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er effect on sodium–air batteries†
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Ruying Li and Xueliang Sun *

Sodium–air batteries are attracting increasing research interest due to their high theoretical energy density

and environmentally benign characteristics. Although sodium–air batteries share a similar concept, design,

and composition when compared with their lithium–air counterparts, they still show many differences in

their electrochemical behaviors and mechanisms. In the present work, the employment of four different

types of polymers as binders in air electrodes for sodium–air batteries is presented, while the

electrochemical and physical characterizations are carried out. Insights into how polymer binders impact

the reaction mechanisms and formation of superoxide/peroxide species of sodium–air batteries from

the view of their functional groups are revealed.
Introduction

The sodium–air battery (SAB) is a novel type of energy storage
device belonging to the alkali metal–air battery family,1–8 which,
along with the lithium–air battery (LAB)9–12 and potassium–air
battery (PAB),13–15 is receiving ever-rising research attention due
to its advantages over modern commercial power supplies such
as high theoretical energy density and environmentally benign
characteristics. Despite their similar concepts and cell
constructions, the nal oxidation states of oxygen in the
discharge products of LABs, SABs, and PABs are reported to
differ greatly. Li2O2 has been detected as the major discharge
product of LABs,9–11,16 while KO2 is primarily found in dis-
charged PAB cells.13,14 However, several discharge products
including NaO2,17–24 Na2O2 or Na2O2$2H2O,25–32 and/or Na2CO3

(ref. 33 and 34) have been reported for SABs. The observations
regarding the formation of different discharge products in Na–
air/O2 batteries is still under investigation and may be related to
various factors, such as kinetic and thermodynamic relation-
ships,30 chemical reactions,21,35 decomposition of solvent in the
presence of superoxide,36,37 donor numbers of the solvents,38,39

and the types of carbon air electrodes.40,41 Previously, Nazar and
co-workers have shown that proton donors are critical toward
the favourable formation of cubic NaO2 discharge products
through a solution-mediated route,42 as directly evidenced by
electron spin resonance (ESR) spectroscopy,43 while also sup-
ported by the studies of other groups.20,44 Meanwhile, recent
studies show that the conguration of the cells45 and the use of
a catalyst46–50 can all play an important role in the electro-
chemical performance and/or nal composition of the
gineering, University of Western Ontario,
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discharge products of SABs. The formation of discharge prod-
ucts in a superoxide phase has been preferred in both LABs and
SABs due to their corresponding low charge overpotentials.
However, the instability of the components of these air batteries
(i.e. electrolyte solvent,4,9,51 salt,52–54 carbon air electrodes,37,55

and binders56–59) toward superoxide/peroxide species leads to
various side reactions and results in limited cycle life. Among
these components, the binder plays an important role in the
composition of most powder-based air electrodes for LABs and
SABs. Binders are generally composed of a polymer used to
bond catalysts and supporting carbon substrates to ensure the
structural integrity of the air electrodes for alkali metal–air
batteries. Up until now, binders for air electrodes have been
selected based on those widely used in Li-ion batteries, such as
polyvinylidene uoride (PVDF). Nevertheless, it was rst noticed
by Nazar and co-workers56 that in the environment of LABs, the
PVDF binder is unstable in the presence of superoxide species,
and decomposes through the following route: LiO2(s) + –(CH2–

CF2)–(s) / HO2 + –(CH]CF)–(s) + LiF(s). Since then, more
detailed studies on identifying the stabilities of a large number
of different polymer binders have been carried out by Nasybulin
et al.57 and Amanchukwu et al.58 Nasybulin et al. investigated
eleven types of polymers from both chemical and electro-
chemical aspects.57 They ball-milled the polymers with Li2O2

and KO2, and examined the products by X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD). In addition,
they tested the electrochemical performance of the air elec-
trodes containing the corresponding polymer binders and
Ketjenblack (KB) carbon black in LABs. Amanchukwu et al.
focused on the reactivity of the polymer binders in N,N-dime-
thylformamide (DMF) solutions against Li2O2 by Fourier
transform infrared spectroscopy (FT-IR) and ultraviolet-visible
spectroscopy (UV-Vis) characterizations, as well as their
dimethyl sulfoxide (DMSO) solutions for nuclear magnetic
resonance (NMR) characterization.58 Most of the common
J. Mater. Chem. A
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polymers used as binders, e.g. PVDF, polyethylene oxide (PEO),
carboxymethyl cellulose (CMC), polyvinylpyrrolidone (PVP),
polystyrene (PS), polyacrylonitrile (PAN), polyvinyl chloride
(PVC) and poly(methyl methacrylate) (PMMA), are found to be
unstable against superoxides and/or peroxides. Meanwhile,
polyethylene (PE), Naon, and polytetrauoroethylene (PTFE)
are found to be relatively stable. However, it was noted by
Nasybulin et al.57 that even though PE was found to be among
the most stable polymers against superoxide/peroxide species,
the Li–O2 battery assembled with a PE binder did not exhibit
a signicant improvement in terms of cycle life compared to the
cell assembled with a PVDF binder. This implies that the reac-
tivity of the binder in a practical cell may be more complicated
than what is suggested by its general chemical stability.
Therefore, a fundamental understanding of the role of binders
and their contributions to the reaction mechanisms in SABs is
still highly desired. Actually, it is worthy to note that Reeve et al.
have very recently reported that grounding of NaO2 with elec-
trodes containing PVDF resulted in the decomposition of PVDF
evidenced by the formation of NaF as revealed based on solid-
state 23Na NMR spectroscopy.60 Nonetheless, to the best of our
knowledge, a systematic experimental investigation on the
effect of binders in practical SABs is still lacking up to now.

In the present work, we will report the usage of four different
types of polymers, i.e. PE, PVP, PEO, and PMMA, as binders for
air electrodes. The electrochemical behaviour of these air elec-
trodes is examined in SABs. The inuence of the polymer
binders on the morphologies of discharge products is also
revealed. We will aim at aligning the electrochemical response
of air electrodes with different binders towards their known
stabilities/reactivities as well as interpreting the role of func-
tional groups on the polymer backbones.
Experimental
Preparation of air electrodes

Herein we use carbon nanotubes (CNTs) as the model material,
same as our previous study on the effects of humidity on SABs,61

due to CNTs being one of the most commonly used air electrode
materials for SABs.21,32,62–66 Commercial CNT powders were
washed with hot nitric acid to remove the residual metallic
catalyst before use. Commercial polymers were purchased from
Sigma-Aldrich. PE, PMMA, PVP, and PEO were dissolved in
toluene, acetonitrile, methanol, and acetonitrile solvents with
a concentration of 50 mg mL�1, respectively. Aerwards, CNT
powders were mixed with the different polymer solutions in the
CNT : binder weight ratio of 8 : 2 and ground before casting on
commercial separator lm substrates (Celgard 3501). The air
electrodes were cut into round pieces with a diameter of 3/8
inch. The total mass loading of CNTs and binders in the air
electrodes were in the range between 0.10 and 0.30 mg. The
weight precision is �0.01 mg.
Assembly of Na–air cells

Swagelok-type design of Na–air cells was adopted in this study
as described in our previous work.61 A typical cell was composed
J. Mater. Chem. A
of a metallic sodium foil anode, polypropylene separator (Cel-
gard 3501), and CNT air electrode with different binders. The
electrolyte was 0.5 M sodium triate (NaSO3CF3, Sigma-Aldrich)
dissolved in diethylene glycol dimethyl ether (DEGDME,
Aldrich). DEGDME was dried over molecular sieves (4 �A,
Aldrich) for at least one month before use.
Electrochemical and physical characterization

The discharge/charge cycling measurements of SABs were per-
formed using an Arbin BT-2000 battery station. The air cells
were stored in a sealed box lled with 1.0 atm dry air at room
temperature for cycling.61 Cyclic voltammetry (CV) measure-
ments were carried out with a CHI 600 (CH Instruments, Inc).
The morphologies of the discharge products were observed by
using a Hitachi S-4800 eld-emission scanning electron
microscope (SEM). X-ray diffraction (XRD) measurements were
carried out using a Bruker D8 Advance (Cu-Ka source, 40 kV, 40
mA) spectrometer. Fourier transform infrared (FT-IR) spectra
were measured using a Nicolet 380 (Thermo Scientic).
Results and discussion
Fundamental hypothesis

It is well acknowledged that the properties and chemical reac-
tivity of polymers are highly dependent on the functional
groups in their main/side chains.67–69 In this study, we will aim
at interpreting the role of polymer binders in SABs from
a viewpoint of organic chemistry, i.e. the electron-withdrawing
or electron-donating attributes of the corresponding func-
tional groups, in a similar way as Amanchukwu et al.58

In Lewis acid–base theory, a Lewis acid (acceptor) is dened
as any substance that has the ability to accept non-bonding
electrons, while a Lewis base (donator) is dened as any
substance that has the ability to donate lone-pair electrons. In
organic chemistry, Lewis acids and bases are generally used as
electrophiles and nucleophiles, respectively, which builds the
fundamental understanding on mechanisms of organic reac-
tions. In brief, many organic reactions can be classied as the
reactions between electrophile(s) and nucleophile(s).70

Electron-withdrawing groups (EWGs) and electron-donating
groups (EDGs) are the functional groups that either “pull” or
“push” the electron density from or to the neighbouring atoms,
respectively, as a result of resonance and inductive effects. The
introduction of EWGs and EDGs can not only change the
reactivity (nucleophilicity/electrophilicity) of the adjacent
carbon (a-C) to which the functional group directly links, but
also the other neighbouring atoms (e.g. a-H and b-C) linked to
the a-C site (Scheme 1(a)). The electron donating/withdrawing
capabilities of common functional groups are shown in
Scheme 1(b).

On the other hand, according to molecular orbital (MO)
theory, the structure of molecular oxygen O2, the superoxide ion
O2

�, and the peroxide ion O2
2� can be described as shown in

Scheme 2, with 2, 3, or 4 electrons lled in their two anti-
bonding orbitals p*, respectively. It is known that the lling
of antibonding orbitals results in decreased bond order and
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 (a) Schematic of the electron density redistribution of the polymer with an electron-withdrawing group (EWG) or an electron-
donating group (EDG); (b) ranking of the strength of the EDGs and EWGs.

Scheme 2 MO diagram of O2, O2
�, and O2

2�.
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therefore reduced stability of covalent bonding. However, due to
themuch lower bonding–antibonding orbital splitting energy of
p-type orbitals compared to s-type, peroxides and superoxides
are still relatively stable. Nevertheless, further donation of an
electron to the s* orbital of O2

2� oen results in breaking of the
covalent bond between the two oxygen atoms. These properties
can explain the reactivity of O2, O2

�, and O2
2� in organic

chemistry: O2 mainly acts as an electrophile; O2
2� acts mostly as

nucleophile; O2
� can play the role of both to either accept or

donate an electron.71,72 Actually, it is worth noting that in aprotic
solvents O2

� is found to be more stable than O2
2�.71 Therefore,

the tendency of O2
� as an oxidizing agent is not strong unless

the formed peroxide products are stabilized by proton H+ or
metal ions such as Li+ or Na+.71 Instead, O2

� is more likely to be
involved in nucleophilic substitution and hydrogen elimination
reactions to produce HO2

�/HO2 and radicals or carbanions.72

The nucleophilicity of O2
�, and O2

2� formed in LABs and
SABs results in the chemical attack of solvent molecules. This
has led to the switch from carbonate-based to ether-based
electrolytes in the studies of these elds.73–75 Although ethers
are not yet believed to be completely stable against peroxide/
superoxide species,76–78 their side reactions are found to accu-
mulate mostly during prolonged cycling.79 Thus, ether electro-
lytes have become the most common choice for current studies
on LABs/SABs,80,81 in spite of concerns of their negative effects
on long-term cycling stability. Recently, Zhao and Guo revealed
the relationship between the acid dissociation constants (pKa)
of solvents and the proportions of superoxide in the
This journal is © The Royal Society of Chemistry 2018
corresponding discharge products of SABs.82 It is interesting to
note that they found the existence of 92.68% NaO2 in the SABs
with TEGDME electrolyte, but this number sharply reduced to
8.92% for the one with an EC/PC electrolyte.

On the other hand, the existence of a trace amount of H+/
H2O/HO2 is found to be benecial or even essential for LABs
and SABs. It is reported that the introduction of water can
J. Mater. Chem. A
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Fig. 1 The CV curves of the air electrodes with PE, PMMA, PVP and
PEO binders.
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signicantly increase the discharge capacity of LABs, resulting
in the formation of LiOH.83–85 When carefully controlled, the
production of Li2O2 instead of side products can be
promoted.86,87 Nazar and co-workers show that small traces of
water (typically around 10 ppm) in ether electrolyte is the key for
obtaining reasonable capacity as well as reversible decomposi-
tion of NaO2 at low overpotentials. Actually, they show that the
cell charging NaO2 in an electrolyte with 0 ppm water exhibits
a combination of two voltage plateaus around 2.7 V and 4.2 V, in
contrast to the single charge voltage plateau around 2.5 V for the
cell with 10 ppm water. Meanwhile, our group has also found
that increased amounts of water from the gas source result in
the formation of NaOH and Na2CO3, which prevents the
reversible cycling of the cells.61 These results imply that the
water in SABs is a double-edged sword, which needs to be
optimized and carefully controlled.

Similarly, when moving on to explore the effect of O2
� and

O2
2� on polymer binders, it should be taken into consideration

that the reaction routes may also be expected to involve nucle-
ophilic substitution and hydrogen elimination reactions,57,58

which can be enhanced by the introduction of EDGs/EWGs. As
a result, H+, H2O, HO2, HO2

�, etc. may be released and impact
the capacity, reversibility, oxygen reduction/evolution mecha-
nisms, and composition of the discharge products of SABs with
different binders. These reaction mechanisms and the effects of
the EDGs/EWGs are the basis for the design of this study.

Selection of the polymers

Herein we pick four typical polymers (PE, PVP, PEO, and PMMA)
for this study, which contain none or different types of electron
donating/withdrawing functional groups that have been known
to exhibit different chemical stabilities against Li2O2 and KO2.
Among them, PE is believed to be one of the most stable binders
against peroxides and superoxides;57 PVP is unstable towards
both;57,58 PEO and PMMA are found to be unstable toward the
superoxide57 but to a certain extent are stable against peroxides.58

Meanwhile, PVP and PEO contain EDGs on side chains or within
the polymer backbone while PMMA contains both EDGs (–CH3)
and EWGs (–COOCH3) on its side chain. These different struc-
tures and chemical moieties can be very helpful in addressing the
different aspects of the binder effect on SABs. In our previous
study27we showed that when using pure oxygen as the gas source,
CNT–PVDF air electrodes exhibit electrochemical charge–
discharge proles similar to other studies reporting NaO2 as the
primary discharge product. However, it showed the coexistence
of NaO2 and Na2O2 in the discharge product when cycled in dry
air.27 Herein, dry air is chosen as a gas source instead of pure
oxygen in order to (i) acquire general information on the inu-
ence of both superoxide O2

� and peroxide O2
2� species on the

polymer binders and (ii) attempt to simulate the practical envi-
ronment of the usage of SABs.

Cyclic voltammetry measurements

CV measurements have been rstly carried out on the SABs with
the four different binders and the results are shown in Fig. 1.
Clearly, the four cells demonstrate very different electrochemical
J. Mater. Chem. A
responses during the tests. The rst and subsequent cycle CV
curves of the SAB with a PE binder are found to be very similar
except for the gradual degradations in current densities. Although
no obvious current peak can be found for cathodic scans for the
SAB with a PE binder, the major anodic current peaks that locate
at around 2.60 V can be observed for all the CV cycles, which is
consistent with the electrochemical decomposition of
NaO2.17,24,35,82 Besides, some weak anodic current peaks at 3.63
and 3.40 V can be observed in the CV curves of the initial two
cycles, implying that some irreversible side reaction had occurred.

In contrast, the rst anodic scan of the SAB with a PMMA
binder shows one strong current peak at 2.55 V, which gradually
shis to lower potentials (2.42 V at the 10th cycle). The area of
this series of the anodic peaks as well as the cathodic peaks also
rapidly decayed during the rst 10 cycles. Meanwhile, another
anodic current peak appeared at 3.38 V since the 4th cycle. The
decreased polarizations of the anodic current peaks may be
attributed to various possible reasons, including (i) the
increased H+/H2O concentration as the result of the decompo-
sition of the PMMA in the presence of superoxide and (ii) the
decreased amount of reduction product as evidenced from the
shrunk area of the cathodic peak in the subsequent cycles.

Regarding the SAB with a PVP binder, which is known to be
unstable to both superoxides and peroxides, a CV curve is
shown with more complicated features, indicating an apparent
inuence of binder on the electrochemical response of SABs.
The intensity of the cathodic current peaks is also observed to
drop fast during subsequent CV cycles. Meanwhile, four anodic
current peaks at 2.49 V, 2.81 V, 3.49 V, and 4.09 V are observed
in the 1st cycle. The appearance of four anodic current peaks
had been also observed in our previous study on the effect of
relative humidity (RH) on SABs,61 which suggests an increased
water concentration. However, only two groups of anodic
current peaks appear in all the following cycles, one of which is
located at around 2.60 V while the other shis from 4.05 V to
3.81 V from the 2nd to 10th scan. The trend that the CV curves of
SABs with PMMA and PVP seem to stabilize aer several scans
may be attributed to the assumption of a passivation effect
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) First charge and discharge curves of CNT–PE air electrodes
at 75, 150, and 300 mA g�1, (b) cycling retentions in voltage-limited
cycling mode; (c) first charge and discharge curves at 75 and
150mA g�1 and (d) cycling retentions in capacity-limited cycling mode
of the air electrode with a PE binder. The green, yellow, and purple
areas in (a) and (c) represent regions (A), (B), and (C), respectively.
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proposed by Nasybulin et al.,57 who suggest that a stable passive
layer can deposit on the unstable binders upon initial contact
with superoxide/peroxide ions.

When PEO is used as a binder for SABs, it is interesting to
note that only a single obvious cathodic current peak is
observed at around 1.58 V. However, two current peaks around
2.60 V and 3.36 V are found in all subsequent anodic scans. The
relative overlapping of CV cycles in the SAB with PEO implies
a highly reversible redox process in the cell.

A general comparison on the current densities can be also
made among the SABs using four different binders. It can be
observed that the SABs with PE, PVP and PMMA binders
exhibited relatively close initial cathodic peak current densities,
while the SAB with a PEO binder showed much increased
current density. Such differences may be related to the kinetic
factor, the reactionmechanism, and/or the altered proton/water
concentration due to the possible side reaction(s) between the
binder and discharge products. In contrast, the current densi-
ties of the rst anodic peaks of the SABs with PE, PVP and
PMMA binders are found to be of a very similar proportion
(approximately half in value) to those of the corresponding
cathodic peaks. However, the corresponding value of the SAB
with a PEO binder is found to be much reduced, which implies
the alternated reaction mechanism as discussed above.

Overall, the CV tests clearly show the different electro-
chemical responses of SABs with various binders. As indicated
by their CV curves, the polymer binders have a signicant
impact on the electrochemical behaviour of SABs.
Cycling performance

Aerwards, examinations of charge and discharge curves were
carried out to understand the inuence of the binders on the
cycling performance of SABs. Two cycling modes have been
chosen in this study: one is the full discharge and charge cycling
between 1.5 and 4.5 V (deep cycling); the other is the limited
discharge and charge cycling mode with a cut-off capacity of 300
mA h gcarbon

�1 (shallow cycling).
In order to give a convenient comparison, the charge/

discharge curves are divided into three regions, i.e. 2.25–2.75 V
(region A), 2.75–3.5 V (region B), and 3.5–4.5 V (region C), which
are also marked with three colors in Fig. 2. Based on a general
summary from previously published results, it can be inferred
that SABs with different types of discharge products possess
identiable features in the shapes of their charge curves:

(i) When NaO2 is the major discharge product, the charge
curves are composed of only one voltage plateau in region (A)
when cycled with enough proton donators in the cell;17,19,21,23,24

(ii) However, when cycled in the electrolyte with 0 ppm water
(or any other proton donator), the charging curve of the cell with
NaO2 discharge product alternatively shows a short spike in
region (B) followed by two voltage plateaus in regions (A) and (C);23

(iii) For the SAB cells with Na2CO3 as the major discharge
product, generally only one voltage slope/plateau in region (C)
can be observed;34,82

(iv) For the SABs with Na2O2$2H2O as the nal product
(which may be produced by the chemical reactions between
This journal is © The Royal Society of Chemistry 2018
sodium superoxide/peroxide and water), typically three voltage
plateaus respectively in regions (A), (B), and (C) are found in the
charge process;21,30,35,88

(v) For the SABs with NaOH as another side product from the
contamination of water, the charge curves shows plateaus in
region (B);24,61,82

(vi) Finally, for the SABs with mixed discharge products, e.g.
NaO2 + Na2O2 (ref. 31, 32 and 40) or Na2O2 + Na2CO3,25,31 these
cells oen demonstrate charge curves composed of combined
several plateaus/slopes in the same corresponding region as
each of the respective component.

Therefore, it can, accordingly, be able to identify the
components inside the discharge products from the shape of
the charge curves of SABs. On grounds of the above discussion,
the discharge and charge curves of the SABs with different
binders can be analyzed in detail.

PE

The PE binder is expected to be stable against NaO2 and Na2O2.
All of the discharge curves of the SABs with a PE binder cycled in
the voltage range of 1.5 to 4.0 V (deep cycling mode) at the
constant current densities of 75, 150, and 300 mA g�1 demon-
strate a combination of two voltage plateaus as shown in
Fig. 2(a) (1.95 and 1.91 V at 75 mA g�1, 1.88 and 1.78 V at
150 mA g�1, and 1.86 and 1.71 V at 300 mA g�1). Meanwhile, all
three rst charge curves at the same current densities are
composed of one charge plateau in region (A) and two in region
(C). The absence of charge capacities in region (B) indicates that
almost no Na2O2$2H2O or NaOH exists in the discharge
product, implying negligible water should have formed during
the cycling of the cell. Therefore, region (A) in the curves for the
J. Mater. Chem. A
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Fig. 3 (a) First charge and discharge curves of CNT–PMMA air elec-
trodes at 75, 150, and 300 mA g�1, (b) cycling retentions in voltage-
limited cycling mode; (c) first charge and discharge curves at 75 and
150mA g�1 and (d) cycling retentions in capacity-limited cycling mode
of the air electrode with a PMMA binder.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
9 

D
ec

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
15

/0
1/

20
18

 2
0:

51
:0

9.
 

View Article Online
cells with PE binders should be accordingly assigned to the
decomposition of NaO2, while region (C) should be related to
Na2CO3 and/or Na2O2. Consequently, the discharge capacities
of CNT–PE air electrodes are rather low, which is consistent
with Nazar's23 and our61 previous work showing decreased
capacity with a reduced amount of H2O in the cell. Meanwhile,
an increasing overpotential in region (A) for increased current
densities can be observed, which is consistent with previous
reports where NaO2 is found to be the sole discharge
product.17,21

The cycling stability of the CNT–PE air electrode at a low
current density of 75 mA g�1 is very poor, which rapidly decays
in 5 cycles (Fig. 2(b)). In contrast, the CNT–PE air electrodes
cycled at current densities of 150 and 300 mA g�1 show very
similar capacity retention trends. Considering the signicant
difference in capacities for the CNT air electrodes with various
binders, we adopt a capacity of 100 mA h g�1 to indicate the
termination cycle lives of cells as a general comparison. The
gradual decrease in the discharge capacity of CNT–PE air elec-
trodes cycled at 150 mA g�1 and 300 mA g�1 implies that the
failure of the cells may be attributed to the incomplete removal
of discharge products. This observation can be also supported
by the relatively low coulombic efficiencies of the two cells
(�91% for 150 mA g�1 and �77% for 300 mA g�1 in average for
the rst 25 cycles, respectively).

To further investigate the inuence of binders on the elec-
trochemical performance, cycling stability, and reaction mecha-
nisms of SABs, a capacity-limited charge and discharge
measurement (shallow cycling mode) with a cut-off capacity of
300 mA h g�1 has been carried out with the results shown in
Fig. 2(c) and (d). The cell with a CNT–PE air electrode cycled at
75 mA g�1 with this cut-off capacity exhibited a very similar
charge–discharge curve to the cell cycled in the deep cycling
mode. However, the curve of the cell cycled at 75 mA g�1 showed
a completely different feature: a long and highly unsteady voltage
plateau has been found in region (A); aer this voltage range, the
charge curve continued with two voltage slopes in region (C). A
possible explanation for this unsteady section of the charge curve
herein may be due to the sodium anode as the result of dendrite
growth,22 and/or attack by dissolved superoxide species,35 and/or
increasedH2O concentration introduced by the decomposition of
byproducts.61 Similar sudden voltage drops have been also wit-
nessed by Bi et al.,22 while they have shown that such voltage
drops can be eliminated when an ion selective membrane
(Naon–Na+ membrane) is adopted instead of a conventional
glass-ber separator. Meanwhile, the absence of plateaus in
region (B) in the charge curves of CNT–PE cells in the shallow
cycling mode also indicates a lack of Na2O2$2H2O/NaOH.
Therefore, it can be assumed that region (A) for both cells
should be assigned to the electrochemical removal of superoxide.
The obvious prolonged charge capacity at low voltage at
150mA g�1 is also consistent with the observations of other types
of air electrodes previously reported by our group.30 However, the
cycle lives of the both CNT–PE cells cycled at 75 and 150 mA g�1

are still very poor (around 10 cycles). Compared to the deep
cyclingmode, the shallow cycled CNT–PE cell at 75 mA g�1 shows
an improved stability, which supports the aforementioned
J. Mater. Chem. A
assumption that the failure of the cell may be related to the
incomplete removal of the discharge product. In contrast, the
shallow cycled CNT–PE cell at 150 mA g�1 shows even faster
decaying than that in the full cycling mode, which is unexpected.
The reason behind this may be attributed to the apparent
difference in charge behaviour as shown in the charge curves. A
more detailed analysis will be given in the following sections.

PMMA

When moving to PMMA as the binder for CNT air electrodes, an
overwhelming increase in discharge capacity of 3417, 4546, and
3871 mA h g�1 can be achieved for current densities of 75, 150,
and 300 mA g�1, respectively (Fig. 3(a)). However, the cells
rapidly fail within a few cycles (Fig. 3(b)), which is also consis-
tent with the fast dropping current peaks in the CV curves of the
CNT–PMMA air electrode. The discharge and charge curves of
the CNT–PMMA air electrode cycled at 75 mA g�1 contain
a short slope in region (B) and two slopes in region (C)
(Fig. 3(c)), while its initial coulombic efficiency is only around
41%. Meanwhile, the corresponding discharge and charge
curves of the CNT–PMMA air electrode cycled at 150 and
300 mA g�1 contain three plateaus/slopes in region (A), (B), and
(C) (Fig. 3(d)). They also show very similar curve features in spite
of the increased polarization as the result of a higher current
density, while their initial coulombic efficiencies reach 95% and
94% when cycled at 150 and 300 mA g�1, respectively.

As discussed above, the existence of a voltage slope in region
(B) implies the decomposition of NaOH at the air electrode.
Additionally, taking into consideration the signicant discharge
capacities of the cells, it can be inferred that notable amounts of
water or other proton donors42,61 should have been formed
during the discharge process, which is likely to be a result of the
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) First charge and discharge curves of CNT–PVP air electrodes
at 75, 150, and 300 mA g�1, (b) cycling retentions at voltage-limited
cycling mode; (c) first charge and discharge curves at 75 and
150mA g�1 and (d) cycling retentions in capacity-limited cycling mode
of the air electrode with a PVP binder. The green, yellow, and purple
areas in (a) and (c) represent regions (A), (B), and (C), respectively.
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side reactions between superoxide O2
� and the PMMA polymer,

since PMMA is reported to be relatively stable against peroxide
species.58 As discussed by Amanchukwu et al.,58 the absence of
a-H in PMMA enhances its backbone chain stability. Therefore,
it is reasonable to expect a nucleophilic addition/substitution
reaction at the carbonyl site.71 According to this reaction
mechanism, the continuous consumption of dissolved O2

� in
the electrolyte can result in a reduced concentration of O2

� in
electrolyte solvent and promote the reversible dissolution of
NaO2,89 which further contributes to the large capacity of the
SAB cell with a CNT–PMMA air electrode. This mechanism is
also consistent with the observation that almost no capacity
from region (A) can be found in the charge curve of the cells
with the CNT–PMMA air electrode cycled at 75 mA g�1

(Fig. 3(a)), which should be related to the nearly complete
decomposition of NaO2 during the extended discharge period.
In contrast, the charge curves of the cells with the CNT–PMMA
air electrode cycled at 150 and 300 mA g�1 show features typical
of SABs in which Na2O2$2H2O is reported to form as the
discharge product.30,90 We attribute this phenomenon to the
higher rate of O2

� production at high current densities. Because
the reaction rate between PMMA and O2

� should be limited by
kinetics, the dissolved O2

� with increasing concentration or
participant NaO2 is likely to either react with ether solvent
resulting in Na2O2$2H2O (ref. 36 and 89) or decompose PMMA
via an alternative reaction route to deliver H2O, which may
further react with NaO2/Na2O2 to form Na2O2$2H2O. Taking the
following facts into consideration that (a) the weak but still
increased b-H acidity in the main chain of PMMA as the b-C
atom is conjoined to two a-C atoms that connect to the strong
EWG, and (b) the strong H-abstraction tendency of the super-
oxide to form organic radicals, and assuming a decomposition
mechanism analogous to those of ethers/dimethyl sulfoxide
electrolyte against superoxide species,76,91–93 we can accordingly
propose another possible reaction route between PMMA and
O2

� as shown in Scheme S1.†
In order to verify the proposed reaction mechanism and

further probe the cycling performance of CNT–PMMA air elec-
trodes, capacity-limited charge and discharge mode measure-
ments have been also carried out with a cut-off capacity of
300 mA h g�1 with the results displayed in Fig. 3(c) and (d). It can
be observed that the discharge curves of the cells with CNT–PMMA
air electrodes at current densities of 75, 150, and 300 mA g�1 are
nearly overlapping due to the small proportion of the discharge
capacity relative to the signicantly higher full discharge capacity
of these air electrodes. The cells cycled at 75 and 300 mA g�1 show
charge curves with features similar to the corresponding cells in
the full discharge/charge mode. Interestingly, the cell cycled at
150mA g�1 shows a reduced charge capacity in regions (A) and (B),
implying a decreased proportion of the Na2O2$2H2O product. This
phenomenon is consistent with the above assumption that Na2-
O2$2H2O is a result of the side reactions involving an increased
amount of O2

�. In terms of cycling stability, it can be seen that
signicantly longer cycle lives can be achieved for the capacity-
limited cycling of the cells (Fig. 3(d)) in spite of the rapid decay
in a voltage-limited mode. This can be attributed to the large
overall capacity of the air electrodes with PMMA binders and
This journal is © The Royal Society of Chemistry 2018
prevention of forming excess discharge products, which are
difficult to decompose during charging.

PVP

Aerwards, we picked up PVP as the binder for CNT air elec-
trodes. PVP has been known to be unstable toward both super-
oxide and peroxide species.57,58 This is consistent with the CV
curves of CNT–PVP air electrodes as discussed above. Interest-
ingly, the main chain of the PVP polymer links to an EDG, which
should not be favorable to promote the reaction with superoxide/
peroxide. Therefore, the reaction sites between PVP andO2

�/O2
2�

have been believed to be within the side chain, i.e. the lone pair
electrons in N, the carbonyl C]O group and its a-H.58,93 From the
discharge and charge curves of the CNT–PVP air electrodes
(Fig. 4(a)), it can be found that their discharge capacities at all
three current densities are still relatively large, which are much
higher than those with PE binders but still lower than those with
PMMA binders. This can also be consistent with the known
reactivity between PVP and both peroxide/superoxide.57,58 The
charge curves of CNT–PVP air electrodes at 75 and 150 mA g�1

clearly combine different stages from all regions (A), (B), and (C),
undoubtedly indicting the formation of Na2O2$2H2O. For the
CNT–PVP air electrode cycle at 300 mA g�1, a very noisy quasi-
voltage plateau is observed, which may have resulted from the
increased water content in the electrolyte as shown in our
previous work on the humidity effect on SABs61 and/or Na
dendrite formation at this high current density, which is similar
to what had been observed by Bi et al.22 Unsurprisingly, the
cycling retentions of the SABs with PVP binders are found to be
very poor (Fig. 4(b)). Nonetheless, in the capacity-limited cycling
J. Mater. Chem. A
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mode, the SABs with PVP binders show improved stabilities,
although nearly no capacity can be found in region (A), while
more capacities are presented in region (B), more likely to suggest
the existence of a NaOH phase (Fig. 4(c)). Meanwhile, the cycling
retention of these cells with a 300 mA h g�1 limitation also seems
to be much improved (Fig. 4(d)). This may be explained by
a previous study by Amanchukwu et al.,58 who suggest that the
PVP's reaction with Li2O2 is a slow reaction. In contrast, consid-
ering the diminished charge capacity in region (A) for all the
CNT–PVP air electrodes, it may be assumed that the reaction
between PVP and Na2O2 should be relatively fast. The possible
reaction mechanisms between PVP and O2

� are accordingly
suggested to follow the mechanisms shown in Scheme S2.†

PEO

Finally, the employment of a PEO binder in SABs is discussed. It
has been reported that PEO is stable against Li2O2 with the
exception of some cross-linking reactions;58 however, mixing of
KO2 with PEO resulted in K2CO3 and other unidentied prod-
uct(s).57 Experimentally, as inferred from its CV curves shown
above, the CNT–PEO air electrode seems to deliver a relatively
stable electrochemical response. The discharge–charge curves of
SABs with CNT–PEO air electrodes at 75, 150, and 300 mA g�1 all
show a combination of one voltage plateau around 2.4 V in region
(A) and three sloped voltage plateaus in region (C) in the voltage-
limited cyclingmode (Fig. 5(a)), while similar features can be also
observed in the capacity-limited cycling mode (Fig. 5(b)). Similar
to the PE binder, the fact that negligible capacity can be found in
region (B) indicates that PEO should be relatively stable against
the superoxide/peroxide formed during discharge. However, the
discharge capacity of the cell cycled at 75 mA g�1 compared to
those cycled at 150 and 300 mA g�1 (Fig. 5(c)) demonstrates that
Fig. 5 (a) First charge and discharge curves of CNT–PEO air elec-
trodes at 75, 150, and 300 mA g�1, (b) cycling retentions in voltage-
limited cycling mode; (c) first charge and discharge curves at 75 and
150mA g�1 and (d) cycling retentions in capacity-limited cycling mode
of the air electrode with a PEO binder.

J. Mater. Chem. A
the PEO binder is still partially decomposed under the attack of
O2

�, which should be limited by a slow kinetics process. This is
consistent with the sluggish reactivity between ether solvent and
superoxides in metal–air batteries, considering the structural
similarity between PEO and ether solvents. It has also been re-
ported that PEO suffers from more severe decomposition when
charging in the presence of O2 than under Ar,59 which can explain
the poor cycling performance of the CNT–PEO air electrodes at all
current densities and in both voltage- and capacity-limited
cycling modes (Fig. 5(c) and (d)).

The chemical reaction mechanism between PEO and the
superoxide radical O2

� is expected to be similar to the decom-
position route of ethers against O2

� as proposed in previous ref.
37, 76 and 93 and is depicted in Scheme S3(a).† Meanwhile, in
order to address the electrochemical decomposition mechanism
of PEO, we can take notes from (1) the cross-linking of PEO in the
presence of Li2O2,58 (2) the increased consumption of O2 by PEO
in the cells at higher potentials,59 (3) the hopping mechanism of
Li+/Na+ transportation in PEO-based polymer electrolyte (Li+/Na+

coordinating to oxygen in PEO),94 (4) the possible reaction
tendency of H abstraction from polyether by O2

� to form organic
radicals,76 and (5) the SN2 reactions of O2�

�.71 Accordingly, it can
be proposed that PEO decomposes through an electrochemically
driven decomposition mechanism with a free-radical mediated
reaction route as shown in Scheme S3(b).†

Physical characterization

More information may be further achieved by comparing the
SEM images of the initial, discharged, and charged states of the
air electrodes with different binders as shown in Fig. 6. The order
Fig. 6 SEM pictures of the initial, 1st fully discharged, and 1st fully
charged air electrodes with PE, PMMA, PVP and PEO binders at the
current of 150 mA g�1.

This journal is © The Royal Society of Chemistry 2018
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of the SEM images from le to right is also ranked by the strength
of the EDG/EWG as shown in Fig. 8. It can be observed that
discharged CNT–PE and CNT–PEO air electrodes show very
similar morphologies as previously observed on CNT–PVDF air
electrodes,32 and are composed of layer-like discharge products
on the electrode surface. Aer recharging, the morphologies of
CNT–PE and CNT–PEO air electrodes recover well. In contrast,
the discharge product of the CNT–PVP air electrode seems to be
more dense and adherent to the CNTs. The large amount of
discharge product of the CNT–PVP air electrode is also consistent
with its larger discharge capacity. Meanwhile, some residual
substances can also be observed on the surface of CNTs aer
recharging, indicating an incomplete removal of the discharge
product. Finally, it is very interesting to nd a large quantity of
particles in sphere-like or round-corner cubic shapes on the
surface of the discharged CNT–PMMA air electrodes. Meanwhile,
the PMMA polymers appear to be decomposed based on the SEM
images of the charged air electrode.
Fig. 7 XRD pattern of the (a) initial and (b) 1st fully discharged CNT a
150 mA g�1; (c) FT-IR spectra of the initial and 1st fully discharged CNT
150 mA g�1; the FT-IR spectra of the pristine CNT powder and standar
comparison.

This journal is © The Royal Society of Chemistry 2018
Moreover, XRD and FT-IR characterizations have been also
carried out to examine the initial and discharged air electrodes
to detect discharge and side products. By comparing the XRD
pattern of the initial and discharged air electrodes, it can be
clearly found that the CNT–PEO and CNT–PVP air electrodes
exhibited diffraction peaks corresponding to NaOH$H2O
(JCPDS 30-1194) and Na2CO3 (JCPDS 77-2082) aer discharge.
Meanwhile, sodium methylate CH3ONa (JCPDS 19-1876) is
found to exist in the discharged CNT–PMMA air electrode,
which can be consistent with the totally different shape of the
discharge product of the CNT–PMMA air electrode compared to
other air electrodes from the SEM pictures (Fig. 6). In contrast,
no signal corresponding to any side products can be found in
the same angle range of the XRD pattern of the discharged
CNT–PE air electrode, implying a much reduced side product
formation when PE is used as the binder. These XRD results are
of great consistency with the above electrochemical behavior of
the SABs with the four binders. Meanwhile, from the FT-IR
ir electrodes with PE, PMMA, PVP and PEO binders at the current of
air electrodes with PE, PMMA, PVP and PEO binders at the current of
d samples of electrolyte salt, Na2CO3 and Na2O2 are also shown for

J. Mater. Chem. A
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results and comparing the standard spectra of Na2O2, Na2CO3,
electrolyte salt (NaCF3SO3) and pristine CNT, it can be
concluded that sodium peroxide has been detected as the
discharge product of the full discharged SABs with all four
binders. Nonetheless, a certain amount of Na2CO3 is also found
for the all four discharged air electrodes according to the FT-IR
results, implying that amorphous sodium carbonate has
formed in the discharged CNT–PE air electrode which was not
detected by the XRD results. Overall, the XRD and FT-IR results
indicate that the determined discharge products of the SABs
using different binders are in good agreement with their elec-
trochemical performance as discussed above.
Fig. 8 The overall comparison of the first cycle discharge capacities
and cycle lives of the air electrode with PE, PMMA, PVP and PEO
binders in both voltage-limited and capacity-limited cycling modes,
respectively.
Comparison and discussion

Aer the above detailed descriptions and analysis on the elec-
trochemical behaviour of SABs using different polymer binders,
an overall comparison on their impacts can be made in order to
summarize the general inuence of binders on SABs. In order to
make a conventional comparison, the key parameters (capacity
and cycle life) of the SABs with different binders are summa-
rized in Fig. 7. The electrochemical data for a SAB with CNT–
PVDF air electrode taken from our previous studies32,61 are also
included for comparison. Obviously, the introduction of
a strong EWG in PMMA leads to the activation of b-H as the
proton source for H2O or HO2 and results in the signicantly
increased capacity. Meanwhile, although the main chain of PVP
is linked to the N atom as an EDG, the a-H in its side chains
should also play a similar role and thus enhance the capacities.
Although the air electrodes with a PEO binder may be relatively
unstable at low current densities and long exposure time to O2

�,
they deliver a larger capacity than the corresponding cell with
PE. The capacities of CNT–PEO and CNT–PE air electrodes
nearly overlap at high current densities, indicating an improved
stability. In terms of capacity retention, PE, as the most stable
polymer in this study, undoubtedly exhibits the longest cycle
life in voltage- and capacity-limited modes. Nevertheless, the air
electrodes with a PVDF binder also exhibit long cycle lives in
SABs, similar to those with a PE binder, which is consistent with
a previous study57 on LABs. However, beneting from the large
full discharge/charge capacity, the air electrodes with PEO, PVP,
and PMMA binders along with EDGs/EWGs still deliver
comparable cycling performance in the capacity-limited mode,
exhibiting much longer cycle lives than the cells with the same
binders cycled in voltage-limited mode, especially at a high
current density of 300 mA g�1. This phenomenon may be due to
the shorter exposure time of polymers to O2

� before charging.
Clearly, it has been shown in this study that the binder can

play an important role in SABs based on the observed electro-
chemical results. The binders not only signicantly inuence
the discharge–charge curves and capacities of the SABs, but also
result in different discharge product morphologies. The exis-
tence of EDGs/EWGs in the polymer can be the key to the
understanding of the electrochemical behaviour of these poly-
mers in the presence of O2

� and O2
2�. The reaction mecha-

nisms can be deduced from the analysis of the voltage ranges of
charge curves as well as the known chemical stabilities and
J. Mater. Chem. A
possible chemical decomposition products from ref. 57–59,
which has also been supported by the physical characterization
results in this study. Combining all the achieved data and the
inferred conclusion in this study, EWGs either in the main
chain of the polymer (PEO), or as a side chain linked to themain
chain (PMMA), or conned in the side chain of the polymer
(PVP) can be responsible to the increased side reactions when
they are used as the binder for sodium-air batteries (SABs).
Therefore, three types of polymer binders are expected to be the
most stable choices for future SABs: (i) the polymer without any
additional functional groups, i.e. PE; (ii) the polymers with no
EWGs in either their main or side chains, such as alkyl groups
(e.g. polypropylene (PP), polyisobutylene (PIB), and polybutene
(PB) etc.); and (iii) peruorinated polymers such as polytetra-
uoroethylene (PTFE). We believe that the presented study
along with the above-mentioned previous studies on the
electrochemical/chemical (in) stabilities of polymer binders
against superoxide/peroxide species can provide further insight
on the impact of binders on SAB performance, ultimately
leading toward their rational design as well as contributing to
the future target of precise control over discharge products.
Conclusions

In summary, the role of different polymer binders with (or
without) different functional groups is investigated in SABs. It
has been shown that the choice of binder can signicantly
inuence the electrochemical response and long-term dura-
bility of SABs. On one hand, the introduction of a stable PE
binder enables an improved stability of the air electrode against
O2

� and O2
2�, resulting in longer cycle lives. On the other hand,

the existence of EWGs linked to either main or side chains
This journal is © The Royal Society of Chemistry 2018
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result in the activation of a/b-H and their increased acidity. This
leads to increased capacities but poorer cycling stabilities.
Meanwhile, the reactions between O2

�/O2
2� and polymer

binders are still kinetics limited, thus, the cells with binders
unstable towards these reactants may still exhibit long cycle
lives by charging at high current densities and limited discharge
capacities. This is a result of quickly reducing the concentration
of superoxide species in electrolyte. In addition, the reaction
mechanisms between different binders with O2

� have been also
proposed accordingly. Thus, it can be concluded that the role of
the binder is complex, and this work can be used as a basis for
future rational design of SABs.
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