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ABSTRACT

Li-O, batteries with high energy density hold significant promise as next-generation energy storage systems. However, Li-O,
batteries have poor cycling performance at high current densities and large capacities, primarily due to the high impedance
caused by the instability of the lithium anode and the sluggish kinetics in the discharge products decomposition on the cathode.
Herein, we investigated a bifunctional nitrile additive (2-methoxy benzonitrile (2-MBN)) with good chemical/electrochemical
stability to improve the performances of Li-O, batteries. The 2-MBN could actively modify the anode by ensuring uniform Li*
deposition and optimizing the composition of solid electrolyte interphase (SEl). Meanwhile, it could also facilitate the
decomposition of discharge products by inducing the formation of sheet-like Li,O,, significantly reducing the battery charge
overpotential. The bifunctional effects of 2-MBN for the anode and cathode enable Li-O, batteries to achieve a stable lifetime of
97 cycles at a current density of 600 mA-g™ with a fixed capacity of 2000 mAh-g™', much better than that of Li-O, batteries without

2-MBN (28 cycles). The inclusion of 2-MBN provides an effective approach for attaining high-performance Li-O, batteries.
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1 Introduction

Lithium-oxygen (Li-O,) batteries are renowned for their
impressive theoretical energy density of 3500 Wh'kg”, which
facilitates to overcome the inherent limitations of traditional
lithium-ion batteries (~ 350 Whkg") [1,2]. However, the
extensively researched nonaqueous Li-O, batteries have limited
cycling performance at high current densities and large capacities,
which severely restricts their application. The limitations could be
attributed to the crucial challenges encountered by anodes and
cathodes. The uneven concentration distribution and deposition
differences of Li* on the anode lead to the formation of internal
porous structures, triggering sustained parasitic reactions and
leading to a persistent loss of active lithium and electrolytes [3].
Consequently, it results in a significant increase in interfacial
impedance [4]. Meanwhile, the discharge product with low
conductivity, Li,O,, accumulates on the cathode, gradually causing
electrode passivation. Therefore, the difficulty in product
decomposition not only reduces energy conversion efficiency but
also generates by-products, thereby shortening the battery cycle
life [5].

To enhance the comprehensive performance of Li-O, batteries,

numerous strategies have been proposed. For the anode,
developing artificial or in-situ solid electrolyte interphase (SEI) can
inhibit parasitic reaction at the interface, and constructing three-
dimensional (3D) structural configurations for lithium anodes can
promote uniform deposition of lithium ions [6-8]. For the
cathode, optimizing compositions and structures can improve the
efficiency of oxygen chemical reaction, and adjusting electrolyte
composition can alter the reaction path of Li,O,, thereby
enhancing the reversible decomposition of Li,O, [9-13]. However,
it is noteworthy that most optimization strategies for anodes and
cathodes are implemented independently, which raises process
complexity and compatibility challenges. As the crucial bridge
between the cathode and anode, electrolyte plays a vital role in the
battery, in which the design of multifunctional additives is
emerging as a promising method. In Li-O, batteries, additives can
optimize the composition of SEI by beneficial priority
decomposition and serve as redox mediators or oxygen shuttles to
facilitate the reactive activity towards oxygen reduction
reaction/oxygen evolution reaction (ORR/OER) [14,15].
Nevertheless, the consumption of various additives during
chemical/electrochemical ~reactions, resulting in a rapid
degradation in their effectiveness, cannot be overlooked [16].
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In this work, we employed 2-methoxy benzonitrile (2-MBN) to
boost the performance of Li-O, batteries. The 2-MBN could
exhibit comprehensive stability as a bifunctional additive in Li-O,
batteries. Structurally, the cyano group of 2-MBN lacks unstable
a-H which is easy for nucleophilic attack by superoxide radical
anions, demonstrating unique stability in Li-O, batteries [17].
Moreover, the methoxy group in 2-MBN possesses the electronic
shielding effect, consequently reducing its reactivity with lithium
metal. In terms of regulation on the Li anode, the participation of
2-MBN decreases the Li* activation energy and improves Li*
migration, which promotes uniform Li* deposition [18,19].
During the battery cycle, the 2-MBN could also optimize the inner
components of the SEI by increasing the content of lithium
nitride. On the cathode, the 2-MBN effectively regulates the
formation of sheet-like Li,O,, which significantly facilitates the
discharge product decomposition during the charging process,
resulting in a high energy efficiency even at high current densities.
Thanks to the bifunctional effects of 2-MBN, Li-O, batteries
display 97 cycles at a current density of 600 mA-g" with a fixed
capacity of 2000 mAh-g™. Furthermore, when coupled with the Ru
decorated Super P (Ru/SP) catalyst, Li-O, batteries with 2-MBN
can normally run for 54 cycles at 2500 mA-g™ and 5000 mAh-g™.
As a result, the incorporation of 2-MBN into the electrolyte
increases the long-cycling stability of Li-O, batteries at high
current densities and large capacities.

2 Experimental

2.1 Materials

The following materials were obtained from Aladdin Reagent:
dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP),
potassium superoxide (KO,), 2-MBN, benzonitrile (BN), and
lithium  bis(trifluoromethanesulphonyl)imide ~ (LiTFSI). The
lithium chip was obtained from China Energy Lithium Industry
Co., Ltd. All the chemical materials were stored in the argon-filled
glove box. In addition, the carbon paper was purchased from
Phychemi Co., Ltd, and SP was obtained from HF-Kejing
Material Technology Co., Ltd. To prepare the electrolyte, lithium
salt was dried under vacuum at 120 °C using a Buchi vacuum
oven. All solvents were purified with a 4 A molecular sieve.

2.2 Battery assembly

To prepare the cathode of Li-O, batteries, the Super P or
ruthenium-based material was mixed with polyvinylidene fluoride
(PVDF) binder in NMP at a ratio of 9:1 and coated onto carbon
paper. The slurry-coated carbon paper was then dried at 70 °C
and stored in an Ar-filled glove box (< 0.1 ppm O, and H,O). The
mass loading of active material was 0.1 mg-cm™ in respective test.
A standard Li-O, coin cell was assembled with a cathode, a glass
fiber separator absorbing the DMSO or DMSO/2-MBN
electrolyte, and a lithium metal anode. The electrolyte used in the
experiment was prepared by dissolving 1 M LiTFSI in DMSO. For
comparison, 2-MBN was mixed with DMSO (1:49 v/v) to prepare
1 M LiTESI in DMSO/2-MBN. Fresh lithium chips were used to
confirm the stability of solvents with lithium metal. Meanwhile,
before battery cycling, all lithium chips were pre-treated with
fluoroethylene carbonate (FEC) to form an initial protection layer.
Lithium chips were immersed in FEC for 30 min, cleaned with a
lint-free wipe, and dried at room temperature.

2.3 Characterizations

Hitachi S4800 field emission scanning electron microscope
analyzer was used for scanning electron microscopy (SEM)
characterization to analyze the morphology of the cathode and
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anode. The X-ray photoelectron spectroscopy (XPS) data was
obtained using a vacuum chamber on the ThermoFisher XPS
Escalab. The Bruker Avance II 400 spectrometer was used to
conduct the nuclear magnetic resonance (NMR) test. A Bruker D8
focused powder X-ray diffractometer was used to perform power
X-ray diffraction (XRD) at 40 kV and 40 mA. The Beijing
Purkinje General, TU-1900 was used to measure the absorbance
spectrum of the ultraviolet-visible (UV-vis) spectrometer.

3 Results and discussion

Avoiding parasitic reactions between nitrile additives and lithium
metal is essential for achieving battery stability. The activity of
cyano group on 2-MBN is weaker than that of BN. Specifically, the
ortho-methoxy group on the benzene ring heightens electron
shielding effect on the cyano group, leading to a decrease in acidity
of 2-MBN. One-electron reduction reaction between nitrile and
lithium metal generates orange-red free radicals [20,21].
Therefore, the degree of the parasitic reaction between lithium
metal and solvents (DMSO, BN, and 2-MBN) can be visually
observed based on the color changes (Fig.S1 in the Electronic
Supplementary Material (ESM)). As depicted in Figs. 1(a) and
1(b), UV-vis tests were performed on the BN and 2-MBN
solutions before and after the reaction with lithium metal. There is
a characteristic absorption peak of the BN, associated with anionic
radicals related to electron transfer [22], indicating its instability
with lithium metal [23]. In contrast, a slight change in the
absorption peak of the 2-MBN indicates its low reactivity with
lithium metal. Furthermore, the BN was found to form numerous
by-products after a week, while the 2-MBN exhibits only a few by-
products presenting long-term stability with lithium metal (Fig. S2
in the ESM). To further investigate the corrosion degree of lithium
metal in different solvents, the microscopic surface morphology of
the lithium chips after soaking in three kinds of solvents was
observed by SEM (Figs. 1(c)-1(e)). The overall surface of the
lithium chip appears flat in DMSO and 2-MBN. Nevertheless, the
lithium chip in BN displays a rough and uneven morphology. All
the above tests support the high compatibility of 2-MBN with
lithium metal. Given that the reactive oxygen species (ROS) could
attack additives and cause rapid chemical degradation during
battery operation [24], NMR spectra were performed to verify the
2-MBN stability towards ROS (Fig. 1(f)). The characteristic peaks
of 2-MBN remained unchanged when mixed with different
oxygen species, reflecting its good stability [25]. Cyclic
voltammetry (CV) tests confirm the relative electrochemical
stability of both 2-MBN and DMSO electrolytes in the Ar
atmosphere (Fig.S3 in the ESM). In O, DMSO/2-MBN
electrolyte exhibits typical ORR/OER responses for lithium-
oxygen electrochemical reactions [26], rather than other
electrochemical parasitic reactions [27,28]. The above stability
tests all indicate favorable applicability of 2-MBN in Li-O,
batteries [17].

To investigate the regulation effect of 2-MBN on lithium metal
during cycling, Li/Li symmetric batteries with DMSO or DMSO/2-
MBN were tested at current densities of 0.1 and 0.3 mA-cm™ (Fig.
$4 in the ESM). As depicted in Fig.2(a), the Li/Li symmetric
battery demonstrates excellent long-term stability for over 380 h
with 2-MBN at a current density of 0.1 mA-cm™, while the battery
without 2-MBN shows significant voltage fluctuations after only
90 h, which might be attributed to the continuous accumulation of
unstable passivation layer on lithium metal caused by electrolyte
decomposition [29]. In addition, the overall impedance of the
battery with 2-MBN after 40 cycles is much lower than that of the
battery without 2-MBN (Fig. 2(b)). The significant increase in
battery impedance without 2-MBN might be mainly due to
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Figure1 UV-vis absorption spectra of the (a) BN and (b) 2-MBN solvents before and after reacting with lithium metal for 8 h (A: wavelength). SEM images of
lithium surface morphology after soaking in three solvents of (c) the DMSO, (d) BN, and (e) 2-MBN for 8 h. (f) 'H NMR spectra of the 2-MBN solvent with lithium

peroxide, superoxide anion, and singlet oxygen.

uneven stripping and deposition of Li* on lithium anode, which
damages the original surface protective layer and forms the
unstable passivation layer on lithium metal, as confirmed by SEM
[30]. Figure 2(c) shows an uneven mossy structure of lithium
metal surface after cycling in pristine DMSO electrolyte, while the
loosely packed porous structure could exacerbate the parasitic
reaction between lithium and electrolyte. In contrast, a more
uniform and dense surface morphology of lithium metal was
formed in DMSO/2-MBN (Fig. 2(d)). It is noteworthy that
introducing 2-MBN could alleviate the strong solvation effect of
DMSO that aggravates the uneven deposition of lithium ions on
the lithium surface [19,31]. XPS reveals that certain CN,
compounds from the contribution of cyano group are formed on
lithium metal surface in the presence of 2-MBN (Figs. 2(e) and
2(f)), and a moderate amount of CN, will not have an obvious
negative impact on the electrode interface ([32,33]. CN,
compounds decrease significantly after Ar ion sputtering, and the
inner SEI mainly contains lithium nitride, indicating that the
sustained reactions of CN, are further effectively suppressed by
high-quality SEI films (Figs. 2(g) and 2(h)). Li;N is a well-known
fast Li* conductor and exhibits excellent stability with lithium
metal, which promotes the transmission of Li* in SEL The SEI
component after sputtering indicates that the inclusion of 2-MBN
helps adjust the composition of passivation layer, and in

particular, 2-MBN could reduce organic lithium content and
increase lithium nitride content [33]. Meanwhile, the substantial
amount of lithium fluoride on lithium surface in both DMSO and
DMSO/2-MBN can be attributed to the initial protective layer and
lithium salt decomposition during battery cycling (Fig. S5 in the
ESM) [29]. Lithium fluoride is considered as an important
component of a high-quality SEI, and the presence of moderate
CN, polar group on the SEI surface might be beneficial for
breaking C-F bonds in lithium salts, leading to the further
formation of lithium fluoride [34-36]. When increasing the
current density to 0.3 mA-cm”, the symmetric battery with
DMSO/2-MBN still exhibits a lifespan twice as long as the battery
with DMSO, and the component adjustment of 2-MBN on
lithium metal surface is similar to that at 0.1 mA-cm™ (Figs. S6-S8
in the ESM). Based on the results of SEM, EIS, and XPS tests, 2-
MBN is beneficial for forming and maintaining a uniform and
dense SEI, effectively suppressing further parasitic reactions on the
lithium metal and decreasing the battery impedance. Therefore, 2-
MBN effectively improves the compatibility of DMSO-based
electrolytes with lithium metal electrodes.

The effect of 2-MBN in the decomposition of discharge
products on cathode has also been studied. As shown in Fig. 3(a),
XRD curve of discharged SP cathode displays typical Li,O, peaks,
without other obvious by-product peak, which confirms the
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Figure2 (a) Voltage profiles and (b) impedance spectra of Li/Li symmetric batteries with DMSO or DMSO/2-MBN at a current density of 0.1 mA-cm™ SEM images
of lithium after batteries cycling at 0.1 mA-cm™ with (c) DMSO and (d) DMSO/2-MBN. N 1s XPS spectra of lithium foil after battery cycling at 0.1 mA-cm with (e)
DMSO and (f) DMSO/2-MBN, and the corresponding spectra of lithium foil with (g) DMSO and (h) DMSO/2-MBN after Ar ion sputtering for 5 min.

stability of the cathode. It should be noted that the sheet-like
morphology of discharge products (Li,O,) is significantly different
from the bulk-like morphology of degradation by-products
(LiOH) [37, 38]. In addition, the morphology of sheet-like Li,O, is
similar to the reported amorphous Li,O, [11, 39], and the different
crystallinity, geometric shape, and size of discharge products have
a significant impact on the mass transfer rate [40, 41]. As depicted
in Figs. 3(b)-3(d), sheet-like Li,O, formed on the cathode after
discharge, which is different from typical solution-mediated Li,O,
in DMSO (Fig. S9 in the ESM). The sheet-like Li,O, favors the
rapid decomposition, resulting in low charge overpotential and
high-rate performance of Li-O, batteries [42]. To further
investigate the reversible decomposition of discharge product in
the battery, differential electrochemical mass spectrometry
(DEMS) analysis was conducted on the charging process of the
cathode which had discharged with a large limited capacity of
3000 mAh-g™ (Figs. 3(e) and 3(f)). For the cathode in DMSO-
based electrolyte, the voltage plateau quickly rises to nearly 4 V,
accompanied by a significant release of oxygen. At the end of
charging process, the charging plateau rises steeply with a decrease
in the amount of released O, and a notable increase in the release
of CO,. In contrast, the battery with DMSO/2-MBN maintains a
stable charging plateau below 3.9 V throughout the charging
process with a vigorous release of O, and less release of CO,.
Despite a slight increase in the charge potential under high-
capacity conditions, the battery with DMSO/2-MBN still
demonstrates superior OER performance [43]. The above results
indicate that 2-MBN regulates the formation of Li,O, during
discharging process, thereby effectively promoting decomposition
of product at low potential, which could improve the battery
cycling performance.

The promotion of Li* transport plays a crucial role in regulating

Tsinghua University Press

interfacial reactions. An appropriate amount of 2-MBN promotes
the migration of Li, resulting in higher Li* conductivity of the
electrolyte compared to DMSO electrolyte, which is also beneficial
for inhibiting the dendritic growth of Li (Fig.4(a)) [35]. The
activation energy of DMSO/2-MBN electrolyte is less than the
DMSO electrolyte (5.85 vs. 6.03 kJ-mol), suggesting the
improvement in the Li* migration kinetic (Fig. 4(b)). Meanwhile,
it can be seen that the ionic conductivities of the DMSO/2-MBN
are always higher than those of DMSO electrolyte at the same
temperature. Better Li* migration ability in DMSO/2-MBN
electrolytes is also supported by the increased lithium-ion transfer
number of 0.54, which is higher than the 0.49 of pristine DMSO
electrolytes (Fig.4(c) and Fig. S10 in the ESM). The Li* electron
cloud density is affected by the combined strength of anion and
solvent. High donor number (DN) solvents like DMSO
significantly affect the coordination of lithium ions, for the strong
solvation effect of DMSO on Li* results in relatively less free Li*
exposure [44]. In contrast, the competitive coordination of
solvents can promote the de-solvation of lithium ions [45]. The
inclusion of 2-MBN leads to a shift in the "Li peak to a lower field,
indicating weakened overall solvation effects (Fig.4(d)) [46].
During the discharging process on the cathode, the retention
capacity of the LiO, intermediate in the solvent directly affects the
discharge path [47]. The promotion of Li* migration also increases
the binding rate of Li*,, and O, on the cathode, facilitating the
dissociation equilibrium to shift towards the formation of LiO,),
which will promote the transition in Li,O, morphology [39, 48].
Therefore, Li-O, batteries with DMSO/2-MBN  have
comprehensive advantages in balancing Li* deposition to inhibit
lithium dendrites on the anode and improve the decomposition
kinetics of cathodic discharge products (Fig. 4(e)).
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Figure3 (a) XRD patterns of Super P cathode in Li-O, batteries with DMSO/2-MBN in a limited capacity of 1000 mAh-g" and the corresponding SEM images (b)
before discharge, (c) after discharge, and (d) subsequent recharge. DEMS analysis of Li-O, batteries with (¢) DMSO and (f) DMSO/2-MBN.

The comprehensive effect of 2-MBN on the electrode interfaces
can be reflected in the cycling performance of Li-O, batteries.
Firstly, Super P cathodes were used to compare the impact of
intrinsic electrolyte differences on battery performance. The
battery with DMSO/2-MBN exhibits a remarkable cycle life of
160 cycles at a current density of 300 mA-g™ with a fixed capacity
of 1000 mAh-g”, while the battery with DMSO only presents a
cycle lifetime of 77 cycles (Fig.5(a) and Fig.S11 in the ESM).
Moreover, even at a higher current density of 600 mA-g* and a
higher capacity limitation of 2000 mAh-g”, the battery with
DMSO/2-MBN can still run stably for 97 cycles, which is much
more than 28 cycles of the battery with DMSO (Figs. 5(b) and
5(c)). Figure 5(d) shows the comparison of charge and discharge
curves for the first cycle of batteries with/without 2-MBN at
different current densities, demonstrating the favorable
performance of batteries with DMSO/2-MBN. Additionally, the
full discharge-charge test reveals that the charge potential of a
battery with DMSO/2-MBN remains much lower than that of a
battery without 2-MBN (Fig. 5(e)). Since suitable cathode catalyst
can further optimize the battery cycling performance at high
current density and large capacity, Ru/SP cathode was then
coupled with DMSO/2-MBN electrolyte [49-51]. It is clear that
even at a much higher current density of 2500 mA-g” and a cut-
off capacity of 5000 mAh-g”, the battery with DMSO/2-MBN can
still run for 54 cycles, 2 times higher than that of the battery
without 2-MBN (Fig. 5(f) and Fig. S12 in the ESM). The above

tests indicate that 2-MBN exactly plays a positive role in boosting
the battery lifetime and can satisfy the fast charge transfer kinetics
requirement for cycling Li-O, batteries at high rates and large
capacities.

4 Conclusions

In conclusion, a bifunctional nitrile additive (2-MBN) has been
researched to enhance the performance of Li-O, batteries. The 2-
MBN exhibits high stability towards reactive oxygen species and
lithium metal. Specifically, the 2-MBN improves the migration
ability of Li*, thereby facilitating the uniform deposition of Li* on
the lithium metal surface. Meanwhile, it optimizes the
composition of inner SEI by increasing the content of Li;N. On
the other hand, the 2-MBN regulates the formation and promotes
effective decomposition of Li,O, on the cathode, which
significantly reduces the battery charging overpotential. The
comprehensive effects of 2-MBN prolong the cycling performance
of Li-O, batteries at high current densities and large capacities.
The 2-MBN possesses high application potential and could
cooperate with other optimized approaches to promote further
exploration in Li-O, batteries.
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Li-O, batteries with different electrolytes under different conditions. (e) The full discharge/charge curves of Li-O, batteries with different electrolytes. (f) Li-O, batteries

with Ru/SP and DMSO/2-MBN in a capacity limitation of 5000 mAh-g™ at a current density of 2500 mA-g™.
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