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Scientific Achievement 
Predicted electrolyte decomposition reaction 
route with varying state of charge on the Li-ion 
cathode (LiMn2O4) (111) surface.  

Significance and Impact 
Identifies the preliminary reaction steps which 
could be precursor to the SEI-like thin film 
formation on this cathode surface. 

Research Details 
•  Experimental studies have shown presence of stable, SEI-

like thin film on the LiMn2O4 cathode (111) surface which 
contributes towards enhanced battery life by suppressing 
further electrolyte degradation and loss of active material (Mn 
dissolution) from the cathode. However, the mechanism 
underlying its formation is unclear.  

•  A rate determining proton transfer followed by ring opening of 
the EC is suggested as the reaction mechanism for the 
electrolyte degradation. 

•  The reaction rate of H-abstraction increases by a factor of 
109, to a value of 10 reactions/sec when one-third of Li is 
removed from the cathode.  

Top:	   The	   energy	   profile	   for	   H-‐abstrac.on,	   a	   possible	  
reac.on	   route	   for	   ethylene	   carbonate	   (EC)	  decomposi.on	  
on	  the	  (111)	  surface	  of	  Li0.67Mn2O4.	  The	  e-‐	  transferred	  from	  
EC	  to	  slab	  (shown	  in	  red)	  ends	  up	  at	  bulk	  Mn	  ions.	  
BoHom:	   EC	   ring	   opening	   arer	   H-‐abstrac.on.	   The	   yellow	  
arrow	  shows	  the	  loca.on	  of	  Mn	  ion	  that	  gained	  an	  e-‐	  which	  
was	  transferred	  from	  EC.	  	  

Work	  performed	  at	  Sandia	  Na.onal	  
Laboratories	  and	  U.	  Michigan	   Kumar,	  Leung,	  and	  Siegel,	  Crystal	  Surface	  and	  State	  of	  Charge	  Dependencies	  of	  Electrolyte	  

Decomposi%on	  on	  LiMn2O4	  Cathode,	  J.	  Electrochem.	  Soc.	  2014,	  161,	  E3059.	  	  DOI:	  10.1149/2.009408jes	  
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Figure 2 | Electrochemical characterization of Li–O2 and Na–O2 cells with
a GDL cathode. a, Discharge–charge cycles of Na–O2 cells at various
current densities (that is, the rate capability). Cutoff potentials were set to
1.8 V for discharge and 3.6 V for charge. Dotted line: E0(NaO2) = 2.27 V.
b, Typical discharge/charge hysteresis of an otherwise identical Li–O2 cell
(E0(Li2O2) = 2.96 V) that was prepared in parallel to the Na–O2 cells. In
comparison with the Li–O2 cell, the Na–O2 cells show a more than ten
times higher discharge capacity at more than ten times higher current
densities, with a ten times lower overpotential for the charging process.
c, Pressure change in the O2 gas reservoir (green line) during discharge and
re-charge of the cell, which allows the determination of the number of
electrons transferred to O2. Current densities refer to the geometric area of
the electrode. Values referring to the specific surface area and carbon
weight can be found in Supplementary Table S2.

Energy-dispersive X-ray spectroscopy (EDS) spectra of
micrometre-sized product particles were collected to obtain
information on the local chemical composition and uniformity of
the discharge product (Fig. 4a). The strongest signals are related to
characteristic spectral lines for the elements oxygen, sodium and
carbon with a relative atomic composition of about 61%, 33% and

6%, respectively. The carbon signal is caused by the carbon fibre
in the vicinity of the investigated particle. Trace amounts of the
conducting salt (NaSO3CF3) were found indicated by very weak
signals of sulphur and fluorine. As exact quantification of light
elements with EDS is known to be difficult, it is not possible to
extract the actual composition and therefore the chemical identity
of the discharge product by thismethod. Thus, Raman spectroscopy
and powder XRD were used to evidence NaO2 as the discharge
product. The Raman spectrum of a cathode after discharge is
shown in Fig. 4b and compared with sodium superoxide (NaO2),
sodium peroxide (Na2O2) and sodium oxide (Na2O). Clearly, the
appearance of the intense Raman band at 1,156 cm�1 (ref. 29)
proves that NaO2 is the discharge product. Moreover, the XRD
pattern of a discharged cathode evidences NaO2 being the discharge
product (Fig. 4c). Both the positions of the diffraction lines and the
intensities agree well with JCPDS reference card No. 01-077-0207,
a calculated diffraction pattern of sodium superoxide, on the basis
of experimental data for the room-temperature modification of
NaO2, a distorted pyrite-type structure with cubic (NaCl, Fm3̄m)
symmetry30,31. All other reflection maxima can be related to the
gas-tight sample holder (Supplementary Fig. S6) or the carbon
cathode as shown by the corresponding XRD of the pristine
cathode. Here we note that phase-pure NaO2 is chemically very
difficult to synthesize (for example, at 150 bar oxygen pressure and
temperatures of 450 �C (ref. 32), or in liquid ammonia33) and is
not available commercially. Instead, here our electrochemical cell
shows an alternative and comparablymild synthesis route.

Even though NaO2 has been clearly confirmed as the discharge
product one could question whether Na and O2 are actually
reversibly formed on charging. For comparison with Li–O2
cells it is important to note that experimental evidence for
Li2O2 formation and decomposition after subsequent cycling
has been found only recently using nanoporous gold electrodes
and a dimethylsulphoxide based electrolyte, but not with carbon
electrodes34. To prove the reversibility of the reaction in the case
of Na–O2, we also collected the XRD pattern after charging and
after the fourth discharge cycle. After charging, it can be clearly
seen that the NaO2 diffraction lines almost disappeared, whereas
after the fourth discharge, NaO2 can still be identified as the
discharge product. This proves that the cell reaction, that is, the
formation and decomposition ofNaO2, is at least partially reversible
over several cycles. We add that we never found evidence for
an unwanted decomposition of discharged cathodes with NaO2,
neither under cell conditions nor during later analysis. First results
from differential electrochemical mass spectroscopy (not shown
here) indicate thatO2 is the only gaseous product during charging.

We were successful in constructing a room-temperature
sodium–oxygen cell with an ether-based electrolyte that achieved
discharge capacities of over 300mAh g�1 (carbon), corresponding
to roughly 3.3mAh cm�2 (electrode area). Cells could be cycled
several times at current densities as high as 0.2mA cm�2 using
carbonwith a specific surface area orders ofmagnitude smaller than
in studies of Li–O2 cells. As a major breakthrough we consider the
very low overpotential of less than 200mV during charging, which
is at least a factor of 3–4 times lower than for any other Li–O2 or
Na–O2 cell reported in the literature. The discharge product was
unequivocally identified by XRD and Raman spectroscopy to be
sodium superoxide (NaO2). The oxygen reduction reaction occurs
as a single-electron transfer process (O2 + e� ! O2

�) and seems
to be kinetically highly favoured, which explains the reversibility
of the cell reaction. The severe difference in the cathodic reaction
and the reaction products changing from carbonate-based to
ether-based electrolytes may be explained by the stability of NaO2
and the improved stability of ethers against the highly nucleophilic
superoxide anion O2

� (refs 9–11). The results demonstrate that
the sodium-based cell chemistry might offer—compared with
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Figure 2 | Electrochemical characterization of Li–O2 and Na–O2 cells with
a GDL cathode. a, Discharge–charge cycles of Na–O2 cells at various
current densities (that is, the rate capability). Cutoff potentials were set to
1.8 V for discharge and 3.6 V for charge. Dotted line: E0(NaO2) = 2.27 V.
b, Typical discharge/charge hysteresis of an otherwise identical Li–O2 cell
(E0(Li2O2) = 2.96 V) that was prepared in parallel to the Na–O2 cells. In
comparison with the Li–O2 cell, the Na–O2 cells show a more than ten
times higher discharge capacity at more than ten times higher current
densities, with a ten times lower overpotential for the charging process.
c, Pressure change in the O2 gas reservoir (green line) during discharge and
re-charge of the cell, which allows the determination of the number of
electrons transferred to O2. Current densities refer to the geometric area of
the electrode. Values referring to the specific surface area and carbon
weight can be found in Supplementary Table S2.

Energy-dispersive X-ray spectroscopy (EDS) spectra of
micrometre-sized product particles were collected to obtain
information on the local chemical composition and uniformity of
the discharge product (Fig. 4a). The strongest signals are related to
characteristic spectral lines for the elements oxygen, sodium and
carbon with a relative atomic composition of about 61%, 33% and

6%, respectively. The carbon signal is caused by the carbon fibre
in the vicinity of the investigated particle. Trace amounts of the
conducting salt (NaSO3CF3) were found indicated by very weak
signals of sulphur and fluorine. As exact quantification of light
elements with EDS is known to be difficult, it is not possible to
extract the actual composition and therefore the chemical identity
of the discharge product by thismethod. Thus, Raman spectroscopy
and powder XRD were used to evidence NaO2 as the discharge
product. The Raman spectrum of a cathode after discharge is
shown in Fig. 4b and compared with sodium superoxide (NaO2),
sodium peroxide (Na2O2) and sodium oxide (Na2O). Clearly, the
appearance of the intense Raman band at 1,156 cm�1 (ref. 29)
proves that NaO2 is the discharge product. Moreover, the XRD
pattern of a discharged cathode evidences NaO2 being the discharge
product (Fig. 4c). Both the positions of the diffraction lines and the
intensities agree well with JCPDS reference card No. 01-077-0207,
a calculated diffraction pattern of sodium superoxide, on the basis
of experimental data for the room-temperature modification of
NaO2, a distorted pyrite-type structure with cubic (NaCl, Fm3̄m)
symmetry30,31. All other reflection maxima can be related to the
gas-tight sample holder (Supplementary Fig. S6) or the carbon
cathode as shown by the corresponding XRD of the pristine
cathode. Here we note that phase-pure NaO2 is chemically very
difficult to synthesize (for example, at 150 bar oxygen pressure and
temperatures of 450 �C (ref. 32), or in liquid ammonia33) and is
not available commercially. Instead, here our electrochemical cell
shows an alternative and comparablymild synthesis route.

Even though NaO2 has been clearly confirmed as the discharge
product one could question whether Na and O2 are actually
reversibly formed on charging. For comparison with Li–O2
cells it is important to note that experimental evidence for
Li2O2 formation and decomposition after subsequent cycling
has been found only recently using nanoporous gold electrodes
and a dimethylsulphoxide based electrolyte, but not with carbon
electrodes34. To prove the reversibility of the reaction in the case
of Na–O2, we also collected the XRD pattern after charging and
after the fourth discharge cycle. After charging, it can be clearly
seen that the NaO2 diffraction lines almost disappeared, whereas
after the fourth discharge, NaO2 can still be identified as the
discharge product. This proves that the cell reaction, that is, the
formation and decomposition ofNaO2, is at least partially reversible
over several cycles. We add that we never found evidence for
an unwanted decomposition of discharged cathodes with NaO2,
neither under cell conditions nor during later analysis. First results
from differential electrochemical mass spectroscopy (not shown
here) indicate thatO2 is the only gaseous product during charging.

We were successful in constructing a room-temperature
sodium–oxygen cell with an ether-based electrolyte that achieved
discharge capacities of over 300mAh g�1 (carbon), corresponding
to roughly 3.3mAh cm�2 (electrode area). Cells could be cycled
several times at current densities as high as 0.2mA cm�2 using
carbonwith a specific surface area orders ofmagnitude smaller than
in studies of Li–O2 cells. As a major breakthrough we consider the
very low overpotential of less than 200mV during charging, which
is at least a factor of 3–4 times lower than for any other Li–O2 or
Na–O2 cell reported in the literature. The discharge product was
unequivocally identified by XRD and Raman spectroscopy to be
sodium superoxide (NaO2). The oxygen reduction reaction occurs
as a single-electron transfer process (O2 + e� ! O2

�) and seems
to be kinetically highly favoured, which explains the reversibility
of the cell reaction. The severe difference in the cathodic reaction
and the reaction products changing from carbonate-based to
ether-based electrolytes may be explained by the stability of NaO2
and the improved stability of ethers against the highly nucleophilic
superoxide anion O2

� (refs 9–11). The results demonstrate that
the sodium-based cell chemistry might offer—compared with
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Figure 1 | The general function principle of an alkali metal–oxygen battery. During discharge, metal A is oxidized to a soluble A+ cation at the
anode/electrolyte interface and the electron is transferred to the outer circuit. At the cathode side, oxygen is reduced to an O2

� species (superoxide
radical) that may form an alkali metal superoxide (AO2) in the presence of A+ cations. As LiO2 is highly unstable, it further reacts to form lithium peroxide
(Li2O2) either by reduction (LiO2 +e� +Li+ ! Li2O2) or by disproportion (2LiO2 ! Li2O2 +O2). In the case of sodium, the same reactions may occur, but
sodium superoxide is thermodynamically more stable and is indeed found as discharge product in the present NaO2 cell. Other possible cell reactions that
have not been observed experimentally are shown in grey.

corresponding to ⌘dis < 100mV, is observed whereas for high
current densities the cell voltage continuously decreases, in line with
expected kinetic limitations at high currents. The charging process,
at low current densities, occurs at a voltage plateau between 2.3 and
2.4 V, which is close to the potential expected for the decomposition
of NaO2 to form Na and oxygen (E0 = 2.27V). These findings are
also supported by results from cyclic voltammetry (Supplementary
Fig. S2). Charging at such low overpotentials is in stark contrast
to the results found for the analogous Li–O2 cell, indicating a
different reaction mechanism in the Na–O2 cell. We note that the
high-temperature sodium cell in ref. 18 was cycled at a maximum
current density of 100 µA cm�2, and that the overpotential on
charging was about 700mV at a temperature of 100 �C.

The charge efficiency of the Na–O2 cells is, at least after the
first cycle, between 80% and 90%. Even though the cells can
be discharged and charged several times, the absolute capacities
decreased with increasing cycle number, with negligible energy
storage after 8 cycles (Supplementary Fig. S3). The lower efficiency
of the first cycle compared with the subsequent ones might be
related to a first activation of the electrode, that is, irreversible
reaction of the electrolyte or NaO2 with the surface of the carbon
cathode, for example. The formation of NaO2 as the discharge
product is further supported by recording the open-circuit voltage
(Eoc) value that instantly approaches the accordant potential after
discharge (Supplementary Fig. S4).

Convincing evidence for the reversible formation/decompo-
sition of NaO2 was obtained from pressure measurements of the
oxygen gas phase with a pressure gauge during cycling (Fig. 2c).
The pressure decreased linearly by about 40mbar when discharged
by 0.36mAh, and increased during re-charge back to a value close
to the starting pressure, indicating reversibility of the cell reaction.
Under the open-circuit condition, that is, zero current, the pressure
remained constant at constant potential values. We estimate the
total volume of oxygen and the starting pressure as 8.9 cm3 and
1,053mbar, and thus, can determine the number of electrons
transferred to oxygen by applying the ideal gas and Faraday’s laws.
The number of transferred electrons per O2 molecule is 0.94±0.09,
which strongly supports the assumption ofNaO2 formation.

The results obtained directly from the electrochemical mea-
surements and the corresponding oxygen consumption/release
clearly indicate reversible NaO2 formation in the present Na–O2
cell, but unequivocal evidence is obtained by post-mortem anal-

ysis (Raman spectroscopy, X-ray diffraction (XRD) and scanning
electron microscopy (SEM)) of the cathode after discharge and
charge. Figure 3c shows a SEM image of the cathode (GDL) in
the pristine state consisting of interwoven carbon fibres with an
average diameter of about 10 µm. The carbon fibres themselves are
mostly non-porous with a specific surface area below 1m2 g�1 as
determined by nitrogen physisorption. In Li–O2 cells described in
the literature typically porous carbons with specific surface areas
exceeding >50m2 g�1 are used, with electrodes prepared by using
poly(vinylidene difluoride)-, polytetrafluoroethylene - or Nafion-
based binders. We also found high capacities for Li–O2 cells when
using high-surface-area carbons (Supplementary Fig. S1).However,
the advantage of using a free-standing, binder-free GDL with a low
surface area as the electrode is that unwanted side reactions due
to binder decomposition12 are excluded and unknown influences
from the carbon surface chemistry are minimized. In addition,
the open, macroporous network allows the accommodation of the
discharge product. It is a major result of this work that the present
Na–O2 cell runs already well even with such a low-surface-area
carbon andwithout any added catalyst. Figure 3a shows the cathode
at the oxygen interface after discharge to 2mAh, with a solid
discharge product filling, at distinct areas, almost the whole volume
between the carbon fibres. The typical particle size is estimated to
be about 1–50 µm. Figure 3b shows an image from the opposite
side of the cathode, that is, the side of the cathode that was facing
the separator. Significant amounts of solid discharge products can
also be clearly seen here and we conclude that the cell reaction
took place in the whole cathode volume. The preferable forma-
tion of NaO2 at the oxygen side is due to the known transport
limitation of gaseous oxygen through the electrolyte-filled cathode
structure (see also the discussion on the theoretical discharge
capacity in the Supplementary Information)23,24. Figure 3d shows a
high-resolution image of the formed particles. The particle shows
a morphology with a well-defined macroscopic cubic symmetry.
We note the large size of many product particles, which indicates
at least a certain degree of electrical conductivity of NaO2. Li2O2
is considered as an electric insulator25, with, according to recent
calculations, conducting crystal surfaces26. As the electrical prop-
erties of NaO2 have not been reported yet (a bandgap of 3.3 eV
is calculated)27, this has to be part of future investigations. For
KO2 a significant electric conductivity at room temperature is
reported in the literature28.
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Figure 3 | SEM images of the Na–O2 cell cathodes. a,b, SEM images of a cathode structure after discharge to 2 mAh at 80 µA cm�2 at the oxygen/GDL
and GDL/separator side, respectively. c, For comparison, a pristine cathode structure. d, Solid products formed on the carbon fibres during discharge at
higher magnification. For a discussion on the theoretical capacity achievable, see Supplementary Fig. S5.
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respectively. 

Particle sizes of Li+-ORR product(s) in the discharged 
electrodes. The morphological changes of air electrodes before 

and after discharge at 100 mA/gcarbon for VC and Au/C electrodes 

are shown in Figs. 8a-d, respectively. Fig. 8a shows that Vulcan 5 

VC with primary particle sizes in the range from 50 to 100 nm 

creates a porous structure to provide electronic conductivity and 

interconnected pores for electrolyte for both pristine Vulcan VC 

and Au/C electrodes. It is important to point out that the addition 

of Au nanoparticles is not expected to change the electrode 10 

porosity/structures as the density of Au (19.3 g/cm
3
) is much 

higher than VC (~2 g/cm
3
) thus the volume of gold nanoparticles 

is negligible compared to carbon particles for 40 wt% Au/C. 

After discharge at 100 mA/g, the entire electrode surface in the 

O2 side for both Au/C and VC was found to be covered by donut-15 

shaped particles (presumably lithium peroxide) on the order of 

350 nm., where no significant difference. In contrast, at At a high 

current density of 1000 mA/gcarbon, the particle sizes of ORR 

product(s) in the discharged electrodes of Au/C and VC are very 

comparable but smaller than those found at 100  mA/gcarbon, as 20 

shown in Figs. 8e and 8f, respectively. Assuming that these 

donut-shaped particles were single-crystalline, which needs to be 

verified by electron diffraction in the TEM or high-resolution 

TEM imaging, comparable particle sizes of lithium peroxide 

found in the electrodes discharged at high rates cannot explain the 25 

greater broadening of XRD peaks found for the discharged Au/C 

electrodes. The greater broadening associated with of XRD peaks 

could result from more structural defects and/or composition 

nonstoichiometry of lithium peroxide in the discharged electrodes 

of Au/C. High-resolution TEM imaging and electron diffraction 30 

was used to examine potential structural defects in lithium 

peroxide particles. However, these particles were found unstable 

under electron beam at high magnifications. Cryo-TEM will be 

used to examine discharged electrodes in future studies to 

minimize the instability of lithium peroxide particles induced by 35 

heating associated with electron beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 XRD patterns of pristine and discharged electrodes supported on 

a Celgard 480 separator (100 and 2000 mA/gcarbon) for Vulcan VC (a) 

and Au/C (b). The reflections appeared in the pristine VC electrode 

came from Celgard C480 and those appeared in the pristine Au/C 

electrode came from Au nanoparticles and Celgard C480. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 SEM images of (a) pristine Vulcan VC electrode, (b) pristine Au/C electrode, (c)  Vulcan VC  electrode discharged at 100 mA/g 

(2500 mAh/gcarbon), (d) Au/C electrode discharged at 100 mA/g (2500 mAh/gcarbon), (e)  Vulcan VC  electrode discharged at 1000 mA/g 

(1400 mAh/gcarbon), and (f) Au/C electrode discharged at 1000 mA/g (1500 mAh/gcarbon).  The SEM images were taken from the surface of the air 

electrode on the O2 side.�
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Figure 1 | The general function principle of an alkali metal–oxygen battery. During discharge, metal A is oxidized to a soluble A+ cation at the
anode/electrolyte interface and the electron is transferred to the outer circuit. At the cathode side, oxygen is reduced to an O2

� species (superoxide
radical) that may form an alkali metal superoxide (AO2) in the presence of A+ cations. As LiO2 is highly unstable, it further reacts to form lithium peroxide
(Li2O2) either by reduction (LiO2 +e� +Li+ ! Li2O2) or by disproportion (2LiO2 ! Li2O2 +O2). In the case of sodium, the same reactions may occur, but
sodium superoxide is thermodynamically more stable and is indeed found as discharge product in the present NaO2 cell. Other possible cell reactions that
have not been observed experimentally are shown in grey.

corresponding to ⌘dis < 100mV, is observed whereas for high
current densities the cell voltage continuously decreases, in line with
expected kinetic limitations at high currents. The charging process,
at low current densities, occurs at a voltage plateau between 2.3 and
2.4 V, which is close to the potential expected for the decomposition
of NaO2 to form Na and oxygen (E0 = 2.27V). These findings are
also supported by results from cyclic voltammetry (Supplementary
Fig. S2). Charging at such low overpotentials is in stark contrast
to the results found for the analogous Li–O2 cell, indicating a
different reaction mechanism in the Na–O2 cell. We note that the
high-temperature sodium cell in ref. 18 was cycled at a maximum
current density of 100 µA cm�2, and that the overpotential on
charging was about 700mV at a temperature of 100 �C.

The charge efficiency of the Na–O2 cells is, at least after the
first cycle, between 80% and 90%. Even though the cells can
be discharged and charged several times, the absolute capacities
decreased with increasing cycle number, with negligible energy
storage after 8 cycles (Supplementary Fig. S3). The lower efficiency
of the first cycle compared with the subsequent ones might be
related to a first activation of the electrode, that is, irreversible
reaction of the electrolyte or NaO2 with the surface of the carbon
cathode, for example. The formation of NaO2 as the discharge
product is further supported by recording the open-circuit voltage
(Eoc) value that instantly approaches the accordant potential after
discharge (Supplementary Fig. S4).

Convincing evidence for the reversible formation/decompo-
sition of NaO2 was obtained from pressure measurements of the
oxygen gas phase with a pressure gauge during cycling (Fig. 2c).
The pressure decreased linearly by about 40mbar when discharged
by 0.36mAh, and increased during re-charge back to a value close
to the starting pressure, indicating reversibility of the cell reaction.
Under the open-circuit condition, that is, zero current, the pressure
remained constant at constant potential values. We estimate the
total volume of oxygen and the starting pressure as 8.9 cm3 and
1,053mbar, and thus, can determine the number of electrons
transferred to oxygen by applying the ideal gas and Faraday’s laws.
The number of transferred electrons per O2 molecule is 0.94±0.09,
which strongly supports the assumption ofNaO2 formation.

The results obtained directly from the electrochemical mea-
surements and the corresponding oxygen consumption/release
clearly indicate reversible NaO2 formation in the present Na–O2
cell, but unequivocal evidence is obtained by post-mortem anal-

ysis (Raman spectroscopy, X-ray diffraction (XRD) and scanning
electron microscopy (SEM)) of the cathode after discharge and
charge. Figure 3c shows a SEM image of the cathode (GDL) in
the pristine state consisting of interwoven carbon fibres with an
average diameter of about 10 µm. The carbon fibres themselves are
mostly non-porous with a specific surface area below 1m2 g�1 as
determined by nitrogen physisorption. In Li–O2 cells described in
the literature typically porous carbons with specific surface areas
exceeding >50m2 g�1 are used, with electrodes prepared by using
poly(vinylidene difluoride)-, polytetrafluoroethylene - or Nafion-
based binders. We also found high capacities for Li–O2 cells when
using high-surface-area carbons (Supplementary Fig. S1).However,
the advantage of using a free-standing, binder-free GDL with a low
surface area as the electrode is that unwanted side reactions due
to binder decomposition12 are excluded and unknown influences
from the carbon surface chemistry are minimized. In addition,
the open, macroporous network allows the accommodation of the
discharge product. It is a major result of this work that the present
Na–O2 cell runs already well even with such a low-surface-area
carbon andwithout any added catalyst. Figure 3a shows the cathode
at the oxygen interface after discharge to 2mAh, with a solid
discharge product filling, at distinct areas, almost the whole volume
between the carbon fibres. The typical particle size is estimated to
be about 1–50 µm. Figure 3b shows an image from the opposite
side of the cathode, that is, the side of the cathode that was facing
the separator. Significant amounts of solid discharge products can
also be clearly seen here and we conclude that the cell reaction
took place in the whole cathode volume. The preferable forma-
tion of NaO2 at the oxygen side is due to the known transport
limitation of gaseous oxygen through the electrolyte-filled cathode
structure (see also the discussion on the theoretical discharge
capacity in the Supplementary Information)23,24. Figure 3d shows a
high-resolution image of the formed particles. The particle shows
a morphology with a well-defined macroscopic cubic symmetry.
We note the large size of many product particles, which indicates
at least a certain degree of electrical conductivity of NaO2. Li2O2
is considered as an electric insulator25, with, according to recent
calculations, conducting crystal surfaces26. As the electrical prop-
erties of NaO2 have not been reported yet (a bandgap of 3.3 eV
is calculated)27, this has to be part of future investigations. For
KO2 a significant electric conductivity at room temperature is
reported in the literature28.

NATUREMATERIALS | VOL 12 | MARCH 2013 | www.nature.com/naturematerials 229

© 2013 Macmillan Publishers Limited. All rights reserved

Nature	  Mater.	  12,	  228	  (2013)	  

Li-‐air:	  Li2O2	  discharge	  phase	   Na-‐air:	  NaO2	  discharge	  phase	  
“…the large size of many product particles 
indicates at least a certain degree of electrical 
conductivity of NaO2. As the electrical 
properties of NaO2 have not been reported 
yet this has to be part of future investigations. 
For KO2 a significant electric conductivity at 
room temperature is reported in the literature.
[1]”   
– Nature Mater. 12, 228 (2013)  [1]  J. Chem. Phys. 63, 2271–2278 (1975).  

 



Growth Mechanisms and 
Chemistries of  Discharge Products 

in Metal−O2 Batteries 

18	  

Scientific Achievements 
•  The thermodynamic stability of bulk and particle phases of Na

−O2 compounds have been predicted as a function of 
temperature, O2 partial pressure, and particle size using first 
principles calculations. 

•  The potential dependence of the lifetime of soluble intermediates 
involved in the Li-O2 reaction was investigated for different 
candidate electrolyte solvents using the Rotating Ring Disk 
Electrode (RRDE) technique. 

Significance and Impact 
•  Solved the puzzle in the formation conditions of discharge 

products and hinted at the direction to design higher 
performance Na−O2 batteries. 

•  Showed that production of soluble species is higher at lower 
overpotentials, pointing to different growth mechanisms  and 
hence morphologies of Li2O2 at different current densities.  

Research Details 
–  The performance of Na−O2 batteries is significantly influenced by the type of 

discharge product, either NaO2 or Na2O2. 
–  While Na2O2 is a stable phase in bulk at the standard state, in nanoscale, 

lower surface energy stabilizes NaO2 over Na2O2  
 

The	   phase	   diagrams	   of	   nanoscale	   NaO2	  
and	   Na2O2	   at	   300	   K	   as	   a	   func.on	   of	   O2	  
par.al	  pressure	  and	  par.cle	  size	  

S.	  Kang	  et	  al.	  Nano	  LeLers	  14	  (2014)	  	  
doi:10.1021/nl404557w	  
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Collec.on	   of	   soluble	   discharge	   reac.on	  
intermediates	  as	  a	  func.on	  of	  poten.al	  
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