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A B S T R A C T   

Sodium-oxygen batteries hold great promise for the transition to a non-fossil fuel economy due to their high theoretical energy density. One of the most important 
components of these devices is the air-cathode, where the electrons available at the solid electrode, the Na+ ions present in the liquid electrolyte and oxygen gas react 
to form sodium oxides as discharge products. The kinetics of the discharge/charge reactions depend significantly on the boundary points between the solid-liquid-gas 
reaction phases, known as triple phase boundary (TPB). The density of TPB points (and therefore the battery efficiency) can be maximized by incorporating per-
fluorinated polymers on the cathode formulation. Thus, this type of polymers enhance oxygen transport properties which favour the diffusion of gaseous components 
in detriment to liquid electrolytes on solid electrodes. In this work, polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP) polymers were added in 
different weight ratio to commercial graphene nanoplatelets (GNPs) cathodes. The critical physical properties affecting the formation of the TPB have been identified 
and correlated to sodium-oxygen battery performance. These key properties, which are crucial to modulate the oxygen diffusion within the cathode structure, have 
been identified for the first time in this work for aprotic metal air devices. This approach is of outmost importance for the development or efficient electrochemical 
storage devices where oxygen gas is involved.   

1. Introduction 

The depletion of fossil fuels, the rapid evolution of the global econ-
omy and high living standards require the development of new energy 
storage systems that can support the needs of the world’s population. 
During the last decade, aprotic sodium-oxygen batteries (Na-O2) 
upsurged as a promising alternative to resolve future energy demands 
and environmental issues, due to their much higher theoretical energy 
density (1086 Wh kg− 1 based on NaO2 discharge product). Such energy 
density arises from a conversion-type mechanism where the electro-
chemical reduction/oxidation of molecular oxygen takes place to form 
different sodium oxides on the surface of the battery cathode (NaO2, 
Na2O2.2H2O, Na2O…) [1]. The Na metal anode is oxidized and ions 
migrate to the cathode through a conductive organic electrolyte, 
whereas molecular oxygen is reduced (Oxygen Reduction Reaction, 
ORR) to superoxide (O2

–) or peroxide (O2
2–) radical/anions at the cath-

ode. These oxygen reactive species generated during the ORR, combine 
with the metal cation and different metal oxides are formed at the sur-
face or within of the “air-cathode” during discharge. Upon charging, the 
metal oxides are redissolved to perform the oxidation of the oxygen 

anions (Oxygen Evolution Reaction, OER) and subsequent deposition of 
the metal at the anode. ORR and OER are three-phase reactions 
comprising a gas (oxygen), a liquid electrolyte (Na+ ions) and a solid 
cathode (electrons). The physical region where these three phases meet 
is commonly referred as the triple phase boundary (TPB, Scheme 1). 

The density of TPB points is directly correlated with power and en-
ergy densities of the battery, where the interaction between the O2 
saturated electrolyte and active surface area of the cathode will dictate 
the kinetics of the discharge/charge reactions (ORR and OER) [2]. 
Because of the much larger oxygen diffusion coefficient in gas than in 
liquid phase [3,4], electrodes with mixed wettability (i.e., having re-
gions with different electrolyte wettability coexisting in the same elec-
trode section) could create phase boundaries that facilitate the oxygen 
transport through nonwetted pores. However, too many nonwetted 
pores will decrease the ionic conductivity of the electrodes as the liquid 
electrolyte is the phase providing the Na+ ions [5]. Perfluoropolymers 
are largely used to bind the different components, enhance the me-
chanical strength and improve the adhesion of battery electrodes. This 
type of polymers offer a great opportunity to manufacture 
mixed-wettability cathodes as they are (i) excellent oxygen carriers, (ii) 
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not miscible/wettable in any solvent [6] and (iii) stable towards the 
attack of reactive superoxide radicals generated during discharge [5, 
7–10]. In fact, perfluorinated compounds have been used in the 
biomedical field as artificial oxygen carriers in blood due to their ability 
to solubilize molecular O2 [11–13]. However, the specific effect of these 
polymers on the oxygen transport in battery cathodes has been largely 
overlooked in literature. Here, we hypothesize that the use of certain 
amount of perfluoropolymers in the cathode formulation will enhance 
the O2 transport while repealing organic electrolytes, therefore ensuring 
the coexistence of gas and liquid phases in the pore network of the 
cathode (i.e., reincreasing the number of TPB sites). Regarding the 
active material, carbon materials are extensively used as bifunctional 
catalysts in Na-O2 battery cathodes due to their low cost, high surface 
area, chemical stability, conductivity, and intrinsic catalytic activity 
towards the ORR/OER reactions [14–18]. Their limited performance at 
high operating current densities boosted the research on new forms of 
carbon materials, where the open 2D structure of graphene offers an 
enhanced molecular diffusion in high-rate regime [19–26]. However, 
the processing of low-density graphene materials is very challenging and 
hinders its straightforward application in battery systems. Graphene 
nanosheets or nanoplatelets (GNPs) provide much better processability 
than few-layer graphene materials while deliver good electrochemical 
performance [27,28]. The effect of two perfluorinated polymers yielding 
different oxygen diffusion coefficients; polytetrafluoroethylene (PTFE, 
10− 6 cm2 sec− 1) [29] and fluorinated ethylene propylene (FEP, 107 cm2 

sec− 1) [30], on the TPB formation of commercial GNP air-cathodes has 
been studied in this work. The electrolyte wettability, oxygen diffusion 
and electronic conductivity as function of the type of polymer and the 
weight ratio on cathode formulation has been studied by different 
characterization techniques, to establish a clear correlation between the 
cathode properties and their electrochemical performance. 

2. Experimental 

2.1. Electrode preparation 

The electrodes were prepared by mixing a suitable amount of GNPs 
(xGnPs grade C–300, Sigma–Aldrich) and polytetrafluoroethylene 
(PTFE, 60 wt.% dispersion in H2O Sigma–Aldrich) or fluorinated 
ethylene propylene (FEP, 55 wt.% dispersion in H2O Fuel Cell Store) to 
obtain different active material to polymer binder mass ratios. Then, 3 
mL of ethanol was added and the mixture was sonicated for 15 min to 
obtain a homogeneous dispersion, which was dried in air. The thus 
formed solid paste was kneaded until the formation of a homogeneous 
slurry and was punched out to obtain disc–shaped electrodes of 11 cm in 
diameter and 0.95 cm2 in area. The electrodes were further dried at 

250 ◦C under vacuum for 24 h and transferred to an Ar–filled glove box 
(H2O < 0.1 ppm, O2 < 0.1 ppm, Jacomex, France) without exposure to 
air. The mass and the thickness of the dry electrodes were in the range of 
15–20 mg and 150–200 µm, respectively. A series of electrodes were 
prepared by using PTFE as binder and named as X_PTFE where X is the 
weight percentage of PTFE (series 1, Table 1). Unlike PTFE, it was not 
possible to bind the GNP powder by using only FEP polymer. The 
addition of a small amount of PTFE in the electrode formulation (5 wt. 
%) enabled processable pastes. Therefore, a second series of electrodes 
were prepared by fixing the amount of PTFE while varying the propor-
tion of FEP. The electrodes were named as X/Y_FEP/PTFE where X and Y 
are the weight percentage of PTFE and FEP polymer, respectively (series 
2, Table 1). 

2.2. Sodium-air cell assembly 

The modified Swagelok®-type cells assembled in this work consisted 
of a sodium metal anode (10 mm, Panreac), a sodium conducting elec-
trolyte and the GNP cathodes shown in Table 1. Prior to the assembly, 
the cells were dried overnight at 60 ◦C in vacuum and transferred to an 
Argon filled glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm, Jacomex). The 
self-standing graphene cathodes were dried overnight at 200 ◦C in 
vacuum, transferred to the glove box and supported on a 12 mm 
diameter stainless steel mesh (Alfa Aesar) current collector. Three Cel-
gard® H2010 papers (13 mm) were soaked in 200 μL of electrolyte and 
used as separators. Ethylene glycol dimethyl ether solvent (DME, 
anhydrous, 99.5% Sigma Aldrich) and sodium tri-
fluoromethanesulfonate salt (NaOTf, 99.5%, Solvionic) were used to 
prepare the 0.5 M NaOTf in DME electrolyte. To this end, DME was dried 
over molecular sieves (3 Å, Sigma Aldrich) for one week and NaOTf salt 
under vacuum at 110 ◦C for 48 h. The water content in the prepared 
electrolytes was measured with an 899 Karl Fisher Coulometer (Met-
rohm) and was below 10 ppm in all the cases. Following the assembly, 
Na-O2 cells were pressurized with pure oxygen (99.99% pure) to ~ 1 
atm and rested for 8 h at open circuit voltage ≈ 2.2–2.3 V (vs Na+/Na) 
before the electrochemical measurements. Galvanostatic deep-discharge 
experiments were performed using a Biologic-SAS VMP3 potentiostat at 
a current density of 0.2 mA cm− 2 and a voltage cut off of 1.8 V (vs Na+/ 
Na). Shallow cycling measurements were performed by galvanostatic 
charge-discharge in the same conditions, within a potential range of 
1.8–3.2 V (vs Na+/Na) and a capacity cut-off of 0.5 mA cm− 2. 

2.3. Physicochemical characterization of pristine materials and 
discharged electrodes 

The porosity of the pristine GNPs was analysed by nitrogen gas 
physisorption using an ASAP2460 adsorption analyser (Micromeritics) 
to measure the N2 adsorption–desorption isotherms at –196 ◦C in the 
relative pressure range from 10− 4 to 0.99. Samples were degassed at 
200 ◦C for 16 h under vacuum. The specific surface area (SBET) was 
calculated according to the Brunauer-Emmett-Teller (BET) method [31] 
from the nitrogen isotherms in the relative pressure range of 0.05–0.25. 
The total volume of micro–mesopores (VT) was calculated as the amount 

Scheme 1. Schematic representation of the triple phase boundary (TPB) in 
metal-air batteries. 

Table 1 
Summary of the materials along with the acronyms used in this work.    

wt.% in electrode 
formulation   

Electrode name GNPs PTFE FEP Total amount of binder 

series 1 5_PTFE 95 5 0 5 
10_PTFE 90 10 0 10 
15_PTFE 85 15 0 15 
20_PTFE 80 20 0 20 

series 2 5/5_FEP/PTFE 90 5 5 10 
10/5_FEP/PTFE 85 5 10 15 
15/5_FEP/PTFE 80 5 15 20  
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of N2 adsorbed at a relative pressure of 0.99. The different crystalline 
phases present on the pristine GNPs, pristine cathodes or the discharged 
cathodes were studied by X-ray diffraction (XRD) using a Bruker D8 
Discover diffractometer with θ/2θ Bragg–Brentano geometry (mono-
chromatic Cu radiation: Kα1 = 1.54056 Å). The patterns were acquired 
within the 10–70◦ range (2θ) with a resolution of 0.02◦/step and an 
accumulation time of 1.2 s/step. The morphology of either the cathodes 
or the electrochemical formed products on the discharged cathodes were 
evaluated by scanning electron microscopy (SEM) imaging using a FEI 
Quanta 250 microscope operating at 20 kV. The surface composition in 
both plain and cross-sectional view of the cathodes was studied by en-
ergy dispersive X-ray spectroscopy (EDX) using the same equipment 
with an ADC1 detector and a magnification of 750. The Raman spectra 
of the all the materials were recorded with a Renishaw spectrometer 
(Nanonics Multiview 2000) operating with an excitation wavelength of 
532 nm, focused with a 50x long working distance objective. The spectra 
were obtained by performing 10 acquisitions with 10 s of exposure time 
of the laser beam to the sample. A silicon wafer was used for calibration. 
In the case of the discharged cathodes (sensitive samples) they were 
transferred from an Ar–filled glove box to the different equipment using 
air–tight holders to avoid air exposure. 

2.5. Evaluation of the electronic conductivity, wettability and oxygen 
diffusion in GNP/polymer binder cathodes 

Double-layer capacitance [32] is related to the wetted interfacial 
area on an electrode via the following equation. 

C = εrε0
A
d

(1)  

where C is the capacitance, εr is the relative permittivity of the elec-
trolyte, ε0 is the permittivity of the vacuum, d is the double layer 
thickness and A represents the wetted pore surface. As εr, ε0 and d can be 
considered constant for a given electrolyte the change of the area of the 
wetted pore surface is proportional to the variation of the double-layer 
capacitance. Hence, the wetting ability of a solid by an electrolyte can be 
quantified by cyclic voltammetry (CV), through integration of the area 
inside the current-potential curve. For this purpose, it is necessary to 
consider that the capacitor consists of two electrodes connected in series 
and use the following equation: 

C =
2Ccell

melectr
=

2Ccell
m
2

= 4⋅
I⋅ dt

dV

m
= 4⋅

I
m⋅s

(2)  

where C is the capacitance, Ccell is the cell capacitance, melectr the 
electrode mass, m the mass of the active material, s (dt/dV) the scan rate 
and I is the current. The wettability can be also studied by electro-
chemical impedance spectroscopy (EIS), where ideally polarizable 
(wettable) electrodes would display a straight line parallel to the 
imaginary axis at low frequencies in the Nyquist plot (negative imagi-
nary impedance vs the real part of the impedance). A symmetric Swa-
gelok® type cell was assembled using two GNP/polymer binder 
electrodes, with similar weights and thicknesses. CV cycles were per-
formed at a sweep rate of 10 mV/s in a voltage window from 0 to 1.4 V 
while EIS scans were conducted from 100,000 kHz to 10,000 mHz. 
Three cells were assembled for each experiment to ensure reproduc-
ibility and get the standard deviation value. Prior to the measurements, 
the electrodes were soaked in 200 μL of 0.5 M NaOTf in DME and 
separated by two Celgard® H2010 separators (13 mm diameter). The 
cell and the GNP electrodes were dried overnight at 60 ◦C and 200 ◦C in 
vacuum, respectively; and transferred to the Argon-filled glovebox prior 
to the assembly. The electronic conductivity measurements were per-
formed in an Everbeing SR-4–6 L four-point prober by applying the Van 
der Pauw method. A constant current (9–10 mA) was applied through 
the two outer tungsten pins using a DC current source (Keithley 6220) 
while the corresponding voltage drop was measured across the two inner 

tungsten pins with a nanovoltmeter (Keithley 2182A) [33]. The mea-
surements were conducted at 25 ◦C with and an environmental moisture 
of 66%. Each electrode was measured six times in different parts of the 
electrode and the standard deviation was calculated. 

Oxygen diffusion within the cathode bulk was estimated by EDX 
imaging, studying the distribution of the discharge products throughout 
their cross-section. To that end, the discharged electrodes were carefully 
cut in half inside a globe box using a scalpel and transported to the SEM 
equipment in an air-tight holder. Cross-sectional EDX mapping images 
were acquired for C, F, O and Na atoms at a magnification of x850. The 
contribution of each of them was registered on an a Thermo Fisher 
Quanta 200 FEG high-resolution Scanning Electron Microscope (SEM), 
equipped with an ADC1 detector operating at 20.00 kV, spot size set at 
4.5 and a dwell of 2000 us. 

3. Results and discussion 

3.1. Physicochemical characterization of GNPs and electrode pastes 

The porosity of the GNPs was evaluated by N2 adsorption at –196 ◦C 
(Fig. 1a). The amount of adsorbed nitrogen at low relative pressures 
indicated the presence of micropores where the calculated BET surface 
area was 302 m2 g–1. The incipient slope and the presence of a slight 
hysteresis loop at medium-high relative pressures revealed the moderate 
presence of mesopores. The total pore volume calculated at a P/P0 of 
0.99 was 0.55 cm3 g–1. It can be therefore concluded that GNPs have a 
relatively high surface area with some mesopore contribution. The 
structure of the GNPs was studied by XRD and Raman spectroscopy. The 
XRD pattern (Fig. 1b) showed the three characteristics peaks of graphite 
at 26.45◦, 42.31◦ and 54.45◦ corresponding to (002), (101) and (004) 
reflections, respectively. Hence, GNPs seemed to present a multilayer 
structure characteristic of graphene with low exfoliation degree [34,35]. 
The Raman spectra of pristine GNPs also displayed peaks characteristic 
of graphitic materials (Fig. 1c):(1) the D band at 1340 cm− 1, which is 
associated with the disordered structure of the graphitic materials, 
representing the breathing vibration of sp2-hybridized, aromatic carbon 
rings located next to an edge or defect in the lattice, (2) the G band at 
1585 cm− 1, related to stretching vibration of sp2-based C=C bonds and 
(3) the second-order Raman spectra (i.e., the 2300–3300 cm− 1 region) 
where different low–intensity bands appear. Consistent with XRD, the 
larger intensity of the G band compared with the D band in Fig. 1c 
indicated a predominantly graphitic structure of the GNP material. As 
well, the noticeable intensity and the symmetric shape of the 2D band 
revealed a turbostatic structure where the graphene sheets are randomly 
stacked [36]. Commercial GNPs, therefore, presented a graphitic 
composition with randomly stacked graphene nanosheets that might 
make this material an excellent electrical conductor. The morphology of 
this commercial material was studied by SEM imaging (Fig. 1d) where 
small particles of 2–4 μm together with ~ 25 μm big aggregates were 
observed. The small particle size, the platelet morphology, and the 
micro–mesoporous structure could provide this material with an 
open/accessible surface area to accommodate the deposition of the 
discharge products and enhance their dissolution during Na-O2 battery 
cycling. 

As explained in Section 2.1 the GNPs were processed by adding 
polyfluoropolymers (PTFE or/and FEP) as binders and/or plasticizers to 
achieve mechanically stable and handy electrode pastes (Fig. S1). The 
morphology of the prepared electrodes, as well as the dispersion of the F- 
containing polymer binder in them, was studied by cross-sectional SEM- 
EDX imaging (Fig. S2). A close inspection at high magnification 
(x10,000) revealed that both 5_PTFE and 10_PTFE presented a homo-
geneous particle distribution while 15_PTFE and 20_PTFE showed large 
particle aggregates and, consequently, inhomogeneous surface 
(Fig. S2a–d). The dispersion of the particles followed the same trend for 
PTFE/FEP series (Fig. S2e–g), worsening as the proportion of binder 
increases. The EDX analysis of the full cross sections (Fig. S2) revealed a 
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suitable distribution of the fluorine atom (i.e., the polymer binder) for 
the GNP/PTFE electrode series. However, it was slightly uneven for 
PTFE proportions above 10 wt.% and, particularly, for 20_PTFE sample. 
The dispersion of the binder was more deficient for PTFE/FEP series, 
where the agglomeration of F atoms along the electrode transversal 
section was visible, even at low polymer weight fractions (5/5_PTFE/ 
FEP sample). 

3.2. Characterization of the discharged cathodes 

The ORR kinetics on GNP cathodes were examined upon galvano-
static discharge on a Na-O2 full cell. Fig. 2 shows the voltage profiles for 
all the cathodes discharged to full capacity in 0.5 M NaOTf in DME 
electrolyte at a current density of 0.2 mA cm− 2 and a voltage cut–off of 

1.8 V. In the case of the cathodes processed only with PTFE, the largest 
capacity was reached for polymer proportions of 10 wt.% (10_PTFE) 
while decreased significantly for proportions above that value (15_PTFE 
and 20_PTFE). Thus, 10_PTFE and 5_PTFE cathodes presented larger 
discharge capacity (4.51 mAh cm− 2 and 3.40 mAh cm− 2) than 15_PTFE 
(2.16 mAh cm− 2) and 20_PTFE (2.08 mAh cm− 2). Considering only the 
content of FEP polymer in FEP/PTFE series (Table 1), the obtained ca-
pacities were very similar to those in PTFE series (i.e., 10_PTFE = 10/ 
5_FEP/PTFE > 5_PTFE=5/5_FEP/PTFE > 20_PTFE = 15/5_FEP/PTFE). 
However, if the total amount of polymer is considered (Table 1), the 
discharge capacity was maximized for polymer ratios around 15 wt.% 
(10/5_FEP/PTFE). It can be therefore concluded that the discharge ca-
pacity is greatly affected by the total weight of polymer rather than its 
nature, where the capacity is maximized for ratios from 10 to 15 wt.%. 

Fig. 1. (a) N2 adsorption/desorption isotherm at –196 ◦C, (b) XRD pattern, (c) Raman spectra and (d) SEM image of pristine GNPs.  

Fig. 2. Galvanostatic full discharge profiles on a Na-O2 full cell in 0.5 M NaOTf in DME at 0.2 mA cm− 2 of (a) GNP/PTFE and (b) GNP/FEP/PTFE cathodes.  
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The discharge overpotential is also an important parameter in the 
electrochemical performance of a given cathode. The overpotential, 
which is related with kinetical limitations, is the potential difference 
(voltage) between a reaction standard reduction potential and the po-
tential at which the reaction is experimentally observed. The cathodes 
with a larger proportion of PTFE binder not only yielded more limited 
discharge capacities but also larger overpotentials. Hence, 10_PTFE and 
5_PTFE presented a plateau at 2.12 V vs E0(Na/NaO2) = 2.27 V (150 mV 
overpotential) while the plateau in 15_PTFE and 20_PTFE was at 2.03 V 
(corresponding to a 240 mV overpotential). As well, the FEP/PTFE 
cathodes showed higher overpotential (200–240 mV) as compared with 
PTFE series, where 10/5_FEP/PTFE yielded the lowest overpotential. 

The evolution of the morphology of the discharge products on the 
different cathodes was studied by SEM imaging in Fig. S3. All the 
cathodes presented cubic-like deposits on their surface and this 
morphology is generally associated to the formation of sodium super-
oxide (NaO2) as discharge product. The particle size of the cubic-like 
discharge products decreases as the weight ratio of polymer in the 
cathode formulation increases. Hence, the particle size decreases from 
20 µm in 5_PTFE sample to 10 µm in 20_PTFE cathode. The density of 
NaO2 cubes increases substantially when increasing the PTFE ratios 
above 5 wt.%, where the maximum density is achieved for 10_PTFE 
sample. In the case of FEP/PTFE series, the particle size also decreases 
from 25 µm in 5/5_FEP/PTFE to 10 µm in 15/5_FEP/PTFE, but the 
density of cubic-like particles does not change much. The nature of the 
discharge products was further evaluated by Raman spectroscopy 
(Fig. 3). All the cathodes displayed the D, G and 2D bands arising from 
the graphitic structure of GNPs (Fig. 1c), whose Raman spectra is dis-
played at the bottom of Fig. 3a for comparison. The presence of an 
intense peak centred at 1156 cm− 1 for all the discharged cathodes 
confirmed that NaO2 is the main discharge product, regardless of the 
nature and the proportion of polymer binder. However, a close inspec-
tion of the 1000–1300 cm− 1 region revealed a small peak at 1136 cm− 1 

in the spectra (Fig. 3b). This peak, which is related to the formation of 
hydrated sodium peroxide (Na2O2⋅2H2O), was more noticeable for the 
cathodes in FEP/PTFE series. In the case of PTFE series, those cathodes 
containing more than 10 wt.% of polymer yielded more intense 
Na2O2⋅2H2O signal. (Fig. 3b). The presence of NaO2 as main discharge 
product in all the studied cathodes (Fig. S4a, b) as well as the existence 
of Na2O2⋅2H2O as minoritarian side product in some of them 
(Fig. S4c–i), was further confirmed by surface mapping in Fig. S4. The 
formation of Na2O2⋅2H2O as parasitic product is generally observed in 
Na-O2 batteries where the Na2O2 is readily hydrated by any moisture in 
electrolyte or the gas feeding [37–40]. The presence of NaO2 was also 
observed by XRD characterization (Fig. S5a), where two intense peaks at 
2θ ≈ 32.7◦ and 46.8◦ corresponding to (200) and (220) diffraction 

planes in NaO2 are verified for all the discharged cathodes. Interestingly, 
the peak ascribed to (004) diffraction plane in GNPs (Fig. 1b), was 
visible for all the samples in PTFE series, but it was not in the case of 
FEP/PTFE series (Fig. S4a). This suggests a better coating of GNP par-
ticles by FEP polymer as compared with PTFE or, a larger passivation of 
the electrode surface by the discharge products. To discern which of the 
two hypothesis is actually occurring, pristine 20_PTFE and 
15/5_FEP/PTFE electrodes were studied by XRD. The peak associated to 
GNPs is visible for both patterns in Fig. S5b, confirming a larger 
passivation of the surface on FEP-containing cathodes. 

The cycling performance of the GNP/PTFE cathodes was examined at 
a current density of 0.2 mA cm− 2 by shallow–cycling experiments, 
where the depth of discharge was limited to 0.5 mAh cm− 2 (Fig. 4). 
10_PTFE cathode presented the largest cyclability by delivering 142 
cycles, followed by 5_PTFE (123 cycles) and 15_PTFE (111 cycles). The 
lowest cycling performance was observed for 20_PTFE cathode which 
yielded 27 cycles (Fig. 4a). Even though, all the cathodes presented a 
good coulombic efficiency in the first cycles, 10_PTFE reached 100% 
efficiency after only 20 cycles. This was not the case for 5_PTFE and 
15_PTFE, where full recovery of the efficiency was delayed to 40 and 80 
cycles, respectively. 20_PTFE not only presented poor cycle life but also 
deficient efficiency throughout the entire cycling. The cycling perfor-
mance of FEP/PTFE cathodes was much lower than that in PTFE series; 
none of them exceeded 37 cycles regardless of the total polymer pro-
portion (Fig. 4b). 5/5 FEP/PTFE cathode showed the best cycling per-
formance (37 cycles) and the best coulombic efficiency (100% above 10 
cycles) of its series. In contrast, 10/5 FEP/PTFE (16 cycles) and 15/5 
FEP/PTFE (31 cycles) presented poor cyclability and the latter also 
displayed a very low coulombic efficiency. The evolution of the cell 
overpotential with the number of cycles is shown in Fig. 4c for all the 
studied cathodes. Generally, a gradual increase of the overpotential was 
observed over cycling, probably due to the accumulation of insoluble 
discharge products and pore clogging. This fact is characteristic of Na-O2 
batteries, due to the formation of an electrical insulating passivation 
layer of discharge product that saturates active sites in the cathode [41, 
42]. Except 20_PTFE (> 850 mV), the cathodes presenting the lowest 
overpotentials were those containing PTFE binder (˂ 350 mV up to 60 
cycles). In the case of FEP/PTFE series, not only the overpotential was 
much higher (> 500 mV) but also increased drastically with the total 
proportion of binder. In contrast, the increment on the overpotential was 
almost negligible when the proportion of PTFE was increased from 
5_PTFE to 15_PTFE cathodes. However, further increase of PTFE pro-
portion up to 20 wt.% causes a twofold increase on the overpotential, 
where 20_PTFE sample presented values similar to FEP/PTFE series. 

The state-of-art on best-performing carbon-based Na-O2 battery 
cathodes [25,41,42], taking into account comparable electrode mass 

Fig. 3. (a) Raman spectra and (b) zoom of the 1100–1300 cm–1 region for all the discharged cathodes.  
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loading, current density and capacity cut off to the present work, 
revealed that the performance of 10_PTFE cathode exceeded those in 
literature. Thus, ruthenium/carbon nanotubes composites yielded 110 
cycles at 0.19 mA cm− 2 to 0.4 mAh cm− 2 but showing a high cycling 
overpotential of 1.1 V [43]. La2Co2O7/activated carbon composites 
delivered 167 cycles with 0.4 V overpotential at 0.09 mA cm− 2 to 0.9 
mAh cm− 2 [44]. 3D printed reduced graphene oxide [20] or nucleoti-
de/graphene hybrids [41] delivered a remarkable cycle life of 120 cycles 
(at 0.34 mA cm− 2 to 0.34 mAh cm− 2) and 95 cycles (at 0.2 mA cm− 2 to 
0.5 mAh cm− 2) respectively, both with 0.4 V of overpotential. 
Polypirrole-based nitrogen-doped carbon nanofiber released a cycling 

performance of 90 cycles at 0.5 V overpotential, but with quite low 
operating current density (0.07 mA cm− 2) [45]. Finally, multidoped 
carbon fibres presented an excellent long-term cycling, comparable with 
that in 10_PTFE electrode, by delivering 157 cycles at high current 
density (0.6 mA cm− 2) to 0.35 mAh cm− 2 in polyionic liquid electrolyte 
[46]. 

3.3. Electronic conductivity, wettability and oxygen diffusion in GNP/ 
polymer binder cathodes 

To further understand the electrochemical performance of the GNP/ 
polymer binder cathodes, the three physical properties which play a key 
role in the formation of the triple phase boundary were studied: the 
electronic conductivity, the electrolyte wettability and the oxygen 
transport. The electronic conductivity decreased substantially from 
5_PTFE (631 S m− 1) to 10_PTFE (500 S m− 1) for further remaining 
constant for polymer proportions up to 15 wt.% (Fig. 5a). The use of 
larger polymer weight ratios in 20_PTFE caused a noticeable decrease on 
the electronic conductivity until 290 S m− 1. Although the values were 
slightly lower (349–477 S m− 1), the evolution of the electronic con-
ductivity showed the same behavior in the FEP-containing cathodes. The 
wettability of the different cathodes in 0.5 M NaOTf in DME electrolyte 
was studied by integration of the respective cyclic voltammetry curve 
(Section 2.4, Fig. 5b). The wettability of the GNP-based cathodes 
remained more or less constant when adding PTFE or FEP ratios below 
15 wt.%. The addition of larger amounts of binder in 20_PTFE or 15/ 
5_FEP/PTFE electrodes led to a noticeable decrease on the wettability, 
where it was much pronounced in the cathodes containing FEP polymer. 
The evolution of the capacitance on the Nyquist plots (Fig. 5c) was quite 
consistent with that in CV measurements. The slope of the EIS curve at 
low frequencies decreased from 5_PTFE to 20_PTFE, indicating a gradual 
decrease on the electrode wettability as the polymer weight ratio 
increased. 5_PTFE showed the highest wettability with the steeper slope 
while 10_PTFE and 15_PTFE cathodes presented an intermediate slope. 
In the case of FEP/PTFE series, the slope decreased from 5/5_FEP/PTFE 
to 15/5_FEP/PTFE but presented a sudden increase for 10/5_FEP/PTFE 
cathode. A combined analysis of CV (Fig. 5b) and EIS measurements 
(Fig. 5c) suggest that there is a sudden increase of wettability for the 
cathodes containing ~ 15 wt.% of perfluorinated polymer binder, either 
10_PTFE or 10/5 FEP/PTFE. This could be ascribed to an inhomoge-
neous dispersion of PTFE or FEP on those cathodes containing weight 
ratios above 10 wt.% (Fig. S2). Hence, the electrolyte may flow withing 
the non-coated GNPs, which will present more affinity towards the 
electrolyte compared with the domains rich in polymer binder. This did 
no happened for 20_PTFE and 10/5_FEP/PTFE as at such large pro-
portions the wettability of the cathodes is very low (Fig. 5b), regardless 
of the polymer dispersion. It can be concluded that i) PTFE yields 
slightly better electron conduction and electrolyte wettability than FEP/ 
PTFE mixture and ii) both properties deteriorate significantly for poly-
mer weight ratios above 15 wt.%. 

The diffusion of both the electrolyte and oxygen gas along the 
cathode bulk was studied by SEM/EDX imaging. To this aim, the cath-
odes discharged in Fig. 2 were cut in half and the distribution of the solid 
discharge products along the cross-sectional area was monitored in 
Fig. 6. The top part of the electrodes in the images corresponds to the 
oxygen/cathode interface while the bottom part corresponds to the 
cathode/electrolyte interface. The formation of NaO2 (green and yellow 
deposits in Fig. 6) in 5_PTFE is distributed throughout the transversal 
area of the cathode (Fig. 6a). This indicates that both the electrolyte and 
the O2 were able to flow smoothly from the opposite interfaces to form 
the discharge products. However, the micron-sized sodium oxide de-
posits were progressively displaced towards the cathode/electrolyte 
interface (i.e., bottom part in the images) when increasing the PTFE 
proportion from 10_PTFE (Fig. 6b) to 20_PTFE (Fig. 6d). Such 
displacement may be caused by a preferential diffusion of oxygen over 
the liquid electrolyte through the cathode bulk, caused by an 

Fig. 4. Evolution of the discharge capacity (left axis, points denoted as filled 
symbols) and coulombic efficiency (right axis, points denoted as open symbols) 
with the number of cycles for (a) PTFE and (b) FEP/PTFE series. (c) Over-
potential evolution with the number of cycles for all studied electrodes, at a 
current density of 0.2 mA cm− 2. 
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enhancement of the oxygen transport by the perfluorinated binder 
polymer. This phenomenon is clearly observed in Fig. 6d, where the 
preferential formation of sodium oxide at the 20_PTFE cathode/elec-
trolyte interface was more evident. Thus, the bottom surface of 20_PTFE 
cathode is fully covered with sodium superoxide (green/yellow spots) 
while the sectional area is rich in carbon atoms (reds spots). The sodium 
oxide deposits in FEP/PTFE series also were displaced from the oxygen/ 
cathode interface (5/5_FEP/PTFE, Fig. 6e) to the electrolyte/cathode 
interface (15/5_FEP/PTFE, Fig. 6g) by increasing the FEP proportion. 

The product displacement was not as evident as in the PTFE series since 
the oxide deposits were not so localized. Instead, small (nanometric) and 
highly distributed NaO2 deposits (yellow and green spots) are dispersed 
withing the carbon-based cathode section. This can be attributed to the 
larger oxygen permeability of FEP compared with PTFE [29,30]. The 
dangling trifluoromethyl (-CF3) group in FEP structure reduces the 
crystallinity by half compared to unbranched PTFE polymer [47], 
providing larger mechanical flexibility and cavities to fit the gas mole-
cules [13,48]. The wettability of the cathodes was very similar in both 
PTFE to FEP/PTFE series (Fig. 5b and 5c) but, when analysing the 
cathodes on the oxygen pressurized atmosphere required to discharge a 
cell, the trend changed considerably (Fig. 6). We therefore hypothesize 
that FEP polymer might provide excessive oxygen transport to the 
cathodes (107 cm2 sec− 1), to the detriment of electrolyte diffusion. In 
contrast, the diffusion coefficient of oxygen in PTFE polymer (10− 6 cm2 

sec− 1) enables the modulation of the TPB sites within the air-cathode. It 
can be concluded that using perfluorinated polymers with too high ox-
ygen affinity or polymer weight ratios above 15 wt.% causes the pref-
erential deposition of the discharge products at the cathode/electrolyte 
interface. On the other hand, the strong interaction between molecular 
O2 and C-F polarized bonds on perfluorinated polymers [13] could 
explain the formation of Na2O2.2H2O in those cathodes yielding larger 
ratios of PTFE polymer in Fig. 3b. The positive charge on carbon 
(induced by the electronegative fluor atom) will favour the O2 adsorp-
tion and ORR kinetics at surface of the cathode, promoting the 2e−

mechanism (O2→O2
2− ) over 1e− mechanism (O2→O2

− ) [49]. The more 
density of -CF2- bonds in the cathode formulation (i.e., the larger poly-
mer ratio) the most noticeable will be this phenomenon. Besides, the 
carbon atoms in -CF3 group are more polarized than those in -CF2- 
moiety, leading to larger amounts of peroxide-like side products in FEP 
cathodes (Fig. 3b), even at low polymer weight ratios. Even though a 
preferential (not exclusive) deposition of the discharge products in 
specific areas on the cathode section is confirmed as function of the 
polymer ratio and nature, the existence of discharge products in area-
s/interfaces different from the preferential one is also acknowledged. 
For instance, all the studied cathodes present discharge product particles 
at the oxygen/electrode interface, as observed in either cross-section 
(Fig. 6) or plain view (Fig. S3) SEM imaging. For low polymer concen-
trations (i.e., lower transport of oxygen from the gas reservoir to the 
cathode bulk) there is an excess of oxygen at the oxygen/cathode 
interface. Therefore, the growth of the particles is favoured in contrast to 
nucleation, leading to bigger NaO2 cubes (micrometric). In contrast, for 
larger polymer ratios, oxygen gas molecules are mostly distributed to-
wards the cathode bulk and/or at the cathode/electrolyte interface due 
to an enhanced oxygen transport. Thus, the limited concentration at the 
oxygen/cathode interface promotes the nucleation of numerous/small 
particles in the points where oxygen molecules are available and 
nano-sizes particles are therefore observed. The observed changes in the 
distribution and size of the discharge products affects significantly the 
discharge and cycling performance of the cathodes. The maximum 
discharge capacity is obtained for 10_PTFE cathode (4.5 mAh cm-2), 
which is the one presenting micron-sized deposits across the whole 
electrode area. Increasing the polymer weight ratio in 15_PTFE, causes 
the accumulation of the oxide at the cathode/electrolyte interface. This 
does not seem to be beneficial for discharge as both conductivity and 
wettability are similar for 10_PTFE and 15_PTFE but have completely 
different discharge behaviour. On the other hand, NaO2 deposits are 
distributed throughout the entire cathode area in 10_PTFE and 
10/5_FEP/PTFE and their discharge capacity is similar. However, when 
cycling, the performance of the cells assembled with these cathodes was 
dramatically different. We hypothesized that the small size and high 
distribution of discharge products in 10/5_FEP/PTFE can be detrimental 
for charge, where nano-sizes particles may be difficult to dissolve [17]. 

Fig. 5. (a) Electrical conductivity for both PTFE and FEP/PTFE series, 
measured by four-point probing. (b) Evolution of the capacitance with the total 
proportion of binder by integration of the cyclic voltammetry curves and the (c) 
Nyquist plots for both GNPs/PTFE and GNPs/FEP/PTFE series. 
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4. Conclusions 

The combination of GNPs as active material and PTFE polymer as 
binder opens new opportunities to maximize the density of TPB points 
on Na-O2 battery cathodes. This was not the case of FEP as the cathodes 
processed with this polymer presented poor mechanical properties and 
very poor cycling performance. The type of perfluorinated polymer did 
not affect the discharge capacity as much as cyclability, where the 
addition of FEP causes a dramatic decrease of both cycle life and over-
potential. Besides processability, the electronic conductivity and the 
wettability of the GNP cathodes did not differ significantly from PTFE to 
FEP polymer. Hence, the much lower electrochemical performance of 
the latter was ascribed to an excessive O2 transport. The utilization of 
relatively high polymer weight ratios, either PTFE or FEP, caused the 
displacement of the discharge products from the cathode bulk to the 
electrolyte/cathode interface, which resulted to be detrimental towards 
the battery performance. Hence, the increase of polarized C-F bonds in 
the cathode formulation will promote i) the preferential diffusion of 
oxygen gas over the liquid electrolyte, ii) the formation of Na2O2⋅2H2O 
by 2 electron mechanism during ORR and iii) the passivation of the 
electrolyte/cathode interface by the oxide discharge products. The 
absence of highly polarized -CF3 groups together with a linear structure 
provide a more moderate O2 affinity to PTFE polymer, enabling the 
control of the gas diffusion properties on the electrode and a suitable 
distribution of the discharge products along the cathode section. The 
discharge capacity of the PTFE containing cathodes is maximized for 
polymer proportions around 10 wt.% (4.51 mAh cm− 2 and 150 mV) and 

further decreases when using higher weight ratios. Proportions of binder 
over 10 wt.% provide limited discharge capacities and large discharge 
overpotentials. The cathode processed with 10 wt.% of PTFE polymer 
binder also present the best cycle life (142 cycles at 0.2 mA cm− 2 and 0.5 
mAh cm− 2), cycling overpotential (˂ 350 mV) and coulombic efficiency 
(100%) among all the studies samples. We can therefore conclude that 
the higher performance of this cathode was ascribed to an optimal 
balance between a moderate electrolyte wettability, electronic conduc-
tivity (500 S m− 1) and oxygen diffusion (~10− 6 cm2 sec− 1). 
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