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Sodium-oxygen batteries (SOBs) have the potential to provide energy densities higher than the state-of-
the-art Li-ion batteries. However, controlling the formation of sodium superoxide (NaO2) as the sole dis-
charge product on the cathode side is crucial to achieve durable and efficient SOBs. In this work, the dis-
charge efficiency of two graphene-based cathodes was evaluated and compared with that of a
commercial gas diffusion layer. The discharge products formed at the surface of these cathodes in a
glyme-based electrolyte were carefully studied using a range of characterization techniques. NaO2 was
detected as the main discharge product regardless of the specific cathode material while small amounts
of Na2O2�2H2O and carbonate-like side-products were detected by X-ray diffraction as well as by Raman
and infrared spectroscopies. This work leverages the use of X-ray diffraction to determine the actual yield
of NaO2 which is usually overlooked in this type of batteries. Thus, the proper quantification of the super-
oxide formed on the cathode surface is widely underestimated; even though is crucial for determining
the efficiency of the battery while eliminating the parasitic chemistry in SOBs. Here, we develop an
ex-situ analysis method to determine the amount of NaO2 generated upon discharge in SOBs by transmis-
sion X-ray diffraction and quantitative Rietveld analysis. This work unveils that the yield of NaO2 depends
on the depth of discharge where high capacities lead to very low discharge efficiency, regardless of the
used cathode. We anticipate that the methodology developed herein will provide a convenient diagnosis
tool in future efforts to optimize the performance of the different cell components in SOBs.
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Although lithium–ion batteries (LiBs) are essential to today’s
portable electronic devices, they have almost reached their limits
in terms of energy density (200–250 Wh kg�1), cycle life (1000
cycles at >80% of capacity), and charge/discharge rate capabilities
(1C) [1]. Aprotic sodium-oxygen batteries (SOBs) therefore arise
as a possible alternative to LiBs due to their higher gravimetric
energies (1108 Wh kg�1 based on the NaO2 discharge product)
[2]. In SOBs, reactive oxygen species (ROS) are generated during
discharge by an oxygen reduction reaction (ORR), which combine
with Na+ to form different sodium oxides at the surface of the
‘‘air–cathode”. Among these oxides, sodium superoxide (NaO2),
yielding nanometric and cubic-like morphology, is the commonly
formed discharge product (Equation (1)). Upon charging, these oxi-
des are dissolved back to the electrolyte to perform the oxidation
of the oxygen anions (oxygen evolution reaction, OER) and Na is
deposited at the anode (Eq. (2)).

Naþ þ O2 þ e� ! NaO2 ð1Þ

NaO2 ! Naþ þ O2 þ e� ð2Þ
Up to date, the sluggish kinetics of ORR and OER, as well as their

hardly controllable evolution, leads to unreproducible and para-
sitic cell chemistries, which hinders the commercialization of this
type of battery. As mentioned previously, in the absence of any sec-
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ondary reactions or moisture, and using a carbonate-free elec-
trolyte, the sodium superoxide (NaO2) product is preferentially
formed. Driving the cell chemistry towards the formation of
NaO2 is crucial for the development of efficient, rechargeable,
and competitive batteries. Hence, unlike other oxides, this crys-
talline discharge product can be reversibly oxidized to molecular
oxygen during charge and does not remain in the electrode surface
forming an electronic insulating passivation film.

However, NaO2 can eventually disproportionate into sodium
peroxide (Na2O2, Eq. (3)) under certain conditions [3–5]. Besides,
the presence of water traces in the cell or the release of protons
by decomposition of the organic solvent have been reported to lead
to hydration of NaO2 after disproportionation, thus giving the
hydrated peroxide (Na2O2�2H2O, Eq. (4)) [4].

2NaO2 ! Na2O2 þ O2 ð3Þ

Na2O2 þ 2H2O ! Na2O2 � 2H2O ð4Þ
The specific conditions of NaO2, Na2O2 or Na2O2�2H2O formation

are still very controversial due to the poor reproducibility of the
cell chemistry. For example, Ortiz-Vitoriano et al. observed that
the formation of Na2O2�2H2O is not ascribed to the presence of
water in the cell environment but to the moisture from the air
environment [6]. Zhao et al. [7] and Pinedo et al. [8] observed that
sodium-oxygen cells with closed and static oxygen atmosphere
yielded NaO2, whereas cells supplied with flowing oxygen
(99.99% pure) tended to produce Na2O2�2H2O. Finally, Bi et al. [9]
demonstrated that the cell chemistry largely relies on the cell
set-up, where even a small portion of air leakage in the system
might lead to the formation of Na2O2�2H2O. Hence, the lack of con-
clusive information about the discharge product chemistry in SOBs
can be ascribed to the different gas environments, cell configura-
tions and electrolytes (e.g., impurities). Overall, the formation of
the hydrated peroxide (Na2O2�2H2O) seems to require values of rel-
ative humidity in the cell environment around 20%, while 60%–70%
humidity is known to generate NaOH [10].

Besides sodium oxides, other products arising from different
parasitic reactions are generally found in SOBs during battery
cycling. The highly reactive superoxide anion (O2

–) promotes the
decomposition of the electrolyte (solvent and salt) [11] while the
peroxide anion (O2

2–) formed during ORR can corrode the cathode
material [12]. Consequently, sodium formate (NaCO2H), sodium
acetate (NaCOOCH3) or sodium carbonate (Na2CO3) can be formed
during battery operation. Likewise, the decomposition of the con-
ducting salt in the electrolyte can also release side-products such
as NaF, phosphorous oxides or chlorates, depending on the salt
used [13]. The main factors for the limiting cyclability of SOBs
are therefore the passivation of the air-electrode by the deposition
of such electrically insulating side-products (different from NaO2)
and the electrolyte decomposition, which limit the discharge
capacity values and hinder the rechargeability of the battery
[14,15].

Among the different factors which influence the cell chemistry,
the utilization of a suitable cathode material, enabling both an effi-
cient reduction of oxygen and a homogeneous deposition of NaO2,
is of utmost importance. Carbon materials are largely used as elec-
trodes in SOBs due to their low cost, high surface area, chemical
stability, conductivity and intrinsic catalytic activity toward the
ORR/OER [16-18]. Gas diffusion layers (GDLs) are by far the most
commonly used cathodes in SOBs due to their superior properties
for the gas and liquid electrolyte management (i.e., high gas diffu-
sivity and controlled electrolyte wettability) [15,19–22] Neverthe-
less, the limited performance of GDLs at high operating current
densities boosted the search for novel air-cathodes, where gra-
phene has proven to be a promising material [23-25]. The rational
design of the cathode can mitigate parasitic reactions by enhancing
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the oxygen diffusion and catalysing the formation/dissolution of
NaO2. Thus, driving the chemistry towards the efficient formation
of NaO2 requires (1) the use of a suitable air-electrode enhancing
the oxygen diffusion, electrode wettability and electron transport,
(2) a suitable characterization of the different discharge products
formed in the cell and (3) a reliable quantification of the NaO2

product. The latter parameter is of particular significance, as an
accurate identification of the side-products formed in the battery
is not always possible. For instance, the lack of crystallinity of some
compounds prevents their identification by X-ray diffraction
(XRD), while transitions allowed in Raman may be forbidden in
IR or vice-versa, or some side-products are formed in the gas phase,
such as H2, CO2 or H2O [26]. As a result, some of these side-
products are barely detectable or undetectable at all by one or even
several characterization techniques. In contrast, NaO2 presents
large and high crystalline cubic products yielding strong XRD sig-
nals. Therefore, quantifying the NaO2 formed at the surface of the
air-electrode appears as a realistic way to estimate the extent of
parasitic reactions occurring in SOBs.

In this work, the discharge efficiency of three different air cath-
odes (a commercial gas diffusion layer and two graphene aerogels)
was evaluated by developing a reliable methodology to quantify
the NaO2 formed on each cell system at certain operating condi-
tions through a combination of transmission XRD and Rietveld
analysis [27].

The reactions promoted by these carbon-based cathodes were
further studied using complementary techniques to characterize
the different discharge products deposited on their surface, includ-
ing scanning electron microscopy (SEM) as well as Raman and
infrared spectroscopies. The methodology proposed in this work
not only allows a quantification of the NaO2 discharge product,
which is key to develop SOBs with high efficiencies, but more gen-
erally introduces a reliable, simple and readily accessible method
than can be applied to other systems where a crystalline discharge
product is formed.
2. Experimental

2.1. Preparation of graphene aerogels and selection of a reference
commercial cathode.

Graphene aerogels were prepared from two different aqueous
suspensions: (1) commercial graphene oxide (Graphenea, 0.4 wt%
solution) and (2) lab-prepared electrochemically exfoliated gra-
phene. The latter was obtained following a recently reported
method [28]. Briefly, graphite foil (25 � 35 � 0.5 mm3 from Mer-
sen) was anodically exfoliated using a platinum foil
(25 � 25 � 0.025 mm3 from Goodfellow) as a counter electrode
(cathode) in aqueous 0.1 M adenosine 5́-monophosphate disodium
salt (Sigma Aldrich, �99.0% purity HPLC) as the electrolyte. The
graphite and platinum foils were placed at a distance of 2 cm from
each other, immersed in the electrolytic medium and connected to
an Agilent 6614C DC power supply to apply a positive potential of
10 V to the graphite foil. The delaminated graphite product was
then collected and sonicated for 3 h in the same electrolytic med-
ium (J.P. Selecta Ultrasons system, frequency: 40 kHz, power: 22 W
L�1). The obtained suspension was subjected to high-speed cen-
trifugation (20,000g, 20 min) to completely sediment the material,
followed by re-dispersion of the sediment in pure deionized water
by 10 min sonication. After this washing step, the dispersion was
subjected to low-speed centrifugation (200g, 20 min) to separate
poorly delaminated components (sediment) from the well exfoli-
ated nanosheets retained in the supernatant. The concentration
of the as-obtained electrochemically exfoliated graphene suspen-
sion (EEG), as well as the commercial graphene oxide suspension
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(GO), was adjusted to 2 mg mL�1, and then 40 mL of each disper-
sion were frozen by immersion in liquid N2 (�176 �C). The frozen
suspensions were subsequently freeze-dried in a Telstar LyoQuest
apparatus for 72 h to obtain aerogel monoliths, which were com-
pacted and punched into 0.95 cm2 circular electrodes. While the
aerogel prepared from EEG was used directly as a cathode (EEG;
mass: 4.1 ± 0.4 mg), the one prepared from GO was thermally
reduced to make it electrically conductive. To this end, the circular
GO electrodes were heat-treated at 800 �C under an argon flow
(flow rate: 80 mL min�1; heating rate: 5 �C min�1; dwell time:
1 h) to give reduced graphene aerogel cathodes (rGO; mass: 1.5 ±
0.3 mg). A commercial gas diffusion layer (QuinTech, Freudenberg
H23C6), which is commonly used as an air–cathode in metal-air
batteries, was used as a reference material and denoted as carbon
paper (CP: mass: 15 ± 0.2 mg). This gas diffusion layer was also
punched out to give electrodes of the same area as the graphene-
based electrodes.

2.2. Physicochemical characterization of pristine electrodes and
discharged cathodes

The porosity of the pristine air-electrodes was studied using an
ASAP2020 adsorption analyser (Micromeritics). The N2 adsorp-
tion–desorption isotherms were measured at �196 �C in the rela-
tive 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 [29,30] from the nitrogen isotherms in the relative pres-
sure range of 0.05–0.25. The morphology of the different materials
was studied by scanning electron microscopy (SEM) using a FEI
Quanta250 microscope operating at 20 kV. The chemical nature/
structure of the pristine electrode materials and the discharge
products were studied by complementary characterization tech-
niques in order to detect both amorphous and crystalline com-
pounds. To this end, Raman spectra were recorded with a
Renishaw spectrometer (Nanonics Multiview 2000) by focusing
with a 50� long working distance objective and operating with a
laser excitation wavelength of 532 nm. The spectra were obtained
by performing 10 acquisitions with 10 s of dwell time using a
power beam of 1%. A silicon wafer was used for calibration of the
equipment. Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy was performed on a Perkin-Elmer Spec-
trum 400 DTGS apparatus. Prior to characterization, the as-
discharged cathodes were washed with fresh 1,2-dimetoxyethane
(DME) solvent to remove excess conducting salt. In addition, suit-
able air-tight holders or inert argon atmosphere were used to
ensure the chemical integrity of the sensitive discharge products
during analysis.

The following reference compounds were used for the assign-
ment of peaks in the Raman and ATR-FTIR spectroscopy analysis:
sodium hydroxide (NaOH, Fisher Scientific extra pure), sodium for-
mate (HCOONa, Alfa Aesar 98%), sodium oxalate (Na2C2O4, Sigma
Aldrich ACS reagent �99.5%), sodium acetate (CH3COONa, Sigma
Aldrich anhydrous Reagent Plus �99%), sodium carbonate (Na2CO3,
Scharlau anhydrous Reagent grade ACS 99.8%), sodium oxide
(Na2O, Sigma Aldrich80%) sodium peroxide anhydrous (Na2O2, Alfa
Aesar 95%) and potassium superoxide (KO2, Acros Organics). All
these compounds were stored in an Ar-filled, dry glove box
(H2O < 0.1 ppm).

2.3. Cell assembly and deep discharge galvanostatic measurements

Stainless steel, 2-electrode Swagelok�-type cells equipped with
an O2 reservoir were used for evaluating the deep discharge capac-
ity of the different carbon-based cathodes. The electrolyte was pre-
pared by drying DME solvent over molecular sieves (3 Å, Sigma
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Aldrich) for one week and sodium hexafluorophosphate salt
(NaPF6, 99% Stella Chemifa) under vacuum at 120 �C for 24 h. Elec-
trolyte solutions comprising 0.1 M NaPF6 in DME were prepared in
the glove box and their water content was determined with an 899
Karl Fisher Coulometer (Metrohm). All the electrolytes prepared in
this work yielded amounts of water below 8 ppm. The Swagelok�-
type sodium-oxygen cells were dried overnight and transferred to
an Ar-filled glove box (H2O < 0.1 ppm, O2 < 0.1 ppm, Jacomex,
France). Stainless steel mesh (Alfa Aesar, 45002 gauze) was used
as the current collector for the air cathode, the 0.1 M NaPF6 solu-
tion in DME as the electrolyte, Celgard� H2010 membrane as the
separator and a sodiummetal disc (0.95 cm2, Panreac 99.8% purity)
as both the reference and counter electrode. The assembled cells,
which have a static O2 gas reservoir, were pressurized with pure
oxygen (99.99% pure) to �1 atm and a resting period of 8 h at open
circuit voltage (�2.2–2.3 V vs. Na+/Na) was set up. Galvanostatic
discharge measurements were performed in a Biologic-SAS VMP3
potentiostat at a current density of 0.1 mA cm�2 for four different
limited capacities (0.5, 1, 1.5 and 2 mAh cm�2) or to deep-
discharge setting a lower cut-off voltage of 1.8 V vs. Na+/Na.

2.4. Quantification of the NaO2 discharged on the carbon-based
cathodes

The amount of sodium superoxide deposited on the surface of
the carbon-based cathodes was quantified from the X-ray diffrac-
tion (XRD) patterns for the different discharged cathodes as
described in Section 2.3, stacked with an internal silicon reference.
To this purpose, homogeneous silicon inks were prepared by ball
milling 0.1 g of highly crystalline silicon powder (640b NIST,
Fig. S1a) together with a polyvinylidene fluoride (PVDF) solution
(5 wt% in N-methyl-2-pyrrolidone, NMP) in a 70:30 wt:wt% pro-
portion. The mixture was cast onto a Solupor� paper using an auto-
matic film coater, adjusting the thickness to 150 mm (Fig. S1b). The
as-coated paper was dried at 45 �C for 20 h, punched into 16 mm
circular objects and dried under a vacuum at 60 �C for 15 h in the
glove box. The silicon mass loading on the dry circular paper refer-
ences was 0.60 ± 0.03 mg. The different discharged cathodes were
stacked onto these circular silicon references (Fig. S1c) and
vacuum-sealed in polymer-coated thin Al foils (5x5 mm2) inside
the glove box, as shown in Scheme 1. The XRD patterns of the
as-prepared, air-tight envelopes were acquired in transmission
configuration using a Stoe & Cie GmbH Stadi P X-ray powder
diffractometer equipped with 1 K Dectris Mythen 1 K detector
and Ge monochromator (Cu Ka1) operating at 45 kV and 40 mA.
The XRD patterns were collected in a 2h angle range from 25 to
60�, at a step size of 0.5� and with a total acquisition time of
110 min. The X-ray beam, which covered 31% of the surface of
the discharged cathodes (beam size = 10 � 3 mm2), was focused
towards the centre of the electrodes. The efficiency of the battery
was calculated based, exclusively, on the formation of NaO2 (para-
sitic products were not considered) using the following
calculations.

2.4.1. Calculation of the yield of NaO2

The NaO2 yield efficiency was calculated by the relation
between (1) the theoretical amount of superoxide that must be
formed for a given discharge capacity and (2) the actual amount
which was detected experimentally by transmission XRD.

Yield NaO2 ¼ Experimental amount of NaO2

Theoretical amount of NaO2
� 100
2.4.2. Calculation of the theoretical amount of discharged NaO2

The theoretical amount of NaO2 formed as function of the depth
of discharge was calculated by using the Faradaýs Law:



Scheme 1. Schematic representation of the sample preparation used for the quantification of NaO2 by transmission XRD.
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qNaO2
¼ F � Zr

M
¼ 487:5 AhKgNaO2
where F is the Faraday constant (96,500 C mol�1), Zr is the number
of electrons transferred in the reaction (1 electron in this case,
dimensionless) and M is the molecular weight of NaO2

(54.99 � 10-3 KgNaO2 mol�1).
The theoretical mass increase of NaO2, as function of the depth

of discharge, was calculated using the above-described theoretical
amount as follows:
rNaO2 ¼
1

qNaO2
¼ 2:05� 10�3 KgNaO2

A�1h�1 ¼ 2:05 mgNaO2
mA�1h�1

As observed in Scheme 1, only the amount present on the area
where the XRD beam hits the sample (i.e., 0.3 cm2 area at the cen-
tre of the electrode) was considered for the calculation using the
following formula:
Theoretical amount of NaO2 ¼ Dcapacity � rNaO2
� AXRDbeam
where Dcapacity is the discharge capacity in mAh cm�2, rNaO2 is the
theoretical mass increase in mA-1h�1 and AXRDbeam is the area of
the XRD beam in cm2.

For instance, for a discharge capacity of 2 mAh cm�2, the theo-
retical amount of NaO2 expected is 2 mAh cm�2 � 2.05 mg mA-

1h�1 � 0.3 cm2 = 1.23 mg.
2.4.3. Calculation of the experimental amount of discharged NaO2

All the XRD patterns were refined using Full Prof� Software,
where Si (reference peak), NaO2, Na2O2.2 H2O and Al (bag/pouch
cell-like holder) phases were identified by profile matching using
Le Bail refinement. Si and NaO2 phases were further refined in
pseudo-Rietveld mode to extract their weight fraction (relative
contribution to the patterns) and, thus, enabling a quantitative
analysis for the latter phase. The experimental amount of NaO2 dis-
charged on each a cathode was calculated by the following
formula:
Experimental amount of NaO2 ¼ wt%ðSiÞ �%RWF NaO2ð Þ
RWF Sið Þ
where RWF (Si) and RWF (NaO2) are the relative weight fractions
obtained by Rietveld refinement for Si and NaO2, respectively. wt
% (Si) is the weight in milligrams of silicon in a 0.3 cm2 area (XRD
beam area) of the prepared Solupor� paper/silicon patterns
(Scheme 1). It is worth to mention that the application of this quan-
tification method is linked to the cell design and, therefore, a prior
study on the deposition behaviour for each specific cell design must
be conducted (See Figs. S2 and S3 and their respective discussion).
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3. Results and discussion

3.1. Characterization of the pristine carbon cathodes

The morphology of the different carbon-based cathodes was
studied by SEM imaging. The commercial carbon paper (CP) is
made of two stacked layers (Fig. S4): (1) a macroporous carbon
fiber substrate (MPS) and (2) a microporous layer (MPL) comprised
of a thin layer of carbon black, coated on the top of the MPS. The
role of the MPS is to enhance the diffusion of O2 molecules towards
the electrolyte, while the MPL facilitates the electrical contact and
the electrolyte diffusion, favours the ORR/OER reactions and
accommodates the discharge products. Both layers are treated
with polytetrafluoroethylene (PTFE) to modulate their wettability
towards the electrolyte [21,22]. The discharge products formed in
SOBs are mainly deposited on the MPL side of the commercial CP
and, therefore, this is the side investigated in Fig. 1. The surface
of the MPL layer presents a film morphology made up of nanomet-
ric particles and showing small cracks and holes (Fig. 1a). In con-
trast, the graphene-based aerogels exhibit a very rough surface
derived from assembled graphene sheets with micrometer-sized
pores/voids in between them. The GO-based aerogel (rGO) pos-
sesses large graphene sheets (25–50 mm, Fig. 1b) while its EEG
counterpart (EEG) tend to have smaller sheets (10–20 mm, Fig. 1c).

The porous texture of the commercial CP and the graphene
aerogels was studied by N2 physisorption (Fig. 1d). Even though
the graphene aerogels boast larger specific BET surface areas than
that of the commercial CP (�100 vs 20 m2 g�1), the EEG cathode
displays a larger total pore volume (0.45 cm3 g�1) compared to
rGO and CP (0.14–0.10 cm3 g�1). The hysteresis loop together with
the large increase in the amount of adsorbed N2 observed at high
relative pressures suggest that all the materials are highly meso-
porous. The structural order of the studied cathode materials was
evaluated by Raman spectroscopy (Fig. 1e). The Raman spectra of
the three samples display the well-known D, G and 2D bands char-
acteristic of carbon materials. A more defined and sharper 2D band
at�2700 cm�1, together with narrower D and G bands, suggested a
higher structural order in EEG [31]. The surface chemistry of the
commercial CP and the graphene aerogels was also examined by
ATR-FTIR spectroscopy. rGO yielded some C-O oxygen groups,
while EEG and CP also exhibited C@O structures from carbonyl/-
carboxyl functional groups. As expected from the PTFE treatment,
some bands corresponding to C-F bonds are observed in the ATR-
FTIR spectrum of CP. Furthermore, the presence of adenosine
monophosphate molecules adsorbed on the surface of EEG [23]
leads to the emergence of C@N and N@H bands in its spectrum.
3.2. Characterization of the discharged cathodes

The commercial carbon paper and the graphene aerogels were
discharged to different depths using 0.1 M NaPF6 in DME at a cur-
rent density of 0.1 mA cm�1 with a cut-off voltage of 1.8 V vs. Na+/



Fig. 1. SEM images of the (a) commercial CP and the prepared graphene aerogels; (b) rGO and (c) EEG. (d) Adsorption-desorption N2 isotherms at �176 �C, (e) Raman and (f)
ATR-FTIR spectra of the three cathode materials.
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Na. All cathodes discharged in Fig. 2 showed a discharge plateau
between 2.08–2.11 V which corresponds to an overpotential of
�175 mV (vs E0Na/NaO2 = 2.27 V). Differences on the discharge voltage
is a common challenge in Na-O2 batteries; discharge experiments
were therefore repeated several times and representative discharge
curves for all the cathodes were selected and displayed in Fig. 2.
Regarding deep discharge experiments, CP delivered a much larger
capacity (�9.5 mAh cm�2) than those obtained for rGO (�3.4 mAh
cm�2) and EEG (�4.3 mAh cm�2). The voltage noise observed while
deep-discharging the EEG cathode was already observed in our pre-
vious work and was ascribed to the formation of electronically insu-
lating side-products, mainly Na2O2�2H2O [23].

The evolution of the morphology of the discharge products, as a
function of the depth of discharge, was monitored by SEM imaging
for all the studied cathodes (Fig. 3, Fig. S5). All the cathodes yielded
cubic-shaped discharge products, which are associated to the for-
Fig. 2. Characteristic galvanostatic discharge profiles of the (a) commercial CP and (b)
discharged to full capacity.
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mation of NaO2. The cube size in CP and A-rGO cathodes remains
stable at �5–12 mm regardless of the discharge depth. In contrast,
the size of the cubes in A-EEG increases significantly as the dis-
charge capacity increases from 3 mm for 0.5 mA cm�2 to 25 mm
for full discharge. For the CP- and rGO-based cells, the most plau-
sible mechanism is that oxygen is reduced at the surface of the air-
electrode, diffuses to the electrolyte bulk and then NaO2 nucle-
ates/grows by a solution-mediated mechanism (Scheme 2), leading
to a relatively homogeneous size distribution. Besides, the pres-
ence of defects in the rGO structure could also promote, to some
extent, the deposition of the discharge products directly on the
cathode surface (surface-mediated mechanism, Scheme 2). In the
case of the EEG cathode, the nucleotide molecules adsorbed on
the surface of the graphene nanosheets are believed to promote
the nucleation of NaO2 by a surface-mediated mechanism, leading
initially to the formation of small-sized discharge products. As the
rGO and (c) EEG graphene aerogels, limited to either 0.5, 1, 1.5 or 2 mAh cm�2, or



Fig. 3. SEM images at 2000X of the carbon-based cathodes (CP, rGO, EEG) discharged at different depths of discharge, as indicated by the number (referring to the capacity in
mAh cm�2) in the sample label.
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discharge capacity increases, the nucleation sites on the EEG
nanosheets could become saturated, so that the nucleation mech-
anism shifts to a solution-mediated, triggering the formation of
much larger cubes. The combination of both mechanisms in this
cathode might be responsible for such inhomogeneous size distri-
bution along the cell discharge. An in-depth study on the discharge
mechanism occurring in EEG cathodes can be found in Scheme 2
and in our previous works [23,28]. It is worth noting that precipi-
tation of the discharge products on the surface of the CP cathode
was much more extensive than that in the graphene-based aero-
gels for capacities above 1.5 mAh cm�2. Thus, the discharge prod-
ucts in the latter aerogels seem to be more scattered among or in-
between the graphene sheet bulk rather than in the top layers of
the electrode.

Even though the cubic morphology is associated with NaO2 for-
mation, it has also been demonstrated that the surface layer of
these cubes can be rich in other decomposition products in contact
with an O-deficient region enclosing the bulk of the cubes [32,33].
In order to detect the possible formation of other discharge prod-
ucts or side-products arising from superoxide/electrolyte decom-
position, the discharged cathodes were characterized by XRD as
well as Raman and ATR-FTIR spectroscopies. Fig. 4 displays the
evolution of the XRD patterns with the discharge capacity for the
three different cathodes. The 38.2� < 2h < 45� region only contains
reflections of the Al phase corresponding to the bag sample-holder
(see Scheme 1 and Fig. S6), but no relevant reflection ascribed to
the different discharge products in SOBs. This region is therefore
not represented in Fig. 4 for a better visualization of the phases
of interest (i.e., NaO2 and Si). The peaks corresponding to the sili-
con phase prepared in Section 2.4 (located at 2h–28.45, 47.32
and 56.15�, Fig. S6) are not discussed here, but will be used for
the quantification of the NaO2 discharge product in Section 3.3.
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Regardless of the depth of discharge, all the cathodes display the
reflections corresponding to NaO2, in particular the (200) and
(220) reflections at 2h � 32.6� and 46.8�, respectively. The absence
of other peaks related to sodium inorganic compounds suggest that
NaO2 is the main discharge product. As expected, the intensity of
NaO2 peaks increases with the depth of discharge for all the stud-
ied cathodes. Careful inspection of the XRD patterns shows a very
weak peak at around 2h � 37.1� that can be observed arising from
the background of the patterns of some samples (see Fig. S7). This
peak is usually attributed to the presence of Na2O2�2H2O in the dis-
charged samples [6,9,34] which, as previously noted, is generally
formed upon decomposition of NaO2 or by the presence of water
traces in the environment, and can be indexed to the (230) plane
of the orthorhombic cell proposed for this phase [35]. Even though
the emergence of this peak seemed to appear quite randomly, it
was more frequently observed for the CP and EEG cathodes, espe-
cially for the latter (Fig. S7).

The detection limit of XRD might be lower than other character-
ization techniques and, in addition, this technique can only detect
crystalline solids. In order to detect any amorphous products that
can be deposited on the surface of either the cathodes or the
NaO2 cubes, the electrodes were also characterized by Raman
and ATR-FTIR spectroscopies (Fig. 5). The assignment of the Raman
peaks/infrared bands in the available literature is quite uncertain
due to the lack of proper reference materials for NaO2 and the dif-
ficult distinction between NaOH, Na2CO3 or Na2O2 and their
hydrated forms [4]. Consequently, we decided to record the corre-
sponding spectra for some reference compounds that can form as
possible discharge products in the SOB. In the case of NaO2, com-
mercial potassium superoxide was used instead (Fig. S8). The
assignment of peaks/bands was conducted on the basis of these
reference patterns and the available literature [5,6,23,34,36–38].



Scheme 2. Different nucleation process proposed as function of the cathode used in this study.
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Besides the Raman bands arising from the carbon-based cathodes
(D, G and 2D bands in Fig. 1e), all the samples displayed an intense
band at 1156 cm�1, which corresponds to NaO2 (Fig. 5a, c and e).
Similar to XRD diffraction, NaO2 is the main discharge product
detected regardless of the cathode material or the depth of dis-
charge. As an exception, the CP cathode discharged to full capacity
(Fig. 5a) displays some low intensity peaks around 720–794 cm�1,
which can be ascribed to the presence Na2O2 (Fig. S8). Also, a close
inspection of the spectrum baseline by zooming into the 1100–
1200 cm�1 region reveals a shoulder at �1136 cm�1 in the CP cath-
odes (Fig. S9), which suggests that the hydrated peroxide (Na2O2-
�2H2O) [6] is also formed on the surface of the discharged
commercial carbon paper. Other discharge products, besides
NaO2, Na2O2 or Na2O2�2H2O are detected by studying the dis-
charged cathodes by ATR-FTIR spectroscopy (Fig. 5b, d and f). The
band centred at 830–840 cm�1 arises from C@O bonding in carbon-
ates, whereas those at 1420–1430 cm�1 and 1560–1580 cm�1 can
be either ascribed to Na2O2�2H2O or groups incorporating C@O
structures, such as carbonates, formates or acetates (see Fig. S8).
CP (Fig. 5b) and A-EEG (Fig. 5f) cathodes also present some addi-
tional bands around 980–990 cm�1 and �1950–2450 cm�1 that
are related to the formation of Na2O2�2H2O. No bands correspond-
ing to NaO2 are detected by this technique, as the homopolar nat-
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ure of its O-O bonding hinders its identification by ATR-FTIR
spectroscopy [38].

After characterization of the discharged cathodes by different
analytical techniques, it can be concluded that NaO2 is the major
discharge product in a glyme-based electrolyte and well-sealed cell
system. Nevertheless, a minimal contribution from other discharge
products has been detected. The presence of Na2O2 or Na2O2�2H2O
seems to be negligible for the rGO cathodes, whereas the formation
of these products in both CP and EEG cathodes is more noticeable,
particularly for the latter. The highly hygroscopic character of the
adenosine monophosphate molecules adsorbed on the surface of
the EEG nanosheets could hinder the removal of trace water from
the bulk of the electrode, even after vacuum drying at high temper-
atures [23]. Consequently, water traces remaining in the cathode
could promote the decomposition of NaO2 to Na2O2� 2H2O. In the
case of CP, the electron donating nature of the C-F bonding in the
PTFE polymer might increase the stability of the O2

2– anion in the
electrolyte phase by expelling it from the cathode surface, favour-
ing the nucleation, growth and further precipitation of peroxides
upon saturation. Likewise, the degradation of PTFE polymer by
the attack of oxygen radicals could release protons to the elec-
trolyte [38], promoting the formation of Na2O2�2H2O. The forma-
tion of carbonates, acetates and formates is also acknowledged in



Fig. 4. XRD patterns for all the cathodes discharged in this study; (a) CP, (b) rGO
and (c) EEG, at different depth of discharge as indicated in the sample label.
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all the discharged cathodes, probably derived from the attack of
O2– ion to electrolyte molecules or the corrosion of the carbon
cathodes by the highly oxidative O2

2– peroxide anion.
3.3. Quantification of NaO2 discharged on the surface of the carbon-
based cathodes.

As previously discussed, the identification of side-products in
SOBs is not always straightforward. In fact, although the type
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and number of parasitic products identified in Section 3.2 seemed
to be small, the total amount of NaO2 is unknown, which has a
great impact on the efficiency of the cells. The partially amorphous
character of some side-products, together with their low quantity
hinders their reliable identification and quantification by tech-
niques such as XRD. Some of the discharge and side-products in
SOBs, such as NaO2, Na2O2, Na2CO3 and NaOH, have been unequiv-
ocally identified. In contrast, Na2O2 is a highly unstable compound
which can exhibit either amorphous or crystalline phases, or even
form different hydrates, so unequivocal identification of this com-
pound is challenging. Besides, the lack of reliable crystallographic
data for the dehydrated peroxide (the most common formed in
SOBs) hinders an in-depth characterization of this phase using
Rietveld refinement. The cell parameters for Na2O2�2H2O have
been scarcely reported [35] and its actual crystal structure is still
unknown. Conveniently, the formation of an amorphous phase in
NaO2 is highly unlikely and the crystallographic data have been
identified with absolute certainty [3,11,39–41].

Taking all this into consideration, quantifying the amount of
NaO2 by XRD is an interesting and reliable approach to evaluate
the cell efficiency, opening an avenue for future studies that aim
at avoiding the SOB parasitic chemistry. The amount of NaO2

formed in all the discharged cathodes (Fig. 2) was quantified from
the refinement of the XRD patterns presented in Fig. 4, using the
nanocrystalline silicon as internal intensity reference (Scheme 1).
The Rietveld refinement method [27] enables a quantitative phase
analysis based on the fact that the ratio of the diffracted intensities
varies linearly as a function of the weight fractions for the crys-
talline phases of a mixture. Here, nanocrystalline silicon films
stacked with the discharged cathodes in the Al bag (Scheme 1)
were used as an internal reference of known mass to determine
the relative amount of the crystalline phases formed on the dis-
charged cathodes by using the equations displayed in Section 2.4.
The XRD patterns were refined using four different crystalline
phases: Si, NaO2, Al and Na2O2�2H2O. The irregular background
(due to the polymer coating of the Al foil, Fig. S6) was first
extracted as a linear interpolation between points from the blank
pattern of an empty Al bag. The Al and Na2O2�2H2O phases were
treated in LeBail mode [35,42] due to (1) the lack of crystallo-
graphic data for the latter and (2) the high preferential orientation
observed for the Al signals of both layers of the Al bag. Conversely,
the Si and NaO2 phases were treated in pseudo-Rietveld mode, i.e.,
taking into account their respective crystal structure for the peak
intensity calculation but without refining the atomic positions,
using the reported crystal structures [43,44] so as to extract their
relative contribution to the XRD patterns (Table S1). Some exam-
ples of pattern refinement are presented in Figs. S10, S11 and
S12, while the results of the quantitative analyses for all the sam-
ples are gathered in Table S1. As well, as an example, the crystallo-
graphic parameters obtained from the analysis of the CP_0.5
sample are shown in Table S2. The amount of NaO2 deduced from
the quantitative analysis of the XRD patterns is plotted in Fig. 6
(black solid circles) for the three carbon-based cathodes at differ-
ent depths of discharge. The theoretical amount of NaO2, deduced
from the different discharge capacities and calculated as described
in the Section 2.4 [45], is also given in the same Fig. (red hollow cir-
cles). In general, the efficiency of NaO2 formation decreases for
capacities above 1 mAh cm�2 for both CP (Fig. 6a) and rGO
(Fig. 6b) cathodes. In contrast, the efficiency of the EEG cathode
material is higher at smaller depths of discharge (�2 mAh cm�2,
Fig. 6c). For a better comparison, the NaO2 yield efficiency for the
three carbon-based cathodes is represented in Fig. 6(d). Despite
of the much larger discharge capacity of the CP cathode (Fig. 2),
the efficiency of the graphene-based aerogels is generally higher,
particularly for the EEG cathode. This result could be ascribed to
a more extensive and superficial precipitation of NaO2 in the CP



Fig. 5. Raman spectra for (a) CP, (c) A-rGO and (e) A-EEG, and FTIR spectra for (b) CP, (d) A-rGO and (f) A-EEG cathodes discharged at different depths of discharge. In grey, at
the bottom of each figure, the spectrum of the pristine cathode materials is displayed (in grey) for comparison.
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cathode as compared with graphene aerogels (Fig. 3), which could
passivate (i.e., saturate) the available surface for the accommoda-
tion of further discharge products. Likewise, the commercial CP
cathode presented the highest micropore surface area but the low-
est porosity in terms of total pore volume (Fig. 1d). In contrast, the
graphene-based aerogels displayed larger pore sizes (meso and
macropores) and total pore volumes (Fig. 1d) which could promote
a better dispersion of the discharge products with no apparent sat-
uration of their surface (Fig. 3), suggesting a more accessible sur-
face area. In this context, we have previously reported that the
high total pore volume and presence of meso/macropores in the
3D open and accessible structure of the graphene aerogels
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enhances the diffusion of both Na+ and O2 towards the inner struc-
ture of the cathodes [25]. Therefore, the active sites for the reduc-
tion of the O2 gas are highly exposed enhancing the kinetics of the
discharge reaction (Scheme 2).

On the other hand, two main mechanisms have been reported
for the formation of NaO2 discharge product: (1) the most common
is the solution–mediated mechanism, where the discharge prod-
ucts nucleate and grow in the electrolyte bulk and then precipitate
on the cathode surface upon saturation; and (2) the surface-
mediated mechanism, where the discharge products nucleate
directly at the surface of the cathode [3]. The CP cathode is more
likely to perform a solution mediated mechanism. In the case of



Fig. 6. Comparison of the theoretical amount of NaO2 calculated from the discharged capacity (red hollow circles) and the experimental amount of formed NaO2 as deduced
from the quantitative analysis of the XRD patterns of the discharged electrodes (black solid circles) for (a) CP, (b) rGO and (c) EEG cathodes. (d) Efficiency of NaO2 formation at
different discharge depths relative to the theoretical yield for the three carbon-based cathodes.
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the commercial gas diffusion layer (CP), the oxygen is reduced in
the bulk of the electrode and the superoxide ion (O2

–) diffuses to
the electrolyte solution to form the NaO2 (Scheme 2). In contrast,
rGO and EEG aerogels yield some catalytic sites in the surface of
the graphene sheets which could promote the surface mediated
mechanism to different extents (Scheme 2). The graphene sheets
comprising the rGO aerogel present defects in the carbon lattice
structure because of its preparation procedure (harsh oxidation
of graphite and further thermal reduction). The existence of
unpaired electrons located in such defects promotes the ORR reac-
tion in very localized areas at the surface of the electrode [25], thus
promoting the crystallization of NaO2 by a surface-mediated mech-
anism (Scheme 2). The graphene sheets in EEG do not present as
many structural defects as rGO (Fig. 1e) but the adenine nucle-
obase molecules adsorbed in its surface (see Experimental Sec-
tion 2.1) can also catalyze the ORR. In this case, the surface-
mediated mechanism is promoted by a cooperative effect arising
from the nitrogen atoms and phosphate moieties present in the
nucleotide. Thus, subsequently to the reduction of O2 gas by the
nitrogen atoms in the adenine nucleobase [46,47], the as-
produced superoxide ions (O2–) are trapped by the phosphates,
also present in the same nucleotide molecule [23]. The immobiliza-
tion of the reduced oxygen ions in the vicinity of the cathode will
largely promote the formation of NaO2 directly on its surface [28].
As illustrated in Scheme 2, the reaction mechanism in the studied
cathodes is believed to change from solution to surface-mediated
in the following order CP > rGO > EEG. For the graphene aerogel
cathodes, rGO presents a combination of both mechanisms while
EEG presents a stronger contribution of surface mediated route.
In this regard, the higher efficiency of the EEG aerogel at lower
depths of discharge can be ascribed to a combination of high elec-
trical conductivity (low defect density in the graphene sheets),
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high oxygen diffusion (open pore structure) and the presence of
efficient catalytic active sites (adenosine monophosphate nucleo-
tide) that promotes the nucleation of well-dispersed and small-
sized NaO2 cubes at the surface of the cathode. The solution-
mediated mechanism generally leads to deposits of large cubic
NaO2 particles (�10 mm), while smaller cubes (�1–5 mm) or even
film-like deposits are more related with the surface-mediated
mechanism [23,28]. The 2.5–5 mm cubes observed in the EEG sur-
face for capacities �2 mAh cm�2 (Fig. 3 and S3) would be consis-
tent with a better efficiency of this cathode at low-moderate
discharge capacities (Fig. 6c). In contrast, the presence of larger
cubes (�25 mm) for deep discharge experiments (Fig. 3 and S3),
suggests the saturation of the catalytic sites at the surface of EEG
cathode and, consequently, a change to solution-mediated mecha-
nism. The change of the discharge mechanism when extending the
discharge capacity to larger values could occur also in the case of
the free-electron catalytic sites in rGO cathode but in a much lower
extent. A predominant effect of solution mediated mechanism is
proposed for CP and rGO cathodes and, therefore, a lower efficiency
for low-moderate discharge capacities (Fig. 6c).

Regardless of the used cathode, the formation of NaO2 (Fig. 6a, b
and c) and therefore the discharge efficiency (Fig. 6d) drops sub-
stantially while deep discharging. As the battery discharge pro-
ceeds, the contribution of the parasitic reactions and the
decomposition of the electrolyte by reactive oxygen species
becomes significant. Hence, the massive deposition of electroni-
cally insulating products at deep discharge capacities leads to the
passivation and pore clogging of the air–cathode material
[45,48]. Consequently, further reduction of O2 and deposition of
NaO2 is not favoured any longer, whatever the cathode used. In this
context, avoiding such a sudden voltage drop while extending the
flat discharge plateau (i.e., discharge capacity) as much as possible
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is a great challenge for SOBs development. It can be therefore
inferred that the parasitic reactions contribution is not so minimal
for large discharge capacities. However, in this work, no significant
contribution of such side-products was verified by a combination
of XRD, Raman and ATR-FTIR spectroscopies. This might be
explained by the fact that (1) the amount of these products is gen-
erally under the detection limit of the characterization techniques
or (2) the formation of gaseous side-products through the battery
operation has an important contribution in lowering the cell effi-
ciency. The latter will be only detectable by techniques such as dif-
ferential electrochemical mass spectrometry (DEMS) [12,26,49–
51]. This technique, which detects the consumption/evolution of
different gases during battery cycling, can be very useful to com-
plement the here reported XRD-Rietveld analysis methodology.
DEMS can monitor the consumption/evolution of O2 gas during
discharge and charge of the battery where, in an ideally operating
cell, only oxygen evolves during charge. Also, this technique can
detect the evolution of other gas-phase products during charge
(CO2, H2O or H2) which gives evidence for unwanted side reactions.
On the other hand, DEMS is an ‘‘in-situ” (real-time) and quantita-
tive diagnosis tool enabling an accurate monitoring of the battery
efficiency but, unlike XRD, the nature of the discharge products
cannot be directly identified. For this reason, both techniques are
commonly coupled to get a complete and reliable estimation of
the cell efficiency [50,51]. Whatever the case, the present work
(1) validates a simple characterization method that could be used
routinely in any laboratory having conventional XRD equipment
and (2) provides a direct quantification of NaO2 and, hence, the
efficiency of the discharge in the SOB.
4. Conclusions

Three carbon-based cathodes (commercial gas diffusion layer
and two-graphene based aerogels) have been discharged to differ-
ent depths to study their discharge efficiency (amount of experi-
mental NaO2 formed vs theoretical) in sodium-oxygen batteries
with the aim of relating it to the different reactions occurring in
the cell. An ‘‘ex-situ” monitoring of the discharge products depos-
ited on the cathode surface as a function of the discharge capacity
revealed that (1) the main discharge product is NaO2 regardless of
the used cathode and (2) an apparent minimal contribution of
Na2O2, Na2O2�2 H2O and carbonate-like side-products is present.
In accordance with literature, it was verified that using an air-
tight cell system with a static dry and pure oxygen reservoir and
a glyme-based electrolyte, the parasitic chemistry seems to be neg-
ligible. Nevertheless, the quantification of the NaO2 discharged in
the different cathodes has shown that the discharge capacity is
not maximized for any cell system or cathode used, except maybe
at low discharge depths. It can be therefore concluded that the
combination of different characterization techniques is not enough
to identify the existing parasitic chemistry. In contrast, the quan-
tification of NaO2 can be a convenient and more trustworthy tool
to evaluate the extent of the side reactions affecting the cell effi-
ciency. Indeed, the present work proposes a straightforward ex-
situ analysis method that determines the amount of NaO2 in the
sodium-oxygen cells by transmission X-ray diffraction and quanti-
tative Rietveld analysis. As an example, the efficiency of graphene-
based aerogels was compared with that of a commercial, carbon-
based gas diffusion layer, which is widely employed as an air-
electrode in metal-air batteries. Even though the commercial cath-
ode displayed a higher capacity compared to that of the graphene-
based aerogels, the efficiency of NaO2 formation in the former
appeared to be lower, especially for discharge capacities below
�2 mAh cm�2. This result can be attributed to the faster saturation
of the relatively compact commercial gas diffusion layer surface,
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which is to be compared with the more open and higher surface
area provided by the graphene-based aerogels. This information
is of outmost importance to extend the capacities commonly used
in cycling experiments. These capacities are normally limited to <1
mAh cm�2 because of the lack of reversibility which might be due
to the appearance of parasitic reactions at higher capacities. The
NaO2 quantification method discussed here can be extensively
used as a first approach to select high performing cathode materi-
als based on NaO2 quantification.

This work provides a very simple and direct approach to esti-
mate the efficiency of Na-O2 batteries which could be extrapolated
to other batteries/systems where crystalline products are formed.
A more detailed knowledge of the processes that occur in the cells
can only be achieved by in operando techniques which we will
address in future studies, since it is not a trivial matter and will
require a great deal of effort.
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