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A B S T R A C T   

To overcome the limitations of lithium-ion batteries, Li metal–O2 breathing batteries (LMOBs) have been 
extensively investigated because of the exceptional energy density provided by the O2 cathode and Li metal 
anode. However, the dendrite growth and consequent surface degradation on the Li metal anode are significant 
issues prohibiting the safe and long-term cell operation. In this study, vinylpyrrolidone (VP) was homogeneously 
introduced into the electrolyte of LMOBs to flatten the Li metal anode and eliminate the dendrite growth and to 
activate a cathodic reaction with reduced overpotential. A smooth surface morphology and high-quality solid- 
electrolyte interface layer were achieved on the Li metal anode owing to dipolar VP molecules. We also verified 
the catalytic effect of VP molecules on the O2 cathode reaction. Finding a homogeneous and dual-function 
electrolyte additive to stabilize the Li metal anode and activate the Li-O2 cathode reaction is a new strategy 
to develop tailored LMOBs.   

1. Introduction 

Because of the widespread use of smart wireless devices and electric 
vehicles, the demand for batteries as standalone electric power supplies 
and energy storage devices has extensively increased [1,2]. The Li-ion 
batteries used for commercial energy storage must surpass their theo
retical energy density limitation to satisfy the needs of the growing 
battery market [3]. Efforts have been devoted to explore alternative 
cathode and anode components to enable a high capacity and corre
sponding energy density [4–6]. A Li metal anode can offer a consider
ably higher theoretical specific capacity than a conventional graphite 
anode (graphite: 370 mAh g− 1; Li metal: 3800 mAh g− 1) and the lowest 
reduction potential (-3.040 V vs the standard hydrogen electrode), 
which have attracted significant attention [7,8]. Despite the energy 
merit of Li metal anodes, issues have hindered their application as po
tential alternatives for commercialized graphite anodes. First, Li metal 
anodes induce unwanted side reactions with electrolytes because of 
their high reactivity, which originates from a low 1st ionization energy 
(520 kJ mol− 1). In addition, inhomogeneous morphological deposition 

(dendrite growth) easily occurs on the Li metal anode surface during 
repeated cell operation, resulting in a sudden electrical short and un
avoidable safety concerns [9,10]. Because dendrite growth is fatal, 
especially at a high charge current density, it is necessary to address the 
paradoxical demand to develop a fast-charging battery system for large- 
capacity smart devices and electric vehicles. In this regard, relevant 
studies have demonstrated various methods to eliminate the issues by (i) 
introducing conductive support, such as a three-dimensional interlayer 
structure, (ii) uniformly distributing an electric flux on a current col
lector, (iii) adding functional additives, or (iv) coating the lithium anode 
surface forming protection layer [11–21]. 

To construct a cell with a Li metal anode as a counter electrode, Li- 
less and transition metal (M)-less cathode materials, such as oxygen 
(O2), carbon dioxide (CO2), or sulfur (S) cathodes, have been considered 
because of their exceptionally high energy densities (Li-O2: ~3500 Wh 
kg− 1; Li-CO2: ~1876 Wh kg-1Li-S: ~2600 Wh kg− 1) compared to that of 
lithium-ion batteries [22–24]. As an ideal combination with Li metal 
anodes to achieve a high energy density, Li-O2 batteries have shown 
attractive characteristics because (i) their cathode sources use abundant 
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and lightweight O2 instead of a heavy metal component; (ii) they pro
duce multi-electron reactions (more than 2) corresponding to a high 
capacity; (iii) there is an infinite O2 supply from the atmosphere; (iv) 
they have a high operating redox voltage of 2.98 V [24,25]. The 
reversible formation and decomposition reactions of lithium oxides 
(xLi+ + O2 (gas) + xe- ↔ LixO2 (solid), where x = 1 or 2, Eo = 2.96 V vs 
Li/Li+) occur on the oxygen electrode surface during the discharge and 
charge operations [26]. However, Li-O2 cells have large overpotential 
and poor reversibility, which originate from the difficult decomposition 
of the solid LixO2 insulating phase during charging. Therefore, the 
introduction of oxygen evolution reaction (OER) and oxygen reduction 
reaction (ORR) catalysts is required [25,27–29]. While the performance 
of Li-O2 cells can be improved by decorating the electrode with a solid 
catalyst (e.g., Pt, Pd, or Au), it is eventually deactivated by the accu
mulation of LixO2 products as the cycle progresses [30–32]. Therefore, 
soluble and accessible catalysts called redox mediators (RMs) have been 
directly introduced into the electrolyte as an alternative catalyzing 
strategy, regardless of the limiting catalyst deactivation. These RMs are 
oxidized by the charge instead of the discharge products. Thereafter, the 
RMs chemically oxidize and decompose the LixO2 products via a sub
sequent reduction and restoration to the original state. Possible RM 
candidates, such as Li iodide, Li bromide, metal phthalocyanines, heme, 
and polyoxometalates have been studied to enhance the Li-O2 cell per
formance [33–37]. From state-of-the-art research, porphyrin structured 
molecules are also noted as RMs directly interacting with superoxide 
species [38,39]. However, the RMs diffused to Li anodes tended to 
irreversibly degrade the Li metal anodes as an unexpected side reaction 
[40,41]. Therefore, a suitable electrolyte additive, such as an RM, should 
satisfy the strict requirements for high-performance batteries, and the 
development of a dual-function additive that both stabilizes the Li metal 
anode and activates the cathode reaction is ultimately needed. 

In this study, we introduced dipolar vinylpyrrolidone (VP) as a novel 
electrolyte additive that simultaneously functioned as a Li anode surface 
leveler and soluble cathode catalyst for high-performance Li metal–O2 
breathing batteries (LMOBs). Li+ ion deposition in the battery system 
occurs via an electroplating process wherein the metal is reduced by an 
electromotive force at the electrochemical double layer. We employed 
this electroplating additive technique and evaluated VP-based surface 
leveler candidates for electroplating. Leveler additives possessing a 
permanent dipole moment are typically known to effectively prevent 
inhomogeneous dendrite growth on the electrode surface during elec
troplating by sticking on localized high current spots and subsequently 
slowing down the over-plating [42–44]. Through calculations using the 

GaussView 6 program, we confirmed the dipole moment and polariz
ability of the VP molecule, which showed its ability to level the surface 
of the Li metal anode. Significantly, it was also effective at facilitating 
the decomposition of LixO2 products because the oxygen in the VP could 
selectively attract Li+ ions, which have a positive charge in Li2O2 
(Fig. 1), demonstrating the bi-functional property of the VP additive for 
electrochemical reactions on both the anode and cathode. We investi
gated the surface leveling effects of the VP additive in Li-Li symmetric 
cells using electrochemical tests and ex-situ characterizations. We used 
density functional theory (DFT) calculations to determine the binding 
energy of Li and VP to analyze the effect of VP on dendrite suppression 
and surface reconstruction. Furthermore, Li-O2 cells with the VP addi
tive were evaluated to confirm the catalytic effects for the OER. 
Considering the dipolar properties of electroplating additives, our 
research strategy could provide fresh insights and inspiration regarding 
the versatile utilization of classical electroplating techniques to realize 
next-generation Li metal batteries or LMOBs. 

2. Result and discussion 

2.1. Li-Li symmetric cells employing VP additive 

The electron localization on defect or nodule spots, especially for a 
highly applied current reaction, such as fast charging, unexpectedly 
induces non-homogeneous Li nucleation and consequent dendrite 
growth, resulting in reaction instability and a short in the cell [45]. A 
localized electron distribution originating from a partially coordinated 
oxygen and vinyl group in a pentagonal pyrrolidone structure produces 
a dipole moment (3.54 D), allowing facile adsorption on the charged Li 
metal anode (Fig. 1). Further, the substantial polarizability value (58.2 
A.U.) of the VP molecules corresponding to the charge localization 
ability accelerates the surface interaction on the charged electrode. In 
this regard, the homogeneous nucleation and uniform growth of Li can 
be achieved by introducing the VP molecule as an electroplating surface 
leveler in the electrolyte. To verify the surface leveling effect of VP on a 
Li metal anode, electrochemical tests were conducted using Li-Li sym
metric cells with the VP additive in the electrolyte (Fig. 2). Such a Li-Li 
symmetric cell system has been considered to demonstrate the electro
chemical performances of Li metal electrodes in most studies because it 
represents the Li stripping/plating mechanism in Li metal batteries. 
Since VP is a monomer that forms PVP in the form of a polymer, the 
optimal length of the VP additive is evaluated through cell test. As a 
result, only the VP monomer showed improved cycle performance 

Fig. 1. Schematic illustration of the VP molecule as a dual-functional electrolyte additive affecting both the anode and cathode in a LMOB system.  
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compared to the cell without additive (Fig. S1). By simply introducing 
the VP molecule in the Li-Li symmetric cell, we achieved a significantly 
improved cycling performance with a reduced and stabilized over
potential over 300 h compared to that of a pristine cell (Fig. 2a). The 
charging voltage of a Li-Li symmetric cell without VP substantially 
increased after 100 cycles (Fig. 2b). In contrast, the cell that contained 
VP stably maintained a low voltage value even after 150 cycles. Both the 
overpotential in the voltage profile and average charge voltage value for 
cycling were significantly reduced in the case of the VP-containing cells, 
indicating the stabilizing effect of VP for Li metal anodes during 
repeated cycling. The voltage increase at the end of cycling is associated 
with dendrite growth because the insulating solid-electrolyte interface 

(SEI) layers surrounding dead Li particles detached from the Li dendrite 
substantially accumulated on the anode surface. In previous studies, Li- 
Li symmetric cells failed as a result of dendrite growth as the number of 
cycles increased [45,46]. The dendrite form and voltage profile differed 
depending on the current density and state of the cell. In this study, a 
moss-like dendrite was formed. Therefore, the electrolyte was consumed 
because of a continuous increase in dead Li, which caused a rapid in
crease in the overpotential. When the cells without VP were dis
assembled, the electrodes and separator were dry, with the entire 
amount of electrolyte consumed, unlike the cells with VP. This result 
was consistent with the failure mechanism observed in previous studies. 

Therefore, a stable voltage profile for the VP-containing cell implied 

Fig. 2. Li-Li symmetric cell tests in VP containing electrolyte Cell performance tests of the Li metal electrodes with plating capacity of 1 mAh cm− 2 at a low current 
density of 1 mA cm− 2 depicted as (a) charge/discharge curve and (b) average charge voltage and at a high current density of 10 mA cm− 2 depicted as (c) charge/ 
discharge curve and (d) average charge voltage. (e) Charge transfer resistance from Nyquist plot of both cells using the pristine electrolyte and electrolyte with VP at 
different cycle number and (f) ohmic resistances from the magnified Nyquist plots. 
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that the dendrite growth was effectively suppressed by the surface 
leveling effects of the VP additive in the electrolyte [47,48]. Because 
dendrite growth is more severe at a high current density [49], Li-Li 
symmetric cell failed more quickly due to the fast rate of Li deposition 
causing non-uniform surface and dendrite growth. (Fig. S2) We per
formed Li-Li symmetric cell tests at a 10-fold higher current density of 
10 mA cm− 2 to confirm that VP also can level the surface of the anode 
even at high current density (Fig. 2c and d). At the high current density, 
the driving force for Li+ ion deposition becomes high, which rendered it 
relatively more vulnerable to dendrite growth. VP-containing cell 
showed considerably more stabilizing effects at a high current density, 
compared to the pristine cell without VP. Even though the Li-Li sym
metric cell without VP showed a substantial overpotential increase after 
approximately 100 h, the cell containing electrolyte with VP showed a 
constant average charge voltage even after 200 h (Fig. 2c). The voltage 
profiles of the Li-Li symmetric cells showed that the VP effectively 
suppressed the dendrite growth on the Li metal anode. At 1 mA cm− 2, 
the cyclability improved by approximately 1.5 times when the VP was 
added, but at 10 mA cm− 2, the cyclability increased more than two 
times, and a relatively stable overpotential was observed. The charging 
voltage of the Li-Li symmetric cell without VP showed an increase at the 
start of the cycle test (Fig. 2d). In contrast, the cell containing VP showed 
a stable voltage profile without a voltage increase for up to 1200 cycles. 
This result verified that the VP effectively inhibited the dendrite growth 
and prevented cell degradation even under high current density 
conditions. 

Although the VP additive effectively stabilized the Li anode through 
the leveling effect and reduced the cell overpotential, the VP molecules 
could interrupt the Li-ion transfer via surface adsorption on the elec
trochemical interface between the electrolyte and Li metal anode and 
consequently hinder the charge transfer reaction. VP has negatively 
charged functional groups (oxygen and vinyl groups), with a permanent 
dipole moment in the molecular structure (Fig. 1). Electrochemical 
impedance spectroscopy (EIS) profiles were obtained at different cycles 
to elucidate the degree of charge transfer hindrance by the VP molecules 
(Fig. 2e and f). The Nyquist plot at low frequencies is associated with the 
charge transfer resistance at the Li-anode/electrolyte interface 
(Fig. S3a). Prior to the cell operation, the pristine cell without VP 
showed a relatively lower charge transfer resistance (~280 Ω) compared 
to the VP-containing cell (~430 Ω) because of the surface adsorption of 
VP on the electrode. During cycling, the charge transfer resistance first 
decreased and then increased continuously after the 20th cycle for 
pristine cells. In contrast, the charge transfer resistance of the VP- 
containing cell did not increase after the 20th cycle. After the 50th 
cycle, the VP-containing cell exhibited an even lower charge transfer 
resistance with a difference of approximately 50 Ω compared to that of 
the pristine cell without VP. To examine the ohmic resistance of the cell, 
we present the left x-intercept of the Nyquist plot, which is associated 
with the ohmic resistance of the Li-Li symmetric cell (Fig. 2f). The ohmic 
resistance includes the values for the electrolyte, separator, and elec
trodes, which are significantly related to the state of cell [50,51]. 
Although the ohmic resistance increased for the pristine cell during 
cycling, a cell containing the electrolyte with VP showed an approxi
mately constant resistance even after 50 cycles. According to the 
equivalent circuit model (Fig. S3b), the ohmic resistance is due to 
dendrite growth during Li stripping /deposition. In the absence of VP, 
the growth of dendrite results in increased ohmic resistance after cycles. 
In addition, the charge transfer resistance, which gradually increased 
over the cycle, was caused by contact resistance from dead Li which 
were detached from Li metal surface during the stripping process of 
grown dendrite. 

2.2. Morphological surface leveling effect of the VP additive 

To investigate the morphological evolution of the lithium anode 
surface for the cell reaction, we obtained SEM images after 1000 cycles 

of the charge/discharge test (Fig. 3a–f). The Li metal anode operated in 
the electrolyte without VP had a dark, rough appearance after dis
assembling the coin-type cell (Fig. 3g). A vertical image (Fig. 3c) showed 
that the entire surface was full of dendrite structures and covered with 
bumpy passivate layers. In contrast, the Li metal anode operated with VP 
in the electrolyte showed a flat surface with high optical reflectivity 
even after 1000 cycles (Fig. 3h). The surface morphology of the Li anode 
cycled with the VP additive showed no significant curvature on the 
surface except negligible and unavoidable passivation at the center. The 
result regarding the apparent morphological difference verified the 
surface leveling effects of the VP additive during repeated Li deposition/ 
stripping processes. Cross-sectional observations of the cycled Li anode 
confirmed a smooth feature along the vertical direction of the anode, 
unlike the pristine one (Fig. 3f). The passivation layer located at the 
center of the electrode was estimated to be a lithium hydroxide layer, 
which was formed through the electrolyte (tetraethylene glycol 
dimethyl ether, TEGDME) decomposition [52]. To evaluate the rough
ness and surface structure more precisely, we also obtained atomic force 
microscopy (AFM) images in a glove box. Similar to the SEM images, the 
surface roughness was much higher in the absence of the VP additive 
than in the case with the VP additive (Fig. 3i and j) (roughness: 123.68 
nm). We could also observe a relatively flat, single structured surface in 
the presence of the VP additive (roughness: 38.99 nm). These observa
tions confirmed that in the presence of the additive, the dendrite growth 
was strongly inhibited, and the Li metal anode was safe even after 1000 
cycles. 

2.3. DFT calculation of Li metal surface reaction employing the VP 
additive 

We used DFT calculations to evaluate how the VP additive helped 
suppress the Li dendrite formation in terms of the binding energy and 
changes in the bond length with the presence of VP. We first calculated 
the binding energy of the Li and VP additive on the Li metal anode. As 
shown in Fig. 3k, we considered terrace, convex, and concave binding 
sites as the morphology of the surface. Although Li had a positive 
binding energy value, VP had negative binding energy regardless of the 
binding sites, which meant the VP was considerably more easily 
adsorbed on the Li metal than the Li and preferentially covered all the 
high energy sites (e.g., defects and steps). In other words, during the Li 
deposition, the VP was effectively adsorbed on a nodule or defect site, 
causing the leveling effect. 

Furthermore, we compared the bond length changes between the Li 
on the surface and the adsorbate Li next to the VP in each binding site in 
relation to the presence or absence of the VP molecule (Fig. 3l). In the 
presence of the VP additive, the Li-Li bond length was elongated to 
approximately 0.08–0.26 Å from the surface. The VP pulled the bonded 
Li on the surface to further facilitate Li deposition and weakened the 
binding of surface Li-Li, causing Li diffusion on the surface. Through this 
Li diffusion, the VP additive facilitated surface reconstruction, leading to 
flat plating on the surface. These DFT calculation results were identical 
to our postulation that the VP could act as a leveler not only during the 
electrodeposition but also in the Li-O2 battery system. 

2.4. Structural growth characteristics and SEI components 

To further examine how the crystalline feature of the Li metal anode 
was affected by the VP additive, Fig. 4a shows X-ray diffraction (XRD) 
results for the Li metal electrode collected after the 10th charge cycle 
with and without VP additive. There were two main peaks at 36.2◦ and 
52.2◦ in the XRD pattern of the pristine Li metal sample, which corre
sponded to the (110) and (200) planes of the cubic Li phase (ICDD no. 
01–071-5949), respectively. However, a difference in the relative peak 
intensities was observed between the Li metals cycled with and without 
the VP additive after 10 cycles. The (200) peak of the Li metal collected 
from the cell without VP became stronger than the (110) peak. In 
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addition, a LiOH peak was also observed, resulting from electrolyte 
decomposition, as already shown in previous studies [53]. However, 
XRD result of the cell with VP additive shows the high relative ratio of 
the (110) peak compared to the (200) peak, with a smaller LiOH peak, 
indicating that the pristine Li metal structure was successfully preserved 
by the VP leveler during the Li stripping/plating. The reversible Li 

deposition and dissolution occurred without unwanted growth in a 
specific direction, thereby preventing the dendritic growth of Li during 
cycling. Fig. 4a also shows that the VP not only worked as a leveling 
agent but also prevented the electrolyte decomposition and consequent 
formation of side products, such as LiOH. To confirm the effect of VP on 
the crystalline characteristics during stripping and plating of Li-metal, 

Fig. 3. Ex-situ surface morphology characterization of Li-Li symmetric cell at a current density of 10 mA cm¡2. SEM images of the Li metal anode after 1000 
cycles of the Li-Li symmetric cell at a current density of 10 mA cm− 2 in the electrolyte without VP: (a) top (edge) (b) top (center) (c) cross-section and electrolyte with 
VP: (d) top (edge) (e) top (center) (f) cross-section. Digital pictures of the Li anodes from the disassembled Li-Li symmetric cells: (g) without and (h) with VP additive. 
AFM images of the Li metal electrodes after 1000 cycles of the Li-Li symmetric cell at a current density of 10 mA cm− 2: (i) without VP and (j) with VP. DFT calculation 
results for the (k)Li metal anode binding energies of Li and VP on the Li-anode surface with different binding sites: terrace, convex, and concave. (l) Bond length 
comparison between surface Li and adsorbate Li with and without the VP additive. 
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we also acquired XRD patterns of the Li metal anode with the VP ad
ditive after the 1st discharge (stripping) and charge (plating) (Fig. 4b). 
Significantly, the (200) peak intensity decreased, and the (211) peak 
intensity increased after the 1st stripping, and both peaks were marginal 
after plating. The (110) and (200) planes were actively stripped, and 
the (110) plane was preferred during plating in the electrolyte with VP. 
Previous thermodynamic studies demonstrated the rapid nucleation rate 
of the (110) plane [54]. In addition, the (110) plane exhibited a rela
tively higher exchange current density than the (200) plane [55]. 
Lithium was deposited on the (110) plane to create a relatively more 
homogeneous surface. This also aided in the uniform deposition and 
stripping of Li with uniform surface energy, which led to a long-term 
stable Li metal anode. The XRD results corresponded to the SEM mor
phologies and Li-Li symmetric cell voltage profiles. These results were 
consistent with previous experimental results that the texturing of the 
(110) plane due to VP contributed to an increase in the homogeneity of 
the lithium growth [54]. For further verification of the effect of VP ad
ditive, ex-situ XRD peaks of Li-anode after discharge of the 50th cycle 
were compared in presence of VP additive (Fig. S4). After the 50th cycle, 
Li-anode collected from the cell without VP additive showed decreased 
crystallinity while Li-anode collected from the cell with VP additive 
showed even more enhanced crystallinity. The VP additive can stabilize 
and maintain the Li metal during repeated Li stripping and plating as a 
result of homogeneous Li deposition and diffusion, consistent with DFT 
calculation results (Fig. 3). 

To verify the chemical and crystalline status of the SEI layers on the 
electrode surface, we performed X-ray photoelectron spectroscopy (XPS) 
measurements of the electrodes after electroplating and recorded the C 
1 s, O 1 s, Li 1 s, and N 1 s spectra (Fig. 4c–f). C–O, C–H, and CO3

2– 

peaks which were related to the SEI layers were found on the surface of 
the Li electrode. An additional CH3L peak appeared at 282.4 eV because 
of the formation of residual side products during electrolyte decompo
sition. A peak at 289.5 eV related to CO3

2– became considerably stronger 
and broader in the presence of the VP additive, indicating the dominant 
existence of lithium carbonate products in the SEI layer species. In the O 
1 s spectrum, two main peaks were observed, which corresponded to 
lithium peroxide and lithium oxide. The Li2CO3 and C––O peaks related 
to carbonate species in the SEI layer were prominent when the VP ad
ditive was used, which was consistent with the XPS results for C 1 s. This 
result implied that oxide-dominant SEI layers were formed in the 
absence of VP, whereas carbonate-dominant SEI layers were formed in 
the presence of VP in the electrolyte. By adsorbing on the lithium sur
face, VP prevented the formation of LiOH side products and accelerated 
the formation of the carbonate-dominant SEI layer instead of the oxide. 
An organic carbonate-dominant SEI layer is known to be a stable and 
flexible passivation layer that prevents side reactions with an electrolyte 
during cycling. In contrast, an inorganic oxide-dominant SEI layer is 
relatively stiff and prone to a huge volume change in Li. In the Li 1 s 
spectrum, a peak for Li2CO3 (55 eV) was also found on both electrodes 
with and without VP. However, peaks related to Li2O (53.5 eV) and 

Fig. 4. Ex-situ measurements on Li anode. Ex-situ X-ray diffraction peaks of Li anode obtained from (a) pristine, 10th charged in the electrolyte with and without 
VP and (b) 1st discharged and charged in the electrolyte with VP additive. Ex-situ X-ray photoelectron spectra obtained from charged Li anodes in electrolyte with 
and without VP in (c) C 1 s (d) O 1 s (e) Li 1 s (f) N 1 s. 
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LiOH (55.2 eV) were mainly observed in the absence of the VP additive, 
and a LiF peak (56 eV) indicated a fluoride-based carbonate SEI layer in 
the presence of VP, demonstrating that the VP additive facilitated the 
formation of a stable and high-quality SEI layer on the Li metal surface, 
in addition to the expected function of the VP molecule as a surface 
leveler. The LiF species in the SEI layer formed a lithium protection layer 
with a low Li diffusion barrier energy, as revealed in other studies 
[56,57]. In addition, a LiF-based film has strong mechanical properties 
and substantial electron barrier ability [58]. In the N 1 s spectrum, the 
Li3N peak at 398 eV was noticeable for both electrodes. Even in the 
solution without VP, bis (trifluoromethane) sulfonimide lithium salt 
(LiTFSI) was ionized, and N- was exposed. Therefore, produced N, Li, 
and decomposed electrolyte products, lead to increases in the peak in
tensities of the LiNxOy (396.6 eV) and N–C bonds (395.7 eV). In 

contrast, in the case of a solution containing VP, the VP effectively 
prevented electrolyte decomposition, and the LiNxOy and N–C peaks 
disappeared. Increased Li3N peak intensity was observed, indicating a 
relatively high ion conductivity and the effective inhibition of dendrite 
lithium formation. The quaternary N peak was also observed at 400.7 
eV, which originated from the VP additive [59,60]. Quaternary nitrogen 
is known to play a role of leveling agents [61,62]. Therefore, the above 
XPS results demonstrated that the LiF-containing carbonate-based SEI 
layer that was flexible and advantageous for Li diffusion, not an oxide- 
based SEI layer, which would easily rupture as a result of a large vol
ume change during a Li deposition/stripping process. 

We confirmed that the VP additive effectively offered diverse bene
fits against the cycling issues with Li metal anodes, including (i) main
taining a flat surface morphology without dendritic growth, (ii) 

Fig. 5. Electrochemical performance test of Li-O2 full cell. (a) Cyclic voltammetry curves at a scan rate of 0.1 mV s− 1 after O2 purged. (b) Overpotential of Li-O2 cells 
obtained by a galvanostatic intermittent titration test (GITT). (c) – (f) Cycle tests performed under a specific capacity limit of 600 mAh gcarbon

-1 in a voltage window 
between 4.5 and 2.3 V at a current density of 100 mA gcarbon

-1 . 
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conserving the crystalline orientation of the original Li metal phase 
indicated with high intensity (110) peak after cycling, and (iii) forming 
a high-quality and durable SEI layer film comprising fluoride-based 
carbonate species. This leads to the successful protection of the Li 
metal anode and improved safety of the overall cell, even at a high 
current density, which can cause dendrite growth. 

2.5. OER catalytic effect on oxygen cathodes 

The VP additive dissolved in the electrolyte is close not only to the Li 
metal anode but also to the oxygen cathode part in a Li-O2 cell. There
fore, to investigate the effects of the VP additive on the Li-O2 reaction on 
the oxygen electrode, we conducted Li-O2 cell tests employing the VP- 
containing electrolyte. Fig. 6 shows the electrochemical results for the 
cells. No significant reaction features were observed in the cyclic vol
tammetry (CV) curve under an inert (Ar purging) atmosphere (Fig. S5). 
However, after purging O2, dominant peaks appeared in both the 
cathodic and anodic regions. The CV results for the Li-O2 cells with the 
VP additive under the O2 purging are shown in Fig. 5a. Typical CV peaks 
were observed in both the cathodic and anodic regions near 2.4 and 3.3 
V, respectively. These peaks are associated with the typical formation 
and decomposition of Li2O2 products for discharging and charging (2Li+

+ O2 + 2e- ↔ Li2O2) [63]. While no additional peaks appeared for the 
electrolyte without VP, an additional peak was observed at 4.0 V after 
the addition of the VP additive. This additional anodic peak was 
attributed to a more effective OER owing to the VP additive. This result 
demonstrated that the VP worked not only as a stabilizing agent on the 
Li metal anode but also as a soluble electrolyte catalyst on the oxygen 
cathode. For Li-O2 cells, the discharge product also inhibits charge 
transfer and causes a large overpotential for the OER because of its low 
conductivity [64]. To measure the degree of overpotential for the OER, 
we present galvanostatic intermittent titration test (GITT) curves ob
tained during the 10th charge cycle (Fig. 5b). Although the over
potential degrees (ΔV = 0.8 V) at the mid-point were similar during the 
charging process, the cell containing VP exhibited a significantly lower 
charge voltage for the GITT testing time of 60 h than the cell without VP. 
At the end of charging, the overpotential degree in the VP-containing Li- 
O2 cell was lower than that of the cell without VP. This result indicated 
that internal deterioration occurred during overcharging without the VP 
additive in the Li-O2 cell. Although the electrolyte was vulnerable to 
decomposition as a result of the high voltage during overcharging, the 
VP could effectively suppress the decomposition of the electrolyte, 
thereby maintaining a stable charge overpotential. We evaluated the 

charge–discharge cycle test to further verify the beneficial effect of the 
VP additive (Fig. 5c–f). Fig. 5c presents the first charge/discharge pro
files of MWCNT electrodes collected between 4.5 and 2.3 V at a current 
density of 100 mA g− 1 in the LiTFSI + TEGDME electrolyte with and 
without VP. We observed a significantly lower voltage profile for the cell 
with the VP additive in the charging region, compared to that of the 
pristine Li-O2 cell. This result corresponded to the CV result related to 
the anodic peak intensity increase, which indicated the catalytic effect of 
VP on the OER process. The lower charge potential correlated with the 
facile decomposition of discharge products promoted by the VP additive. 
We also show the cycle stability of the cells with and without VP 
(Fig. 5d). Consistent with the previous results, VP effectively worked as 
an OER catalyst in the electrolyte. In the case of the electrolyte without 
VP, the discharge capacity abruptly started to degrade after the 25th 
cycle, and cell operation ended after the 32nd cycle. Otherwise, Li-O2 
cell with VP maintained stable capacity without any degradation and 
started to decrease after the 50 cycles, indicating VP can also effectively 
work as stabilizer in Li-O2 full cell. In addition, the terminal charge 
voltage rapidly reached the top of the voltage window of 4.5 V after the 
10th cycle (Fig. 5e). In contrast, a cell with the VP additive exhibited a 
stable cycling performance with a consistent capacity value of 600 mAh 
gcarbon

-1 . While a gradual decrease in the overpotential in the charge 
profiles for cycling was observed in the pristine cell as the cycle was 
repeated, a cell with the VP additive exhibited stable discharge voltage 
curves for repeated cycles (Fig. 5f). The electrochemical performances of 
the Li-O2 cell in the presence/absence of the VP additive verified that the 
VP provided dual functions as both a soluble catalyst for Li-O2 cells and 
surface stabilizing leveler for the Li metal anode. We reconfirmed the 
surface morphologies of the MWCNT electrodes at different electro
chemical states (Fig. S6). After discharge, the discharge products were 
precipitated and clogged the surface of the electrode. The products were 
reversibly decomposed after the following charge process. There were 
no XRD peaks for the lithium oxide species or any other products for the 
discharged and charged electrodes, which showed that the products 
were formed as an amorphous phase rather than a crystalline structure 
(Fig. S7). The ex-situ characterization of the discharge products showed 
that the VP additive did not affect the formation of discharge products. 

Fig. 6 schematically shows the roles of VP in both the anode and 
cathode. During lithium plating, electrons gather at the anode, and these 
electrons are concentrated in the protruding portion. Without VP, 
positively charged Li+ ions gather in the protruding part with a high 
charge density and inhomogeneous distribution, causing dendrite 
growth. In addition, the oxide-based SEI layer easily cracks as a result of 

Fig. 6. Schematic illustration of dual-function mechanisms of the VP electrolyte additive on the anode and cathode of LMOBs.  
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the volume change in the Li, which leads to additional dendrite growth 
and dead Li accumulation. However, with VP, the LiF-containing car
bonate-based SEI layer helps Li+ ions diffuse and form a flexible and 
stable protective film. Because VP has a charge distribution in the 
molecule, the positively charged portion of VP is competitively collected 
in the protruding part of the Li anode, which prevents the reduction of 
Li+ ions. During this deposition process, a (110) dominated surface 
forms a relatively uniform and excellent Li film. As a result, Li+ ions are 
platinized in the part where the VP is not concentrated, and leveling 
occurs to minimize the overall curvature. In the cathode, VP exhibits an 
OER catalyst effect that assists in the decomposition of Li2O2. Because 
the cathode shows a positive charge during charging, VP is adsorbed to 
the surface in the direction of C––O bonding, which has a relatively 
negative charge. The oxygen of VP interacts with the Li, which has a 
positive charge of Li2O2, thereby weakening the Li-O bond in Li2O2. As a 
result, Li2O2 is decomposed more easily because of the relatively 
weakened Li-O bonding, decreasing the overpotential and enabling an 
increase in the number of cycles. 

We showed that a VP additive could effectively level and rearrange a 
Li metal anode, stabilizing the electrolyte decomposition over 1000 
cycles. We also successfully confirmed the effective catalytic reaction in 
a cathode. This suggests the possibility of a perfect RM for a safe and 
high-performance Li-O2 battery system without the decomposition of 
the Li anode. 

3. Conclusion 

We demonstrated that a novel and dipolar VP electrolyte additive 
could exhibit dual functions by acting as a Li metal anode surface leveler 
and soluble cathode catalyst for low-resistance and long-cycling LMOBs. 
Li-Li symmetric cells with a VP-containing electrolyte exhibited signif
icantly improved cycling performances with a reduced and stabilized 
overpotential even after 1200 cycles at high applied currents compared 
with those of pristine cells (<500 cycles). Reduced charge transfer 
resistance and ohmic resistance for cycling were also achieved by 
introducing the VP electrolyte additive. We directly confirmed that VP 
effectively suppressed dendrite growth through a surface leveling effect 
using diverse ex-situ morphological observation tools, such as cross- 
sectional SEM and AFM. We also confirmed through DFT calculations 
that the VP was effectively adsorbed on the Li surface, rendering a 
uniform Li surface. It was verified that the VP surrounding a Li metal 
anode surface chemically transformed an irregular LiOH impurity-rich 
SEI layer into a smooth and high-quality carbonate-rich film, which 
hindered dendrite growth and protected the Li metal surface from 
irreversible TEGDME decomposition. Significantly, the VP also func
tioned as an OER catalyst for facilitating a Li-O2 cell reaction with 
reduced overpotential and longer cycle performance compared to the 
control. This study offered a novel direction to develop multi-functional 
and accessible electrolyte additives as anode surface stabilizers and 
soluble cathode catalysts to realize high-performance LMOBs. 

4. Experimental section 

4.1. Materials and chemicals 

1-Vinyl-2-pyrrolidone (VP, 99 %), bis(trifluoromethane)sulfonimide 
lithium salt (LiTFSI, 99.95 %), tetraethylene glycol dimethyl ether 
(TEGDME, 99 %), poly(vinylidene fluoride) (PVDF, Mw ~ 180,000) and 
1-methyl-2-pyrrolidone (NMP, anhydrous, 99.5 %) were purchased from 
Sigma-Aldrich (Korea). We used TEGDME after drying for several days 
and dipping freshly activated molecular sieves (type 4Å). 

4.2. Preparation of Li-Li symmetric cells 

A 12-mm diameter Li metal foil was used on both sides of the elec
trodes and a Celgard 2500 polypropylene (PP) separator was used. First, 

1 M LiTFSI in TEGDME with 100 ppm VP was stirred for 24 h at room 
temperature. Electrolyte without VP was also produced to confirm the 
VP’s effect on Li stripping/deposition. All the Li-Li symmetric cells were 
assembled into R2032 coin-type cells (Wellcos Corp.) in an argon- 
purged glovebox. 

4.3. Preparation of Li – O2 cells 

An air-electrode was fabricated with 90 wt% MWCNT and 10 wt% 
PVDF dissolved in an NMP solution. This slurry was pasted onto a Ni- 
foam (MTI Korea, 13 mm in diameter) current collector and dried for 
12 h in vacuum at 80 ℃. A 12-mm diameter Li metal foil was used as the 
anode, and glass fiber (Whatman GF/A microfiber filter paper) was used 
as the separator. The prepared air electrode was assembled in sequence 
in an HS air-type cell (HS flat cell combined with Swagelok type, EK cell, 
Wellcos Corp.) in an Ar-filled glove box. All the cells were assembled 
into R2032 coin-type cells with several holes (Wellcos Corp.). 

4.4. Ex-situ characterizations 

The surface characterizations of the electrodes after cycling were 
conducted using XPS (K-alpha, Thermo U.K.) and XRD (D8 Advance, 
Bruker) using Cu-Kα (λ = 1.54 Å) radiation. The surface morphologies 
were observed using a field emission SEM (FE-SEM, JSM-7600F, JEOL). 
The surface roughness was investigated using AFM (NX-10, Park Sys
tems Korea) in the glove box. The samples were prepared via galvano
static discharging and charging. Pristine electrodes were dipped in the 
electrolyte to compare each sample. Cells were disassembled in an Ar- 
filled glove box after the cycle test. The collected electrodes were 
dried in a vacuum chamber over 12 h to remove the electrolyte. 

4.5. Electrochemical characterization 

The charge/discharge tests were conducted using a potentio- 
galvanostat cycler (WBCS3000S battery test system, WonATech). Li-O2 
cells were tested at a current density of 100 mA g− 1 in a voltage range of 
2.3–4.5 V vs Li/Li+. A Biologic VSP potentiostat with an impedance 
function was used for CV experiments, GITT, and EIS measurements of 
the cells. All the electrochemical experiments were conducted at room 
temperature. 

4.6. Computational details 

GGA-level, spin-polarized DFT calculations were performed with the 
Vienna ab-initio simulation package using a plane-wave basis set with a 
cut-off energy of 400 eV. The Revised Perdew-Burke-Ernzerhof (RPBE) 
functional was used to describe the electron exchange and correlation 
[65–67]. The Brillouin zone was sampled at 2 × 2 × 1 based on the 
Monkhost-Pack scheme. The convergence criteria for the electronic and 
geometric optimizations were 10-5 eV and 10-2 eV/Å, respectively. The 
(110) surfaces had the lowest surface energies among the various sur
faces of the body centered cubic (BCC) Li bulk [68]. Even though the 
(110) surface was the most stable, the actual surface of the Li anode 
should have defects and steps that can cause the Li dendrite formation. 
Therefore, we made the (110) surface with a step to consider different 
kinds of binding sites, which had a 20 Å vacuum gap in the z-direction. 
Two bottom layers were fixed in the bulk position among the four atomic 
layers. To calculate the binding energy of the Li or VP additive, the 
following equation was used. 

ΔEbind = ΔESurface+Li(orVP) − ΔEsurface − ΔELi(orVP)

Here, ΔEbind is the binding energy of the adsorbate; ΔESurface+Li(orVP) is 
the total energy of the system, including the surface and adsorbate; 
ΔEsurface is the total energy of the isolated surface; ΔELi(orVP) is the bulk 
cohesive energy of Li or gas phase energy of the VP additive. 
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