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Product in Na—Air Batteries
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Sodium-air (Na—O,) batteries have recently developed as a high theoretical
energy density energy storage and conversion system. In particular, Na-O,
batteries with superoxide as the discharge product have a very high round-
trip energy efficiency over lithium—air batteries due to their significantly
reduced charging overpotential. However, Na—O, batteries yet suffer from
limited cycling lives because of the formation and incomplete removal of

side products during oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) processes, while the mechanism of these processes is still not
fully understood. Herein, a detailed investigation on tracking the decomposition
pathway of cubic-shaped micrometer-sized NaO, discharge products in
Na-O, batteries with carbon-based air electrodes is reported. A detailed
electrochemical charging mechanism is revealed during the charging process.
The evolution of the chemical compositions of the discharge/side products

in air electrode during charging is also verified by synchrotron-based X-ray
absorption spectroscopy experiments. The formation of these intermediate

(acceleration) applications. As a possible
alternative, alkali metal-oxygen Dbatteries
(i.e., Li-0,M Na-0, and K-O,
batteries) have been receiving increasing
attention due to their extraordinarily large
theoretical energy densities and gravi-
metric capacities.

The electrochemical reactions of alkali
metal-oxygen batteries can be expressed
as the overall equations of 1) 2A* + 2e™ +
0, & A,0, and/or 2) A* +e” + O, <> AO,
(A =1i, Na, or K), which correspond to the
formation of peroxide or superoxide spe-
cies as discharge products, respectively.
Recent studies have reached the under-
standing that superoxide phases are the
initial product of the first-step electro-
chemical reduction of oxygen gas O, in

phases other than NaO, during the charging process results in high
overpotentials. These new findings can contribute to a better understanding

and the rational design of future Na-O, batteries.

1. Introduction

The rapid development of electric vehicles (EVs) and hybrid
electric vehicles (HEVs) over the last decade has driven bat-
tery researchers to explore new options for power supplies with
ultrahigh power and energy densities. State-of-the-art Li-ion
batteries (LIBs) are yet insufficient to meet the ever-increasing
demands of EVs/HEVs for long-distance or large power output

Dr. Q. Sun, Prof. J. Liu, Dr. B. Xiao, Dr. B. Wang, Dr. M. Banis,
Dr. H. Yadegari, K. R. Adair, R. Li, Prof. X. Sun
Department of Mechanical and Materials Engineering
University of Western Ontario

London, Ontario N6A 5B9, Canada

E-mail: xsun@eng.uwo.ca

Prof. ). Liu

School of Engineering

Faculty of Applied Science

University of British Columbia

Kelowna, British Columbia V1V 1V7, Canada

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.201808332.

DOI: 10.1002/adfm.201808332

Adv. Funct. Mater. 2019, 1808332

1808332 (10f9)

these alkali metal-oxygen batteries, even
in the cases where the peroxides are the
final discharge products.'“¢#l The further
conversion of superoxide to peroxide can
occur through either electrochemical or
chemical reactions, which has been widely
observed for most Li-O, batteries, unless the lithium super-
oxide species can be stabilized by a catalyst.’] However, many
studies on Na-O, and K-O, batteries have shown that the cor-
responding superoxides are found to be relatively stable as the
final discharge product. The origin of such differences can be at
least partially attributed to the long-known difference between
the stability of alkali metal peroxides and superoxides. More
recently, new understandings on the oxygen reduction reaction
(ORR) and sodium superoxide growth via solution-mediated
routes, as opposed to the traditional surface-mediated routes,
have been established in Na-oxygen Dbatteries,®l which are
believed to be the predominant mechanism for the formation
and growth of NaO, in Na—O, batteries.

The formation of micrometer-sized NaO, cubes in Na-O,
batteries has been widely reported. Confounded by the contra-
dictory experimental observations regarding to the formation
and removal of micrometer-sized sodium superoxide and the
low electronic conductivity predicted by theoretical calculations,
the NaO, precipitation/dissolution mechanisms via solution-
based processes have been proposed for Na-O, batteries and
verified by various groups. The presence of water (and other
proton donors) has been revealed to have a profound effect on
the electrochemical behavior of Na-O, batteries.’! Although
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moisture in ambient air is found to be fatal to these batteries
due to the promotion of side reactions,”] Nazar and co-workers
discovered that a proper trace amount of water (or proton
donor) is highly essential to realizing large discharge capaci-
ties and the formation of micrometer-sized cubic NaO, as the
discharge product.’! They showed that only a small amount
of layer-like discharge product deposit on the surface of the
air electrode can be achieved when using the truly dry electro-
lyte made from a home-made anhydrous salt.’l Lutz et al. also
reported that solution-mediated and surface-mediated ORR
of Na-O, batteries can be altered using different electrolyte
solvents.®l Schréder et al. elucidated the distribution of the
discharge product over the cathode in Na-O, batteries by syn-
chrotron X-ray tomography.’! Sun et al. reported a conformal
film-like NaO, as the discharge product on a hierarchical
porous carbon spheres air electrode of the Na—-O, battery, which
exhibit better reversibility and reduced parasitic side reac-
tions.'% These fundamental studies have built up the critical
understanding of the ORR processes of alkali Na—O, batteries.
Doubtlessly, unveiling the nature of the charging process of
Na-O, batteries can be equivalently important, especially when
taking into consideration the fact that the remaining NaO, cubes
after prolonged cycles have been observed and believed to be a
critical reason for the poor cycling stability of Na-O, batteries.'!]
Nevertheless, the process of NaO, removal is still poorly under-
stood. Nazar and co-workers showed that when cubic NaO, had
been formed as the discharge product in the absence of water
(proton donor), a significantly increased charging overpotential
was observed,®! which indicates that it is involved in the activa-
tion process of superoxide discharge product decomposition at
a low charge overpotential. Very recently, with the help of trans-
mission electron/X-ray microscopy (TEM/STXM), the charging
process of discharge product(s) in Na—O, batteries has been
further unveiled. Landa-Medrano et al. carried out an STXM
study on fully discharged and partially charged cubic NaO,.['2
They observed the formation of a core—shell structure with the
outer walls being composed of oxygen-containing side products
and a sodium superoxide/peroxide core after short charging.
The formation of the side product as the result of the reactions
between sodium superoxide and solvent has been reported by
different groups. Nazar and co-workers reported the existence
of sodium carbonate, sodium acetate, and sodium formate
in the discharge product of Na-O, battery using NMR and
chemical titration.l'¥] Our group had also applied in situ X-ray
absorption spectroscopy (XAS) mapping and in situ Raman
mapping in the study of Na-O, battery systems.' Sun and
co-workers!®l and Demortiére and co-workers!'®! also reported
in situ TEM studies on Na-O, batteries to observe the growth
of sub-micrometer-sized NaO, cubes (=400-600 nm) during
the discharge process. Sun and co-workers observed a rela-
tively reversible charging process of NaO, on a CNT air elec-
trode, during which the NaO, cube first underwent a rapid
shrinkage in size and only a residential shell remained after full
charging." They also observed that the irreversible remnants
of NaO, + Na,0, mixture accumulated on the electrode surface
during cycling. In comparison, Demortiére and co-workers!!®l
observed a similar charging mechanism of NaO, on a carbon
air electrode similar to that reported by Landa-Medrano et al..
A cubic parasitic shell with a NaO,-wrapped NaO, core was
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observed at the beginning of the charging process in a yolk—
shell structure. After fully charged, the residual parasitic shells
remained. More recently, Peng and co-workers reported an in
situ TEM study on a Na-0O, system using CuO nanowires as
the air cathode.'”! They observed an irregular shape thin film-
like NaO,/Na,0,/Na,O mixture as the discharge product. The
catalytic behavior of the transition metal oxide may have con-
tributed to the 2e/4e~ ORR process to produce Na,0,/Na,O
along with the 1le” ORR toward NaO,, which explained by fol-
lows a similar mechanism as our previous study.'® Overall,
these recent studies have provided important insights into the
understanding of the OER process of Na—O, batteries. Never-
theless, there are still several questions pertaining to the electro-
chemical decomposition mechanism and morphological/
chemical evolution of the large micrometer-sized NaO, cubes
compared to the reported nanoscale discharge products. More-
over, recent studies had widely reported that NaO, is not fully
stable in the ether-based electrolytes, causing the decomposi-
tion of the electrolytes.l'>19 Therefore, it will also be critical to
understand the effect of these side reactions/products on the
OER processes of Na-air batteries. Besides, the sodium den-
drite growth during the charging process of Na—O, batteries
may cause their interval short circuit, which can be addressed
by anode protection. 2]

Herein, we report a detailed investigation and fundamental
understanding on the decomposition pathway of cubic shape
NaO, discharge products of Na—O, batteries based on two
typical carbon air electrodes. The morphological and chemical
evolution during the charging process of the cubic discharge
products are tracked by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) characteriza-
tions as well as Raman spectra mapping and synchrotron-based
XAS characterizations. Accordingly, we propose a core—shell
model to elucidate the removal mechanism of NaO, and to
clarify the origin of increasing overpotentials during charging
of the NaO, batteries.

2. Results and Discussion

In the present study, we use polyacrylonitrile (PAN) polymer
as the binder for both carbon nanotube (CNT) and N-doped
carbon nanotube (NCNT) air electrodes after a survey of the
effectiveness of various different binders in our group.?!
The effect of binder in Li-O, batteries has been emphasized
since the study by Nazar and co-workers,??l which shows pos-
sible decomposing of PVDF binder against O,”. Recently,
Goward and co-workers also reported the instability of PVDF
in the presence of NaO, in Na-O, batteries.l?)l Compared to
our previous study using polyvinylidene difluoride (PVDF) as
the binder,” the CNT-PAN and NCNT-PAN air electrodes
exhibited drastically different electrochemical performance.
It is worth noting that previous studies have also found that
PAN is unstable in the presence of superoxide/peroxide in a
chemical environment.””] Nevertheless, it is very surprising to
reveal here that both CNT-PAN and NCNT-PAN air electrodes
exhibit an active electrochemical response in the cyclic voltam-
metry (CV) testing. For the CNT-PAN air electrode (Figure 1a),
one cathodic and two anodic current peaks can be identified in
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Figure 1. CV curves of Na-air batteries with a) CNT-PAN and b) NCNT-PAN air electrode; charge and discharge profiles of SABs with c) CNT-PAN
and d) NCNT-PAN air electrodes at the current densities of 150, 300, and 500 mA g™' at the same cutoff capacity of 300 mAh g'; cycling retention of
Na-air batteries with e) CNT-PAN and f) NCNT-PAN air electrodes at different current densities at the same cutoff capacity of 300 mAh g~'.
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the first cycle located at around 1.5 V and 2.46/2.91 V, respec-
tively. In the subsequent cycles, only one pair of cathodic and
anodic current peaks was observed at 1.71 and 2.67 V, respec-
tively, which can be assigned to the electrochemical reaction of
O, + e <— 0O, The 2nd, 3rd, and 4th CV curves overlap well,
indicating a highly reversible reaction. The onset of the ORR
and OER potentials was found to be 2.32 and 2.20 V, respec-
tively, which are in good agreement with the theoretical ther-
modynamics potentials of the electrochemical reactions of
1) 2Na* + 2e” + O, > Na,0, (2.33 V) and/or 2) Na* +e” + O, >
NaO, (2.27 V), respectively.2?) In the case of the NCNT-PAN
electrode, the CV curves show further improved reversibility
(Figure 1b). In spite of the reduced peak current from the
first cycle, all four CV scans exhibited very similar features: a
cathodic peak at 1.70 V and two anodic peaks located at 2.51
and 4.3 V. Similarly, to the CNT-PAN electrode, the 2nd to 4th
CV curves also indicate excellent reversibility. The onset of the
ORR and OER potentials for the NCNT-PAN air electrode was
found to be 2.28 and 2.22 V, respectively. It can be concluded
that NCNT-PAN air electrode has an improved ORR/OER cat-
alytic performance over the CNT-PAN air electrode, which is
consistent with our previous study using PVDF binder.?

Moreover, it is revealed that the CNT-PAN and NCNT-PAN
air electrodes can be charged and discharged at relatively high
current densities up to 500 mA g! (Figure 1c,d). In contrast,
the CNT-PVDF and NCNT-PVDF air electrodes could hardly
be discharged and charged in our previous study with the
same cell configuration.?®! Meanwhile, the cycling lives of the
CNT-PAN and NCNT-PAN air electrodes (Figure 1e,f) are also
found to be prolonged compared to those of the CNT-PVDF
and NCNT-PVDF air electrodes.? When cycled at 500 mA g!
with a cutoff capacity of 300 mAh g!, the NCNT-PAN air
electrodes exhibited a cycling life of 46 cycles before decaying.
In addition, the full charge and discharge performances of
CNT-PAN and NCNT-PAN electrodes are also compared in
Figure S1 (Supporting Information).

We attribute the improved electrochemical performance of
the CNT-PAN and NCNT-PAN air electrodes to the effect of
the released proton H* from the PAN chains, which plays an
important role in the electrochemical behavior of the cells. It
has been shown by Nazar and co-workers that proton donors
are critical in the formation of cubic NaO, discharge products
in Na-0, batteries through a solution-mediated route, as also
evidenced by electron spin resonance (ESR) spectroscopy.?’]
They proved that a trace amount of water (=10 ppm) in ether
electrolyte is essential to achieving acceptable discharge capaci-
ties and it can aid in the decomposition of NaO, at lower over-
potentials.l®! These results differ greatly when an electrolyte
containing 0 ppm water is used, resulting in two charging
voltage plateaus around 2.7 and 4.2 V in contrast to the single
voltage plateau around 2.5 V for the electrolyte containing
trace amounts of water. In our recent study on the effect of
binders on the practical electrochemical performance of Na—air
batteries,?! we have identified the reaction mechanisms of the
binders involved in the electrochemical processes in Na-air
batteries and show that the performance is highly dependent
on the type of the functional group, i.e., electron-withdrawing
group (EWG) and electron-donating group (EDG), in the
polymer chain. It is well known that the —CN in the side chain

Adv. Funct. Mater. 2019, 1808332

1808332 (4 of 9)

www.afm-journal.de

of PAN is a very strong EDG, which results in the significantly
increased acidity of the o~-C-H. More mechanism discussions
are presented in our study on the survey of various binders for
Na-air batteries.?!]

In order to verify the above assumptions, SEM characteri-
zations has been carried out to study the morphology of the
discharge product. The SEM images of the CNT-PAN air elec-
trodes in the first cycle at different states of charge and a cur-
rent density of 500 mA g! are shown in Figure 2a-f. It is clearly
observed that massive micrometer-sized cube-shaped discharge
products formed after discharging (Figure 2¢,d; Figure S2, Sup-
porting Information) which were not present on the initial air
electrode (Figure 2a,b). It is consistent with the morphology of
sodium superoxide discharge products previously reported.!!]
The chemical nature of the discharge product is further con-
firmed by Raman spectra. The feature at 1056 cm™! as shown in
Figure 21-1 can be attributed to NaO,.'!] Interestingly, the mor-
phology of the CNT-PAN air electrode after a full charge shows
that a unique framework structure remains on the surface of
the air electrode (Figure 2i,j; Figure S3, Supporting Informa-
tion). It is natural to hypothesize that these “frames” after
charging should be the remaining undecomposed part of the
cubic discharge product, especially considering the similarity
between them in terms of both shape and size. The reasoning
behind these morphological features and their composition
should be identified.

In order to elucidate the origins of the frame-type morpho-
logical features, SEM characterization of partially recharged
CNT-PAN air electrodes has been carried out and the images
are shown in Figure 2e-h. It can be observed that (broken)
hollow boxes are found at this charged stage partially 3.5 V.
Recently, Landa-Medrano et al. also reported that an =300 nm
thick outer wall with an oxygen-containing side product (OSP),
had separated from the sodium superoxide and peroxide core
after short charging (=17%, to =2.45 V), forming a “matryoshka”
cube in box structure.l'?l Therefore, it can be hypothesized
that the remaining outer frame during partial charging in
the present study may also compose of carbonate species,
which requires higher potentials to be fully decomposed. This
assumption is also consistent with the fact that most of these
self-standing boxes are removed after fully charged, leaving
only framework products.

To further confirm this hypothesis, we carried out a Raman
mapping measurement on the partially charged CNT-PAN air
electrode (Figure 2k). In contrast to NaO, which is detected in
the discharged air electrode, no obvious features related to super-
oxide species were found in the observed region (Figure 2l).
However, in addition to the peaks assigned to D and G band of
carbon, two new features at 1080 and 1036 cm™ are observed,
which can be assigned to Na,CO; and Na,0,-2H,0, respec-
tively.?®] The distribution of these two species are then identified
by analyzing their corresponding peak intensities and compared
to the optical image of the region. From this comparison, it can
be concluded that the distribution of the two phases are clearly
different. Carbonates appear to distribute at the outer surface,
while the hydrated peroxide seems to exist in the inner core.
Considering the barely contacting of the carbonate outer shell
with the carbon in air cathode, it may be inferred that the major
source of Na,COjs in this structure is likely to be attributed to
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Figure 2. SEM picture of a,b) initial, ¢,d) fully discharged, e-h) partially, and i,j) fully charged CNT—PAN air electrodes; k) optical picture of the area for
Raman mapping, the scale bar stands for 10 um; the Raman spectra of 1) discharge and 2-4) different points of charge electrode; Raman mapping of

region g) at m,0) 1080 cm™~' and n,p) 1036 cm™".

the side reaction between the NaO, cube with liquid electrolyte.
Meanwhile, the chemical/electrochemical oxidation of carbon
in the air electrode should have also contributed to the overall
amount of Na,COjs in the whole air electrode.

To verify the universality of this charging behavior of the
cubic shape discharge product in Na-O, batteries, we also
carried out the detailed SEM combined with energy-disper-
sive X-ray spectroscopy studies on the NCNT-PAN systems.
Due to the straight nature of the NCNTs used in the present
study compared to that of the tortuous CNTs, the stacking of
NCNTs in the air electrode results in a more porous structure
(Figure 3a,b). A tremendous amount of cube-shaped discharge
product with smaller size aggregate along the NCNT units after
a complete discharge (Figure 3c—j), which are more efficiently
removed after recharging (Figure S4, Supporting Information).
The reduced size of NaO, can be a result of altered local cur-
rent densityl?® and/or the higher absorption by NCNT than
that of CNT.2* The fact that less residual products are found in
the recharged NCNT-PAN air electrode suggests an improved
OER catalytic performance of NCNT over that of the pristine
CNT electrode, contributing to their longer cycling lives. A
survey on the partially charged NCNT-PAN air electrodes also
reveals a similar evolution from solid cube to the combination
of a shrunk core with robust outer box, hollow box, and frame
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structure. Moreover, EDX mapping has been conducted on the
products at different states of charge. The element mapping
of Na, O, and C reveal an evolving trend during the cycling
process (Figure 3k). In spite of the Na and O species that are
distributed evenly over the products, the carbon content seems
to readily increase at the outer box (Figure 3k-m), implying a
difference between their chemical compositions. Moreover, the
Na:O ratio of the core part of the partially charged electrode is
also analyzed by EDX (Figure S5, Supporting Information).
Additionally, we observed an interesting phenomenon that
the hollow/yolk-shell structure in the charged air electrode
can be not obvious and needs to be revealed using an uncon-
ventional experimental condition for SEM. It can be sharply
compared in Figure S6 (Supporting Information) that the SEM
pictures using a regular low acceleration voltage of 5 kV does not
depict the yolk—shell nature of the cubes, which is in contrast
clearly observed in the pictures using 20 kV. Meanwhile in con-
trast, the cubes on the NCNT in fully discharged air electrode
show a solid structure when observed at 20 kV (Figure S7, Sup-
porting Information). This interest phenomenon may suggest
that the thickness of the shell of the remaining semi charged
products can only be penetrated by higher energy electrons and
can be inspiring to other researchers who are interested in the
discharge/charge products of Na-O, batteries.
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Figure 3. SEM pictures of a,b) initial, c,d) discharged, and e—j) partially recharged NCNT-PAN air electrodes; k) EDX mapping and |,m) EDX line

scanning of partially recharged NCNT-PAN air electrodes.

In order to further reveal the chemical compositions of the
NCNT-PAN electrodes, soft X-ray absorption spectroscopy was
utilized. The O K-edge XAS spectra were collected, which can
resolve the features for a combination of the discharge products
as well as the charging intermediate/side products in the elec-
trode. Furthermore, the N K-edge was observed, which reflects
the stability of N atoms in both NCNT and PAN. N K-edge
XAS is conducted on the initial NCNT-PAN electrode as well
as nitrogen gas N,, pure NCNT, and PAN polymer powders for
reference. The experimental setups and details are similar to our
previous studies using XAS for Na—air batteries. As shown in
our previous works, O K-edge XAS is highly effective in identi-
fying the different oxygen-containing compounds in the cycled
electrodes, such as superoxide, peroxide, and carbonates. The
fluorescence yield (FLY) XAS spectra of the fully discharged
(1.5 V), partially charged (to 3.5 V), and fully charged (to 4.5 V)
electrodes (indicated in its charge and discharge curve shown
in Figure S8 in the Supporting Information) display several dis-
tinct features (Figure 4-1). Three defined absorptions at 532.0,
532.9, and 534.4 eV can be observed, which can be assigned to
NaO,, Na,0,, and Na,COs, respectively. The difference between
the XAS spectra of NaO, and Na,0, originates from the semi-
occupied 7% antibonding orbital of NaO, and the fully occu-
pied m* antibonding orbital of NaO,. Benefitting from this, the
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analysis of the compositional changes of different oxygen con-
taining species can be derived from the XAS spectra. Compared
to the discharged electrode (Figure 41b,2D), the intensity of the
XAS peak corresponding to Na,0, significantly increased in the
partially charged electrode to 3.5 V (Figure 4-1c,2c), but sharply
weakened again when fully charged to 4.5 V (Figure 4-1d,2d). In
contrast, the intensity of the XAS peak corresponding to Na,CO3
continuously increased during the charging process, while the
XAS peak corresponding to NaO, kept diminishing during this
process. These XAS results indicate the conversion of the NaO,
discharge product to Na,O, and Na,CO;. Meanwhile, a large
amount of Na,CO; remained undecomposed even after charging
to 4.5 V (Figure S9, Supporting Information). These results are
in good agreement with the above SEM and EDX results.
Moreover, we have investigated the N K-edge XAS of the
initial, discharged, partially/fully charged electrodes, to reveal
the stability of the active material, NCNT, and the binder, PAN.
First, the N K-edge XAS of N,, NCNT, and PAN standard sam-
ples are collected as references (Figure 4-3). The N K-edge XAS
of N, primarily exhibit two groups of absorptions: the multi-
peaks at 400.6, 400.9, 401.1, and 401.3 eV are attributed to the
N 1s — 7* transitions,?” and the broad peak at 405.6 eV, which
is associated with the N 1s — o* transition.?” On the other
hand, the XAS of NCNT shows absorption peaks at several
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Figure 4. a,b) O K-edge and e,f) N K-edge XAS of NCNT-PAN air electrode at i) initial, ii) first discharged to 1.5V, iii) first recharged to 3.5V, and
iv) first recharged to 4.5 V stages; the standard N K-edge XAS of Ny, NCNT, and PAN standard samples are shown in (c) for reference.

regions: the peaks at or close to 400.6 and 400.9 eV is consistent
with N, gas,?l which has been reported to be trapped in the
inner space of NCNTY meanwhile, the peaks at 406.0 and
406.9 eV should be related to the N atoms in NCNT shells.3%
These results are well consistent with previous reports. In con-
trast, the N K-edge XAS of PAN exhibits two sharp peaks at
much lower energies of 398.5 and 399.6 eV, which should be
attributed to the excitation of the N 1s electron to the unoccu-
pied sp hybridization orbital of the —C=N functional group
with triple bonds in the side chain of PAN.BU Accordingly, it
can be expected that these well-separated absorption peaks are
able to provide in-depth insights on the states of NCNT and
PAN in the electrode during discharge and charge processes.
The N K-edge XAS of the initial NCNT-PAN simply shows the
combination of the XAS of NCNT and PAN (Figure 4-4a,5a),
implying their stable coexistence during electrode fabrica-
tion. Nonetheless, it can be observed that the XAS intensity of
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N, trapped in NCNT as well as NCNT itself both significantly
decreased during discharge (Figures 4-4b and 3-5b), while those
corresponding to PAN only slightly change in terms of the peak
intensity at 399.6 eV. After partial charging, no significant differ-
ence can be observed between the XAS of the electrodes charged
to 3.5 V and the discharged state, implying minimal side reactions
in this voltage range (Figures 4-4c and 3-5¢). However, when fully
charged, the XAS peaks of NCNT became totally undetectable,
while the XAS peak of N, trapped in NCNT also sharply decayed
(Figure 4-4d,5d). Meanwhile, the peak at 399.6 eV of PAN further
increased while the other one at 398.4 eV remains unchanged.
Thus, it may be inferred that the oxidation and destruction of
NCNT is the major reason of the limited cycling performance
of the battery. As a result, the side wall of the NCNT may have
been broken due to the oxidation side reactions related to the
superoxide during discharge and singlet oxygen species during
charging, causing the releasing of trapped N, inside NCNT and

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The morphological and chemically compositional evolution of cubic shape NaO, discharge products during recharging.

the diminished XAS intensity. In comparison, the structure
and chemical state of PAN appear to be relatively stable during
the cycling, except for that the increasing XAS peak which may
imply the formation of hole in the partially occupied —C=N anti-
bonding orbital. In contrast to the previously reported instability
of PAN in a chemical environment, we infer that PAN is more
likely to be a proton donor as the result of the effect of strong elec-
tron withdrawing —C=N functional groups on the main chain of
PAN polymer. The different behavior of PAN against superoxide/
peroxide in the practical battery here with the PAN polymer solu-
tion (or sol) dissolved in DMF against Li,0O, in the previous ref-
erence may be related to different possible reasons, including
the different chemical/physical states as solid phase as the
binder or being in solvating form in its DMF solution. Actu-
ally, there is a recent study showing that the dissolved PVDF in
DMF can react with metallic lithium to produce LiF,3 while
the direct coating/contacting of PVDF onto Li foil does not
show obvious reactions.**l The difference between the reaction
kinetics between the solid-state discharge product against the
solid-state polymer binder and the solid-state peroxide against
the liquid-state polymer solution/sol might be another reason.
In addition, there is another possibility that the solubility of the
formed reaction product between PAN and superoxide/peroxide
in different solvents (ether in a practical Na—air battery and DMF
for the PAN solution/sol) may also play an important role. It has
been reported that the passive layer formed on polymer binder
may prevent the further side reactions in a Li-air battery.?
Therefore, if such passive layer may be dissolved in or destroyed
by certain types of solvent(s), it will lose the passive effect so that
the continuous side reactions may occur as reported in previous
references >

Combining evidences above the evidence shown above, it can
be inferred that an interesting structure evolution of the dis-
charge products during charging in Na—O, batteries have been
discovered, including solid cube, core—shell, yolk—shell, hollow,
and frame structure morphologies. The observed structures
are related to the presence of different chemical components,
which decompose electrochemically at different voltage ranges
during the operation of these batteries. The overall schematic
diagram is shown in Scheme 1.

The formation of the outer shell of the cube, which is deter-
mined to be mostly carbonates, should be related to at least
two major factors. On one hand, it has been shown that ether
electrolyte is only relatively stable against superoxides. Many
recent studies show that sodium superoxide discharge products
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in the cells readily react with ether electrolytes resulting in the
consummation and conversion of NaO,.'»141934 Moreover,
the precipitation and dissolution of NaO, in ether electrolytes
is also a reversible process. These observations are consistent
with the formation of side products from the outer shell of the
micrometer-sized NaO, cubes under kinetic control.

On the other hand, it has been also shown that an increased
amount of carbonates had been detected during the charging
process of Na—-O, batteries. One possible explanation for this
may be related to the formation of singlet oxygen during
charging process, which has been recently emphasized in the
studies of Li-O, and Na-O, batteries,*] where singlet oxygen
has been long known to be highly reactive and involved in
many organic reactions. More research on the effects of this
aspect may be also expected in future.

3. Conclusion

Herein, we provide a new understanding on the decomposition
(charging) pathway of cubic shape NaO, as a discharge product
of Na-O, batteries with CNT- and nitrogen-doped CNT-based
air electrodes. Based on SEM, EDX mapping/line scanning,
Raman spectra mapping, and synchrotron-based oxygen K-edge
and nitrogen K-edge XAS results, a detailed electrochemical
charging mechanism has been revealed during the charging
process. A core—shell structure is found shortly after charging
while the outer layer of the cubic shape intermediate is identi-
fied to be carbonate. The following charging process leads to
the removal of the sodium peroxide-like phase core at a lower
potential compared to the required voltage for the final removal
of the Na,COj shell, resulting in yolk-shell, hollow, and frame
structured interphases. Accordingly, we propose a core—shell
model to elucidate the charging mechanism of Na—O, batteries
and clarify the increasing overpotentials during this process,
which are attributed to the formation of the interphases other
than NaO,. We believe that these new findings can provide
more insight into the reaction route and mechanism of Na-O,
batteries and contribute to their future developments.
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