the surface is further shown in Fig. S4a and
b, which provide a clear localization of F~ and Li;N". After
removing the surface electrode (120 s), O increases signifi-
cantly and becomes the main signal detected. The increase of
O is due to the formation of Li,CO; and Li,O compounds
during the cycle. The 3D spatial distribution of the F~, LisN~
and O™ is presented in Fig. 3k. We can see a clear gradient
distribution structure, which is very consistent with the above
depth profile results. It is intuitively explained that the excel-
lent electrochemical performance is attributed to the inor-
ganic-rich SEI layer formed by 5% DLE at the interface of
lithium metal.

2.3. Electrochemical performance of LCO||Li cells

To evaluate the high-voltage cycling performance of 5% DLE,
commercial LCO was used as a cathode to pair with the
lithium anode under 4.45 V and 4.6 V cut-off voltage (12 mg
em 2, 1C =274 mA g~ ', the retentions are compared with the
fourth cycle as the first three cycles are the formation process).

Chem. Sci., 2023, 14, 10786-10794 | 10789
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Fig.3 Top-view and cross-sectional SEM images of Li deposition morphology in (a—c) the base electrolyte and (d—f) 5% DLE at 1 mA cm21mA
h after 100 cycles. The insets are optical images of the corresponding Li-plated Cu foils. XPS spectra of (g) N 1s, (h) F 1s, and (i) C 1s on the Li-metal
anode at 1 mA cm™2, 1 mA h after 100 cycles. (j) TOF-SIMS depth profiles of F~, LisN~ and O~ with a sputtering time of the Li anode in 5% DLE after
5 cycles. (k) TOF-SIMS 3D cubic images of the sputtered volume corresponding to the depth profiles.

Long-term cycling of the LCO|Li cells with and without
additives was first evaluated at an upper cut-off voltage of 4.45
V as shown in Fig. 4a. It can be observed that although the cell
using the base electrolyte reaches a similar initial capacity of
175.7 mA h g7, its capacity retention decreases to 80% after
the 100th cycle, which is only 141.7 mA h g~ * (Fig. S5at). While
the cell using 5% DLE stably maintained 90.1% capacity
retention after 300 cycles, its capacity still reached 162.5 mA h
g~ as shown in Fig. S5b.f A higher cut-off voltage can
remarkably improve the energy density of the cell. Here, we
studied the electrochemical stability of the additive under
high voltage by setting the cut-off charging voltage to 4.6 V.
Fig. 4b and c reflect that Li||LCO batteries using 5% DLE have
better capacity retention than batteries using the base elec-
trolyte. After 100 cycles, the capacity retention remains 88.2%
with a high CE of 99.2%. The prominent average CE indicates
that the undesired side reactions between LCO and electro-
lytes have been greatly suppressed in 5% DLE. Inversely, the
voltage profile of LCO batteries using the base electrolyte is
severely deformed after 100 cycles, meaning serious structural
degradation (Fig. S5ct).

10790 | Chem. Sci, 2023, 14, 10786-10794

The corresponding dQ/dV curves at the selected cycles are
further presented in Fig. 4d and S5d. In contrast to the reduced
and more polarized peaks with the base electrolyte, sharp redox
peaks are observed in 5% DLE, verifying that the structure and
interface of LCO encapsulated by the stabilized CEI are well
maintained. After 100 cycles, the redox peak of LCO in the base
electrolyte almost disappeared, suggesting that its structure was
seriously degraded, which corresponded well to the critical
capacity loss at a later period of cycles. However, the redox peak
in 5% DLE still coincides with the previous cycles, reflecting the
expansion of cycle stability. Correspondingly, we also per-
formed an in situ differential electrochemical mass spectros-
copy (DEMS) test of the two electrolytes and the patterns are
shown in Fig. S6.7 It can be clearly distinguished that signifi-
cant CO, is produced in the voltage rise region during the cell's
charging process in the base electrolyte. This proves that high-
valence Co decomposes the electrolyte, resulting in electrode
interface failure and capacity decline. Compared with the base
electrolyte, the 5% DLE electrolyte releases less CO, due to the
inhibition of competitive oxidative decomposition of solvent,
thus significantly improving the cycle stability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cycling performances of Li||[LCO between 3.0 and 4.45 V versus Li/Li*. (b) Cycling performances of Li||LCO between 3.0 and 4.6 V
versus Li/Li*. (c) The selected charge/discharge profiles (3—4.6 V) in 5% DLE. (d) Corresponding dQ/dV curves at the selected cycles in 5% DLE. (e)
Rate performances of the Li||LCO cells in different electrolytes. (f) Cycling performances of the Cu||LCO anode-free cell, the inset shows an

electric aircraft powered by the Cu||LCO anode-free pouch cell.

The optimized electrode interface and mitigated polariza-
tion improve the cell's rate performance. As shown in Fig. 4e,
the LCOJ||Li cell using 5% DLE shows better rate performance
and can still provide a high discharge capacity of 140.4 mA h
g ! at 5C. In contrast, the capacity of the base electrolyte soon
drops to 85 mA h g~ ', which proves the superior power capacity
of 5% DLE. In order to demonstrate the application potential
of 5% DLE, we further prepared an anode-free cell in Fig. 4f
and S7.f1 It can be found that the cell with 5% DLE exhibits
more excellent stability, preserving a high capacity of 102.8 mA
h ¢~ after 50 cycles with a capacity retention of 61.1% (base
electrolyte: 44.1 mA h g~ ' after 50 cycles). The inset digital
diagram in Fig. 4f shows a small aircraft driven by an anode-
free pouch cell.

2.4. Interface between LCO and electrolyte

To acquire better views into the enhancement of electro-
chemical performance and further understand the effects of
5% DLE on the interface, Li||LCO batteries after 100 cycles
were disassembled for XPS and SEM characterization. As
shown in Fig. 5a-c, for the C 1s spectrum, the peak at 284.8 eV
(C-H/C-C) is from conductive carbon, while the peak at 290.4
eV (C-F) in the C 1s spectrum and the peak at 687.8 eV (C-F) in
the F 1s spectrum are also from polyvinylidene fluoride binder
(PVDF). With the addition of DENE/LINO; composite addi-
tives, the intensities of 288.2 eV (C=0) and 286.1 eV (C-0O)
peaks are obviously reduced, confirming that fewer solvent
decomposition byproducts are produced at the interface.
Similarly, in the F 1s spectra, the weaker peaks of LiF and
Li,F,PO, inorganic compounds are also observed at the LiCoO,
electrode circulating in the 5% DLE, providing evidence for the
suppressed malignant consumption of lithium salts. More-
over, in the O 1s spectra (Fig. S81) the weaker peak intensity of

© 2023 The Author(s). Published by the Royal Society of Chemistry

Co-0 (529.5 eV) further indicates that cobalt dissolution is
effectively inhibited due to the strong coordination of the -CN
group. As for the N 1s spectrum in Fig. 5c, the peaks corre-
sponding to Co-NC-R and -CN can only be detected in the
optimized electrolyte, which also reveals that -CN in DENE can
be firmly adsorbed on the surface of LCO and participate in
CEI formation.

The morphology of LCO after 100 cycles was characterized as
presented in Fig. 5d and e. In the digital photos, it can be
observed that a large amount of dead lithium (gray compound) is
attached to the electrode circulating in the base electrolyte, while
the electrode circulating in 5% DLE is relatively clean. The SEM
images show obvious microcracks and irregular byproducts for
cycled LCO in the base electrolyte. In contrast, 5% DLE main-
tains the integrity of the LCO structure. The cobalt content in the
electrolyte after cycles is determined using an inductively
coupled plasma atomic emission spectrometer (ICP-AES) in
Fig. 5f. The results show that the dissolution of Co in 5% DLE is
obviously restrained (25.31 ppm vs. 87.34 ppm in the base elec-
trolyte), which also benefits from a stabilized and dense CEL

Density functional theory (DFT) calculation is further
applied to gain insight into the strong coordination between the
nitrile group and transition metal Co as shown in Fig. 5g-i. We
compared the adsorption energies of DENE, EC, and FEC on the
LCO (1014) surface. The results show that the adsorption energy
of DENE (—0.72 eV) is lower than that of EC (—0.31 eV) and FEC
(—0.33 eV), indicating that DENE is more conducive to
adsorption on the LCO surface. In addition, the strong
adsorption of DENE effectively inhibits the bonding between
cobalt and carbonyl oxygen on the surface of EC and FEC, thus
stabilizing the microstructure of the electrode surface. The
above results reveal the reason for the superior high-voltage
performance of 5% DLE.

Chem. Sci., 2023, 14,10786-10794 | 10791
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Fig. 5 XPS patterns of LCO cathodes after 100 cycles under 4.6 V at 0.3C in the base electrolyte and 5% DLE. (a) C 1s, (b) F 1s, and (c) N 1s. SEM
images of LCO cathodes in (d) the base electrolyte and (e) 5% DLE (the insets are optical images of the corresponding LCO electrode). (f) ICP
patterns of the base electrolyte and 5% DLE. The charge density difference maps and adsorption energies of (g) DENE, (h) EC and (i) FEC on the

LiCoO, (1014) surfaces.

3 Conclusions

In this work, we designed and demonstrated a facile and
effective strategy to stabilize high-voltage LMBs by adding a 5%
volume of DENE/LINO; (1 M) composite additive. The high
donor number of DENE successfully improves the solubility of
LiNO;, and the DENE/NO;~ coordination-solvation structure
can dramatically optimize the compositions of both SEI and
CEL TOF-SIMS results show that the DENE/LINO; composite
additive forms a Li;N-enhanced SEI and successfully inhibits
dendrite growth. More importantly, in situ electrochemical
dilatometry further reveals that the highly reversible behavior of
lithium deposition is related to a low expansion rate, which also
benefits from the enhanced SEI. As a result, the 5% DLE elec-
trolyte enables the Li metal anode to achieve a high CE of
98.5%. Moreover, the LCO||Li full cell with the designed elec-
trolyte also achieves an outstanding capacity retention of 88.2%
after 100 cycles with a high CE of 99.2%. The microstructure
analysis after cycling shows that the particle cracking of high-
voltage LCO is suppressed. Our work highlights the importance

10792 | Chem. Sci,, 2023, 14, 10786-10794

of constructing compatible electrolytes and provides a new
method for rationally designing stabilized cathode/anode
interfacial layers.
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