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ABSTRACT: Sodium−oxygen (Na−O2) batteries exhibit a low
charging overpotential owing to the reversible formation and
decomposition of sodium superoxide (NaO2) on discharge and charge
cycles. However, the cycling performance of the battery system is
compromised by the side reactions occurring between the reactive
NaO2 discharge product with the other components of the cell
including the air electrode and the organic electrolyte. In the present
study, we employ a Raman imaging technique to reveal the chemical
mechanism behind the decomposition reaction of NaO2 in the
presence of diglyme-based electrolyte. Our results illustrate the
formation of oxalate-based side products resulting from prolonged
exposure of NaO2 to the cell electrolyte. Moreover, we show that Na2O2·2H2O is not the thermodynamically favorable side
product for decomposition of NaO2 and may only be formed under the high-energy beam used by the measuring probe. The
findings of this study help to better understand the underlying chemical reaction mechanisms of Na−O2 cells.

Considered as the next generation of the electrical energy
storage systems, alkali metal-O2 (Li/Na−O2) cells

provide the highest energy densities among all the available
batteries.1−4 However, the poor cycling performance of alkali
metal−O2 batteries hinders their development. The poor
cycling performance in these batteries generally originates from
instability of cell components against the highly oxidative
environment in the cells. Moreover, the high charging
overpotential associated with Li−O2 cells triggers more
parasitic side reactions which in turn compromise the cycling
performance of the battery.5,6 Na−O2 cells, on the other hand,
exhibit a low charging overpotential owing to the reversible
formation and decomposition of NaO2 on discharge and
charge, respectively.7 In addition, fewer side products were
found to form during the electrochemical reaction of Na−O2
cells compared to Li−O2.

8 Nonetheless, Na−O2 cells also
display increased charging overpotential over cycling as well as
short cycle life.9

Despite the similar nature of the oxygen reduction and
evolution reactions (ORR and OER) occurring in Li−O2 and
Na−O2 cells, the reaction mechanisms are not the same. The
initially formed superoxide (O2

−) ions in Li−O2 cells
chemically react with the cell electrolyte and carbonaceous
air electrode, resulting in the formation of side products
alongside Li2O2 discharge products.

5 In contrast, O2
− ions can

be stabilized in the presence of Na+ ions with larger ionic radii
to produce solid NaO2 as the major discharge product in Na−
O2 cells.

7,8 Nevertheless, the produced NaO2 is not thoroughly
stable against the cell components and thus compromises the
cycling performance of the battery.9 Meanwhile, the side

reactions involving metallic Na are partially accountable for the
poor cycling performance of the batteries.10 Accordingly,
protection of metallic Na has been the subject of multiple
recent studies.11,12

Instability of NaO2 discharge products of the cells has been
reported by a number of studies.13−16 Moreover, we observed
that NaO2 gradually decomposes in the presence of a
carbonaceous air electrode using in-line XRD measurements,17

though the decomposition mechanism of NaO2 is not yet clear.
In the present study, we employ Raman spectroscopy to
illustrate the mechanism behind the decomposition of the
electrochemically formed NaO2 in the Na−O2 cell environ-
ment. We reveal the role of carbon electrodes as well as the
ether-based electrolyte in the formation of the side products by
monitoring the chemical changes associated with individual
NaO2 cubes in the actual cell environment.
Raman spectroscopy uses the visible region of the

electromagnetic spectrum with low energy to excite the
materials under study, hence minimizing the potential beam
damage from the spectroscopic technique during the experi-
ment. In addition, Raman spectroscopy provides high
sensitivity and selectivity toward the discharge product and
side products that form in Na−O2 cells. We combine the visual
data obtained from the optical microscope with Raman
chemical information to elucidate the chemical decomposition
reactions occurring in the cell. To monitor the chemical
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changes of NaO2 in the cell environment, a fully discharged air
electrode was transferred into an airtight Raman cell and an
individual NaO2 cube was identified using the optical
microscope. A typical optical image of the NaO2 product
obtained from the Raman microscope is presented alongside
with a SEM image recorded using a similarly prepared sample
in Figure S1 in Supporting Information for comparison
purposes. Then, the NaO2 cube was linearly scanned and
Raman spectra were collected in an area of approximately 40
μm × 40 μm for 20 points in each X and Y direction (400
points in total). The obtained spectra were used to reproduce
the chemical maps for different detected compounds. To
monitor the chemical changes of NaO2 in the cell environ-
ment, the described procedure was repeated for freshly
prepared samples with and without added electrolyte over a
prolonged period of 170 h.
Figure S2 compares the actual Raman spectra obtained from

a linear scan on the samples at different time intervals. The
spectra exhibit major peaks at 1156 cm−1, related to the O−O
stretching mode in NaO2.

3 The intensity of the NaO2
characteristic peak decreases over time for both samples, and
a peak starts to rise at 1136 cm−1. Besides, new peaks can be
identified at 765, 860, and 1050 cm−1 in the case of the sample
without added electrolyte. The decomposition reaction of
NaO2 occurs much faster in the presence of the cell electrolyte
with no detectable superoxide after 150 h. The intensity of the
Raman peaks was applied to reproduce the chemical maps at
various wavenumbers during the experiment. The obtained
maps for the dry discharged electrode are presented in Figures
1 and S3 for different frequencies. NaO2 chemical maps exhibit
a descending trend in peak intensity. However, the chemical
maps at 1136 and 860 cm−1 display a mild enriching trend
during the first 100 h and remain almost unchanged afterward.
Appearance of the Raman peak at 1136 cm−1 has been

previously reported for the electrochemically formed NaO2
subjected to aging in the cell or exposure to ambient air.18,19

The peak at 1136 cm−1 has been attributed to the formation of
Na2O2·2H2O. However, Na2O2 exhibits a pair of peaks at 738
and 793 cm−1 corresponding to the O−O stretching mode of
O2

2− in C3h and D3h sites (Figure S4).20 The characteristic
peaks of peroxide do not appear on the Raman spectra which
contradict with the formation of Na2O2. Accordingly,
appearance of the peak at 1136 cm−1 can be correlated to
the O−O stretching mode of O2

− with increased bond length
due to the “solvent effect” caused by the surrounding
matrix.21,22 The nature of the peak at 1136 cm−1 will be
discussed more in the following sections.
The Raman peak appearing at 1050 cm−1 can be related to

the symmetric stretching modes of C−O and S−O in sodium
bicarbonate (NaHCO3) and sodium triflate (NaCF3SO3),
respectively.23,24 The Raman spectra of the corresponding
standard compounds are also presented in Figure S5 for
comparison. The two compounds, however, can be distin-
guished by the additional NaCF3SO3 peak at 765 cm−1 which
is related to the symmetric stretching mode of C−S.24 The
chemical maps obtained at 1050 and 765 cm−1 (Figure S3)
present similar features, suggesting the correlation between the
two peaks. In addition, the maps obtained from dividing the
peak intensity at 765 cm−1 by those of at 1050 and 860 cm−1

are depicted in Figure S6. The maps indicate that the peaks at
765 and 1050 cm−1 are correlated, confirming that the peak at
1050 cm−1 mainly results from the electrolyte salt precipitating
on the electrode surface after drying the solvent, whereas the

peak at 860 cm−1 is not correlated to the electrolyte salt
despite the similarity of the resultant chemical maps.
Nonetheless, overlaying the obtained chemical maps at 860
and 1050 cm−1 (Figure 2) illustrates that the corresponding
side product is most likely from the reaction between the cell
electrolyte and NaO2.
To confirm the role of cell electrolyte in the formation of

side products, the chemical composition of NaO2 was
monitored in the presence of added electrolyte. The obtained
chemical maps in the presence of the additional electrolyte are
depicted in Figures 3 and S7 for different frequencies.
Chemical maps of NaO2 demonstrate a much faster
decomposition rate in the presence of the cell electrolyte; no
superoxide can be detected after 150 h. Meanwhile, the
chemical maps at 1136 cm−1 depict an increasing trend during
the first 100 h and show a descending trend afterward. The
chemical maps obtained at 860 cm−1, however, display a
constant formation of the side products which completely
cover the NaO2 surface after 170 h. Another notable change in
the presence of the cell electrolyte is detection of NaHCO3
throughout the experiment. As shown in Figure S7, most area
on the chemical maps obtained at 1050 cm−1 can be related to
NaHCO3 in the absence of the characteristic peak for the

Figure 1. Chemical maps at various frequencies reproduced from
Raman spectra recorded for a NaO2 cube on a dry air electrode at
different time intervals.
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electrolyte salt at 765 cm−1. Furthermore, comparison of the
chemical maps obtained for NaHCO3 and carbon (1580 cm

−1)
indicates that NaHCO3 is mainly formed on the air electrode
(Figure S8).
Carbonate-based side products were found on the air

electrode around multiple NaO2 cubes in a fresh discharged
sample (Figure S9). Therefore, formation of sodium carbonate
or bicarbonate can be related to the oxidation of the defect
sites at the surface of the carbonaceous air electrode by
superoxide ion upon discharge:9,17

+ + →− +COH O Na NaHCO2 3 (1)

− + + → + + −− +COOH 2O 2Na Na CO O OH2 2 3 2
(2)

The amount of the carbonate-based side products (1050
cm−1) does not show a significant change during the rest time
(Figure S7). However, the side products are more uniformly
distributed throughout the mapping area after 170 h which is
likely due to the partial dissolution of the carbonates in the cell
electrolyte and redeposition on the electrode surface.
As shown in Figure 3, the major side product resulting from

the reaction between NaO2 with the cell electrolyte exhibits a
peak at 860−870 cm−1. In addition, the peak at 860 cm−1 is
also accompanied by the appearance of a broad feature
centered at 1460 cm−1 (Figure S10). However, the latter peak
is partially overlapped by the broad D- and G-band of carbon
at 1350 and 1580 cm−1. A corrected map was obtained by
subtracting the average of the carbon peaks from the chemical
map obtained at 1460 cm−1 (Figure S11). The resultant map is
comparable with that obtained at 860 cm−1. Meanwhile, the
peaks at 860 and 1460 cm−1 can be correlated to the C−C and
O−CO stretching modes in oxalic acid (H2C2O4) and
sodium oxalate (Na2C2O4), respectively (see also Figure
S5).25,26 Accordingly, a mixed phase of (H/Na)2C2O4 is
most likely formed following the decomposition reaction of the
cell electrolyte on the NaO2 surface. A reaction pathway based

on the hydrogen abstraction from the electrolyte solvent
(diglyme) can be proposed to explain the formation of the
oxalate-based side products:27

Methyl H-abstraction:

→ +C H O 2CH O C H O6 14 3 2 4 10 (3)

+ → +2CH O 2NaO (H/Na) C O 2(Na/H)OH2 2 2 2 4
(4)

In addition, methylene H-abstraction from diglyme has also
been proposed to result in formation of methoxy (oxo)acetic
anhydride by Black et al:27

+ → + +C H O 4NaO C H O 4NaOH 2H6 14 3 2 6 6 7 2 (5)

The resultant anhydride on NaO2 may react with water from
eq 4 to form methyl oxalate:

+ →C H O H O 2C H O6 6 7 2 3 4 4 (6)

It should be noted that methyl oxalate also exhibits a strong
peak related to CH3−O stretching mode at 860−870 cm−1.28

The proposed reaction mechanisms are also summarized in
Figure 4.
Thus, the spectroscopic evidence illustrates that oxalate-

based side products are mainly formed on the NaO2 discharge

Figure 2. Chemical maps obtained by overlaying the Raman peaks at
860 and 1050 cm−1. The dotted line determines the NaO2 position.

Figure 3. Chemical maps at various frequencies reproduced from
Raman spectra recorded for a NaO2 cube on an air electrode
containing additional electrolyte at different time intervals.
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product of the cell on rest. Moreover, appearance of the peak
at 1136 cm−1 (Figure 3) can be correlated to the NaO2 phase
in the (Na/H)OH environment based on the proposed
mechanism. The increased antibonding electron density on
O2

− results in decreased bond order and appearance of the
lower frequency peak. This can be further confirmed by the
disappearance of the peak due to the decomposition of NaO2
at the surface or consumption of (Na/H)OH in the
subsequent reactions. It is noteworthy that the total
decomposition of NaO2 cannot be concluded based on the
disappearance of the surface-sensitive Raman signals. Mean-
time, the obtained results contradict with formation of Na2O2·
2H2O proposed mainly based on XRD data.17−19 Nevertheless,
decomposition of NaO2 by high-energy X-ray beam cannot be
ruled out. To examine the hypothesis, a discharged air
electrode was placed in an airtight XRD holder and subjected
to consecutive scans with different time intervals (Figure S12).
Most of NaO2 content was maintained unchanged during the
first 15 h under XRD scans with longer intervals, whereas the
majority of NaO2 was converted to Na2O2·2H2O during the
second 12 h scans with shorter intervals. Therefore,
precautions should be taken when applying high-energy probes
to Na−O2 cells.
The results obtained in this study further support our recent

in situ XAS study on discharge/charge reaction mechanism of
Na−O2 cells.

16 Compared to XAS technique, however, Raman
demonstrates higher selectivity toward the potential organic
side products forming as a result of solvent decomposition (see
also Figure S5). In addition, the low-energy probe used in
Raman to provide analytical information makes it a very useful
tool for studying the reactions occurring at the products/
electrolyte interfaces. Moreover, the obtained results are also
consistent with the findings from conventional analytical
methods.27 Nevertheless, Raman imaging technique enables
in situ monitoring of the reactions at the NaO2/electrolyte
interface without any potential interferences from external
contamination sources.

In summary, the presented results demonstrate the
capability of Raman spectroscopy to study the reaction
mechanisms in Na−O2 cells. The combination of visual
inspection with chemical imaging techniques provides a unique
tool to acquire detailed information about the underlying
mechanism of the cell. In addition, the low-energy probe in the
visible range of the spectrum used by Raman spectroscopy
eliminates the potential source of uncertainty caused by the
measuring technique. Our preliminary in situ study on the
decomposition reaction of NaO2 revealed that oxalate-based
side products are formed by exposing the discharge product to
the cell electrolyte over a prolonged period of time. Moreover,
carbonate-based side products were found to form on the
carbonaceous air electrode on discharge. In-operando Raman
studies are expected to reveal more details about the
electrochemical reaction mechanism of the cell which are
currently ongoing in our group.
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