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a b s t r a c t 

Realization of an outermost layer on the surface of metallic lithium is performed via reactive exposure of 

a thin lithium foil to a constant flow of pure O 2 gas in a controlled, airtight environment to form sponta- 

neously a ceramic-type, Li-ion conductive film for use in rechargeable lithium metal batteries with a liq- 

uid electrolyte. This layer acts as possible intermediate ‘buffer’ between the underlying lithium and solid 

electrolyte interphase (SEI) formed in contact with the electrolyte. The impact of this oxygen-containing 

layer on the cycle performances of thin lithium anodes and associated surface evolution are studied here 

in cells having LiFePO 4 as stable cathode. The influence of this protective layer on 30 μm-thick lithium 

metal anodes and related effects on the electrochemical behaviour of corresponding cells are investigated 

with both standard LiPF 6 electrolyte and lithium bis-oxalato-borate (LiBOB) as F-free alternative. Combin- 

ing lithium oxide coating and LiBOB appears to play a key role in extending cell cycling and hindering 

dendrite formation, although a clear surface roughening of the cycled lithium is observed too. This pro- 

tected lithium cycled against LiFePO 4 with LiBOB provides good capacity retention at different C-rates, 

displaying adequate Coulombic and round-trip efficiencies and simultaneously enhancing the number of 

charge-discharge cycles. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Li-ion battery (LIB) demand is unprecedented, mainly due to 

teady growth of portable electronics and development of battery- 

owered vehicles. A general impression is that LIBs have almost 

eached a saturation point for fundamental and technical advance- 

ents [1] , hence, increasing attention is currently being paid to 

erformance improvement. Yet, possibilities to increase both power 

nd energy densities of LIBs still exist, e.g. by integrating metallic 

ithium as advanced negative electrode. Use of Li metal as negative 

lectrode can represent a breakthrough in terms of energy den- 

ity, thanks to its superb theoretical capacity ( ≈3860 mAhg −1 ) and 

ery low reduction potential (-3.04 V vs. SHE), especially if it could 

ffectively be coupled with high-voltage positive electrode materi- 

ls. Metallic lithium displays also two other key advantages: i) no 

eed for binder and electrically conductive additives, ii) simultane- 

us functionality of extremely light current collector compared to 

u. 
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Early attempts to use metallic Li in LIBs occurred before their 

ommercialization, nevertheless, such efforts failed due to severe 

afety issues [ 2 , 3 ] arising from formation and growth of uncon- 

rolled deposits (e.g. Li dendrites, whiskers) which can cause in- 

ernal short-circuits of the cells with potentially catastrophic con- 

equences, due to flammable and toxic components in their or- 

anic electrolytes. A quite recent opinion on this debated issue 

4] suggests that failure of Li-metal batteries (LMBs) could rather 

e attributed to inactive Li (i.e. “dead” lithium), whose origin is 

ommonly ascribed to broken dendrites or whiskers [5] . In fact, 

ead lithium becomes electrically disconnected and thus cannot 

e cycled anymore. Furthermore, dead lithium might not con- 

ain metallic Li any longer [6] , since the latter undergoes an irre- 

ersible transformation into electrically insulating compounds typ- 

cally found in the solid electrolyte interphase (SEI). Understand- 

ng dendrite formation pathways [7] is crucial to address safety is- 

ues of LMBs and devising strategies to prevent uncontrolled for- 

ation/growth of deposits and pits [ 8 , 9 ]. Inhibiting dead Li gen-

ration can thus play a key role in achieving longer cycling and 

uitable performances for LMBs. 

Several studies have focused on this problem [ 10 , 11 ] suggest- 

ng different approaches [12] to mitigate detrimental effects caused 
under the CC BY-NC-ND license 
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y inhomogeneous growth of Li deposits, in an attempt to sup- 

ress the latter for improving cell safety when used in combination 

ith organic liquid electrolytes [ 13 , 14 ]. The issue with metallic Li

s multifaceted and encompasses several physicochemical and me- 

hanical aspects that are usually exacerbated during electrochem- 

cal cycling with organic liquid electrolytes. Notably, even solid- 

tate electrolytes based on stable ceramic compounds (e.g. Lithium 

anthanum Zirconium Oxide) are not totally free from dendrite is- 

ues [ 15 , 16 ]. Inhomogeneous growth of Li dendrites and/or mossy- 

ike deposits stems from a series of concurring factors, which are 

ifficult to isolate during the electrochemical processes. In liquid 

lectrolytes, Li dendrite formation and growth are accompanied by 

iercing of the SEI on the lithium surface in contact with the elec- 

rolyte. SEI disruption, due to intrusion of uneven deposits, is ac- 

ompanied by mending of this layer in correspondence of newly 

xposed Li surfaces [9] , with consequent irreversible electrolyte 

onsumption and Coulombic losses [ 10 , 17 ]. Hence, it would be de-

irable to reinforce preventively the surface of metallic Li against 

neven deposits before its surface is directly exposed to the elec- 

rolyte. This can be achieved, for example, by pre-forming a thin 

rotective layer [18–24] or ‘artificial interphase’ [ 10 , 25 ] by means 

f a suitable material. The latter should be mechanically resistant 

o hinder uncontrolled Li deposits and simultaneously support ad- 

quate Li-ion conductivity to allow Li + moving reversibly through 

he SEI and this additional protective layer in contact with Li metal 

uring cycling. The role of such a ‘buffer layer’ can be crucial to en-

ble key functionalities (e.g. mechanical sturdiness, chemical com- 

atibility and electrochemical stability) at the interface with metal- 

ic lithium to access suitably the electrochemical characteristics of 

his anode and prevent premature damage of both its surface and 

EI layer which typically depends on the particular features of the 

lectrolyte. 

Polymer electrolytes with possible co-polymers have proved 

uite effective in tackling part of these SEI issues due to dendrites 

 26 , 27 ] which can theoretically be stopped, if the modulus of the

aterial is > 6 GPa [ 28 , 29 ]. Yet, polymer electrolytes do not provide

ufficient Li-ion conductivity at room temperature (RT) and typ- 

cally require high-temperature operation (e.g. 50-90 °C) [ 26 , 27 ]. 

onversely, ceramic electrolytes are rigid enough to act as poten- 

ial Li-coating layers, while their ionic conductivities are typically 

igher than those of polymers [ 30 , 31 ], although inherent brittle- 

ess limits their versatility [32] . 

Improving interfacial properties of metallic Li is paramount to 

chieve a degree of control on the evolution of its reactive sur- 

ace and SEI layer. Potential reinforcement of Li metal surfaces via 

reliminary exposure to reactive gases (e.g. N 2 , O 2 ), yielding di- 

ect formation of ceramic compounds with Li + -conducting proper- 

ies, could be a straightforward method to achieve coatings with 

ecent mechanical features, without depleting Li-ion conductivity. 

he adhesion of such a film to the Li surface is also expected to be

avourable, since the layer arises from lithium reaction and par- 

ial consumption of the latter to chemically form in situ Li-ion 

onducting ceramic compounds. For example, Li 3 N and Li 2 O could 

erve as lithium metal protective coatings and thus form an ‘arti- 

cial interphase’, while preventing direct contact with the liquid 

lectrolyte. Li 3 N and Li 2 O display shear modulus values over 40 

Pa [33–35] which are well exceeding the theoretical threshold to 

top mechanically Li dendrites from piercing such a layer in inti- 

ate contact with Li metal (see also Table 1 ). Aside from form- 

ng a thin barrier against dendrite formation/growth, this coating 

an also extend SEI-type properties (e.g. electrical insulator, fair Li + 

onductor). 

Li 3 N possesses a good Li-ion conductivity ( σ Li ≈10 −4 – 10 −3 

 ·cm 

−1 at RT) [ 36,37,54,55 ], although its electrochemical stability 

indow vs. Li + /Li is clearly limited [ 36 , 38,56,57 ], which can be

n issue for the realization of LMBs with adequate positive elec- 
2 
rodes operating above 3 V vs. Li + /Li. Conversely, Li 2 O shows a 

uch lower Li-ion conductivity ( σ Li ≈10 −12 S ·cm 

−1 at RT) [ 42 ], 

hile its practical electrochemical stability during cell cycling is 

uite good (e.g. ≈4.8 V in Li half-cells [ 58 ]), being also a well-

dentified SEI component in LIBs with carbonate-based liquid elec- 

rolytes [ 38 , 42 , 59 ]. Li 2 O is normally found in LIBs as an inactive

ecomposition product, or can alternatively be derived from con- 

ersion reactions of metal oxides, in which exhibits mostly an ir- 

eversible behaviour [ 60 ]. Indeed, it is not possible to extract Li + 

rom Li 2 O, once formed, with the notable exception of conversion 

eactions of transition metal oxides [ 61 , 62 ], which involve a con- 

omitant formation of small ( ≈1-5 nm) transition metal nanopar- 

icles [ 61–63 ] that do not undergo Li-alloying and instead catalyse 

i 2 O dissolution, e.g. above ≈1.7 V vs. Li + /Li upon de-conversion 

 61 , 62 , 64 ]. 

Possible application of Li 3 N or Li 2 O protective coatings on 

etallic Li is not widely documented for use in LMBs with or- 

anic liquid electrolytes. A few reports can be found [ 65–68 ] and, 

o date, only three studies describe the use of Li 3 N as possible Li- 

etal protective layer in cells with liquid electrolyte in the con- 

ext of Li/S [ 69 , 70 ] and Li/LiCoO 2 [ 71 ] batteries, respectively, in

hich Li dendrites were suppressed upon cycling thanks to this 

oating. Lithium plating/stripping tests, mainly relying on Li sym- 

etrical cells [ 68 ] or Li/Cu configurations [ 65–67 ], were typically 

onducted with Li 3 N protective films of > 100 μm-thick lithium, 

hile this type of electrochemical analyses is clearly not repre- 

entative of real operating conditions of LMBs, in which lithium 

s effectively cycled against a cathode providing capacity above 3 

 vs. Li + /Li. Therefore, we investigate here the interfacial proper- 

ies of 30 μm-thick lithium to assess the impact of its pristine and 

odified surfaces, with a particular focus on unconventional Li 2 O- 

ased coating via controlled exposure to oxygen gas, analysing for 

he first time their effects on the electrochemical behaviour of cor- 

esponding LMBs with a stable LiFePO 4 (LFP) cathode in presence 

f different electrolytes. 

The aim is to explore the influence of this oxygen-containing 

rotective layer and its particular interaction with both standard 

nd alternative electrolyte formulations that generate distinctive 

EI layers along with characteristic products. Although oxygen re- 

ctive surface coating of metallic lithium was earlier reported [ 68 ], 

ere the focus is directed predominantly on probing possible com- 

atibility of this protective layer with the electrolyte and its SEI 

ayer in a reliable LMB system. 

A purposeful choice of thin Li foil [ 72–74 ] as anode, Na-alginate 

 75 ] as functional binder for the LFP cathode [ 76 , 77 ] and lithium

is(oxalato)borate (LiBOB) [ 78–80 ] as alternative fluorine-free salt 

nables here a reliable comparison of the electrochemical be- 

aviour of corresponding cells having thin lithium with or with- 

ut this protective coating. Analogously, these cells were also cy- 

led with a standard LiPF 6 electrolyte to evaluate their respective 

erformances. Increased safety and stability at the reactive anode 

nterface could be obtained by combining this protective coating of 

ithium with LiBOB, granting access to improved performances and 

xtended cycle life under prolonged testing employing loops of dif- 

erent C-rate steps performed at various current densities ranging 

rom ≈0.06 to ≈1.60 mAcm 

−2 . 

. Experimental 

.1. Lithium metal and surface oxidation 

Two different types of metallic lithium foils with distinctive 

hicknesses were utilized at the beginning of this study to assess 

he status of the pristine surface of the Li before possible surface 

odification (i.e. oxidation under controlled conditions). 125 μm- 

hick lithium (Cyprus Foote Mineral) and 30 μm-thick lithium foil 
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Table 1 

Overview of some physicochemical properties of Li metal and related Li-based compounds. 

Li-based material ρ at RT [g ·cm 

−3 ] σ Li at RT [S ·cm 

−1 ] σ e at RT [S ·cm 

−1 ] μshear [GPa] 

Lattice energy 

[kJ ·mol −1 ] T m [ °C] ESW vs. Li + /Li [V] Refs. 

Li 3 N 1.270 10 −8 – 10 −4 negligible 44.0 6336 813.0 0.0–0.6 [ 35 , 36 , 37 , 38 , 39–41 ] 

Li 2 O 2.013 ≈1 × 10 −12 negligible ∗ 69.8 1454 1438.0 0.0–3.1 [ 34 , 38 , 42 , 43 , 44 , 45 ] 

LiF 2.635 10 −14 – 10 −13 negligible 55.1 1030 848.0 0.0–6.4 [ 38 , 46 , 47–51 ] 

Li 0.534 - 1.08 × 10 5 2.8 - 180.5 - [ 52 , 53 ] 

∗ ≤10 −14 S ·cm 

−1 [ 42 ] 
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Rockwood Lithium) were used as trial substrates and subjected to 

 chemical cleaning/etching procedure (see photos in Supporting 

nformation - SI, Fig. S1) to determine the degree of cleanness and 

moothness of their pristine surface (see SEM images in SI, Fig. S2), 

s well as the impact of the cleaning/etching (see Figs. S2 and S3), 

nd consequently choose the most convenient one for controlled 

urface oxidation. A naphthalene solution (i.e. solid naphthalene 

issolved in tetrahydrofuran - THF) was used as chemical clean- 

ng agent. Discs with a diameter of 12 mm were cut from the re-

pective Li foils for this procedure. After cleaning with the naph- 

halene solution, the lithium discs were washed thoroughly with 

imethyl carbonate (DMC) three times to remove completely possi- 

le naphthalene residues from the cleaned/etched Li surface. After 

his preliminary assessment, only thin metallic lithium ( ≈30 μm) 

as used in this study due to its convenient thickness and more 

omogeneous surface features. 

A dedicated airtight container (see SI, Fig. S4a) was employed 

o expose the thin Li metal discs to a controlled flow of oxygen 

as ( > 99.995% purity, H 2 O < 3 ppm, C n H m 

< 0.5 ppm). The Li

iscs employed in the cell construction were gently pressed onto a 

tainless-steel (SS) spacer used in coin cells in order to make sure 

hat the lithium slightly adhered onto the SS support and the re- 

ulting oxide layer was mainly formed on the exposed side of the 

isc. The Li discs were placed in the airtight container inside an 

r-filled glovebox (MBraun – H 2 O < 2 ppm, O 2 < 1 ppm) and sub-

equently transferred outside via this airtight system under an in- 

rt Ar atmosphere. After careful flushing of the inlet/outlet of the 

ontainer with argon, the latter was connected to the oxygen line 

nd O 2 was introduced to form in situ a surface oxide layer. The 

 2 was allowed to flow through the container for the whole du- 

ation of the surface exposure process, i.e. 24 h. The outlet of the 

ontainer was connected to a dedicated bubbler to ensure that no 

aseous species from the surrounding atmosphere could get into 

ontact with the lithium during the oxidation procedure. The O 2 

ow rate through the container was maintained constant at 50 

L min 

−1 via a mass flow controller (MFC). Once the procedure 

as terminated, the container was hermetically isolated by means 

f valves, subsequently disconnected from the oxygen line, purged 

nd refilled with Ar, and ultimately transferred back to the glove- 

ox before performing further characterization and cell assembly. 

ommercial Li 2 O powders (Sigma-Aldrich, 97% purity, -60 mesh) 

ere purchased and utilized here as reference to obtain a charac- 

eristic blueprint for Raman spectra and X-ray diffraction patterns 

n order to check and confirm the formation of such surface oxide 

ayer on metallic Li after O 2 exposure. 

.2. Electrode coating and electrolyte preparation 

Coated electrodes embedding LiFePO 4 (LFP) as positive elec- 

rode material were prepared by mixing C-coated LFP nanopow- 

ers (Südchemie), conductive carbon black (C65 - Erachem) and 

a-alginate binder (Aldrich - M w 

≈80 0 0 0 - 10 0 0 0 0) in a 85:10:5

t.% ratio, respectively, using deionized water as solvent. The mix- 

ure was homogenized inside a sealed zirconia jar by ball milling 

or 1 h via a planetary ball-mill equipment (Retsch PM 4). The 
3 
lurry was cast on a C-coated aluminum foil (Goodfellow, 16 μm) 

ia doctor blading using a coating apparatus (KR – K Control 

oater) to drag a stainless steel applicator (Zehntner – ZFR 2040) 

t a constant speed to obtain a wet film thickness of 200 μm. Af- 

er drying at 60 °C in an oven to consolidate the coating, elec- 

rodes with 10 mm diameter were cut via a perforator (Hohsen). 

he coated electrodes (mass loading ≈2 mg cm 

−2 ) were further 

ried at 120 °C for 12 h in a vacuum oven (Büchi), located inside 

he Ar-filled glovebox, to remove possible water traces prior to cell 

ssembly. 

A 0.8 M solution of lithium bis(oxalato)borate (LiBOB – Chem- 

etal) was prepared in an Ar-filled glovebox dissolving the LiBOB 

alt in an ethylene carbonate (EC) / diethyl carbonate (DEC) mix- 

ure with a 1:1 v/v ratio to obtain a F-free electrolyte. A commer- 

ial LP40 electrolyte (i.e. standard 1 M LiPF 6 in EC:DEC 1:1 – Go- 

ion) was utilized as reference to compare the corresponding elec- 

rochemical behaviour of the Li/LFP cells, in which the thin lithium 

oil was either in its pristine state or after being subjected to O 2 

xposure for 24 h. 

.3. Cell assembly and electrochemical measurements 

Cell assembly was carried out in an Ar-filled glovebox (MBraun) 

sing 2025-type coin cells (Hohsen) and a coin cell crimper. The 

FP coating represented the working electrode, while the thin 

ithium (with or without surface coating) acted as simultaneous 

eference- and counter-electrode, and the electrolyte was either 

tandard LP40 or 0.8 M LiBOB. A thin porous membrane (Celgard) 

as soaked with the chosen electrolyte and used as separator be- 

ween the Li foil and the LFP electrode. 

Cyclic voltammetry (CV), galvanostatic cycling with potential 

imitation (GCPL) and electrochemical impedance spectroscopy 

EIS) were used to investigate the electrochemical behaviour of the 

ells. These electrochemical analyses were performed using Bio- 

ogic potentiostats (Models MPG-2) that allowed the execution of 

edicated testing routines. CV and GCPL experiments were carried 

ut in a potential range from 2.5 V to 4.2 V vs. Li + /Li. CV was per-

ormed with a sweep rate of 0.5 mVs −1 , which yielded cell charge 

or discharge) in almost 1 h, thus corresponding to ≈1C rate. EIS 

easurements were carried out in the frequency range of 20 kHz –

1 mHz with a sinus amplitude of 10 mV after each CV cycle at 2.5

 vs. Li + /Li. GCPL analyses were conducted using a looped rate ca- 

ability test involving a sequence of steps through which the cur- 

ent was progressively increased to yield approximately C-rates of: 

.2C, 0.5C, C, 2C, 3C and 6C with a subsequent ‘recovery stage’ per- 

ormed at 0.2C. Here, ‘1C’ indicates the current applied to use fully 

he cathode capacity in 1 h upon discharge (charge), whose value 

as calculated based on the theoretical capacity of LFP (i.e. 170 

Ahg −1 ) and the actual mass of LFP in the coated electrode. These 

CPL analyses allowed the evaluation of both Coulombic efficiency 

 ηCoul = (Q Dch / Q Ch )), in which the ratio of the discharge capac-

ty over the charge capacity was considered in each cycle to track 

he charge recovery, and round-trip efficiency ( ηround-trip = (E Dch 

 E Ch )), through which the ratio of the energy released upon dis- 

harge and that required upon charge was monitored in each cycle 
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o assess the energy (E = Q ·V) recovery of the cells and their overall

eversibility. 

.4. Materials characterization and post mortem analysis 

Sample preparation for structural and compositional analyses 

as always carried out in an Ar-filled glove box (M-Braun; H 2 O 

 2 ppm, O 2 < 1 ppm). Special types of airtight sample holders 

ere used from time to time to transfer the lithium specimens and 

erform the various measurements in order to ensure protection 

gainst reactive species toward Li. 

An in-house designed airtight sample holder (see Fig. S4b) with 

 thin transparent borosilicate glass window (VWR) and a solid- 

tate laser (Renishaw – max power 500 mW) with a 532 nm exci- 

ation wavelength were employed for Raman analyses, which were 

erformed with a Renishaw inVia spectrometer. After preliminary 

alibration of the spectrometer with respect to a Si reference spec- 

rum, the spectra were collected in a spectral range of 20 0–120 0 

m 

−1 focusing the laser beam on the sample surface via a ×50 lens 

f the microscope (Leica) and applying a nominal laser power of 

.5%, a measuring time of 20 s and 30 cumulative scans to improve 

he signal-to-noise ratio (S/N) of the spectral profiles. Minimization 

f laser beam exposure for the samples was applied in between 

ubsequent scans and the resulting spectra were baseline-corrected 

y means of a built-in function in the spectrometer software (Wire 

.2) to enable an easier comparison of their characteristic features. 

X-ray diffraction (XRD) was performed via a diffractometer 

Bruker Twin-Twin D8 Advance) equipped with CuK α radiation 

 λ = 1.5418 Å) and LynxEye detector. A dedicated dome-type air- 

ight sample holder (Bruker AXS) with an X-ray transparent poly- 

arbonate window was utilized for this purpose to protect the 

amples during the analyses, see Fig. S4c. The XRD measurements 

ere carried out in a Bragg-Brentano diffraction geometry in a 2 θ
ange from 10 ° to 90 ° with step size 2 θ = 0.02 ° and a step time

f 0.9 s. The diffraction patterns were analyzed by means of EVA 

.2 software to evaluate the characteristic peaks and associated 

iffraction planes. 

X-ray photoelectron spectroscopy (XPS) was carried out through 

 PHI 5500 spectrometer (Physical Electronics) using a monochro- 

atic Al K α radiation (1486.7 eV) and the emitted photoelectrons 

ere detected at an angle of 45 ° with respect to the sample sur- 

ace. An airtight transfer system was utilized to move the samples 

rom the glovebox to the load-lock chamber of the spectrometer 

nder Ar and then the latter were progressively pumped down to 

ltra-high vacuum (UHV) prior to the analyses. The XPS spectra 

ere calibrated in energy by setting the C1s peak originating from 

dventitious carbon at a binding energy (B.E.) of 285.0 eV. XPS data 

as analyzed using an Igor Pro 6.37 version software and a Shirley- 

ype background subtraction. 

Scanning electron microscopy (SEM) was employed to charac- 

erize the morphology of metallic lithium and associated surface 

ayer formed after controlled O 2 exposure. SEM analyses were con- 

ucted via Carl Zeiss (Leo 1550 and Merlin) microscopes with elec- 

ron field emission (FE) sources and equipped with energy disper- 

ive X-ray spectroscopy (EDS) detectors (Oxford). Imaging of the 

urfaces was typically carried out with low acceleration voltages 

e.g. 4 kV) to not affect this type of sensitive samples, although 

igher voltages were also employed, and secondary electrons were 

ollected through a dedicated In-lens detector. EDS analyses and 

hemical mapping were performed by means of Aztec control soft- 

are. The samples were attached to SEM stubs inside the glove- 

ox using a conductive carbon tape and an airtight sample trans- 

er container was used to transport the prepared samples to the 

EM equipment. For the cross-sectional study, a pristine thin Li 

isc was attached to a SEM stub with the help of a double-sided 

dhesive carbon tape and exposed to oxygen for 24 h, as earlier de- 
4 
cribed. The O 2 -exposed Li disc was formerly cut inside the glove- 

ox along a line close to the SEM stub edge with a sharp scalpel 

lade to obtain a defined cross section before being transferred 

o the SEM via the airtight container. Post mortem SEM analyses 

f cycled lithium electrodes were conducted by disassembling the 

espective coin cells inside the glovebox via a dedicated coin cell 

pener and by carefully extracting the metallic lithium foil from 

he electrode stack. Excess electrolyte salt was removed from the 

i metal surface by washing with DMC before attaching the cycled 

ithium to a SEM stub and performing a subsequent transfer to the 

EM via the above procedure. 

. Results and discussion 

.1. Morphology and composition analysis 

The surface morphology of the thin lithium metal foil after ex- 

osure to the O 2 flux for 24 h is presented in Fig. 1 . 

From the SEM micrographs showing in-plane and cross-section 

iews, it is evident that the surface of the thin lithium after oxy- 

en exposure became corrugated with scaly-like features ( Fig. 1 c, 

) and a concomitant appearance of some sparse grainy-like de- 

osits ( Fig. 1 a, b) with typical size of ≈1 μm. The latter are most

ikely surface impurities due to possible side reaction products 

side from pure oxidation of the lithium surface. 

The thickness of the surface film from the cross-section anal- 

sis ( Fig. 1 c,d) can be estimated to be a few microns (i.e. ≈2-3

m, see also Fig. S5 in SI), in line with the fact that the thin

etallic lithium still appeared shiny to the naked eye after its ox- 

dation. However, the actual thickness of the protective Li 2 O layer 

an be well below 1 μm, especially if its growth regime becomes 

iffusion-limited [ 68 ]. The EDS analysis indicated a clear presence 

f only C and O species which are highlighted in the chemical 

aps of the associated cross-section view ( Fig. 1 e, f), confirming 

he thickness of the lithium foil ( ≈30 μm), while helping distin- 

uishing the edges of the latter. 

Fig. 2 presents the results obtained from XRD, Raman and XPS 

nalyses for the thin lithium after oxygen exposure. 

The XRD patterns in Fig. 2 a show that the diffraction peaks of 

he thin lithium foil before and after oxidation match with those of 

he crystal structure earlier reported for Li (PDF no. 01-089-3702) 

ith space group Im-3m. The diffraction peaks of the Li foil dis- 

lay different relative intensities compared to those of such stan- 

ard reference, demonstrating a prominence of (200) orientation 

nstead of (110) diffraction planes. This indicates a preferential ori- 

ntation of the crystalline domains in the Li foil, likely connected 

o its original fabrication process. A comparison of the XRD pat- 

erns before and after oxygen exposure does not highlight any par- 

icular difference for the latter, apart from a very weak and broad 

eature appearing around ≈55.6 °. This faint diffraction might be re- 

ated at first glance to the crystal structure of Li 2 O (PDF no. 01- 

73-7127) with Fm-3m space group [ 43 ], however, there is not 

 good match in angular position with the characteristic (220) 

eak of Li 2 O, which is expected to be located at 56.36 ° and ob- 

erved here around ≈56.4 ° for a commercial Li 2 O reference pow- 

er. Hence, this weak diffraction is most likely attributable to LiOH 

PDF no. 32–564), which shows a faint peak around ≈56.0 °. No 

rystalline characteristics due to Li 2 O are detected in the XRD pat- 

ern of the thin Li foil after O 2 exposure and, even in correspon- 

ence of the most intense (111) diffraction for Li 2 O at ≈33.6 °, no 

lear feature is revealed. Another very faint diffraction is observed 

n the same diffractogram around ≈32.6 ° and it can be ascribed 

o LiOH too, which incidentally is also displayed in the diffraction 

attern of the commercial Li 2 O powder. These findings would sug- 

est that the surface oxide formed in contact with O 2 has most 

ikely an amorphous-like (e.g. nano-crystalline) nature that is diffi- 
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Fig. 1. SEM micrographs depicting the surface morphology of thin lithium foil after controlled exposure to pure oxygen for 24 h under airtight conditions. (a) Plane view of 

the O 2 -reacted lithium surface. (b) Magnified detail of the same surface highlighting irregular deposits after its oxidation. (c) Cross-section view at low magnification of a 

portion of the O 2 -reacted lithium interface. (d) Cross-section image at higher magnification of the O 2 -reacted thin lithium foil displaying corrugation due to the layer formed 

on its surface. Elemental maps of carbon (e) and oxygen (f) associated with the cross-section image shown in (c). The lines in (c) serve as an eye guide, highlighting the 

interface of the thin lithium foil with the carbon tape support (i.e. in the upper left corner) and that of the surface layer formed in contact with O 2 (i.e. in the lower right 

corner). 
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ult to detect through this analysis, especially considering the lim- 

ted thickness of this layer. Previously reported in situ oxidation of 

etallic lithium with dry or wet O 2 exhibited a diffusion-limited 

r reaction-limited behaviour for Li 2 O growth, respectively, with 

oncomitant formation of crystalline LiOH in presence of even tiny 

mounts of H 2 O [ 68 ], whereas the resulting Li 2 O passivation film
5 
id not appear to possess any evident crystalline features. These 

arlier results align well with the present observation and imply 

hat this thin metallic lithium is actually affected by very small 

races of water, which might be present during the entire phases 

f oxidation, transfer and characterization. 
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Fig. 2. (a) XRD patterns obtained with an airtight dome-type sample holder for: pristine thin lithium foil before and after exposure to pure O 2 for 24 h, and commercial 

Li 2 O powder as reference. Note that the broad feature around 2 θ = 20 ° is due to the dome of the airtight sample holder. (b) Raman spectra of commercial Li 2 O powder 

and of thin lithium foil after O 2 exposure for 24 h. (c) Ball-and-stick models of the crystal structures of Li, Li 2 O, Li 2 O 2 and LiOH (d) XPS spectra of the C1s region for the 

surface of pristine thin lithium before and after exposure to O 2 and (e) O1s spectra for the same samples. Note that the intensities in (d) and (e) were adjusted to overlap 

the corresponding spectra. 

t  

i

w

f

R

t

a

s

a

4

c  

i

i

Raman analyses were conducted to ascertain the characteris- 

ics of this surface oxide. From the spectra shown in Fig. 2 b, it

s clear that the oxide film is poorly crystalline, showing only 

ide bands compared to the characteristic Raman signals arising 

rom the commercial Li 2 O powder. Li 2 O is expected to display one 

aman-active optical mode, F 2g , at 523 cm 

−1 for this fundamen- 

al vibration, based on its crystal structure and symmetry [ 81 ] (see 
6 
lso Fig. 2 c). This characteristic Raman peak appears sharp in the 

pectrum of the crystalline Li 2 O powder, along with minor features 

rising from related impurities, namely Li 2 O 2 (bands at ≈260, 330, 

50 and 790 cm 

−1 , respectively), LiOH (bands at ≈330, 630, 1090 

m 

−1 ) or Li 2 CO 3 (1093 cm 

−1 ) [ 82 , 83 ]. The spectral features aris-

ng from the surface oxide grown on thin lithium indicate the ex- 

stence of the same species found for the reference Li 2 O powder, 
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hus confirming a mixed oxidic composition for this coating and 

n overall nano-crystalline nature. 

The XPS spectra of the C1s region in Fig. 2 d display a clear

resence of adventitious carbon on the surface of the thin lithium 

oil before and after oxygen exposure, being their respective peaks 

t 285.0 eV attributed to hydrocarbons (i.e. C–C and C–H bonds), 

hile those around ≈290.0 eV ascribed mainly to a –CO 3 envi- 

onment (e.g. carbonates). It can be seen that the C1s spectrum of 

he sample after O 2 exposure exhibits almost the same lineshape 

s that of the pristine lithium, except for two additional contribu- 

ions located at around 286.5 eV and 288.5 eV, respectively. These 

pectral features can be assigned to C–O and O = C–O (–CO 2 ) car-

on environments (e.g. COH, COOR [ 84 , 85 ]) that can become en-

anced here due to the oxygen exposure. The O1s spectra in Fig. 2 e

how almost a complete overlap, indicating a very similar chemi- 

al environment, although the ratio of the intensities of the C1s 

nd O1s lines for the thin Li foil before and after O 2 exposure 

hanged noticeably (see Fig. S6), thus confirming that more oxygen 

pecies than carbon species sit on the surface of the O 2 -exposed 

ample, compared to its pristine counterpart. However, no signal 

s detected around ≈528.2 eV in Fig. 2 e, which is typical of Li 2 O

 14 , 84 ], thus corroborating the idea that mainly LiOH, and Li 2 CO 3 

pecies are present in the outermost surface of these samples. 

.2. Electrochemical analysis 

The electrochemical behaviour of pristine thin lithium and its 

rotected counterpart through 24 h O 2 exposure was investigated 

n a series of cells with a LiFePO 4 cathode coating and as elec- 

rolyte either a standard LP40 or an alternative 0.8 M LiBOB for- 

ulation. 

.2.1. Cyclic voltammetry 

The cyclic voltammetry (CV) analyses, performed with a sweep 

ate of 0.5 mVs −1 between 2.5 V and 4.2 V vs. Li + /Li, are shown in

ig. 3 for the corresponding cells having similar LFP mass loadings. 

IS spectra were recorded at the end of each cycle at an equili- 

rated potential of 2.5 V vs. Li + /Li. 

In Fig. 3 a the signature of typical Li + de-insertion/insertion in 

FP is clearly distinguished in the initial anodic and cathodic half- 

ycles, respectively. The positions of the characteristic red-ox peaks 

re slightly shifted for the cells having a different electrolyte, with 

 marked discrepancy for the first oxidation feature. The latter ap- 

ears as a relatively symmetric peak around ≈3.7 V for the cells 

ith LP40 embedding pristine and O 2 -exposed lithium, whereas a 

on-symmetric anodic peak at ≈3.9 V is observed for the cell with 

 2 -exposed lithium and LiBOB. The cell with pristine lithium and 

iBOB displays a broad, non-symmetric oxidization around ≈4.1 V 

ith a lower peak current, thus highlighting a difference with the 

ther cells for this initial process in which Li + is extracted from 

he LFP structure and is deposited as Li 0 onto the surface of metal- 

ic lithium. These differences can be understood considering that 

iBOB possesses a lower Li-ion conductivity than LiPF 6 and also 

orms typically a thicker SEI layer compared to that generated in 

resence of LiPF 6 [ 79 , 80 ]. The broad shape of the first oxidation

eak could also be due to a different interaction of the LiBOB elec- 

rolyte with the alginate binder in the LFP electrode, when com- 

ared to its LiPF 6 counterpart. Similar characteristics of an initial 

road anodic peak have been observed in earlier CV analysis of Li- 

etal | LiBOB | LFP cells, with a Na alginate-containing LFP elec- 

rode [ 76 ]. The corresponding reduction peaks in the cathodic half- 

ycle in Fig. 3 a exhibit similar features irrespectively of the elec- 

rolyte and lithium anode, with a clear degree of asymmetry and 

heir apex approximately positioned at 3.25-3.30 V. The cell with 

ristine lithium and LiBOB yielded the broadest profile, the largest 

hift in peak position and the lowest current peak. It is evident 
7 
hat the oxidation peaks are more pronounced than their reduc- 

ion counterparts, indicating the presence of Coulombic losses. The 

IS spectra shown in the Nyquist plot of Fig. 3 b confirm the ob- 

ervations for the first CV cycle, highlighting a larger cell resis- 

ance for the batteries cycled with LiBOB. The spectra exhibited 

lso slightly irregular patterns in correspondence of the cells con- 

aining pristine thin lithium, whereas a more regular response is 

oticed for the cells with thin lithium after oxygen exposure. A 

omparison of the EIS spectra in Fig. 3 b would suggest that only 

he cell with LP40 and coated lithium has developed a relatively 

table SEI layer, with a preliminary indication of SEI stability also 

or the analogous cell with LiBOB, which, however, appears much 

ore resistive. It is clear from Fig. 3 c that all the red-ox peaks have

ecome sharper and reached fixed voltage positions after five cy- 

les, highlighting an interesting behaviour for the oxidation peak 

f the cell with LP40 and coated lithium, which is located around 

3.60 V instead of ≈3.75 V as for the other ones. The associated 

eduction peaks do not display any major shift and yield roughly 

he same cathodic current for all the cells, contrarily to the anodic 

eatures, which provide clearly higher currents in correspondence 

f LP40. Notably, the current passed during the red-ox processes 

eaches ≈2 mA, thereby proving that these electrodes can sustain 

ractical requirements of ≥ 1 mAh ·cm 

−2 . A comparison of the EIS 

pectra at the end of the 5 th cycle in Fig. 3 d indicates a regular re-

ponse for all the cells. Only a slight variation for the response of 

he cell combining LP40 and coated lithium is observed, yielding a 

ell impedance (Z’) of ≈300 �. On the other hand, a neat change 

s noticed for the behaviours of the LiBOB-containing cells, with 

uch narrower flattened arcs compared to those of Fig. 3 b and 

 wider arc for the cell with pristine lithium and LP40, instead. 

ence, this would suggest that the SEI behaviour for the various 

ells becomes roughly comparable after these initial CV cycles, al- 

hough with some clear discrepancy for the pristine lithium with 

P40. The individual evolution of the first five CV cycles for each 

ell is shown separately in Fig. S7. After ten cycles ( Fig. 3 e), the CV

rofiles of the various cells do not exhibit major changes compared 

o those shown in Fig. 3 c, except for a moderate broadening of all

he red-ox peaks and a drop of the oxidative peak current for the 

ell with pristine Li and LP40. The associated EIS spectra in Fig. 3 f

ighlight a decrease of the extent of the flattened arc at increas- 

ng frequencies for all the cells compared to those represented in 

ig. 3 d and a more pronounced contribution from their Warburg- 

ype part, which is typically related with diffusion or concentration 

olarizations. The final CV cycles for the various cells are presented 

n Fig. S8 together with associated EIS spectra, showing that the 

i/LFP cells with protected thin lithium were able to sustain 100 

ull cycles. 

.2.2. Galvanostatic analysis 

The behaviours of these LFP cells, embedding LP40 or LiBOB as 

lectrolyte, together with either a pristine thin lithium anode, or 

ts protected analogue after O 2 exposure, were studied via a dedi- 

ated galvanostatic approach. 

Since the cells rely on a 30 μm-thick lithium foil, it is clear 

hat possible whiskers/dendrites, pits, interface instabilities, as well 

s continuous SEI patching and growth (e.g. ‘dead’ Li) easily dam- 

ge and irreversibly compromise its functioning much earlier than 

 considerably thicker Li foil counterpart (e.g. > 100 μm). This can 

hus lead to premature cell failure due to the limited thickness of 

he Li foil, even in correspondence of moderate current densities 

e.g. ≈1 mAcm 

−2 ). Hence, early cell failure can conveniently be 

potted, as well as preceding malfunctioning signs, provided that 

ong enough cycling time is allowed. With these ideas in mind, 

he cells were submitted to a large number of cycles (e.g. > 400) 

nd, in order to make this analysis more effective, a series of cy- 

les with progressively growing currents were carried out, follow- 
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Fig. 3. Comparison of selected CV cycles and associated EIS spectra after each cycle for different lithium metal cells embedding LiFePO 4 as cathode and, alternatively, pristine 

thin Li or thin Li after O 2 exposure for 24 h as anode. The cells were also cycled with different electrolytes (i.e. standard LP40 or 0.8 M LiBOB) between 2.5 and 4.2 V vs. 

Li + /Li with a sweep rate of 0.5 mVs −1 , which would approximately correspond to ≈1C-rate for a galvanostatic charge (or discharge). (a) Comparison of the first CV cycle for 

the various cells and (b) related EIS spectra. (c) Comparison of their 5 th cycle and (d) associated EIS spectra. (e) Comparison of their 10 th cycle and (f) corresponding EIS 

spectra. 
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ng a typical rate capability test scheme. This cycling protocol was 

urposely looped here for 10 times to periodically stress the cells, 

hile admitting also a recovery period at the lowest C-rate in 

etween, to verify more in detail the cell conditions at each cy- 

ling stage. The influence of applied current density on the forma- 

ion/evolution of irregular Li deposits is well known and has been 

tudied via a number of different approaches [ 7 , 8 , 86 , 87 ]. This con-

titutes a crucial aspect here, since a sensible variation of the cur- 

ent density can trigger dendrite/whisker formation and irregular 

eposits accelerating the failure of the cells. 

The charge/discharge voltage profiles of the different cells sub- 

ected to this cyclical multi C-rate galvanostatic test are presented 

n Fig. 4 . 

All the cells could cycle for at least 20 days, however, an evident 

mprovement is noticed in correspondence of the cells with LiBOB 

lectrolyte, since their cycling life was as much as twice or three 

imes longer than those having LP40. Notably, the cells could not 

omplete this extensive test due to failure, with the exception of 

he cell enclosing oxygen-exposed lithium and LiBOB ( Fig. 4 d). This 
8 
ell displayed by far the most reversible and consistent electro- 

hemical behaviour for over 65 days of cycling at different current 

ensities (see also Fig. S9) sustaining C-rates from ≈0.2C to ≈6C 

ith a maximal current density value of ≈1.60 mAcm 

−2 , which 

as applied for 60 cumulative cycles throughout the test. 

The charge/discharge capacity retention of the respective cells 

pon prolonged cycling is shown in Fig. 5 . 

All the cells underwent the first sequence of 36 cycles with in- 

reasing C-rates without highlighting particular issues, except for 

he cell having oxygen-exposed lithium and LP40, which displayed 

n irregularity for the charge/discharge capacities at high C-rate 

teps in Fig. 5 b. This cell showed early signs of malfunctioning and 

as the first to fail. The other cell with pristine thin lithium and 

P40 also manifested an abrupt failure preceded by some erratic 

ycles, thus demonstrating the validity of this approach with a thin 

ithium foil anode periodically subjected to a series of increasing 

urrent densities in a real cell system with a stable cathode oper- 

ting above 3 V vs. Li + /Li. 



P.B. Samarasingha, M.-T. Lee and M. Valvo Electrochimica Acta 397 (2021) 139270 

Fig. 4. Comparison of voltage profiles for extensive galvanostatic cycling at different current densities of: (a) pristine thin lithium metal vs. LiFePO 4 with LP40 electrolyte, (b) 

thin lithium metal after O 2 exposure for 24 h vs. LiFePO 4 with LP40 electrolyte, (c) pristine thin lithium metal vs. LiFePO 4 with 0.8 M LiBOB electrolyte, (d) thin lithium metal 

after O 2 exposure for 24 h vs. LiFePO 4 with 0.8 M LiBOB electrolyte. The steps at various C-rates associated with different stages of cycling in this looped rate capability 

test correspond roughly to 0.2C, 0.5C, 1C, 2C, 3C and 6C, respectively. Note that this sequence of C-rates was repeated for ten times to yield more than 400 cumulative 

charge-discharge cycles. 
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The use of LFP and the possibility of ruling out completely flu- 

rinated species in these cells represent a cornerstone here, since 

FP is very robust and can even perform better with functional 

ater-soluble binders than with PVdF [ 88 ], while LiBOB is able to 

assivate Al [ 79 , 89 , 90 ] and thus ensure effective cell functioning.

ence, the cathodic side of these cells is issue-free, with the inter- 
9 
ace properties of the LFP electrode in contact with the electrolyte 

meliorated by the Na-alginate that also provides excellent adhe- 

ion to the Al current collector. Conversely, the thin lithium anode 

nd its critical interface with the electrolyte represent the ‘weak- 

st link in the chain’ here, as highlighted by the comparison of the 

ycle performances of the various cells in Fig. 5 . 
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Fig. 5. Capacity retention over prolonged cycling at various C-rates for the different Li-metal/LiFePO 4 cells described above cycled between 2.5 V and 4.2 V vs. Li + /Li under 

the conditions specified in Fig. 4 . Note that the first cycles in the descending staircase sequence are carried out at approximately 0.2C. 
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Notably, the cell with the pristine thin lithium and LiBOB did 

ot undergo sudden failure, but rather got exhausted in steps, thus 

orroborating the effectiveness of this type of looped multi C-rate 

est to assess the behaviour of these LMBs and spot their flaws, 

ven without application of very high currents. LiBOB is known 

or its ability to form a suitable SEI on graphite and lithium [ 79 ],

s well as on Si-graphite anodes [ 91 ] undergoing large volume 

hanges. LiBOB can indeed reinforce the SEI on metallic lithium 

hanks to preferential reduction of the BOB 

− anion with respect 
10 
o carbonate molecules and a robust combination of its reduction 

roducts with the species derived from electrolyte reduction [ 92 ] 

see also Table S1 in SI). Its oxalate moiety can also function as 

apping agent [14] to generate a nanostructured SEI that can sus- 

ain conveniently Li-ion diffusion fields, thus promoting smoother 

i plating/stripping. Another intriguing aspect here is that LiF is 

ot present in the SEI of these LiBOB-based cells, since both the 

lectrolyte and binder are F-free, while this particular type of SEI 

as proved to be rich in oxygenated species [ 91 ], with elemental 
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oncentration of the SEI on plated lithium dominated by C and O 

ontaining species [14] . A massive presence of oxygen species can 

ndeed contribute to the stability of the SEI and promote effec- 

ive accommodation of volume variations upon cycling [ 91 ]. The 

ajor SEI components associated with LiBOB decomposition are 

ypically C = O species found in carbonyl-rich compounds [ 93 , 94 ]

nd, to a lesser extent, C–O-containing species involved in decar- 

oxylation reactions [ 91 ], along with inorganic species (e.g. LiBO 2 , 

i 2 C 2 O 4 , Li 2 CO 3 , Li 2 O) and polymeric moieties [ 94 ] associated with

reakdown of the solvent molecules (e.g. EC, DEC). Moreover, en- 

anced presence of OH 

− and Li 2 O in the SEI derived from LiBOB 

lectrolytes, with respect to that formed with standard LiPF 6 for- 

ulations [ 91 ], is a distinctive property related to the absence of 

F which is known to cause Li 2 O dissolution [ 95 ]. 

The other two cells with LP40 electrolyte are expected to form 

arge amounts of LiF in their SEI, which has recently been shown to 

e of limited usefulness when LiF already exists as a solid phase in 

he SEI [ 46 ]. Indeed, LiF in the SEI undergoes a breakdown process

uring cycling [ 46 ] and thus cannot protect adequately the lithium, 

emanding continuous electrolyte consumption, unless fluorinated 

dditives (e.g. FEC) can constantly provide a quick, in situ forma- 

ion of a thin and compact LiF film to protect its surface. However, 

ven quick passivation of new Li deposits via this auxiliary mecha- 

ism can only minimize but not prevent further reaction of lithium 

ith the electrolyte [ 46 ], thereby leading to a progressive deple- 

ion of the additive and ultimate electrolyte disruption, since the 

lectrochemical processes and SEI growth are controlled by these 

urface reactions. It could be argued that a pre-passivated lithium 

urface with oxygen species might benefit from LiF formation in 

ontact with a LiPF 6 electrolyte while generating the SEI, especially 

f such LiF deposits would be thin and compact. From a sheer point 

f view of rapid additional passivation and initial SEI formation, 

t can reasonably be expected as favourable, at least judging from 

he above results in Fig. 3 a, b. Yet, considering in this case also

he presence of sparse LiOH deposits on the O 2 -exposed lithium 

urface and possible tiny traces of water (e.g. from electrode pro- 

essing), it would not be surprising that HF can incidentally be 

enerated during cycling, with detrimental consequences as above. 

ence, long-term stability of LiF in this anode system would re- 

ain a limiting aspect. Although combining ex situ protection of 

ithium by virtually H 2 O-free O 2 with in situ LiF formation via a 

iPF 6 -derived SEI can promptly strengthen the overall passivation 

ayer and suppress dendrites/inhomogeneous Li deposits, possible 

mpending LiF breakdown [ 46 ] and consequent electrolyte con- 

umption ultimately set a limit for the stability of this reacting in- 

erface. Hence, the electrochemical processes and SEI growth are 

xpected to fall still within a reaction-controlled regime and yield 

n increasingly resistive behaviour with progressive cycling. 

The stability of the various cells in this looped multi C-rate 

est can be evaluated by checking their respective Coulombic and 

ound-trip efficiencies, which are shown in Fig. 6 . 

The trends of both Coulombic and round-trip efficiency confirm 

he previous observations and clearly show the issues of the cells 

hat at some point displayed an irregular behaviour and ultimately 

ailed. The cell with O 2 -exposed thin lithium and LiBOB exhib- 

ted instead a steady performance throughout the various phases 

f the test. It displayed an average Coulombic efficiency of 99.5% 

nd an average round trip efficiency of 91.1% over the entire cy- 

ling (not counting the points in which the values had an evident 

vershoot in correspondence of an abrupt change from the highest 

o the lowest C-rate, i.e. 6C → 0.2C). Such values are quite encour- 

ging and demonstrate that thin lithium anodes can cycle more 

fficiently and for longer time in presence of an oxygenated sur- 

ace protection combined with a LiBOB electrolyte. Nevertheless, 

his type of cells is far from being practically reliable, since an av- 

rage Coulombic efficiency of 99.5% means that parasitic processes, 
11 
lthough quite limited, are still present. The stability of the per- 

ormances of this cell is also confirmed by the evolution of the 

verage cell voltage upon charge/discharge (see Fig. S10d), which 

evertheless suggests a certain shift of their values with increasing 

ycle number. 

The individual voltage profiles in correspondence of the initial 

equence of progressively increasing C-rates in the looped test for 

he various cells are depicted in Fig. 7 . 

The voltage profiles of the cells in correspondence of each C- 

ate step clearly highlight the impact of the LiBOB electrolyte, es- 

ecially at high C-rates. The cells with LiBOB displayed a much 

arger separation in voltage between the charge/discharge curves 

han those enclosing LP40, demonstrating an evident polarization 

t C-rates ≥ 0.5C, although the capacities did not appear to be ac- 

ually influenced. This ties well with the above considerations, as 

ell as with a more Li-ion resistive SEI typically formed by LiBOB 

n comparison with that produced by LiPF 6 . 

An analysis of the trend of the polarizations of the 

harge/discharge curves at different C-rates with respect to 

heir applied currents is presented in Fig. 8 for the various cells. 

A careful scrutiny of the data points in correspondence of each 

harge/discharge cycle at a certain C-rate reveals that the LP40- 

ontaining cells yield a clear linear trend (r > 0.995) of the po- 

arization ( 	V) with the applied current (I app ), whereas this is 

ot the case for the cells with LiBOB. Interestingly, the LiBOB- 

ontaining cell with O 2 -exposed thin lithium shows an evident 

inear relationship (r ≈0.998) of the polarization with the square 

oot of the applied current (i.e. 	V ∝ (I app ) 
½), thus demonstrat- 

ng a different behaviour from the LP40-containing cells. The po- 

arizations of the cell with LiBOB and pristine thin lithium do not 

xhibit any linear behaviour with respect to the applied currents, 

hereas an approximate pseudo-linear (r ≈0.987) trend of 	V vs. 

I app ) 
½ can be noticed, yet not as sharp as for the other LiBOB- 

ased cell. These different behaviours can be rationalized assum- 

ng that in practice such distinctive electrochemical features arise 

lmost exclusively from the (pristine/protected) lithium metal sur- 

ace and its interaction with the (LP40/LiBOB) electrolyte, since the 

FP electrode coating is the same for all the cells. The latter does 

ot suffer from any limitation in combination with either elec- 

rolyte, also because the sub-micron particle size of this C-coated 

FP (see Fig. S11) significantly eases electron and Li-ion transport. 

ence, the linear trends with I app found in Fig. 8 a, b would suggest 

 reaction-controlled regime for the lithium/SEI/electrolyte during 

ycling with a LP40 formulation (see Table 2 ). A higher slope (i.e. 

esistance) for the cell with the O 2 -exposed lithium is also noticed 

y comparing Fig. 8 a, b. Vice versa, the linear trend with (I app ) 
½ in

ig. 8 d would suggest a diffusion-controlled regime for the same 

nterface, demonstrating the impact of the oxygen-containing pro- 

ective layer and its interaction with the SEI formed by this LiBOB 

lectrolyte. The other cell with pristine lithium and LiBOB appears 

lso prone to this type of behaviour at this interface, however, its 

seudo-linear trend with (I app ) 
½ would reflect some perturbation 

r instability likely causing deviations from linearity. A comparison 

f Fig. 8 c,d indicates a higher slope of the linear fit for the cell with

he oxygen-exposed lithium (see Table 2 ), in line with the picture 

hat an overall thicker passivation layer is formed at this particular 

i/SEI/electrolyte interface. 

Post mortem SEM analysis of the surface of the various cycled 

ithium anodes at the end of the multi C-rate test was also car- 

ied out to investigate their morphology and check whether den- 

rites had developed, or the protective layer coupled with the SEI 

ad an influence on suppressing their formation/growth. The re- 

ults are presented in Fig. S12 and show that the surface of all 

hese anodes became highly inhomogeneous, irrespectively of the 

lectrolyte used. Moreover, evident presence of filaments, whiskers 

nd porous (e.g. mossy-type) lithium deposits was clearly detected 
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Fig. 6. Coulombic and round-trip efficiencies for the various Li-metal/LiFePO 4 cells cycled extensively at various C-rates as indicated above. Note that the y-axis scales in the 

last graph (d) are different from the others and contain a break, too. 

Table 2 

Summary of the results obtained from the linear fits of the various data sets shown in Fig. 8 . 

Analysed Cell Pearson’s r Intercept 	V 0 [V] Stand. Error [V] Slope [ ¤] Stand. Error [ ¤] 

Li | LP40 | LFP 0.9988 0.079 ± 0.003 0.166 ± 0.004 

Li-Li 2 O | LP40 | LFP 0.9959 0.069 ± 0.008 0.246 ± 0.011 
∗Li | LiBOB | LFP 0.9866 -0.005 ± 0.036 0.577 ± 0.048 
∗Li-Li 2 O | LiBOB | LFP 0.9984 -0.070 ± 0.013 0.665 ± 0.019 

∗ Linear fit of 	V vs. (I app ) 
1/2 , ¤ [k �] for LP40 or [V ·(mA) −1/2 ] for LiBOB. 

12 
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Fig. 7. Voltage profiles of galvanostatic charge-discharge at different C-rates for selected cycles obtained in the initial sequence of the rate capability test (i.e. 40 cycles) for 

the various Li-metal/LiFePO 4 cells specified above. Note that the charge-discharge curves are taken in correspondence of the approximate rates of 0.2C, 0.5C, 1C, 2C, 3C and 

6C, while the 40 th cycle is carried out again at the lowest C-rate of 0.2C. This cycle is included here for comparison, highlighting a slight change of the slope of the profile 

in the ending part of the charge curves for the cells with LP40 electrolyte. 
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n the surface of unprotected lithium, independently of the elec- 

rolyte type (Fig. S12a, c). On the contrary, no evidence of den- 

rites, filaments and whiskers was found for the oxygen-exposed 

ithium surface cycled with LP40 or LiBOB. In both cases, the sur- 

ace did not only become rougher compared to its initial stage 

 Fig. 1 ), but manifested also a presence of massive deposits, having 

 rather compact appearance and sparse cracks, with overall lump- 

ike features (Fig. S12b, d). These findings align with the electro- 

hemical observations above, proving that cycled lithium interfaces 

ith electronically insulating properties were produced in all the 

ases. This aspect is crucial and points at the fact that, although 

ithium protection and suitable combination with a well-designed 

lectrolyte can enable suppressing dendrite formation/growth, this 

i/SEI interface remains rather reactive. Prolonged cycling then can 

ause a progressive growth of a passivation layer, although the 

rowth kinetics of the latter would depend on the specific inter- 

ction of such interface with the surrounding electrolyte. 

Finally, it is worth noticing that the kinetics and initial con- 

olidation of this auxiliary interface layer is sensible to the ap- 

lied current density. In fact, an analogous LFP cell containing O 2 - 

xposed thin lithium and LiBOB subjected to galvanostatic cycling 

irectly with a sustained current density of ≈0.32 mAcm 

−2 cor- 

esponding to ≈1C (Fig. S13) did not develop the same interface 

tability as that of the battery shown in Fig. 6 d, as seen from

he limited values of its Coulombic and round-trip efficiencies re- 

orted in Fig. S13c and evolution of the impedance after each 

harge/discharge cycle (Fig. S14). Hence, initial cell cycling at low 

urrent densities (e.g. < 0.2 mAcm 

−2 ) for a certain number of pre- 

iminary cycles (e.g. 10–20) would be recommended for this par- 

icular type of protected-lithium metal batteries coupled to a func- 
i

13 
ional electrolyte in order to form and reinforce adequately their 

esulting SEI. This is paramount to create from the beginning a re- 

ilient buffer against dendrites through a simultaneous consolida- 

ion of the SEI, thus laying the foundation for minimizing subse- 

uent electrolyte consumption which typically occurs to a higher 

xtent with application of elevated currents. A further enhance- 

ent of Coulombic efficiencies beyond 99.8% [ 96 ] and achievement 

f steady round-trip efficiencies are mandatory requirements to 

revent possible failure of these cells upon prolonged use. The lat- 

er might not happen abruptly, as in the case of insidious dendrite- 

enerated short circuits, but rather manifest as increasing cell re- 

istance and progressive slump of its performances with limited 

apacity access. Hence, dendrite suppression constitutes a neces- 

ary - yet not sufficient - condition to enable reliable cycling of this 

ype of LMBs with oxygen-exposed lithium, whose durability and 

erformance retention need further study and possible improve- 

ents. 

onclusions 

Realization of protective layers onto 30 μm-thick metallic 

ithium via controlled reactive exposure to pure O 2 gas was 

emonstrated in this study. The structural and compositional prop- 

rties of such a coating were investigated highlighting the forma- 

ion of crystalline LiOH, amorphous-like Li 2 O and a minor presence 

f Li 2 O 2 . These results proved that lithium oxidation is extremely 

ensitive to even very minute traces of water and, consequently, 

chievement of a pure Li 2 O phase upon O 2 exposure is challeng- 

ng. The above compounds were found to coexist with other minor 

mpurities (e.g. Li CO ) typically found on the surface of pristine 
2 3 
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Fig. 8. Comparison of the behaviour of the polarization (i.e. 	V) for the various Li-metal/LiFePO 4 cells specified above as a function of the applied current. The data points 

for each cell were obtained from the galvanostatic charge/discharge voltage profiles at different C-rates shown in Fig. 7 . The value of the cell polarization for each C-rate was 

extracted from the middle point of the delivered capacity in the corresponding charge/discharge curves. Note the different trends for LP40 and LiBOB electrolytes. 
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ithium. Oxygen exposure caused a moderate roughening of the 

i metal surface, although the latter retained an overall homoge- 

ous and shiny look to the naked eye. Coupling thin lithium (with 

r without oxygen-based surface protection) with a standard (1 M 

iPF 6 ) or alternative (0.8 M LiBOB) electrolyte in combination with 

 LFP cathode made it possible to evaluate for the first time the 

fficacy of this Li reactive surface coating approach via oxygen un- 

er realistic operating conditions in an actual LMB configuration 

elying on a robust positive electrode material. 

The electrochemical results indicated that the protective layer 

aused a difference in associated reactions in the first cycles for 

he respective cells and influenced the stability of the correspond- 

ng Li/electrolyte interface. Using LiBOB, instead of LiPF 6 , appeared 

o play a key role in the behaviour of the resulting cells, high- 

ighting a convenient interaction with the oxygen-exposed lithium. 

ombining this oxygen-containing protective layer and LiBOB in- 

eed allowed the resulting Li/LFP cell to withstand an extensive 

alvanostatic test at various current densities without undergoing 

ailure and retaining its capacity. No clear signs of dendrites, fila- 

ents/whiskers were found on the surface of the protected lithium 

fter cycling, irrespectively of the electrolyte, in contrast to its 

ristine counterpart, while an evident surface roughening was ob- 

erved for all cycled lithium anodes. 

Analysis of the Li/LFP cell polarization at various C-rates against 

pplied current indicated a linear behavior with the current in 

resence of LiPF 6 electrolyte, thus suggesting a possible ‘reaction- 

ontrolled’ regime for this Li/SEI/electrolyte interface. The behav- 

or of the polarization for the cell with LiBOB electrolyte instead 
14 
hifted toward a proportionality with the square root of the cur- 

ent, thus suggesting a possible ‘diffusion-controlled’ regime. The 

inear trend with (I app ) 
½ became neat for the Li/LFP cell having an 

 2 -exposed lithium surface coupled with LiBOB. 

The processes at the protected-Li/SEI/electrolyte interface ap- 

eared also sensitive to the applied current density, hence sug- 

esting that this type of cells should be cycled by applying ini- 

ially limited currents to promote a more effective SEI formation 

nd thus ensure minimal Coulombic losses upon further cycling at 

igher current densities. The electrochemical performance of the 

i/LFP cells largely depended on the type of electrolyte, associ- 

ted SEI and its particular interaction with the oxygen-based buffer 

ayer here specifically realized. An advanced fabrication of more 

omogenous protective layers, e.g. with pure Li 2 O composition and 

djustable thicknesses, can be regarded as a further important step, 

o that optimization of the buffer layer thickness can be studied in 

 systematic way in presence of different electrolytes. In this re- 

pect, a suitable amount of Li 2 O is deemed important to achieve 

 thin, uniformly covering layer to guarantee simultaneously the 

ain key functionalities of the lithium anode: (i) interfacial me- 

hanical stability, (ii) adequate surface passivation and (iii) conve- 

ient Li + conductivity through the entire protective film and SEI to 

btain an acceptable interfacial resistance. 

To conclude, an intriguing electrochemical interaction between 

xygen-exposed thin lithium and LiBOB electrolyte was found, 

eading to a clear enhancement of the cycleability for the corre- 

ponding Li/LFP cells. This observation is relevant, also because 

ith such an electrolyte choice it is possible to eliminate haz- 
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rdous and corrosive species (e.g. HF), thus enhancing both the 

umber of charge/discharge cycles and cell safety, having this lat- 

er aspect positive implications for cell recycling purposes, too. 
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