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Lithium metal batteries are considered promising high-energy-density power sources, but their development is
hindered by severe Li dendrite growth and unstable solid electrolyte interphase (SEI) formation. Herein, we
report the design of a synergistic-dual-additive electrolyte with unique solvation chemistry by simultaneously
introducing N-heterocyclic carbene adduct with boron trifluoride (NHCABT) and lithium nitrate (LiNO3) into
carbonate-based electrolytes. The addition of NHCABT with electron-deficient atoms can greatly enhance the
solubility of LiNOs in carbonate-based electrolytes, while the dissolution of LiNOs is highly conducive to acti-
vating boron trifluoride receptor (-BF3) in the adduct. The synergistic effect of NHCABT and LiNO3 markedly
optimizes the Lit solvation sheath, induces the formation of stable SEI rich in numerous inorganic species, and
effectively enhancing Li* conductivity. Consequently, the Li||LiFePOy batteries based on the synergistic-dual-
additive electrolyte exhibit an ultralong cycling lifespan of 3000 cycles at 2.0 C and impressive low-
temperature electrochemical performances at —20 °C. When paired with aggressive LiNipgCop1Mng 102
(NCM811) cathodes, the synergistic-dual-additive electrolyte enables Li||[NCM811 batteries to work stably for
over 1000 cycles at 1.0 C. This work presents an efficient synergistic-dual-additive strategy to boost the
compatibility of carbonate-based electrolytes with lithium metal anodes, providing a promising solution for
constructing highly durable lithium metal batteries.

1. Introduction like the undesired side reactions with conventional organic electrolytes

[5,9], the formation of a fragile solid electrolyte interface (SEI) [10-12],

Since the commercialization of lithium ion batteries (LIBs) in 1991,
graphite have dominated the selection of anode materials [1,2], but its
inherent theoretical specific capacity limitation cannot meet the re-
quirements of high-energy-density energy storage [3,4]. Lithium metal
anode is considered as the “holy grail” due to its ultrahigh theoretical
capacity (3860 mAh g_1 or 2061 mAh cm_3) and ultralow redox elec-
trochemical potential (—3.04 V vs. standard hydrogen electrode, SHE)
[5,6]. With the in-depth studies of Li—S and Li-air batteries, the supe-
riorities of lithium metal anodes in boosting energy density are further
highlighted [7,8]. Regardless, significant obstacles pertaining to lithium
metal anodes persist and require urgent resolution, encompassing issues
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the uncontrollable growth of Li dendrites [13,14], and the proliferation
of dead Li that posing grave safety concerns [15-17]. Substantial efforts
have been devoted to tackle the aforementioned knotty problems,
including interface engineering [18,19], electrolyte optimization
[20,21], substrate modification [22,23], separator functionalization
[24] and the employment of solid-state electrolytes [25,26].
Introducing functional electrolyte additives is demonstrated to a
promising way to stabilize lithium metal anodes by tailoring the elec-
trolyte solvation shell and optimizing the composition and structure of
SEI [27-33]. Particularly, lithium nitrate (LiNOs) is regarded as an
effective electrolyte additive capable of regulating Li plating/stripping
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behaviors and prolonging cycling lifespan. However, the solubility of
LiNOs in carbonate-based electrolytes is very poor (~800 ppm) [29,34].
Recently, various solubilizers have been proposed to enhance the solu-
bility of LiNO3 [29,30,34-36]. However, most of existing solubilizers
have negligible effect on improving battery performances except for
contributing to the dissolution of LiNOs, and are even likely to deteri-
orate the battery stability to some extent [30]. Therefore, it is highly
desirable to develop multifunctional solubilizers that can effectively
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enhance the solubility of LiNO3 while simultaneously further improving
the overall performance of batteries.

Herein, an advanced synergistic-dual-additive electrolyte is devel-
oped by simultaneously introducing N-heterocyclic carbene adduct with
boron trifluoride (NHCABT) and LiNOs into conventional carbonate-
based electrolytes. The added NHCABT can significantly improve the
solubility of LINO3 from 0.08 wt% (0.0145 M) to 1.0 wt% (0.181 M), and
enable NO3 to fully participate in the Li" solvation sheath (Fig. 1a),
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Fig. 1. Synergistic effect of NHCABT/LiNO3-CBE on the regulation of Li* solvation structure and the formation of additive-modified SEI (a) Schematic illustration
comparing the Li* solvation structures and the SEI compositions in conventional CBE and NHCABT/LiNO;-CBE. (b) Simulated ESP mapping of NHCABT. (¢) LUMO
energy levels of NHCABT alone and NHCABT affected by NO3. (d) 7Li NMR spectra of conventional CBE, NHCABT-CBE and NHCABT/LiNO3-CBE. (e) 13C and () ''B
NMR spectra of NHCABT-DMSO and NHCABT/LiNO3-DMSO. (g) ATR-FTIR spectra of pristine LINO3 powder, conventional CBE, NHCABT-CBE and NHCABT/LiNO3-
CBE. (h) ATR-FTIR spectra of pristine LiPFs powder, conventional CBE, NHCABT-CBE and NHCABT/LiNO3-CBE. (i) CV curves of Li||Cu half batteries based on
conventional CBE and NHCABT/LiNO3-CBE at a scan rate of 0.5 mV s~! from 0 to 2.5 V. (j) Galvanostatic voltage profiles of Li deposition on Cu substrate in

conventional CBE and NHCABT/LiNO3-CBE at a current density of 0.05 mA cm ™2
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while the dissolved LiNO3 can in turn activate boron trifluoride re-
ceptors (-BF3) of NHCABT, markedly improving its reactivity with
lithium metal. Benefiting from the efficient participation and synergistic
effect of NHCABT and LiNOs, an optimized Li" solvation structure is
achieved, which induces the formation of a uniform and stable SEI rich
in LixNy, LiyNOy, LiF and BFy species (Fig. 1a), and efficiently inhibits the
decomposition of PFg to release harmful HF. Moreover, the NHCABT/
LiNOs-modified electrolyte exhibits the increased ionic conductivities,
boosting the improved low-temperature electrochemical properties of
batteries. Consequently, the Li||Li symmetric batteries based on the
NHCABT/LiNO3-modified electrolyte display stable Li plating/stripping
behaviors for over 1000 h with an ultralow overpotential of 40 mV at
1.0 mA cm 2 The modified Li||LiFePO4 (LFP) batteries exhibit
outstanding cycling stability for over 3000 cycles and impressive rate
performance at 15.0 C. Furthermore, the modified Li||LFP batteries
assembled with high-loading LFP cathodes (~15.3 mg cm ™2 or ~2.6
mAh cm™2) can cycle stably at a low temperature of —20 °C. Likewise,
the Li||LiNig.gCop1Mng 102 (NCM811) batteries based on NHCABT/
LiNOs-modified electrolyte also perform well, delivering a reversible
discharge capacity of 138.3 mAh g™ ! after 1000 cycles. This work pre-
sents novel insights into the rational regulation of solvation chemistry to
optimize carbonate-based electrolytes, offering a synergistic dual-
additive strategy for achieving high-stable and long-life lithium metal
batteries.

2. Results and discussion

The incorporation of NHCABT additive can efficiently tailor the
solvation chemistry and promote the solubility of LiNOg in carbonate-
based electrolytes. Due to the electron-deficient B and C1 atoms in
NHCABT (Fig. S1), the solubility of LiNOs in conventional carbonate-
based electrolyte (1.0 M LiPFg in ethylene carbonate/diethyl carbon-
ate (EC/DEC), denoted as CBE,) can be upgraded from 0.08 wt%
(0.0145 M) to 1.0 wt% (0.181 M) by introducing 0.75 wt% NHCABT as a
competitive solubilizer (Fig. S2 and S3 and Table S1). The preparation
process of NHCABT/LINOs synergistic-dual-additive = modified
carbonate-based electrolyte (denoted as NHCABT/LiNOs3-CBE) was
detailed in the Experimental section of Supporting Information. The as-
prepared NHCABT/LiNO3-CBE demonstrated remarkable stability,
maintaining its transparency and free from precipitations even after
remaining stationary for 30 days (Fig. S4).

To deeply understand the effects of NHCABT on regulating electro-
lyte solvation structure, density functional theory (DFT) calculations
and molecular dynamics (MD) simulations were performed systemati-
cally. Electrostatic potential (ESP) calculation demonstrated the elec-
tron deficiency of B and C1 atoms in NHCABT due to the strong electron-
withdrawing property of F atoms (Fig. 1b). The charge distribution of
NHCABT, analyzed using Mulliken populations, quantitatively
confirmed the electro-positivity of B and C1 atoms. This electropositivity
indicated the potential interactions between B and C1 atoms with NO3
anions, thus predicting the capacity of NHCABT to dissolve LiNOg
(Fig. S5a). The interaction between NHCABT and NO3 was more intui-
tively reflected by the optimized geometry of NHCABT-NO3. The dif-
ferential charge density distribution of NHCABT-NO3 indicated a
marked interaction between B and C1 atoms of NHCABT and O atoms of
NOj3 (Fig. S6). The charge distribution of NHCABT-NO3 simulated by
the Mulliken populations also revealed significant differences in atomic
charge, demonstrating an evident interaction between NHCABT and
NOj3 (Fig. S7a), which was further verified by the ESP mapping of
NHCABT-NO3 (Fig. S7b). Moreover, compared with the NHCABT alone,
the lowest unoccupied molecular orbital (LUMO) energy level of
NHCABT affected by NO3 markedly decreased (Fig. 1c), which theo-
retically illustrated that the dissolved LiNO3 could in turn activate the
boron trifluoride receptors (-BF3) in NHCABT and promote the reaction
of —-BF3 with metallic lithium to form LiF and BFy components in the SEL
The LUMO energy level change of NO3 was also investigated by DFT
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calculation (Fig. S8). Although the LUMO energy level of NO3 affected
by NHCABT showed a slight increase, it still remained much lower than
those of solvent molecules and NHCABT in the electrolyte, implying
superior film-forming ability of NO3 and the existence of synergistic
interaction between the NHCABT and NO3. MD simulations were per-
formed to clarify the changes of Li" solvation structures in different
electrolyte systems (Fig. S9). For the single-additive electrolyte system
(NHCABT-CBE), the Li"-F(NHCABT) peak was observed at the distance
of 3.43 ;\, which was greater than those of Li"-(O)EC and Li*-(O)DEC,
and Li"-F(PFg). Combined with the simulation results of coordination
numbers, it was concluded that NHCABT molecules in NHCABT-CBE
primarily populated the Li" second solvation shell and showed negli-
gible direct coordination with Li* ions. After further adding LiNOj3 into
the NHCABT-CBE, a marked Li"-O(NO3) peak was observed at the dis-
tance of 1.75 A, demonstrating the close interaction of NO3 anions with
Li" ions and the involvement of NO3 in Li* solvation shell. Moreover,
compared with the simulation results of conventional CBE and NHCABT-
CBE, the NHCABT/LiNO3-CBE demonstrated the reduced coordination
numbers of Li*-(0)EC and Li"-(O)DEC, indicating that the number of
solvent molecules involved in Li" solvation structure had decreased,
which was conducive to improving the desolvation kinetics.

Nuclear magnetic resonance (NMR) analyses were conducted to
clearly reveal the solubilization mechanism of LiNOs by NHCABT ad-
ditive. Upon introducing NHCABT into CBE, the “Li NMR signal shifted
from —0.61 to —0.59 ppm (Fig. 1d), demonstrating a deshielding effect
brought from electron-deficient B and C1 atoms of NHCABT [36].
Nevertheless, the peak of "Li signal moved inversely to —0.71 ppm after
the simultaneous addition of NHCABT and LiNOgs, indicating the
participation of electron-donating NO3 in Li" solvation structure. The
interaction and synergism between NHCABT and LiNOs were also
verified by 13C and ''B NMR spectra for dimethyl-dg sulfoxide solutions
of NHCABT or NHCABT/LiINO3 (denoted as NHCABT-DMSO and
NHCABT/LiNO3-DMSO). Different with the C2, C3, C4, and C5 signals in
13C NMR spectra (Fig. 1e and S10), the C1 peak showed a strong upfield
shift from 47.76 to 31.14 ppm, indicating a significant interaction be-
tween C1 and NO3, which is the origin of LiNOg3 solubilization effect.
The interaction enabled the lone pair electrons on C1 atom to further
transfer to B atom (Fig. S5b), leading to the activation of —-BF3 receptors.
Therefore, a clear upfield shift was also observed in !B NMR spectra
(Fig. 1f), verifying the reliability of the theoretical calculation results.
The activated -BF3 receptors possessed the significantly enhanced
reactivity with lithium metal, which is of great importance for the for-
mation of a stable SEI rich in LiF and BFy species on the lithium electrode
surface.

The activation of —-BF3 receptors by the dissolution of LiNO3 was
visually verified by the color differences of Li foils dropped with
different electrolytes. As shown in Fig. S11, only NHCABT/LiNO3-CBE-
soaked Li foils exhibited the color transition from bright to dark. Energy
dispersive X-ray spectrometry (EDX) characterizations for the above
treated Li foils also demonstrated the spontaneous reaction of activated
—-BF3 receptors with lithium metal, reflected by the significantly
increased content of F element (Fig. S12). To identify the reaction
products of the spontaneous reaction, the above treated Li foils were
further characterized by X-ray photoelectron spectroscopy (XPS) tech-
nique. The characteristic peaks corresponding to LiF and BFyx species
were detected in the F 1s and B 1s spectra (Fig. S13), confirming the
crucial role of activated —-BF3 receptors in optimizing SEI composition.
Additionally, attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was conducted to further probe the transition
of Li* solvation structure. The typical characteristic peak of unsolvated
NO3 was located at 737 cm™!, while the solvated NO3 in NHCABT/
LiNO3-CBE exhibited a strong blueshift (~16 crn’l) (Fig. 1g), confirm-
ing the successful introduction of NO3 into Li* solvation sheath. On the
contrary, the FTIR peak at 569 cm ™! corresponding to the solvated PFg
showed a significant redshift (~6 em™)) in NHCABT/LiNO3-CBE
(Fig. 1h), illustrating that PFg anions were partially removed from the
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Li" solvation sheath [37]. The weakened interaction between PFg and
Li* is beneficial to suppress PFs decomposition during battery opera-
tion, and thus the addition of NHCABT and LiNOs is expected to prevent
harmful HF generation [35].

To evaluate the oxidation resistance of NHCABT/LiNOs-CBE and
gain insight into the formation mechanism of NHCABT/LiNOs-modified
SEI, a series of electrochemical measurements were conducted. Cyclic
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voltammetry (CV) was employed to detect the reduction of NO3 in the
range of 0 to 2.5 V (Fig. 1i). In addition to the reduction peak at ~0.3 V
derived from the underpotential deposition of Li [29], a broad peak
between 1.3 and 1.6 V was observed in NHCABT/LiNOs-CBE, repre-
senting the decomposition of LiNOs. The difference of Li deposition
behaviors in various electrolytes was further analyzed by a chro-
nopotentiometry method (Fig. 1j), an additional voltage platform at
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~1.4 V was detected, suggesting the SEI formation derived from the
LiNO3s decomposition. The CV and chronopotentiometry results
demonstrated that LiNO3 could be preferentially reduced at a higher
potential (~1.4 V) in NHCABT/LiNO3-CBE, thus ensuring the formation
of stable SEI with high Li* conductivity. Moreover, the oxidation
resistance of NHCABT/LiNO3-CBE was evaluated by measuring linear
sweep voltammetry (LSV) curves of Li||carbon-coated Al foil half bat-
teries. As displayed in Fig. S14, the LSV curves of NHCABT/LiNO3-CBE
exhibited a wider electrochemical stability window and a characteristic
signal corresponding to the formation of a CEI layer, implying that the
addition of NHCABT and LiNOj3 could effectively boost the oxidation
resistance and suppress the electrolyte decomposition when paired with
high-voltage cathodes.

To evaluate the reliability and practicability of NHCABT/LiNO3-CBE,
Li plating/stripping stability was investigated based on Li||Li symmetric
batteries. When cycled at 1.0 mA cm ™2 with a capacity of 1.0 mAh cm ™2,
the batteries with conventional CBE displayed significantly increased
voltage hysteresis and severe voltage fluctuations only after 300 h
(Fig. 2a), mainly due to the ceaseless consumption of limited electro-
lytes, the uncontrolled proliferation of Li dendrites, and the formation of
a fragile native SEI [38]. Comparatively, stable Li plating/stripping
behavior was achieved for the batteries based on NHCABT/LiNO3-CBE
for more than 1000 h, with an ultralow overpotential of ~40 mV
(Fig. S15). When the current density was increased to 2.0 and 3.0 mA
cm 2 (Fig. S16a, b), stable Li plating/stripping processes in the batteries
with conventional CBE could only last for 200 and 100 h, respectively,
followed by dramatic voltage fluctuations until the batteries completely
failed. However, the batteries with NHCABT/LiNO3-CBE showed supe-
rior cycling stability for over 520 h at 2.0 mA cm 2 and 400 h at 3.0 mA
cm 2 with low overpotentials of ~80 mV and ~130 mV, respectively. At
a higher current density of 5.0 mA cm™2 (Fig. 2b), the differences in
cycling performance of batteries became more obvious. The batteries
with conventional CBE presented continuous increase in voltage hys-
teresis and finally suffered from a short circuit after 60 h. By compari-
son, a steady Li plating/stripping process could still be realized by the
batteries with NHCABT/LiNO3-CBE at such a high current density for
over 200 h. Moreover, the Li plating/stripping stability at a higher ca-
pacity of 3.0 mAh cm ™2 was also investigated (Fig. 2c). For the batteries
with conventional CBE, unstable galvanostatic cycling profiles with a
sharp voltage divergence of more than 450 mV emerged after merely
220 h. By comparison, the batteries with NHCABT/LiNO3-CBE could
cycle stably for over 630 h, and an ultralow voltage polarization of ~30
mV was well maintained throughout the cycling process. To verify the
performance improvement of the NHCABT/LiNOs-modified batteries
under extreme charge/discharge conditions, the Li plating/stripping
stability of Li||Li symmetric batteries was further tested at 10.0 mA
em 2 with a capacity of 10.0 mAh ecm~? (Fig. S16¢). The batteries with
NHCABT/LiNOs-CBE demonstrated markedly prolonged cycling life-
spans and lower overpotentials, highlighting the practical potential of
NHCABT/LiNOs-CBE.

The effect of additive contents on the electrochemical performances
of lithium metal electrodes was further explored (Fig. S17). The Li||Li
symmetric batteries with different mass ratios of NHCABT to LiNO3 were
cycled at 1.0 and 2.0 mA cm~2 with a capacity of 1.0 mAh cm ™2 As a
result, the batteries with 0.75 wt% NHCABT/1.0 wt% LiNOs3-CBE
exhibited the best cycling stability compared with the others. Moreover,
the Li||Li symmetric batteries based on 0.75 wt% NHCABT/1.0 wt%
LiNO3-CBE also exhibited better cycling performance compared to the
control groups with higher LiNOgs concentrations (over 1.0 wt%)
(Fig. S18), indicating that a higher concentration of LiNO3 in conven-
tional CBEs was not necessarily better. Therefore, the electrolyte for-
mula of 0.75 wt% NHCABT/1.0 wt% LiNO3-CBE was adopted for the
subsequent electrochemical measurements and characterizations. The
influence of NHCABT as a single additive on battery performance was
also investigated (Fig. S19). The results showed that the improvement of
single NHCABT additive on Li plating/stripping stability was very
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limited, illustrating that the —BF3 receptors alone could not effectively
enhance the cycling stability of lithium metal electrodes, which was
mainly due to the fact that the -BF3 receptors were not activated in the
absence of LiNOs. To deeply understand the effect of activated -BF3
receptors on Li plating/stripping stability, we directly introduced a
single LiBF,4 additive into CBE (denoted as LiBF4-CBE) to simulate acti-
vated —BF3 receptors with BF; anions and investigate the cycling sta-
bility of lithium metal electrodes paired with LiBF4-CBE at various
current densities and capacities. Compared with conventional CBE, the
batteries based on the LiBF4-CBE demonstrated the prolonged cycling
lifespans and decreased overpotentials (Fig. S20), indicating that BF4
anions (similar to the activated -BFs receptors) could effectively
improve the electrolyte compatibility with lithium metal electrodes and
enable the formation of a stable SEI. Therefore, it was concluded that the
activated -BF3 receptors played a prominent role in achieving stable Li
plating/stripping behaviors of lithium metal electrodes. To further
highlight the superiority of NHCABT/LiNO3-CBE, the cycling perfor-
mance of Li||Li symmetric batteries with ether-based electrolyte (1.0 M
LiTFSI in dioxolane/dimethoxyethane (DOL/DME) with 1.0 wt% LiNOs,
denoted as EBE) was also tested at different current densities and ca-
pacities (Fig. S21). The results verified that more stable Li plating/
stripping processes were achieved in NHCABT/LiNO3-CBE compared to
that in EBE, indicating that NHCABT and LiNOg as synergistic dual ad-
ditives could effectively improve the compatibility of CBE with lithium
metal electrodes, induce the formation of stable and highly Li™ con-
ducting SEI, and suppress the proliferation of Li dendrites, thereby
boosting the cycling performance of lithium metal electrodes in CBE to a
higher level than that in EBE.

The rate performance of Li||Li symmetric batteries with different
electrolytes was evaluated at various current densities from 1.0 to 10.0
mA cm~? with a fixed capacity of 1.0 mAh cm 2 (Fig. 2d). With the
increase of current density, the batteries with conventional CBE
exhibited sharply increased voltage hysteresis and irregular voltage
curves at 10 mA cm™2, indicating the batteries based on conventional
CBE could hardly work under such a high current density [39]. In
contrast, the batteries with NHCABT/LiNO3-CBE exhibited flat voltage
platforms with desired regularity and low overpotentials of 43, 65, 82,
120 and 178 mV at 1.0, 3.0, 5.0, 7.0 and 10.0 mA cm’z, respectively
(Fig. S22). The cycling stability and rate performance tests fully revealed
that the NHCABT/LiNO3-CBE could efficiently induce the formation of a
uniform and stable SEI with high Li" conductivity, thereby resulting in
the decreased voltage polarization and the suppressed Li dendrite
growth. To verify the accelerated charge transfer kinetics in NHCABT/
LiNO3-CBE, electrochemical impedance spectroscopy (EIS) measure-
ments based on Li||Li symmetric batteries were conducted. Before
cycling (Fig. 2e), the interfacial resistance of the batteries with con-
ventional CBE was 176.3 Q, much higher than that of the batteries with
NHCABT/LiNO3-CBE (86.9 Q). After 50 cycles (Fig. 2f), a lower inter-
facial resistance (67.3 Q) for the batteries with NHCABT/LiNO3-CBE
was obtained, while the batteries with CBE still maintained a high
interfacial resistance of 115.9 Q. The above results illustrated that the
NHCABT/LiNO3-CBE achieved faster Li* transport at the electrode/
electrolyte interfaces, benefiting from the formation of highly Li* con-
ducting SEI and the well-regulated Li* solvation structure. Exchange
current densities (ip) calculated according to the Tafel plots of Li||Li
symmetric batteries were also compared (Fig. 2g). The batteries with
NHCABT/LiNO3-CBE exhibited a considerable iy value of 1.259
mA-cm ™2, much higher than that of the batteries with conventional CBE
(0.358 mA-cm~2), further confirming the superior Li plating/stripping
kinetics in NHCABT/LiNO3-CBE. Additionally, apparent activation en-
ergy (Ep) for Li™ diffusion through SEI was calculated via measuring
temperature-dependent Rggy values (Fig. S23). By linearly fitting In(T/
Rggp) versus 1/T (Fig. 2h) [40], the E, value was demonstrated to
decrease from 61.32 kJ mol ! in conventional CBE to 49.73 kJ mol ! in
NHCABT/LiNOs-CBE, which strongly confirmed that the formed stable
SEI supported rapid Li* migration.
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To intuitively reveal the morphology evolution of lithium metal
electrodes during the cycling processes and corroborate the effective-
ness of NHCABT/LiNOgs-derived SEI in the suppression of Li dendrite
growth, an optical microscope was employed to in-situ monitor Li
plating/stripping behaviors at the electrolyte/electrode interfaces
(Fig. 2i, j). Before cycling, the pristine lithium metal electrodes dis-
played a smooth and flat surface morphology in both electrolytes. After
50 cycles, a few visible and mossy-like Li protrusions were observed for
the lithium metal electrodes in conventional CBE. With the proceeding
of Li plating/stripping cycles, these protrusions nucleated and aggre-
gated to form numerous Li dendrites, and completely covered the
lithium electrode surface after 200 cycles. In sharp contrast, the lithium
electrodes in NHCABT/LiNO3-CBE well maintained steady Li plating/
stripping behaviors, presenting uniform and dense surface morphology
without any visible mossy-like Li dendrites during the whole cycling
process. This fully demonstrates that NHCABT and LiNOs as synergistic
dual additives could effectively promote uniform Li electrodeposition
and markedly inhibit Li dendrite growth, thus leading to greatly
improved electrochemical kinetics and excellent cycling stability.

To gain further insight into the modulation effects of additives, the
surface morphologies and compositions of cycled lithium metal elec-
trodes retrieved from the Li||Li symmetric batteries with different
electrolytes were characterized and investigated. EDX analysis and

NHCABT/LINO3-CBE (100 cycles) NHCABT/LINO;-CBE (100 cycles)

i CBE (20 cycles) CBE (20 cycles)
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corresponding elemental mappings of the cycled lithium metal elec-
trodes in NHCABT/LiNOs3-CBE exhibited uniform distribution of B, C, N,
O, F and P elements (Fig. S24), confirming the efficient participation of
NHCABT and LiNOj in the SEI formation. Scanning electron microscope
(SEM) characterization clearly presented the huge differences in surface
morphology and microstructure of lithium metal electrodes after cycling
in different electrolytes. When using conventional CBE, the cycled
lithium electrodes displayed a loose and rough surface with conspicuous
cracks (Fig. 3a). Further magnified SEM images (Fig. 3b, c¢) showed that
the porous lithium metal surface was completely covered by mossy-like
Li dendrites, indicating the poor compatibility of conventional CBE with
lithium metal electrodes. Moreover, the cross-section SEM image
showed that the substrate of lithium electrodes was severely corroded by
conventional CBE (Fig. 3d), presenting a rough and loose microstruc-
ture. In contrast, prominent preservation of surface morphology was
observed for the lithium electrodes in NHCABT/LiNO3-CBE, showing a
smooth surface morphology without any visible microcracks and Li
dendrites (Fig. 3e-g) and an even microstructure from the side view
(Fig. 3h). These results prove that the synergistic dual additives are able
to promote the formation of a protective SEI and regulate Li* solvation
chemistry, resulting in a uniform and dendrite-free Li electroplating
morphology. Atomic force microscopy (AFM) was also employed to
investigate the surface flatness of the cycled Li metal electrodes
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Fig. 3. Surface morphology and composition characterizations of cycled lithium metal electrodes in NHCABT/LiNO3-CBE and conventional CBE. (a-c) Top-view and
(d) cross-section SEM images of cycled lithium metal electrodes retrieved from Li||Li symmetric batteries with conventional CBE after 100 cycles. (e-g) Top-view and
(h) cross-section SEM images of cycled lithium electrodes retrieved from Li||Li symmetric batteries with NHCABT/LiNO3-CBE after 100 cycles. (i-1) High-resolution
XPS spectra at (i) Li 1s, (j) N 1s, (k) F 1s, and (1) C 1s regions of cycled lithium metal electrodes retrieved from Li||Li symmetric batteries with conventional CBE after
20 cycles. (m-p) High-resolution XPS spectra at (m) Li 1s, (n) N 1s, (o) F 1s, and (p) C 1s regions of cycled lithium metal electrodes retrieved from Li||Li symmetric

batteries with NHCABT/LiNO3-CBE after 20 cycles.
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(Fig. S25). The Li metal electrodes cycled in conventional CBE displayed
a rough and uneven topography with distinct surface undulations,
indicating the occurrence of severe dendritic Li proliferation. In
contrast, the AFM topography of Li metal electrodes cycled in NHCABT/
LiNO3-CBE demonstrated improved surface smoothness, illustrating that
the NHCABT/LiNO3-CBE could efficiently facilitate homogeneous Li
deposition and suppress Li dendrite growth, which was mainly benefited
from the formation of a stable inorganic-rich SEI and its superior ion-
transport ability.

XPS characterization was conducted to identify the surface compo-
sitions of cycled lithium metal electrodes in different electrolytes. When
using conventional CBE, four typical peaks of LiF, Li;CO3, ROCO,Li and
Li5O species were detected from the Li 1s spectra at 55.7, 54.8, 54.4 and
53.6 eV, respectively (Fig. 3i). By comparison, an additional peak
assigned to LigN and/or LiNOy is observed at 55.2 eV for NHCABT/
LiNOs3-CBE (Fig. 3m), indicating that the introduction of NO3 anions
induced the formation of LisN and LiNOy components [29,41], which
were conducive to enhancing the ionic conductivity and electrochemical
stability of SEI [42,43]. The N 1s spectrum of cycled lithium electrodes
in conventional CBE revealed an absence of nitrogenous species (Fig. 3j),
while the SEI formed in NHCABT/LiNO3-CBE displayed four peaks at
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406.5, 403.3, 400.0 and 397.9 eV, corresponding to LiNOg, LiNOs, LisN
and LiyNy, respectively (Fig. 3n) [36,44]. As for F 1s spectra, two distinct
peaks at 687.0 and 685.0 eV were detected when using conventional
CBE (Fig. 3k), which could be assigned to LiyPF;O, and LiF, respectively
[35]. The strong signal of LiyPFyO, species illustrated that PFg anions
participated the Li* solvation sheath and undergone inevitable reduc-
tion decomposition during battery operation. In contrast, the signal peak
intensity corresponding to LixPFy;O, species was significantly weakened
for the lithium electrodes cycled in NHCABT/LiNOs-CBE (Fig. 30) [45],
which indicated that PFg anions were removed from Li" solvation
structure, and the LiF component in SEI mainly originated from the re-
action between the activated —BF3 receptors and lithium metal. The B 1s
spectrum of the SEI obtained by conventional CBE show no signal
(Fig. S26a), while the SEI formed in NHCABT/LiNO3-CBE presented an
obvious signal peak at 193.7 eV corresponding to BFy, proving the vital
role of the activated —BF3 receptors in optimizing the compositions of
SEI (Fig. S26¢). Regarding the C 1s spectra (Fig. 31, p), four typical peaks
of LiCO3, COOR, C—0 and C—C were detected from the lithium elec-
trodes cycled in both electrolytes. However, the peak intensities corre-
sponding to COOR and C—O species decreased obviously when using
NHCABT/LiNO3-CBE, demonstrating the efficiently suppressed
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decomposition of carbonate solvents. A similar conclusion was also
drawn from the O 1s spectra (Fig. S26b, d). Compared to the O 1s
spectrum obtained by conventional CBE, the peak intensity of Li;O
species formed in NHCABT/LiNO3-CBE was markedly stronger, illus-
trating the presence of more inorganic components that can greatly
improve the mechanical and chemical stability of SEI [32]. To investi-
gate the gradient distribution of inorganic components in the formed
SEL in-depth XPS analyses for the Li metal electrodes cycled in NHCABT/
LiNO3-CBE were conducted after Ar" sputtering for 3 min (Fig. S27). The
test results demonstrated that the NHCABT/LiNOs-derived SEI exhibited
no obvious differences in chemical compositions and relative contents of
constituent species between the surface and bulk regions. The detected
inorganic species, such as LixNy, LiyNOy, LiF and BFy, were scattered
throughout the bulk phase of SEI, rather than being confined solely to
the surface. Therefore, it was concluded that the NHCABT/LiNOs-
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derived SEI possessed uniform chemical compositions and high elec-
trochemical stability, ensuring the sustained protection for lithium
metal anodes during long-term cycling processes.

To testify the effect of NHCABT/LiNOs-CBE on boosting Li plating/
stripping reversibility and improving nucleation and mass-transfer ki-
netics, the Li||Cu half batteries with different electrolytes were assem-
bled. The average Coulombic efficiency during 50 cycles was measured
firstly (Fig. 4a) [46]. For the batteries with NHCABT/LiNO3-CBE, the
average Coulombic efficiency was as high as 99.18 %. In comparison,
the batteries with conventional CBE only delivered an unsatisfactory
average Coulombic efficiency of 84.06 %. Based on the initial Li plating
profiles of Li||Cu batteries, mass-transfer overpotentials and nucleation
overpotentials were calculated (Fig. 4b). The mass-transfer over-
potential and nucleation overpotential of lithium electrodes in conven-
tional CBE reached 48.8 and 65.7 mV, respectively (Fig. 4c), much
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higher than those in NHCABT/LiNO3-CBE (22.1 and 46.4 mV). These
results revealed that NHCABT/LiNO3-CBE was greatly conducive to
accelerating Li™ migration and reducing energy barrier of Li nucleation.
By comparing the detailed voltage curves (Fig. 4d, e), it was found that
the lithium metal electrodes in NHCABT/LiNO3-CBE exhibited steady
cycling behaviors with lower overpotentials, demonstrating its excellent
mass-transfer kinetics and high compatibility with lithium metal elec-
trodes. The Li plating/stripping reversibility during long-term cycling
processes was further evaluated by Li||Cu half batteries (Fig. $28). When
using NHCABT/LiNO3-CBE, the batteries displayed markedly improved
cycling stability, achieving a well-maintained CE of 99.05 % after 500
cycles. In comparison, limited cycling lifespans and significant CE
fluctuations were observed for the batteries with CBE, highlighting the
key role of NHCABT/LiNOj3 additive in boosting cycling stability and
reversibility of lithium metal anodes. The CV measurement for Li||Cu
half batteries with NHCABT/LiNO3-CBE showed much higher current
responses than that with conventional CBE (Fig. 4f), illustrating the
better electrochemical kinetics for Li plating/stripping achieved by
NHCABT/LiNO3-CBE. Additionally, the Nyquist plots collected from Li]|
Cu half batteries before and after 50 cycles (Fig. 4g, h) revealed that the
electrolyte resistances and interfacial resistances of the batteries with
NHCABT/LiNO3-CBE were lower than those with conventional CBE,
further confirming rapider charge transfer enabled by the synergistic
dual additives.

To examine the practical feasibility of NHCABT/LiNO3-CBE, lithium
metal batteries based on LFP and NCM811 cathodes were assembled and
systematically studied. The Li||LFP batteries with conventional CBE
exhibited severe capacity decay and Coulombic efficiency fluctuations,
and the discharge capacity was rapidly attenuated to near zero after 800
cycles at 2.0 C (Fig. 5a). In sharp contrast, the Li||LFP batteries with
NHCABT/LiNOs3-CBE displayed an ultralong cycling lifespan of more
than 3000 cycles, maintaining a considerable specific discharge capacity
of 104.4 mAh g~! and an ultrahigh Coulombic efficiency of 99.77 %. The
rate performance of Li||LFP batteries was investigated under different
current rates from 1.0 to 15.0 C (Fig. 5b). The Li||LFP batteries with
conventional CBE showed remarkable capacity decay when the current
densities increased, while the batteries with NHCABT/LiNO3-CBE
delivered well-maintained specific discharge capacities of 155.3, 140.2,
127.7, 133.2 and 98.1 mAh g71 at 1.0, 3.0, 5.0, 10.0, and 15.0 C,
respectively. After the current rate returned to 1.0 C, the batteries with
NHCABT/LiNOs-CBE delivered a well-recovered discharge capacity of
162.7 mAh g '. In the charge/discharge profiles (Fig. S29), smaller
potential differences between the charge/discharge plateaus were
observed for the batteries with NHCABT/LiNOs3-CBE, further illustrating
the lower voltage polarization and faster Li' transfer kinetics.

The cycling stability of Li||LFP batteries was also tested at 5.0 C to
verify the practicability of NHCABT/LiNOs-CBE in boosting fast charge/
discharge performance (Fig. 5c). For the Li||LFP batteries with con-
ventional CBE, an abrupt capacity degradation behavior occurred after
320 cycles, and then the specific discharge capacity decreased contin-
uously. After 1200 cycles, the batteries were close to failure and could
only deliver a reversible capacity of 41.6 mAh g~'. In contrast, the Lil|
LFP batteries with NHCABT/LiNO3-CBE exhibited markedly improved
cycling stability, delivering a high remaining capacity of 132.3 mAh g~}
after 1200 cycles, corresponding to a remarkable capacity retention of
88.8 %. The electrochemical tests of Li||LFP batteries fully confirmed
that NHCABT/LiNOs-CBE could efficiently promote rapid Li* transport
and improve Li plating/striping stability at high current rates. Notably,
the extraordinary cycling stability of Li||LFP batteries using NHCABT/
LiNO3-CBE is highly competitive compared to most of reported Li||LFP
batteries modified by other electrolyte additives (Table S2). CV mea-
surements of Li||[LFP batteries were carried out at different scan rates to
examine the key role of NHCABT/LiNO3-CBE in improving reaction ki-
netics of cathodes (Fig. 5d, e). With the increase of scan rates, the redox
peaks for both electrolytes displayed increased peak currents and reac-
tion overpotentials. By analyzing the relationship of the current changes
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with respect to the scan rates based on i = a? (where i is the peak
current, v is the scan rate, and a, b are the adjustable constants), it was
possible to mathematically evaluate the reaction kinetics of cathodes in
different electrolytes by comparing the b values [47,48]. The b values of
NHCABT/LiNO3-CBE in both cathodic (b.) and anodic (b,) processes
(0.575 and 0.573) were higher than that of conventional CBE (0.554 and
0.511) (Fig. 5f), demonstrating that the introduction of synergistic dual
additives could effectively improve reaction kinetics of the cathode
materials.

The assembled Li||[NCM811 batteries with NHCABT/LiNO3-CBE also
demonstrated improved electrochemical kinetics, rate performance, and
cycling stability. When the current rates increased from 1.0 to 10.0 C
(Fig. 5g), the Li|[NCM811 batteries with conventional CBE exhibited
markedly decreased specific discharge capacities. Especially at 10.0 C,
an ultralow discharge capacity of only 23.1 mAh g~! was delivered,
indicating inferior reaction kinetics of the batteries. In contrast, the Li||
NCM811 batteries with NHCABT/LiNOs-CBE delivered reversible
discharge capacities of 186.8, 154.5, 136.8, 122.5, and 107.1 mAh g’l
at 1.0, 3.0, 5.0, 7.0, and 10.0 C, respectively. The excellent rate per-
formance highlighted the superiority of NHCABT/LiNOs3-CBE in accel-
erating Li" transfer, which was further verified by lower voltage
polarization at different current rates (Fig. S30). The long-term cycling
stability of Li|[NCM811 batteries was investigated at 1.0 C (Fig. 5h). The
batteries with conventional CBE suffered from a continuous capacity
degradation only after 15 cycles due to the instability of native SEI under
a high operating voltage of 4.4 V (vs. Li/Li"), and a low discharge ca-
pacity of 48.8 mAh g~! was delivered after 1000 cycles. Through
introducing NHCABT/LiNO3 into CBE, the Li||[NCM811 batteries
showed significantly improved cycling stability and well-maintained
Coulombic efficiency, delivering a considerable discharge capacity of
138.3 mAh g~ ! after 1000 cycles, corresponding to a capacity retention
of 73.4 %. The impressive cycling stability of Li||[NCM811 batteries
encouraged us to further explore the application prospect of NHCABT/
LiNO3-CBE in Li||[NCM811 pouch batteries. As shown in Fig. S31, the
Li||NCM811 pouch batteries based on NHCABT/LiNO3-CBE exhibited
competitive cycling performance with a considerable capacity retention
of 83.0 % at 0.5C after 150 cycles. The assembled pouch batteries suc-
cessfully illuminated a light-emitting diode (LED) array panel, proving
the feasibility and practicality of NHCABT/LiNO3-CBE. By the combi-
nation of theoretical calculations and experimental analyses, the high
compatibility of NHCABT/LiNO3-CBE with aggressive NCM811 cath-
odes was verified. The markedly higher level of highest occupied mo-
lecular orbital (HOMO) of the activated NHCABT indicated its huge
potential to tailor the chemical compositions of cathode interfaces
(Fig. S32). To verify this inference, XPS analyses were performed to
investigate the surface compositions of cycled NCM811 cathodes
(Fig. S33). When using NHCABT/LiNO3-CBE, the NCM811 cathodes
exhibited distinct LiF and B—F characteristic peaks, indicating that the
activated NHCABT could efficiently regulate the CEI compositions of
NCM811 cathodes. Notably, for the N 1s spectrum, four signal peaks
were detected when using NHCABT/LiNO3-CBE, assigned to LigN, C—N,
LiNO,, and LiNOgs species. Among them, the LigN, LiNOj, and LiNO3
species originated from the decomposition of the LiNO3 additive, while
the C—N species were attributed to the decomposition of the N-het-
erocyclic carbene part of NHCABT. Consequently, it concludes that, in
addition to —BFg3 receptors, the remaining part of NHCABT will also be
decomposed and modulate interfacial chemical compositions during the
cycling processes of batteries.

To further evaluate the practical reliability, the Li||LFP batteries
with high-loading cathodes (~15.3 mg cm™2 or ~2.6 mAh cm~2) were
assembled and tested (Fig. 6a). When using conventional CBE, the high-
loading Li| |LFP batteries could cycle stably for only 30 cycles at 1.0 C,
and then exhibited continual capacity attenuation and unstable
Coulombic efficiency with significant fluctuations (Fig. 6a, c). After 240
cycles, a low specific discharge capacity of only 21.8 mAh g™! and a
large overpotential were delivered. When changing to NHCABT/LiNOgs-
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NHCABT/LiNO3-CBE and conventional CBE. (a) Room-temperature cycling performance of high-loading Li||LFP batteries measured at 1.0 C. (b, ¢) Galvanostatic
charge/discharge profiles of different cycles for high-loading Li||LFP batteries based on (b) NHCABT/LiNO3-CBE and (c) conventional CBE at room temperature. (d)
Ionic conductivities of NHCABT/LiNO3-CBE and conventional CBE as function of temperature ranging from +40 to —20 °C. (e, f) Galvanostatic charge/discharge
profiles at different temperatures of high-loading Li||LFP batteries based on (¢) NHCABT/LiNO3-CBE and (f) conventional CBE. (g) Specific discharge capacities and
Coulombic efficiencies at various temperatures from +40 to —20 °C of high-loading Li||LFP batteries measured at 1.0 C.

CBE, the high-loading Li||LFP batteries displayed exceptional cycling
stability and limited voltage hysteresis (Fig. 6a, b). After 240 cycles, an
ultrahigh specific discharge capacity of 144.7 mAh g~! was still deliv-
ered, corresponding to an impressive capacity retention of almost 100
%. The prominent differences in cycling performance of high-loading
Li||LFP batteries illustrated the great potential of synergistic dual elec-
trolyte additives in boosting the durability of lithium metal batteries.
In consideration of the optimized Li" solvation structure and
improved SEI compositions for NHCABT/LiNOs-CBE, the low-
temperature performance of NHCABT/LiNO3-CBE was also investi-
gated comprehensively. By carrying out EIS measurements of SS||SS
symmetric batteries (Fig. S34), the temperature-dependent ionic con-
ductivities of conventional CBE and NHCABT/LiNO3-CBE were
measured. The results showed that the ionic conductivity of conven-
tional CBE sharply decreased from 8.00 x 10 2Sem ! to 1.27 x 1073 S
cm ™! with the drop of temperatures from +40 °C to —20 °C (Fig. $35). In
contrast, the ionic conductivity of NHCABT/LiNO3-CBE gently
decreased from 8.79 x 1073 S ecm™! to 4.81 x 107> S cm™l. The
outstanding ionic conductivity of NHCABT/LiNO3-CBE was mainly
attributed to its low Lit transport energy barrier. By fitting the linear
relationship between the common logarithm of ionic conductivity and
the temperatures, the apparent activation energy (E,) for Li" transfer in
different electrolytes was calculated (Fig. 6d) [49]. The NHCABT/
LiNO3-CBE displayed a much lower E, of 0.067 eV than that of the CBE
(0.212), confirming the advantages of synergistic dual additives in

decreasing LiT transport energy barrier and facilitating rapid Li*
transfer under low-temperature conditions. Based on the above theo-
retical calculations and systematic spectroscopic characterizations, we
conclude that the improved low-temperature performance of NHCABT/
LiNO3-CBE is mainly attributed to two reasons: (1) the optimization of
Li" solvation structure and (2) the formation of robust SEI with abun-
dant inorganic species. The participation of NHCABT and NO3 in Li*
solvation structure effectively weaken the interaction between Li* ions
and solvent molecules in the electrolyte [35,50], thus enhancing the Li*
desolvation capability [51], while the formation of stable SEI rich in
LixNy, LixNOy, LiF and BFy species effectively reduce the energy barrier
for Li* diffusion, supporting rapid Li" migration through the SEI [52].
The cycling performances of high-loading Li| |LFP batteries were further
compared under different temperatures from +40 to —20 °C (Fig. 6e, f).
Through galvanostatic charge/discharge at various temperatures,
higher specific discharge capacities and lower voltage polarization were
demonstrated when using NHCABT/LiNO3-CBE, indicating the key role
of the synergistic dual additives in enhancing low-temperature cycling
stability.

The specific discharge capacities and Coulombic efficiencies of the
high-loading Li||LFP batteries with conventional CBE or NHCABT/
LiNO3-CBE were systematically tested at different temperatures. As
shown in Fig. 6g, the high-loading Li||LFP batteries with conventional
CBE exhibited fast capacity reduction with the decrease of working
temperatures from +40 to —20 °C. Especially, an ultralow discharge
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capacity of only 6.8 mAh g~! was presented at —20 °C. Even if the
temperature recovered to +40 °C, continuous capacity degradation
could still be observed, and finally the batteries failed. In comparison,
the high-loading Li||LFP batteries with NHCABT/LiNO3-CBE delivered
stable discharge capacities of 151.1, 133.4, 109.3 and 82.8 mAh g~ ! at
the temperature of +40, +20, 0 and —20 °C, respectively. When the
temperature was restored to +40 °C, the batteries could still cycle stably
and deliver a well-recovered discharge capacity of 152.5 mAh g~. The
above results demonstrate that the synergistic dual additives can
enhance the low-temperature performance of batteries, making it
possible for them to be widely applied in various regions and climates.

3. Conclusion

In summary, a well-designed synergistic-dual-additive electrolyte
with optimized Li" solvation structure was developed by simultaneously
introducing NHCABT and LiNOs into conventional carbonate-based
electrolytes. A series of spectroscopic and electrochemical character-
izations demonstrated that the addition of NHCABT with electron-
deficient atoms could effectively increase the solubility of LiNO3 from
0.08 wt% (0.0145 M) to 1.0 wt% (0.181 M). The dissolved NO3 could in
turn activate the —BF3 receptors of NHCABT, endowing it with high
reactivity to participate in the formation of SEI. Benefiting from the
synergistic effect of NHCABT and LiNOs, Lit solvation chemistry was
fully optimized, the compatibility of NHCABT/LiNOs-CBE with lithium
metal anodes was markedly enhanced, and a stable and ion-conducting
artificial SEI was constructed. As a result, the Li||Li symmetric batteries
based on NHCABT/LiNO3-CBE achieved a stable Li plating/stripping
process for over 1000 h. The Li||LFP batteries demonstrated an ultralong
cycling lifespan of more than 3000 cycles at 2.0 C when using NHCABT/
LiNO3-CBE. The high-loading Li| |LFP batteries (~15.3 mg cm 2 or ~2.6
mAh cm™2) with NHCABT/LiNOs-CBE could cycle stably for over 240
cycles with minimal capacity decay, and exhibited significantly
improved low-temperature cycling stability at —20 °C. When using high-
voltage NCM811 cathodes, the assembled Li|[NCM811 batteries also
perform well, presenting a highly reversible charge/discharge process
for over 1000 cycles at 1.0 C. This work presents an intriguing syner-
gistic dual-additive strategy and provides many meaningful insights for
developing advanced electrolyte systems toward high-performance
practical lithium metal batteries.
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