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Abstract 

Lithium-oxygen (Li-O2) battery is nowadays among the most appealing next-generation energy 

storage systems in view of a high theoretical capacity and the use of transition-metal-free cathodes. 

Nevertheless, the practical application of this battery is still hindered by limited understanding of the 

relationships between cell components and performances. In this work, we investigate a Li-O2 battery 

by originally screening different gas-diffusion layers (GDLs) characterized by low specific surface 

area (<40 m2 g-1) with relatively large pores (absence of micropores), graphitic character, and the 

presence of a fraction of hydrophobic PTFE polymer on their surface (<20 wt.%). The 
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electrochemical characterization of Li-O2 cells using bare GDLs as the support indicates that the 

oxygen reduction reaction (ORR) occurs at potentials below 2.8 V vs. Li+/Li, while the oxygen 

evolution reaction (OER) takes place at potentials higher than 3.6 V vs. Li+/Li. Furthermore, the 

relatively high impedance of the Li-O2 cells at the pristine state remarkably decreases upon 

electrochemical activation achieved by voltammetry. The Li-O2 cells deliver high reversible 

capacities ranging from ~6 mAh cm-2 to ~8 mAh cm-2 (referred to the geometric area of the GDLs). 

The Li-O2 battery performances are rationalized by the investigation of a practical Li+ diffusion 

coefficient (D) within the cell configuration adopted herein. The study reveals that D is higher during 

ORR than during OER, with values depending on the characteristics of the GDL and on the cell state 

of charge (SOC). Overall, D values range from ~10-10 to ~10-8 cm2 s-1 during the ORR, and ~10-17 to 

~10-11 cm2 s-1 during the OER. The most performing GDL is used as substrate for the deposition of 

few-layer graphene (FLG) and multiwalled carbon nanotubes (MWCNTs) to improve the reaction 

kinetics, leading to a Li-O2 cell operating with a maximum specific capacity of 1250 mAh g-1 (1 mAh 

cm-2) at current density of 0.33 mA cm-2.  XPS on electrode tested in our Li-O2 cell setup suggests 

the formation of a stable solid electrolyte interphase (SEI) at the surface which extends the cycle life. 

Introduction 

The impellent need for efficient energy storage to stabilize the renewable power grids and provide 

satisfactory autonomy to electronic devices, including electric vehicles (EVs), has triggered a relevant 

breakthrough in the field of rechargeable batteries.1,2 Moreover, excessive ambient pollution and 

anomalously fast climate change during the recent years have focused the research efforts on 

developing sustainable technologies that can effectively replace Li-ion batteries based on critical and 

expensive raw materials, e.g., Co, Ni and Mn.3 Among the various electrochemical energy storage 

systems, lithium-sulfur (Li-S) and Li-O2 batteries rely on abundant cathode materials, limiting their 

environmental and economic impact compared to Li-ion batteries.4–6 Furthermore, Li can 

electrochemically react with either S or O2 according to conversion processes involving multiple 
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electrons/ions exchange, leading to practical energy densities above 500 Wh kg-1, outperforming the 

state-of-the-art Li-ion batteries based on Li+-insertion-type electrodes.7,8 Particular interest has been 

devoted to rechargeable Li-O2 batteries operating in organic solvents because of their notable energy 

density (i.e., ~3400 Wh kg−1 for the schematic reaction Li2O2 ⇄ 2Li + O2), and potentially low life 

cycle environmental burdens.5,9 A relevant boost to these intriguing systems has been achieved by the 

use of ad hoc-designed electrolytes, including those based on glymes with the general formula 

CH3O(CH2CH2O)nCH3 characterized by chemical and electrochemical stability, as well as by limited 

cost and low toxicity.10,11 In particular, glymes can form in Li-O2 batteries stable coordination 

complexes with the reactive peroxide and superoxide radicals during ORR,12,13 and can withstand 

oxidation at potential as high as 4.8 V vs. Li+/Li upon OER, when glymes with sufficiently long 

chains and low volatility are used in open oxygen atmosphere.6 The effect of the Li salt nature and 

concentration on the operation of the Li-O2 cell has been investigated by several works, reporting 

promising results for cells using lithium trifluoromethanesulfonate (LiCF3SO3) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in glyme-based electrolytes characterized by high Li+ 

transference number and ionic conductivity, e.g., with tetraethylene glycol dimethyl ether 

(TEGDME) as the solvent.6,14,15 Despite the role of the Li+ diffusion to the electrode-electrolyte 

interphase on the cell performances has been widely investigated for Li-ion 16–19 and Li−S 

batteries,20,21 only a limited deal of studies correlated the kinetics of Li+ diffusion to the performances 

of Li-O2 batteries.22 Efficient ORR/OER processes have been suggested for Li-O2 cells combining 

GDLs, facilitating the diffusion of involved species, with various substrates which accelerate reaction 

kinetics, e.g., nanosized carbon,14,23,24 metals,25–28 metal oxides,29–31 and conductive polymers.32 

Based on these premises, herein we reported a detailed study of various commercially available GDLs 

used as the support for the cathode material. We in-depth investigated the effects of the Li+ diffusion 

on the electrochemical process of Li-O2 batteries using these GDLs, which are characterized by 

different morphological and structural characteristics, as determined through scanning electron 

microscopy (SEM), X-ray diffraction (XRD), N2 physisorption measurements, and 
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thermogravimetric analyses (TGA). The ORR and OER were examined through cyclic voltammetry 

(CV) measurements, while the evolution of the electrode/electrolyte interphase was monitored 

through electrochemical impedance spectroscopy (EIS) measurements. The diffusion kinetics were 

studied with galvanostatic intermittent titration technique (GITT), identifying the most suitable GDL 

to be combined with FLG and MWCNTs for further improving the process in Li-O2 cells. MWCNTs 

have been chosen due to their optimal morphology that triggers an extremely reversible 

electrochemical process,14 while FLG has been selected since it strongly enhances the stability of the 

MWCNTs film on GDL, improves the surface characteristics, flatness, and avoids cracks, thus 

increasing the cycle life of the cell. The identification of the correlation between electrode properties, 

Li+ diffusion kinetics and cell performances is here proposed as an effective approach to design 

efficient and high-energy density Li-O2 batteries for practical applications.  

Experimental section 

Materials characterization 

Gas diffusion layers (GDL Sigracet® Ion Power), referred as 22BB, 28BC, 36BB and 39BB, bare 

MWCNTs (> 90% carbon basis, D × L: 110–170 nm × 5–9 μm, Sigma-Aldrich) and FLG produced 

by WJM method (BeDimensional S.p.A.)33 were characterized by SEM, XRD and TGA 

measurements. SEM images were acquired with a Zeiss EVO 40 microscope using back-scattered 

electrons and secondary electrons modes, while the corresponding EDS elemental mapping was 

recorded with a X-ACT Cambridge Instruments analyzer coupled to the SEM equipment. The XRD 

patterns of the GDLs were collected through a Bruker D8 Advance using a Cu-Kα source (8.05 keV) 

by performing scans over the 2θ range between 10° and 60° with step size of 0.02° and rate of 10 s 

per step. The TGA measurements of the GDLs were carried out in the 25 – 1000 °C temperature 

range under N2 flow with a rate of 5 °C min-1, using a TGA 2 Mettler-Toledo instrument. The specific 

surface area and the porosity of the GDLs were determined by N2 adsorption at 77 K with an 

automated gas sorption analyzer (AutoSorb iQ, Quantachrome Instruments, USA). The samples were 
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degassed under vacuum conditions at 150 °C overnight before each measurement. Specific surface 

area was calculated using the multi-point Brunauer−Emmett−Teller (BET) method,34 considering 

equally spaced points in a relative pressure range P/P0 from 0.05 to 0.30 with a correlation coefficient 

of above 0.999. The total pore volume was directly calculated from the volume of N2 held at the 

highest relative pressure (P/P0 = 0.99). The non-local density functional theory (NLDFT, 

implemented into Quantachrome’s data reduction software)35 was applied to the gas adsorption data 

using a slit-shape model to describe the pore-size distributions (PSD) of the samples. 

Assembly of Li-O2 cells and electrochemical tests  

Foils of GDLs were cut into 16 mm-diameter discs (geometric area: 2.0 cm2, mass: 13.4 mg for 22BB, 

19.6 mg for 28BC, 17.6 mg for 36BB, and 18.2 mg for 39BB) and dried at 110 °C under vacuum for 

3 h before transfer in an Ar-filled glovebox (MBraun) with H2O and O2 levels lower than 1 ppm. Top-

meshed CR2032 coin-type cells were assembled under Ar atmosphere by stacking a GDL disc, a glass 

fiber Whatman® GF/B separator with diameter of 18 mm soaked with an excess (c.a. 200 μL) of the 

electrolyte solution, and a Li disc with diameter of 14 mm as counter electrode. This two-electrode 

setup may have additional polarization compared to possible three-electrode configuration, in 

particular in view of Li-reactivity. However, the above cell (i.e., top-meshed CR2032 coin cell) 

represents the most diffused system for practical Li-O2 battery characterization.36 Subsequently, the 

cells were inserted in sealed glass chambers and filled with pure oxygen to achieve the Li-O2 system. 

The electrolyte solution consisted of TEGDME (≥99%, Sigma-Aldrich) dissolving LiCF3SO3 

(99.995% trace metals basis, Sigma-Aldrich) conductive salt with a concentration of 1 mol kgsolvent
-1. 

Before electrolyte preparation, TEGDME was kept in Ar-filled glovebox under molecular sieves (3 

Å, rod, size 1/16 in., Honeywell Fluka) previously dried under vacuum at 280 °C for 5 days, until a 

water content lower than 10 ppm was verified by a 899 Karl Fischer Coulometer (Metrohm), while 

LiCF3SO3 salt was dried under vacuum for 2 days at 110 °C. The electrochemical characterization of 

Li-O2 cells was carried out by means of CV and EIS measurements using a VersaSTAT MC Princeton 
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Applied Research (PAR) potentiostat/galvanostat. The CV measurements consisted of 3 subsequent 

potential scans between 2.5 and 4.2 V vs. Li+/Li at 0.05 mV s-1, while EIS spectra of the cells were 

recorded at the open circuit voltage (OCV) condition and after each voltammetry cycle. Additional 

CV-EIS measurements were run on Li-O2 cells using a CV potential range of 1.5 – 4.3 V vs. Li+/Li 

with scan rate of 0.05 mV s-1 and performing EIS at the OCV condition and after each voltammetry 

cycle. All EIS spectra were recorded through an AC voltage signal with an amplitude of 10 mV in 

the 500 kHz – 100 mHz frequency range. The spectra were subsequently fitted by an equivalent 

electrical circuit model using the non-linear least squares (NLLS) method through the Boukamp 

software.37,38 Only fits with a chi-square (χ2) value of the order of 10−4 or lower were considered. EIS 

measurements were also conducted on symmetrical Li-Li and GDL(39BB)-GDL(39BB) cells in O2 

atmosphere at the OCV condition in the 500 kHz – 100 mHz frequency range with an alternate voltage 

signal of 10 mV. Polarization curves were recorded through galvanodynamic reduction scans between 

0 and -20 mA on either a Li-Li and Li-GDL(39BB) cells in O2 atmosphere using a step height of 0.1 

mA and a step time of 10 s. Galvanostatic charge/discharge cycling measurements were carried out 

on Li-O2 cells using the various GDLs by applying a current of 0.2 mA (0.1 mA cm-2 considering the 

geometric area of the GDL discs of 2.0 cm2) and limiting the cell capacity to 2 mAh, or by limiting 

the cell potential between 1.5 and 4.5 V (without any capacity limitation). The GITT measurements 

were performed to record the potential of Li-O2 cells with the various GDLs over the exchanged 

lithium equivalents (x) in the 1.5 – 4.5 V vs. Li+/Li range, using square current pulses of 0.4 mA for 

1 h followed by potential relaxation steps of 1 h at the reached state of charge (SOC). An additional 

Li-O2 cell was assembled using the GDL 39BB coated with MWCNTs and FLG. The latter were 

deposited onto the GDL by Doctor Blade (MTI Corp.) casting of a slurry composed by 80 wt.% of 

MWCNTs, 10 wt.% of FLG, and 10 wt.% of polyvinylidene fluoride (PVDF 6020 Solef®) dispersed 

in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich). The electrode tape was dried at 70 °C, cut into 16 

mm-diameter discs (geometric area: 2.0 cm2) and dried at 110 °C under vacuum for 3 h before transfer 

in Ar-filled glovebox. The final mass loading of MWCNTs:FLG on the GDL support ranged from 
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0.8 mg cm-2 to 1.0 mg cm-2. Galvanostatic charge/discharge measurements were carried out on this 

Li-O2 cell by applying a current rate of 0.66 mA (0.33 mA cm-2) and limiting the cell capacity to 2 

mAh (1 mAh cm-2) and 1 mAh (0.5 mAh cm-2)  in the 1.5 – 4.8 V voltage range. The charge/discharge 

galvanostatic tests were performed using a MACCOR series 4000 battery test system, and all the 

electrochemical tests were performed at 25 °C. 

Galvanostatic and CV tests were carried out on cells using lithium discs with thickness of 250 µm 

and mass of about 20 mg, while Li-O2 cells for GITT measurements employed lithium anodes with 

thickness and mass limited to 70 µm and 7 mg, respectively. In addition, a 29BB GDL coated with 

MWCNTs:FLG (composite loading: 0.8 mg cm-2) was cycled for 3 cycles in Li-O2 cell at 0.66 mA 

with capacity limited to 2 mAh between 1.5 and 4.8 V, and subsequently retrieved from the cell. XPS 

measurements were performed on the cycled electrode and on a pristine one for comparison. XPS 

analyses were carried out with a Kratos Axis UltraDLD spectrometer, equipped with a 

monochromatic Al Kα source, operating at 20 mA and 15 kV. To prevent air contamination, the 

samples were moved from an Ar-filled glovebox to the XPS system using a hermetically sealed 

transfer chamber. Wide scans were carried out with an analysis area of 300 × 700 μm and a pass 

energy of 160 eV. High-resolution spectra were collected over the same analysis area at a pass energy 

of 20 eV. Spectra were charge-corrected to C 1s peak at 284.5 eV for sp2 carbon (C=C) and were 

analyzed using the CasaXPS software (version 2.3.25). 

Result and Discussion 

Morphology and structure of the GDLs 

The morphological and structural characteristics of the 22BB, 28BC, 36BB and 39BB GDLs are 

evaluated through SEM-EDS (Figure 1a-h) and XRD (Figure 1i) measurements, respectively. The 

SEM images acquired in back-scattered electrons mode (Figure 1a, c, e and g) show the presence of 

sub-micron (nanometric) primary particles locally aggregated into secondary micrometric domains 

in all the GDLs. The aggregates in 22BB (Figure 1a) and 28BC (Figure 1c) appear smaller than those 
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in 36BB (Figure 1e) and 39BB (Figure 1g), leading to a different surface morphology. The latter can 

be qualitatively evaluated from the secondary electrons SEM images (Figure 1b, d, f, h, and images 

with higher magnification are reported in Figure S1 in Supporting Information). Accordingly, the 

22BB and 28BC GDLs reveal aggregates less extended in size compared to 36BB and 39BB samples, 

which consists with the experimental surface area as discussed afterwards. The EDS elemental 

mapping recorded on secondary electrons SEM images (insets of Figure 1b, d, f and h) shows the 

presence of F in addition to that of C. The F signal is associated to the polytetrafluoroethylene (PTFE) 

binder, which is typically applied to the GDLs to improve their mechanical stability and 

hydrophobicity, however with an insulating character which may affect the reaction kinetics. Figure 

1i shows the XRD patterns of the GDLs, which exhibit a main sharp peak at 2θ = 26.6° and a 

secondary signal at 2θ = 54.7° ascribed to the graphite,39 broad shoulders in the 20 – 30° and 40 – 

45° 2θ ranges indicating the co-presence of amorphous carbon,40 and a peak at 2θ = 18° associated to 

the PTFE.41 It is worth mentioning that the difference between EDS and XRD responses is related 

with the nature of the two techniques. Indeed, EDS focuses mainly on the electrode surface and can 

detect species without any crystallinity, while XRD detect only crystalline species located into the 

whole electrode structure. Overall, SEM-EDS and XRD analyses reveal that all the GDLs are formed 

by both graphitic and amorphous carbon, linked with PTFE binder, and exhibit different surface 

morphologies which may therefore influence the electrochemical processes occurring in Li-O2 

battery.  
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Figure 1. (a-h) SEM images of the (a, b) 22BB, (c, d) 28BC, (e, f) 36BB and (g, h) 39BB GDLs 

acquired in either (a, c, e, g) back-scattered electrons or (b, d, f, h) secondary electrons mode; insets 

in panels (b, d, f, h) show the corresponding EDS elemental maps for C and F. (i) XRD patterns 

measured for 22BB (green), 28BC (cyan), 36BB (blue) and 39BB (red). The reference pattern for 

graphite (black, ICSD #230104) is also reported for comparison. 

The GDLs are further evaluated through TGA performed under N2 to determine the binder content 

(Figure 2a), while nitrogen adsorption measurements at 77 K (Figure 2b-e and Table 1) are carried 

out to assess their surface area and pore size distribution.34 The thermogravimetric curves (Figure 2a) 

and the corresponding differential thermogravimetry (DTG) curves (Figure S2, Supporting 

Information) show that the GDLs undergo a weight loss between 25 and 100 °C ascribed to the 

removal of absorbed water. The weight loss between 500 and 550 °C is associated to the PTFE 
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decomposition,42 while the weight loss starting at 950 °C is attributed to the degradation of the 

carbonaceous structure of the GDLs. Importantly, the TGA data reveal that the GDLs have different 

content of PTFE, i.e., 17 wt.% for 22BB, 13 wt.% for both 28BC and 39BB, and 12 wt.% for 36BB. 

Moreover, 22BB exhibits a most pronounced weight loss below 200 °C, indicating a superior ability 

to absorb moisture compared to the other GDLs. Figure 2b-e shows the N2 adsorption/desorption 

isotherms for the various GDLs. Basing on the International Union of Pure and Applied Chemistry 

(IUPAC) classification,43 all the isotherms can be classified as Type II isotherm with a H3 hysteresis 

loop, indicating the presence of relatively large pores. Table 1 reports the compilation of textural 

parameters obtained after application of the BET equation and NLDFT method to the N2 adsorption 

data of the GDLs. The highest surface area of 39 m2 g-1 was found for 22BB, and the lowest one of 

13 m2 g-1 for 39BB. 28BC and 36BB show intermediate BET surface area of 38 m2 g-1 and 31 m2 g-

1, respectively. The pore volumes are 0.14 cm3 g-1 for both 22BB and 28BC and 0.10 cm3 g-1 for 

36BB and 39BB. The PSD analysis derived from the adsorption branch of the isotherms (Figure S3) 

indicates two main populations of mesopores at ~3 nm and 4.5 nm with intensities decreasing from 

22BB to 28BC, 36BB and 39BB. The minor peak centered at ~30 nm shows similar intensity for all 

the GDLs.  
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Figure 2. (a) TGA curves measured under N2 flow in the 25 – 1000 °C temperature range for 22BB 

(green), 28BC (cyan), 36BB (blue) and 39BB (red); (b-e) N2 absorption/desorption isotherms for (b) 

22BB, (c) 28BC, (d) 36BB and (e) 39BB, used to estimate the specific surface area and pore size 

characterization (see Table 1). 
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Table 1. Data derived from N2-sorption isotherms in Figure 2 for the GDLs.  

GDL 
Surface Area 

[m2 g-1] 

Total Pore Volume 

(P/P0=0.99) 

[cm3 g-1] 

Average Pore 

Diameter 

[nm] 

22BB 39 0.14 2.77 

28BC  38 0.14 2.77 

36BB 31 0.10 2.77 

39BB 13 0.10 2.53 

It is worth mentioning that the BET surface area detected herein may differ from the one fully 

accessible to the electroactive species which represents the electrochemically active surface. On the 

other hand, the BET surface area observed for the 22BB, 28BC and 36BC GDLs is similar and lower 

than that of the GDL 39BB which in turns shows the better electrochemical features. Therefore, the 

difference between the BET surface area observed herein between the GDLs may play a role in 

enhancing the cell performances of the materials in Li-O2 cell. Nevertheless, further discrepancies 

between the inter-fiber pores more readily accessible for Li2O2 formation compared to the mesopores 

of 3-4 nm diameter cannot be excluded as suggested by literature works.44,45 On the other hand, 22BB 

and 28BC GDLs have similar surface area, whilst the TGA in Figure 2a shows that 22BB has a higher 

quantity of the PTFE binder (17%) compared to 28BC (13%). Hence, the higher ratio of the insulating 

polymer in 22BB compared to 28 BC may actually affect the CV curves, as demonstrated hereafter. 

Characteristics of the Li-O2 electrochemical process  

The electrochemical behavior of the bare GDLs as cathodes in Li-O2 cells is studied through CV 

measurements, performed between 2.5 and 4.2 V vs. Li+/Li (Figure 3a, c, e and g), and EIS 

measurements, carried out at the OCV condition and after each CV scan (Figure 3b, d, f and h). The 

potential window used for the CV favors the reversible redox process Li + ½O2 ⇄ ½Li2O2, which 

typically involves multiple steps and intermediates such as the lithium superoxide radical (LiO•
2).

13 

The first CV curves measured for the cell using 22BB (Figure 3a), 28BC (Figure 3c), 36BB (Figure 

3e) and 39BB (Figure 3g) reveal cathodic currents at potential lower than 2.8 V vs. Li+/Li, which are 

attributed to the ORR, i.e., Li + ½O2 → ½Li2O2.
13 The reverse oxidation steps, associated to the OER, 
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i.e., Li2O2 → 2Li + O2, are instead revealed by the anodic currents at potentials exceeding 3.6 V vs. 

Li+/Li.13 Interestingly, during the first CV cycle (black curves) the shape and intensity of the cathodic 

and anodic currents associated to the ORR and OER, respectively, appear to be influenced by the 

GDL characteristics. Indeed, the cells using 22BB (Figure 3a) show intense and narrow ORR and 

OER sharp current slopes rather than defined peaks. Instead, the cells using 28BC (Figure 3c), 36BB 

(Figure 3e), and 39BB (Figure 3g) reveal similar ORR current slope but with a lower intensity than 

22BB, and OER reflecting broad peaks centered at ~4.0 V vs. Li+/Li. The higher ORR intensity of 

the cell using 22BB support with respect to the other GDLs may indicate a Li2O2 deposition initially 

triggered by its higher surface area (see Table 1). On the other hand, the formation of a defined OER 

peak in the cells using the 28BC, 36BB and 39BB may account for OER process promoted by a 

favorable morphology of the reaction products (Li2O2) due to the relevantly lower binder content in 

these GDLs compared to 22BB (see discussion of Figure 2).14 Despite the intensity of the CV peak 

does not directly account for the kinetics of the charge transfer, it may be associated with the various 

processes, including diffusion in the cell and reaction at the electrode/electrolyte interphase. Hence, 

the kinetics may be ascribed to the whole process, including ions and electrochemical species 

diffusion as well as charge transfer at the electrode-electrolyte interphase, in particular considering 

the geometry of the cell used herein to achieve the Li-O2 battery, that is, a top-meshed CR2032 coin 

cell.36 Furthermore, the use of a suitable three-electrode geometry in the Li-O2 cell may be hindered 

by the reactivity of the additional Li-reference electrode, and by possible leakage of the liquid 

electrolyte. Instead, the coin cell allows the study of the electrochemical reaction without the above 

mentioned issues, despite additional polarization due to the two-electrode configuration cannot be 

excluded. During the subsequent CV cycles, the cathodic current of the ORR increases for all GDLs, 

less remarkably for the cell using 22BB (Figure 3a) and more relevantly using 36BB (Figure 3e) and 

39BB (Figure 3g), while the anodic current of the OER increases for all GDLs, except for 22BB. 

Furthermore, the OER CV shapes change for the cell using 36BB and 39BB from a broad but defined 

peak to a sloped profile. The increase of the cathodic currents during repeated CV cycles indicates 
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the presence of an activation of the GDLs towards the ORR, instead the behavior of the anodic 

currents and related CV shapes during OER appears more complex. The GDL activation towards 

ORR may be ascribed to the stabilization of the electrode/electrolyte region and the formation of a 

favorable SEI layer.6 Noteworthy, the activation process is particularly pronounced for the 36BB and 

39BB DGLs, which are characterized by the lowest surface area and lowest porosity among the 

investigated samples (see Table 1). To elucidate the electrode/electrolyte interphase properties, EIS 

spectra of the Li-O2 cells are recorded before and after each CV cycle, as shown in Figure 3b, d, f and 

h for 22BB, 28BC, 36BB and 39BB, respectively. The resulting Nyquist plots are fitted through 

NLLS method, modelling the Li-O2 systems with a Re(R1Q1)Qg equivalent circuit including resistive 

elements (R) and constant phase elements (Q), accounting for the electrolyte and the 

electrode/electrolyte interphase (see top-side scheme in Figure S4 in Supporting Information).37,38 

More in detail, Re is the electrolyte resistance measured by the high-frequency intercept of the Nyquist 

plot; R1 and Q1, arranged in parallel in the (R1Q1) element, describe the processes related to the Li+ 

transfer and/or the SEI layer formation in the electrode/electrolyte interphase;37,38 the R1 resistance 

corresponds to the width of the semicircle in the high-medium frequency range;37,38 lastly, Qg is a 

constant phase element used to represent the low-frequency region of the Nyquist plot identifying the 

cell geometric capacitance and the diffusion-limited mass transport.37,38 Table 2 shows the estimated 

parameters of the equivalent circuits of the investigated Li-O2 systems, as determined by the NLLS 

fitting. At OCV, the Li-O2 cells show high R1 with values ranging from 530 to ~1520 Ω. After the 

first CV cycle, R1 significantly decreases to 135 Ω for 22BB (Figure 3b), 78 Ω for 28BC (Figure 3d), 

49 Ω for 36BB (Figure 3f) and 69 Ω for 39BB (Figure 3h). After 3 CV cycles, R1 further decreases 

to 70 Ω for 22BB and to 55 Ω for 39BB, almost stabilizes at 83 Ω for 28BC, and increases to 82 Ω 

for 36BB (see Table 2).  
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Figure 3. (a, c, e, g) CV curves and (b, d, f, h) Nyquist plots recorded before and after each CV cycle 

(see insets in panels (b, d, f, h) for OCV condition) measured for Li-O2 cells using (a, b) 22BB, (c, 

d) 28BC, (e, f) 36BB or (g, h) 39BB as cathode. CV potential range: 2.5 – 4.2 V vs. Li+/Li; scan rate: 

0.05 mV s-1. EIS frequency range: 500 kHz – 100 mHz; alternate voltage signal: 10 mV. 
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Table 2. NLLS analyses of the Nyquist plots recorded by EIS before and after each CV cycle 

(potential between 2.5 and 4.2 V vs. Li+/Li) for the Li-O2 cells using the investigated GDLs as 

cathodes. The NLLS fitting was performed with the Boukamp software and only χ2 values of the 

order of 10-4 or lower were accepted.37,38 

GDL Cell Condition Circuit Re [Ω] R1 [Ω] χ2 

22BB 

OCV Re(R1Q1)Qg 30.1 ± 0.2 865 ± 6 6×10-4 

After 1 CV cycle Re(R1Q1)Qg 31.1 ± 0.1 135 ± 1 4×10-4 

After 2 CV cycles Re(R1Q1)Qg 32.7 ± 0.1 97.5 ± 0.8 4×10-4 

After 3 CV cycles Re(R1Q1)Qg 34.6 ± 0.2 69.6 ± 0.9 5×10-4 

28BC 

OCV Re(R1Q1)Qg 40.5 ± 0.3 647 ± 6 9×10-4 

After 1 CV cycle Re(R1Q1)Qg 41.3 ± 0.2 77.6 ± 0.6 4×10-4 

After 2 CV cycles Re(R1Q1)Qg 41.1 ± 0.2 104 ± 1 4×10-4 

After 3 CV cycles Re(R1Q1)Qg 45.1 ± 0.1 82.5 ± 0.7 3×10-4 

36BB 

OCV Re(R1Q1)Qg 36.0 ± 0.2 1516 ± 92 6×10-4 

After 1 CV cycle Re(R1Q1)Qg 36.2 ± 0.2 48.7 ± 0.6 5×10-4 

After 2 CV cycles Re(R1Q1)Qg 37.2 ± 0.1 72.8 ± 0.6 3×10-4 

After 3 CV cycles Re(R1Q1)Qg 38.1 ± 0.1 82.1 ± 0.6 2×10-4 

39BB 

OCV Re(R1Q1)Qg 30.7 ± 0.3 530 ± 4 8×10-4 

After 1 CV cycle Re(R1Q1)Qg 30,4 ± 0.2 69.1 ± 0.6 4×10-4 

After 2 CV cycles Re(R1Q1)Qg 33.9 ± 0.1 66.3 ± 0.6 4×10-4 

After 3 CV cycles Re(R1Q1)Qg 34.1 ± 0.1 55.1 ± 0.7 4×10-4 

In general, these EIS data confirm the cycling-induced activation of the electrode/electrolyte 

interphase for the ORR observed during CV, showing significant differences depending on 

morphological and structural characteristics of the investigated GDLs. In particular, after 3 CV 

cycles, the lower Re value was observed for 39BB, which has the lowest surface area and lowest 

porosity among the GDLs. On the other hand, Re remains almost constant after subsequent CV cycles 

for all the GDLs, with values ranging between 30 Ω and 45 Ω (Table 2). The trend observed for Re 

indicates only minor electrolyte decomposition during cell operation.46  
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Additional EIS measurements are carried out on symmetric Li-Li and GDL(39BB)-GDL(39BB) cells, 

both assembled in O2 atmosphere at the OCV condition (Figure S5 in Supporting Information). The 

Figure S5a shows for the symmetric Li-Li cell the typical Nyquist plot including a semicircle at 

medium-high frequency ascribed to the electrode/electrolyte interphase, and a low frequency 

contribute related with the semi-finite Warburg-type Li+ diffusion. The cell shows a resistance around 

100 Ω, that is much lower than that of the Li-O2 cell using the same GDL displayed in Figure 3h at 

the same condition (i.e., of about 600 Ω at the OCV), and comparable to the values achieved after 

cell cycling. This result supports the activation process experienced by the GDLs by cycling as the 

cell resistances in Figure 3h decrease to values comparable to that of Li-Li cell upon CV, and actually 

suggests that the contribute of the Li electrode cannot be excluded in evaluating the Li-O2 cell 

impedance. On the other hand, the GDL(39BB)/GDL(39BB) cell (Figure  S5b) shows a wide and 

noisy semicircle likely ascribed to possible side reaction of the electrolyte or ion diffusion, with a 

very larger resistance value, i.e., extending 10000 Ω, and suggesting the almost blocking character of 

this configuration due to the absence of Li-source in the electrodes. 

Figure 4 shows the galvanostatic charge/discharge curves measured for the Li-O2 cells using 22BB 

(Figure 4a), 28BC (Figure 4b), 36BB (Figure 4c) and 39BB (Figure 4d) as cathodes. The cells are 

cycled with a constant current of 0.2 mA, limiting the cell capacity at 2 mAh (1 mAh cm-2 considering 

the GDL geometric area of 2.0 cm2) that corresponds to charge and discharge processes of 10 h each. 

In addition, minimum and maximum voltage cutoff of 1.5 and 4.8 V, respectively, are used. This 

galvanostatic charge/discharge cycling procedure avoids excessive deposition of Li2O2 on the GDL 

surface and ensures reversible cell operation.47 The cell voltage profiles reveal the occurrence of the 

ORR and OER between 2.5 and 2.7 V and between 3.6 and 4.5 V, respectively. At the end of the first 

discharge/charge cycle, the Li-O2 cells exhibit similar polarizations (i.e., difference between the 

voltages achieved by the cell at the end of charge and at the end of discharge) of ~1.8 V, except for 

the one using 39BB that show a polarization of ~2.0 V likely due to the growth of larger insulating 

Li2O2 agglomerates.15 During subsequent charge/discharge cycles, all the investigated Li-O2 cells 
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exhibit an activation for the ORR that occurs at slightly higher voltage, due to the above mentioned 

stabilization of the SEI upon the first charge/discharge cycle. After 10 cycles, the cells display 

different polarization values, i.e., 2.1 V for 22BB, 1.9 V for 28BC, 2.2 V for 36BB, and below 2.0 V 

for 39BB.  

 

Figure 4. Voltage profiles during galvanostatic charge/discharge cycling measured for the Li-O2 cells 

using (a) 22BB, (b) 28BC, (c) 36BB or (d) 39BB as cathode, at the constant current of 0.2 mA and 

limiting the cell capacity to 2 mAh (1 mAh cm-2 considering the GDL geometric area of 2.0 cm2). 

Bottom x-axes report the geometrical areal capacity (mAh cm-2), while top x-axes show the cell 

capacity (mAh). Maximum voltage range: 1.5 – 4.8 V.  
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The difference between the voltages achieved by the cell at the end of charge and at the end of 

discharge is reported as a function of the cycle number in Figure S6, which shows the decrease of the 

polarization upon the above discussed GDLs activation. After 2-3 cycles, the cell polarization 

increases for all the cells except that based on 39BB, for which the polarization starts to increase only 

after the 4th cycle and stabilizes at a final value (10th cycle) slightly lower than the initial one.15 

Overall, these cell polarization trends indicate that 39BB is a particularly suitable GDL to ensure the 

formation of stable and effective electrode/electrolyte interphase for the realization of performant Li-

O2 systems. 

The GDLs are subsequently investigated by CV, EIS and galvanostatic charge/discharge 

measurements using a wide potential range and without any capacity limitation. Previous paper 

suggested for the TEGDME-LiCF3SO3 solution and the PVDF binder anodic stability approaching 

4.8 V,36 despite partial electrolyte oxidation during OER at lower potentials,48 and side reaction due 

to the PVDF binder49 cannot be completely excluded. On the other, the reductive decomposition of 

the electrolyte typically occurs below 1 V, with formation of a stable passivation film at the electrode 

surface. Hence, the extended potential range is herein aimed to study of the effects of a massive Li2O2 

deposition during cell discharge on kinetics, impedance, polarization, and maximum capacity of the 

investigated Li-O2 cells.47,50,51 Indeed, literature papers indicated that restricted potential ranges (e.g., 

2.5 – 4.2 V vs. Li+/Li in Figure 3) can allow the limitation of the undesired process, hold the high 

electrode conductivity, and increase the reversibility of the Li-O2 redox process in particular during 

ORR, instead the excessive Li2O2 electrodeposition achieved by voltammetry lowering the cathodic 

limit to 1.5 V can lead to a partial insulation of the electrode surface, which is reflected in a decrease 

of the reversibility.14,36,47 Figure 5 displays the CV curves recorded in the 1.5 – 4.3 V vs. Li+/Li 

potential window (Figure 5a-d), the EIS spectra acquired after each CV cycle (Figure 5e-h), and the 

voltage profiles measured during galvanostatic charge/discharge cycles at the constant current of 0.2 

mA between 1.5 V and 4.3 V (Figure 5i-l). The CV curves show the occurrence of the ORR during 
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the cathodic scans, leading to an intense peak centered at ~2.2 V vs. Li+/Li. The subsequent anodic 

scan shows the currents associated to the OER, occurring through a first step at 3.5 V vs. Li+/Li and 

a second one above 4.0 V vs. Li+/Li. Among the investigated Li-O2 cells, the one based on 22BB 

displays the sharpest and most intense cathodic current peak (Figure 5a), indicating fast ORR kinetics. 

Instead, the cell based on 28BC (Figure 5b) exhibits the broadest and less intense cathodic current 

peak, suggesting slowest kinetics of the discharge reaction. The cells using 36BB (Figure 5c) and 

39BB (Figure 5d) shows an intermediate trend of the cathodic currents. On the other hand, the small 

differences observed for the OER peaks of the Li-O2 cells suggest a limited effect of the bare GDLs 

on the oxidation kinetics when insulating Li2O2 is massively formed during ORR within the full 

potential range. The Nyquist plots after each CV cycle (Figure 5e-h) are fitted with the 

Re(R1Q1)(R2Q2)Qg equivalent circuit (Table 3, and bottom-side scheme in Figure S4 in Supporting 

Information), instead those at the OCV are the same reported in inset of Figure 3b, d, f, h, and Table 

2 (see top-side scheme in Figure S4 in Supporting Information). Compared to the one used to fit the 

Nyquist plots reported in Figure 3, an additional (R2Q2) element is included to discriminate the Li+ 

transfer and the SEI formation at the electrode/electrolyte interphase.52 The fitting of the Nyquist 

plots after the voltammetry cycle indicates interphase resistance (R1 + R2 in Table 3) of about 86 Ω 

for 22BB (Figure 5e), 115 Ω for 28BC (Figure 5f), 96 Ω for 36BB (Figure 5g) and 93 Ω for 39BB 

(Figure 5h). These low impedance values suggest a limited electrolyte decomposition during the ORR 

and OER, thus indicating the suitability of the GDLs for promoting efficient electrochemical reactions 

in the Li-O2 systems.52 Further proof of the efficiency of the electrochemical processes is given by 

the charge/discharge galvanostatic profiles of the Li-O2 cells recorded with no capacity limitation 

(Figure 5i-l). The cells using 22BB (Figure 5i), 28BC (Figure 5j), 36BB (Figure 5k) and 39BB (Figure 

5l) achieve notable discharge areal capacities of 6.8, 7.4, 6.4 and 7.8 mAh cm-2, respectively, 

corresponding to cell capacities of 13.6, 14.8, 12.8 and 15.6 mAh, with a high Coulombic efficiency. 

It is worth noting that the different reversibility of CV tests in in Figure 5(a-d) compared to the 

galvanostatic tests in Figure 5 (i-l) may be attributed to the higher current values reached in the former 
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compared to the latter. Thus, the galvanostatic test is performed at a constant current of 0.2 mA, while 

in the CV the currents reach maximum values ranging from about 3 mA in discharge to about 1 mA 

in charge. Thus, the Li-O2 cell using 39BB as the cathodic support shows the best performance in 

terms of delivered capacity and Coulombic efficiency, indicating that the characteristics of this GDL, 

including low surface area and low porosity (see Table 1) are beneficial to attain the reversible 

reaction Li + ½O2 ⇄ ½Li2O2 reaction.53 

 

 
Figure 5. (a-d) CV curves, (e-h) Nyquist plots recorded by EIS and (i-l) voltage profiles during 

galvanostatic charge/discharge cycling measured for the Li-O2 cells using (a, e, i) 22BB, (b, f, j) 

28BC, (c, g, k) 36BB or (d, h, l) 39BB as cathode. CV potential range 1.5 – 4.3 V vs. Li+/Li; scan 

rate: 0.05 mV s-1. EIS carried out before and after each CV scan in the 500 kHz – 100 mHz frequency 

range. Voltage profile measured for the investigated cells during galvanostatic charge/discharge 

cycling at 0.2 mA and voltage between 1.5 and 4.5 V with no cell capacity limitation; in panels (i-l), 

bottom x-axes report the geometrical areal capacity (mAh cm-2), while top x-axes show the cell 

capacity (mAh). 
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Table 3. NLLS analyses of the Nyquist plots reported in Figure 5 recorded by EIS before and after 

CV (potential between 1.5 and 4.3 V vs. Li+/Li) for the Li-O2 cells using the investigated GDLs as 

cathodes. The NLLS fitting was performed with the Boukamp software and only χ2 values of the 

order of 10-4 or lower were accepted.37,38 

GDL Circuit R1 [Ω] R2 [Ω] R1+ R2 [Ω] χ2 

22BB Re(R1Q1)(R2Q2)Qg 7.4 ± 0.6 78.9 ± 0.8 86.3 ± 1.4 1×10-4 

28BC Re(R1Q1)(R2Q2)Qg 36.0 ± 1.4 78.7 ± 1.6 115 ± 3 7×10-6 

36BB Re(R1Q1)(R2Q2)Qg 17.8 ± 0.8 78.1 ± 0.9 95.9 ± 1.7 5×10-5 

39BB Re(R1Q1)(R2Q2)Qg 7.1 ± 0.9 86.1 ± 1.1 93.2 ± 2.0 1×10-4 

The electrochemical performances of the investigated GDLs in Li-O2 cells are further rationalized by 

determining the Li+ diffusion coefficient (D) at various SOCs using GITT (Figure 6).54 Typically, 

this technique evaluates the effect on D promoted by the exchange of a Li-equivalent fraction (x) 

within active materials designed for Li-ion batteries, such as Li1-xFePO4.
18,55 More recent work 

reported the use of GITT for the evaluation of the diffusional features of Li-S batteries, considering 

the exchange of x in the Li2xS reaction products.20 In our case, Li-O2 cells represent three-phase 

(solid/liquid/gas) systems, which hinder the proper determination of the x value at the cathode side.56 

Indeed, the exact mass of the electroactive specie on cathode, i.e., the oxygen on the GDL which is 

used only as the support for the electrochemical reaction, is practically complex to determine in 

particular in the cell setup used herein (i.e., CR2023 top-meshed coin cell in an excess of statical O2 

gas). Therefore, we refer herein to the x equivalents exchanged within the Li metal anode, the mass 

of which can be easily determined, for the evaluation of the D values calculated through the GITT 

equation (1):54 

𝐷 =
4

𝜋
[
𝐼0𝑉M

𝐴𝐹

𝑑𝐸/𝑑𝑥

𝑑𝐸/𝑑𝑡1/2
]

2

, 𝑡 ≪ 𝜏   (1) 

where I0 (A) is the applied current, VM is the Li molar volume (13.02 cm3 mol−1), A is the Li geometric 

area (1.54 cm2), F is the Faraday constant (96 485 C mol−1), τ is the diffusion time employed in the 

tests, dE/dx is obtained by derivation of the titration plots in Figure 6a, c, e and g, and dE/dt1/2 is 
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determined by linear fitting of the relaxation potential vs. t1/2 related to each current pulse (with t ≪ 

τ).20 Despite the above technique can help the rationalization of the Li-O2 battery behavior, the 

diffusion in the cell configuration adopted in this work avoids the actual deconvolution of the various 

factors, including Li+ and O2 transport, ORR/OER kinetics, nucleation and growth of Li2O2, and 

formation/decomposition of parasitic products, which are instead taken in whole by the “practical 

version” of the diffusion coefficient determined hereafter. Indeed, the complex nature of the battery 

hinders the full discerning of the various processes. In particular, the ion as well as the oxygen 

diffusion at the cathode/electrolyte interphase which may represent the rate determining step of the 

cell, despite the contribution of electrolyte and anode may be not completely excluded. Figure 6a, c, 

e and g shows the potential profiles recorded at quasi-equilibrium condition as a function of x, as 

achieved by the elaboration of the corresponding GITT potential vs. time curves (Figure S7).18,20 

Importantly, these data are consistent with the cell voltage profiles recorded during the galvanostatic 

charge/discharge cycling (see Figure 5), and reveal different x values for the various GDLs. Hence, 

maximum x value of 0.31, 0.44, 0.41 and 0.54 were observed during discharge for the cells using 

22BB (Figure 6a), 28BC (Figure 6c), 36BB (Figure 6e) and 39BB (Figure 6g), respectively. These 

values indicate that 39BB is the most performant GDL for Li-O2 cells among the investigated ones. 

The trends of the D values achieved from GITT upon the change of x during the ORR/OER are 

reported in Figure 6b, d, f, and h for the cells using 22BB, 28BC, 36BB and 39BB, respectively. For 

all the cells, the data show higher D values during discharge than during charge, thus accounting for 

a faster kinetics during ORR than during OER. This behavior is consistent with the differences of the 

reactants involved in the two processes, i.e., Li and O2 in the former whilst insulating Li2O2 in the 

latter.14,57,58 The data also reveal a decrease of D during the initial stages of the cell discharge and 

charge, where Li2O2 begins the deposition on the GDLs or it undergoes oxidation, respectively, due 

to the notable activation energy of the ORR and OER.13 Subsequently, D increases most likely due 

to the stabilization and consolidation of the electrode/electrolyte interphase, as already supported by 

EIS analyses (see Figure 5).  
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Figure 6. (a, c, e, g) GITT curves reporting the potential vs. x and (b, d, f, h) D trends calculated by 

GITT equation (eq. 1)18,20,54 at various SOCs for the Li-O2 cells using (a, b) 22BB, (c, d) 28BC, (e, 

f) 36BB or (g, h) 39BB as cathode (see maximum and minimum D values in in Table S1 in Supporting 

Information and the potential vs. time GITT curves in Figure S7). Square current pulse: 0.4 mA; time 

of pulse: 1 h; potential relaxation step time: 1 h; potential range: 1.5 – 4.5 V vs. Li+/Li. 
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Table S1 in Supporting Information displays the maximum and minimum D calculated using GITT, 

indicating that 28BC leads to both the highest D value of 2.8×10-8 cm2 s-1 and the lowest one of 

4.4×10-17 cm2 s-1. The other GDLs show intermediate D, ranging from 10-8 cm2 s-1 to 10-16 cm2 s-1, 

while the sample 39BB reveals the most suitable D values until the highest x of 0.55. Hence, GITT 

indicates the interplay between the GDL properties, including its surface characteristics, and the SOC 

of the Li-O2 cell in determining both the diffusional properties and the electrochemical performances. 

This behavior is associated with redox processes that involve multiple phases (i.e., solid, liquid and 

gas), formation of insulating species (Li2O2), and reaction intermediates including radicals and 

nucleophils.13 Despite the complex response, the GITT analysis suggests the use of 39BB to ensure 

the most performant Li-equivalent exchange in Li-O2 cells, aiming at maximizing the discharge 

capacities of the latter. Indeed, previous work demonstrated that the growth of Li2O2 crystals follow 

a surface-mechanism in our cell setup.14 According to the above mechanism, the nucleation in the 

system leads to the formation of Li2O2 microparticles by direct-electrodeposition over the surface of 

the support, the size and distribution of which depend on the local current density. Hence, GDLs with 

lower porosity and surface, thus with the higher local current, can lead to the better performance due 

to the deposition of bigger Li2O2 micrometric particles distributed into the conductive framework, 

rather than small particles covering and possibly insulating the support.  

With the aim of further understanding the nature of the D coefficient determined herein, we have 

performed polarization tests through galvanodynamic reduction scans on Li-Li and Li-GDL(39BB) 

cells in O2 atmosphere. The data reported in Figure S8 in Supporting Information suggest a limiting 

current exceeding the value of 5 mA cm-2 for Li+ diffusion in the Li-Li symmetrical system, and a 

complex trend for the Li-GDL(39BB) cell evolving with a double slope, suggesting a concomitant 

role of the O2 diffusion at lower currents in the Li-O2 cells. 
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Use of the GDL coated with MWCNTs-FLG in Li-O2 cell with prolonged cycling  

According to the above GDLs characterization, 39BB is subsequently selected as suitable cathodic 

support for the realization of a practical Li-O2 battery based on a MWCNTs:FLG electrode. Figure 7 

reports the SEM images at various magnification of the electrode, alongside with the voltage profiles 

and corresponding specific capacity and Coulombic efficiency trends as a function of galvanostatic 

charge/discharge cycles of the corresponding Li-O2 cell. The SEM images show an electrode surface 

mainly formed by MWCNTs (Figure 7a) with a characteristic morphology including secondary 

particles with sizes ranging from 10 to 30 μm (Figure 7b) intimately curling up primary nanotubes.14 

The SEM imaging also evidences the presence of FLG flakes, with sizes ranging from 1 to 10 μm 

and nanometric thickness, dispersed into the MWCNTs framework (Figure 7b and c).21 The cell using 

the 39BB GDL coated with MWCNTs:FLG as electrode is cycled at the constant current of 0.66 mA 

(areal value: 0.33 mA cm-2) by limiting the capacity to 2 mAh (areal value: 1 mAh cm-2) which 

corresponds to charge and discharge processes of 3 h each. The cell shows shapes of voltage profiles 

(Figure 7d) similar to those collected for the corresponding cell using the bare GDL (Figure 4d), 

although a remarkable three times higher current was reached upon the incorporation of MWCNTs 

and FLG. The cell reveals a Coulombic efficiency approaching 100%, which is actually achieved by 

the capacity limit, and a relevant specific capacity of 1250 mAh g-1 (as referred to the weight of the 

MWCNTs:FLG mixture) over 40 charge/discharge cycles (Figure 7e). Prospectively, a further 

increase of the cycle life of the cell may be achieved by tuning the MWCNTs:FLG weight content 

ratio, as well as by activating the MWCNTs using thermal treatments under N2 atmosphere as 

reported in our previous work.14 Literature papers suggest various additional strategies to limit the 

overvoltage and increase the cycle life of the Li-O2 cell.14,36,59 The first and simplest one consists on 

the decrease of the cell capacity limit to achieve the extended cycle life.36 We have adopted this 

strategy in Figure 7f and g by lowering the capacity limit from 2 mAh (areal value: 1 mAh cm-2) to 1 

mAh (areal value: 0.5 mAh cm-2) in the Li-O2 cell using the 39BB coated with MWCNTs:FLG as 

electrode at the constant current of 0.66 mA (areal value: 0.33 mA cm-2). The new capacity limit, 
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which corresponds to a gravimetric value of 500 mAh g-1, leads to the extension to the cycle life from 

40 to 100 cycles, in agreement with literature work.14  

 

Figure 7. (a-c) SEM images at various magnification of the electrode using the MWCNTs:FLG 

mixture coated onto the 39BB GDL (see Experimental section); (d, f) Voltage profiles and (e, g) 

corresponding specific capacity with Coulombic efficiency trends measured for Li-O2 cells using the 

39BB GDL coated with MWCNTs:FLG as cathode (MWCNTs:FLG loading of either (d, e) 0.8 mg 

cm-2 or (f, g) 1.0 mg cm-2 considering the GDL geometric area of 2.0 cm2). The batteries are cycled 

at the constant current of 0.66 mA by limiting the capacity to either (d, e) 2 mAh (1 mAh cm-2) or (f, 

g) 1 mAh (0.5 mAh cm-2). In panels (d, f), bottom x-axes report the geometrical areal capacity (mAh 

cm-2), while top x-axes show the specific capacity (mAh g-1); in panels (e, g), right y-axis displays the 

Coulombic efficiency. Voltage range: 1.5 – 4.8 V. 
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Furthermore, the use of catalysts and redox mediators can actually lower the charge polarization, and 

thus extend the cycle life due to the limited side reactions, such as the electrolyte degradation 

occurring in the Li-O2 cell.27 In addition, the use of a different electrolyte, such as ionic liquids, can 

change the reaction mechanism, lower the polarization and extend the cycle life of the cell.59 

To examine the chemical composition of the SEI layer formed at the electrode/electrolyte interphase, 

a 39BB coated with MWCNTs:FLG electrode is cycled in Li-O2 cell with the same conditions of 

Figure 7d and e, and subsequently retrieved from the cell. XPS measurements are performed on the 

cycled electrode and on a pristine one for comparison, and the results are reported in Figure 8. The 

survey spectra of pristine and cycled electrodes are reported in Figure 8a. The spectrum of the pristine 

electrode is dominated by the characteristic peaks related to C 1s and F 1s, likely related with the 

GDL substrate, FLG, and MWCNTs, and to the PVDF binder, respectively. A low amount of 

adsorbed oxygen at the sample surface is detected, possibly due to partial oxidation of one of the 

electrode components. After the third charge/discharge cycle, the survey spectrum of the electrode 

exhibits the expected C 1s, O 1s, and F 1s signals, along with additional peaks related to Li 1s and S 

2p derived from the contact of the MWCNTs:FLG-coated 39BB electrode with the electrolyte 

solution. The presence of the Si peaks is originated from the glass fiber used as a separator in the cell. 

The relative atomic concentrations of C, O, F, S, and Li are quantified and reported in Table S2 in 

Supporting Information. Increase of O and F contents is observed at the surface of the cycled electrode 

compared to the pristine one, together with the decreased C atomic concentration. High-resolution C 

1s, O 1s, F 1s, S 2p, and Li 1s XPS spectra are acquired and reported in Figure 8(b-f). In the Pristine 

electrode, the C 1s spectrum is deconvolved into seven peaks, ascribed to MWCNTs:FLG mixture 

compounds, at 283.7±0.2, 284.5±0.2, 285.0±0.2, 286.5±0.2, 287.9±0.2, 288.9±0.2, and 290.9±0.2 eV 

(Figure 8b). They correspond to C vacancies, C=C (sp2-hybridized carbon), C-C (sp3-hybridized 

carbon), C-O (hydroxyl), C=O (carbonyl), O=C-O (carboxyl), and π-π* satellite peak, respectively.60 

The presence of PVDF is associated with the appearance of five additional peaks centered at 

286.1±0.2 eV (attributed to the CH2 group), 290.6±0.2 eV (CF2–CH2), 291.7±0.2 eV (CF2–CF2), 
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292.4±0.2 eV (O=C-CF3) and 293.5±0.2 eV (CF3).
61 The two components in the F 1s spectrum 

(Figure 8d), located at 687.8±0.2 eV and 689.7±0.2 eV, correspond to –F-C-H- and –F-C-F- groups, 

respectively, related to the PVDF binder.62 The additional components at higher binding energy 

(691.0±0.2 eV and 692.2±0.2 eV in Figure 8d) may be attributed to O bonded to a highly 

electronegative element such as F to form O–F bonds.63,64 Other authors65,66 suggested that the 

formation of the bump visible at > 692 eV was caused by local charging effects of the PVDF binder 

during the analysis, related to the ‘negative charge trapping’ within the PVDF. The O 1s spectrum 

(Figure 8c) can be deconvoluted into four peaks centered at 531.7±0.2 eV, 532.7±0.2 eV, 533.4 eV, 

and 535.7±0.2 eV, assigned to the C=O, C-O, O-C=O, and O-F groups.67 In the cycled electrode, the 

C 1s spectrum resembles to the one of the pristine electrode (Figure 8b). The most notable distinctions 

from the pristine sample include the appearance of two new components at 287.5±0.2 eV and 

290.0±0.2 eV, identified as C–SOx and CO2-
3.

61,68 The pronounced C-SOx and the slightly noticeable 

CO2-
3 signals, alongside with the increased –CF3 one in the C 1s spectrum, suggest the presence and 

possible decomposition of LiCF3SO3 conductive salt strongly adsorbed to the carbon electrode. The 

degradation of the salt with the formation of kinetically stable products at the SEI layer is confirmed 

by two distinct contributions in the O 1s spectrum (Figure 8c) at 532.0±0.2 eV and 534.8±0.2 eV 

attributed to CO2-
3 in Li2CO3 and S-O groups, respectively.65,69 Additionally, the S 2p spectrum 

(Figure 8e) comprising of the double split peaks at 168.9±0.2 eV and 166.5±0.2 eV, validates the 

presence of –SO3CF3 and the formation of Li2SO3 as electrolyte degradation product.70 The additional 

peak at 170.6 eV is probably due to the chemisorption of oxygen, with the formation of SO4
2− 

species.71 The strong contribution of Li2CO3 component at 55.7±0.2 eV72 (532±0.2 eV in the O 1s 

spectrum, Figure 8c) to the global Li 1s signal (Figure 8f) hinders the possibility of precisely 

evaluating the nature of the low intensity species at lower binding energy ~53±0.2 eV, precluding the 

distinction between Li2O and Li2O2 compounds. Although the expected LiF decomposition product 

of fluorinated salt during the discharge can dissolve during the charge,65 the F 1s spectrum (Figure 

8d) reveals discernible LiF peak at 684.8±0.2 eV  (in the Li 1s spectrum at 56.8±0.2 eV, Figure 8f), 
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along with the components at 688.6±0.2 eV and 690.4±0.2 eV related to the PVDF binder.73 The 

slight shift toward higher binding energy of the latter two components compared to those for the 

pristine electrode can be ascribed to local charging effects.66  

 

Figure 8. XPS measurements of the 39BB GDL coated with MWCNTs:FLG at the pristine state and 

after 3 cycles in Li-O2 cell at the constant current of 0.66 mA and capacity limited to 2 mAh (see 

Experimental section for details). In particular: (a) survey spectra and (b-f) high resolution signals 

acquired in the (b) C 1s, (c) O 1s, (d) F 1s, (e) S 2p and (f) Li 1s regions.  
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Overall, the XPS indicates that the SEI formed at the electrode surface in the Li-O2 cell under the 

setup adopted in this work is mainly formed by decomposition products of the LiCF3SO3 conducting 

salt and the TEGDME solvent (e.g., Li2SO4, LiF, RCF3SO3), which are strongly adsorbed into a 

protective layer increasing the cycle life of the battery. 

Conclusion 

Various GDLs indicated as 22BB, 28BC, 36BB and 39BB have been characterized in terms of 

physical-chemical characteristics, which were correlated to the performances of Li-O2 batteries using 

the GDLs as cathode. The SEM-EDS analyses of the GDLs revealed different surface morphology 

and a composition based on carbon and PTFE binder. The XRD patterns of the GDLs indicated the 

presence of carbon with either graphitic or amorphous characters. The contents of the PTFE in the 

GDLs, determined through TGA, were found to be 17% for 22BB, 13% for both 28BC and 39BB, 

and 12% for 36BB. The BET analysis of N2 physisorption measurements indicated specific surface 

area of 39, 38, 31, and 13 m2 g-1 for 22BB, 28BC, 36BB and 39BB, respectively, and total pore 

volumes between 0.10 and 0.14 cm3 g-1. The average pore diameter of the GDLs was found to be less 

than 3 nm. The electrochemical behavior of the GDLs as cathodic supports in Li-O2 cells was assessed 

through CV measurements performed in a potential range of 2.5 – 4.2 V vs. Li+/Li, showing reversible 

ORR and OER occurring below 2.8 and above 3.6 V vs. Li+/Li, respectively. After the first CV cycles, 

the currents associated to the ORR increased, suggesting an activation process associated to the 

stabilization of the electrode/electrolyte interphase and the formation of a suitable SEI at the 

electrodes surface. On the other hand, the OER evidenced a more complex dependence between the 

CV profiles and the GDL nature, due to the insulating character of the Li2O2 formed during the 

reaction in absence of a specific catalyst. The EIS spectra recorded at OCV condition and after each 

CV cycles revealed initial resistances between 500 and 1500 Ω, which decreased to less than 100 Ω 

after CV, supporting the activation process that was particularly pronounced for 39BB (resistance 

after CV scan as low as 55 Ω). Galvanostatic charge/discharge cycling of the Li-O2 cells using the 
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investigated GDLs were carried out by limiting the capacity to 2 mAh. The cells displayed promising 

performance, with reversible redox processes and a decrease of polarization after the first 

galvanostatic cycle. Additional CV tests using a wide potential range from 1.5 V to 4.3 V vs. Li+/Li 

showed resolved cathodic current peak, associated to the ORR and centered at 2.2 V vs. Li+/Li. The 

ORR process was then reversed into a multi-step OER occurring at potentials between 3.5 and 4.3 V 

vs. Li+/Li, with electrode/electrolyte interphase resistance limited to ~100 Ω. The reversibility of the 

Li-O2 cells was further demonstrated by galvanostatic charge/discharge cycling without any capacity 

limitation, demonstrating areal capacities as high as 6.8, 7.4, 6.4 and 7.8 mAh cm-2 for cells using 

22BB, 28BC, 36BB and 39BB, respectively. Also, GITT measurements were performed to determine 

the practical Li+ diffusion coefficients (D) in the Li-O2 cells within the configuration adopted in this 

work using the various bare GDLs. The GITT data indicated that D is driven by both GDL properties 

and the SOC of the cell, with values in a vast range from 10-8 cm2 s-1 to 10-17 cm2 s-1. Importantly, the 

GITT analyses indicated that 39BB ensures the highest Li-equivalents (x) exchange, which, in turn, 

results in the highest cell discharge capacity among the investigated Li-O2 systems. In summary, the 

results reported in this work indicated that the less porous GDL (i.e., 39BB) represents the most 

suitable cathodic support for the realization of practical high-performance Li-O2 batteries. These 

characteristics have been attributed to the growth pathway of Li2O2 crystallites, which proceeds in 

our system according to the surface-mechanism over the sites of the carbon support. This direct-

electrodeposition process forms bigger microparticles distributed into the conductive GDL in case of 

relatively high local current, low porosity and surface, instead smaller particles covering and possibly 

insulating the material in the case of the low local current, high porosity and surface. Accordingly, 

39BB was coated with a MWCNTs:FLG mixture to further promote the electrochemical process, 

resulting in a Li-O2 battery with specific capacity as high as 1250 mAh g-1 (1 mAh cm-2) at ~2.7 V 

discharge voltage with a high Coulombic efficiency over 40 cycles achieved at a current density of 

0.33 mA cm-2 (specific current: 412.5 mA g-1). Further limitation of the capacity to 500 mAh g-1 (0.5 
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mAh cm-2) has led to the extension of the cycle life over 100 cycles. In addition, XPS on cycled 

electrode suggested a cell stability promoted by the formation of a suitable SEI layer at the surface. 

Supporting Information  

SEM images (Figure S1), DTG curves (Figure S2) and pore size distribution (Figure S3) measured 

for the investigated GDLs: 22BB, 28BC, 36BB and 39BB. Scheme of the equivalent circuits used for 

the non-linear least-squares (NLLS) analyses (Figure S4). EIS Nyquist plots of Li-Li and 

GDL(39BB)-GDL(39BB) cells in O2 atmosphere (Figure S5), Polarization at the end of 

charge/discharge (overvoltage) as a function of the cycle number (Figure S6), and GITT curves 

(Figure S7) measured for the Li-O2 cells using the bare GDLs (22BB, 28BC, 36BB, or the 39BB) as 

cathode. Maximum and minimum D values calculated through GITT (Table S1). Galvanodynamic 

reduction scans Li-Li or Li-GDL(39BB) cell in O2 atmosphere (Figure S8). Relative atomic element 

concentrations detected on pristine and cycled electrodes by XPS (Table S2). 
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