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DOI: 10.1039/x0Xx00000x Rechargeable metal-air batteries are widely considered as the next generation high energy density
electrochemical storage devices. The performance and rechargeability of these metal-air cells is highly
www.rsc.org/ dependent on the positive electrode material, where oxygen reduction and evolution reactions take
place. Here, for the first time, we provide a detailed account of the kinetics and rechargeability of
sodium-air batteries through a series of carefully designed tests on treated commercial carbon material.
Surface area and porous structure of the positive electrode material was modified in order to gain
detailed information surrounding the reaction kinetics of sodium-air batteries. The results indicate that
discharge capacity is linearly correlated with surface area while morphology of the solid discharge
product is strongly dependent on specific surface area and pore size. Furthermore, it was found that the
chemical composition of discharge products as well as charging overpotential is affected by discharge

reaction rate.

1. Introduction of high energy alkaline metals as anodes and oxy§em
ambient air, as cathode materials. Using light inetaments,
such as lithium, as the anode material to formhaulin-air (Li-
47 battery system has attracted a great dealttefition®”
However, large charge overpotentials in these hastdimit
their cycle life to less than 100 cycfesé recently considered
) ) ) . . alternative metal-air battery is the sodium-air (&g battery,
conventional internal combustion engines (ICEs)etectric in which lithium is replaced by sodium mefdf Na-air battery

vehicles  (EVs) has r_ecelved e_normous Con_s'_derét'ogystems have a lower theoretical specific energysithe (1605
Furthermore, electric engines have higher convarsfticiency or 1108 Whikg considering M@, or NaQ as discharge
than ICEs making them even more attractivieithium-ion 2

batteries (LIBs) have been the technology of choioe

application in EVs due to their relatively high uoietric and
gravimetric energy density as well as longer bgtoycle life in

comparison with other available battery systéntowever,

current LIB-EVs are restricted to low-mileage apations as a
result of limited specific energy density, long e time as
well as high cost?®

Metal-air cells, which use a different chemistryorfr

intercalating LIBs, have theoretical specific enemgnsities
high enough to compete with gasolirfeThe high specific
energy densities seen for metal-air batteriesléead to the use

Wide spread use of fossil fuels in the past fewades, has
resulted in a substantial increase to greenhouss
concentrations and has been a prime contributdheoserious
issue of global warming. Since fossil fuels aredprainantly
consumed for transportation purposes, a switch fribva

products, respectively) compared to Li-air batteystems.
However, Na-air batteries also demonstrate loweargsh
overpotential which may result in better cyclicfoemance’
Only a few studies address the Na-air battery syst&with
only a limited understanding behind the chemistiryhe cell.
For instance, various sodium oxides have been regoas
discharge products of the Na-air battery systers Et al®*°
has investigated Na-air cells with carbonate arderebased
electrolytes while different carbon materials weised as the
air electrode. Based on selected area electrorradiibn
(SAED), their results report the production of sodiperoxide

This journal is © The Royal Society of Chemistry 2013 Energy Environ. Sci.., 2014, 00, 1-11 | 1
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(Na,O,) as a discharge product with the use of eithebaramte in various systems such as fuel cells and high ggner
or ether electrolytes. At the same time, differeftatteries®?! The heat-treated carbon materials allow us to
charge/discharge mechanisms with various dischprgducts understand correlations between discharge capasitsface
are proposed by Kim et &l.using carbonate and ether basedrea and porosity of the cathode materials. Catilack is
electrolytes. In this study sodium carbonate andirdied primarily composed of graphitic crystallites boutogjether by
sodium peroxide were produced as discharge prodirctsdisordered carboff. Heat-treatment of carbon black removes
carbonate and ether based electrolytes, respectildbre disorder carbon, resulting in a highly porous gt
recently, sodium superoxide (Ng(has also been shown to beéMicropore boundaries grow with increasing treatnmtéente and
the discharge product of the Na-air battery systefitts the use eventually result in the formation of mesopofesitially, as

of an ether based electrolyfe:® In addition, same researchtreatment time increases, the number of mesopoitbsansize

group investigated the electrochemistry and thegmarthic of
the Na-air cell in a series of systematic studies/hich sodium
superoxide was the major discharge prodfittMcCloskey et
al. also studied the chemical and electrochemiitdrdnces of
the Na- and Li-air cells and found “cleaner” chstmyi in the
case of Na-air cell with lower amount of parasiticducts
during the charge cycle of the c¥il.The lower amount of
decomposition products and hence lower chargingpmiential
in Na-air cell are related to the more stability BaO,

of less than 10 nm increases while further treatmesults in
an increases of pore volume. As a result, heatetdeaarbons
with higher mass losses demonstrate elevated #&pecifface
area values, higher edge to surface ratios, ageramore sizé®

Nitrogen adsorption/desorption measurements wemedaout
to illustrate the surface porosity characteristithe nitrogen
adsorption isotherms of the pristine carbon (N3&0) heat-
treated carbon material under different atmospharabs with

various mass losses are shown in supplementarySigThe

compared to LIO, as the major discharge products of Na- amatistine N330 carbon presents isotherm of typewlhjle for
Li-air cells, respectively’ Meanwhile, Ceder’s research grougheat-treated carbons the type of isotherm is gigdahanging
showed using theoretical calculations that@bais the stable from type Il to type IV with increase of mass lobs.addition,
phase in bulk form and NaQs only more stable at nanoscal¢he nitrogen adsorption ability of heat-treatedboar is also
below 10 nm in particle siZ€. Based on the aforementionectonsiderably increasing with the increase of magss,|
studies, it can be concluded that kinetic factotay pa indicating the increase of the active surface aféa. pore size

significant role in Na-air cells, resulting in foation of
different phases of sodium oxides at various studie
Even though sodium and lithium share many physiodbal

distributions and pore volumes of the carbon makerivere
obtained from the Barret, Joyner, and Halenda (Bahlysis
using the adsorption branch of each isotherm.

properties, the chemistry of the Li-air and Naalls is not the
same. While sodium forms stable sodium superoXitt@um

superoxide is thermodynamically unstabl&@herefore, it is
expected that both of sodium peroxide and supeeowiould be
formed under different physiochemical environmehtsyever
kinetic factors may stabilize a certain phase otexr other
oxide. In the present study, we show that the magady and
chemical composition of the discharge products ia-aw
battery system depends on various factors includingent
density and air electrode materials. In additiorharge
performance of the Na-air system can be controlsd
manipulating the discharge products.

W Crystalline Carbon
&= Disordered Carbon

2. Results and discussion

The gas diffusion electrode serves as a diffusiregliom for
positive active material (oxygen) in metal-air bsats, as well
as a substrate for the accumulation of dischargedymts
making the final electrochemical performance of thetal-air
system strongly dependent on efficiency of the ed@ctrode.
The gas diffusion electrode material used in thisrkwwas
prepared via heat-treatment of carbon black undmious
corrosive atmospheres, as outlined in Fig. la. ¢/¢ire heat-
treated carbon materials enables the precise doower the
porosity and surface area of the air electrode madge This
heated-treated carbon material based on commercisdd
carbon black with the post-treatments has beemsitely used

Specific Surface Area (m’/g)

1‘0 léﬂ

Pore Diameter (nm)
Figure 1: Schematic diagram of carbon black electrode material during the heat-
treatment process (a); Pore size distribution plot for NHs-treated carbon
materials with different mass losses from 0 to 85% (b).

2 | Energy Environ. Sci., 2014, 00, 1-11 This journal is © The Royal Society of Chemistry 2014



Energy & Environmental Science

Pore size distribution of Nftreated carbon material is plottedunction of mass loss and shown in supplementag; Bd4.

against mass loss, and presented in Fig. 1b (sirdé#a for

Although the total pore volume of heat-treated oasbalso

CO, and CQ/H,-treated carbons is shown in supplementashows a growing trend, but it does not show a ticerelation

Fig. S2). Heat-treatment of carbon materials uridids, CO,,

with specific capacity in Na-air cell.

and CQ/H, atmospheres results in a considerable increaseMorphology of discharge products is another crufaator that

specific surface area in the range of mesoporestihes 10 nm
(see also supplementary Table S1). The advantagesiaf
heat-treated carbon materials is that various naggies,
surface areas and functional groups can be prodogeiimply
altering pretreatment parameters.

As-prepared carbon materials were tested as d#fissidn
electrodes for Na-air cells. Figure 2a shows thscliarge

influences the discharge properties of metal-asteays, as well
as the charge characteristic and performance ofcéfié®2®

Figures 3a-f display SEM micrographs of dischargedpcts
for carbon material under various durations of ;NkHatment.
The discharge products observed for pristine carbtatk

displays rod-shaped particles which are stacked @aah other
(Fig. 3a). The rod-shaped particles can also bergbd in the

curves of different Nkitreated carbon samples. All treatedase of NH-treated carbons with mass loss of 10-54%

carbon materials indicate a flat discharge plataal2.2 V,
delivering increasing specific discharge capacitythwan

increase in mass loss (see also Fig. 2b). The gilatpecific
surface area of treated carbon material as a fumaf mass
loss percentage indicates that specific dischargpaaty
increases with specific surface area, as showniin BEb.

Specific discharge capacity values increase quaivily from

505 to 2783 mAh g with a mass loss increase of 10 to 85%.
fact, higher surface area presents a greater gerit
accumulation sites for deposition of solid discleamroducts,
resulting in an increase to the specific dischaagacity of the
cell. In addition, a highly porous air electrodeusture results
in a greater diffusion path for both of oxygen asadium
species, causing decreased mass transfer resistamok
increased cell capacity by postponing the potendedp.

Similar trends were also observed for Cahd CQ/H, treated
carbon materials (supplementary Fig. S3).
discharge capacity per actual surface area (caézlilaased on
the specific discharge capacity (mAh')gand the specific
surface area of the corresponding electrod& @) of the

electrode materials was plotted as a function ofankbss
percentage, as shown in Fig. 2c. Apart from thginoal N330

sample, all other treated carbon materials dematestr a
constant specific capacity per surface area. Thmsestant
values for different treated carbon materials tHate the
substantial effect of surface area on specific ciypdor the

Na-air battery system. In other words, actual s@farea
resulting from mesopores of the electrode matedatsinantly
determines the specific capacity of the air elatrdt should
also be noted that the nature of porosity for préstcarbon
black is different than other treated carbon matgf??° the

porosity of pristine carbon black originates frororgs that
exist between carbon particles, and have an avesiageof 30
nm. The porosity of treated carbon materials, harestems
from mesopores produced during the heat-treatmenteps
and is chemically different in nature. Furthermdreat-treating
of carbon also results in creating small poreshaicropores
region. Although these micropores increase the BHifface
area, they are not accessible by the electrolyt® laence
oxygen diffusion into these micropores is restdct€herefore,
pristine carbon demonstrates higher area-normalsgsetific

capacity compared with heat-treated carbon maserfdle total
pore volume of heat-treated carbons are also plo&ts a

This journal is © The Royal Society of Chemistry 2014

The §ipeci

However, as mass loss increases, dimension of atigeh
products shrink and gradually transform from rodsdd
particles to a thin film structure with a thicknesf a few
nanometers. The discharge products of treated nashmples
with an elevated mass loss (Fig. 3e and f), predantly exists
as ultrathin nanosheets, uniformly covering théoarsurface.
The same morphological changes were also observed
lsamples treated with GGand CQ/H, (supplementary Fig. S5
and S6). SEM images of initial and charged;Ni¢ated carbon
electrode are also shown in supplementary Fig. 87 f
comparison purposes.
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Figure 2: Discharge curves of Na-air cells using NHs-treated carbon materials
with different mass losses from 0 to 85% as cathode electrode recorded at a
current density of 75 mA g’l (a); Plot of specific capacitance and specific surface
area of the cathode electrode materials of the cells depicted at Fig. 2a as a
function of mass loss (b); Area-normalized specific capacity of the cells depicted
at Fig. 2a as a function of mass loss (c).
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Figure 3: Morphology of discharge products of the Na-air cells using different
NHs-treated carbon materials with 0 (a), 13 (b), 35 (c), 50 (d), 75 (e) and 85% (f)
mass losses as cathode electrode (Discharge current density: 75 mA g'l).

To identify the growth mechanism for the producadasheets,
morphological changes were observed at differemittde of
discharge for treated carbon samples with 85% russs The
morphologies of discharge products after 8, 16ar2d 36 hours
of discharge are depicted in Fig. 4. Tiny separdiledls of

solid discharge product can be observed after 8rshaf

discharge (Fig. 4a), while a major part of the oarlsurface is
left uncovered. After 16 hours of discharge theiahifibrils

increase in size and begin to partially connechwite another
in the form of island-shaped structures (Fig. 4bhe same
morphology can be observed after 24 hours of digghdut to
a greater extent with a greater degree of connebiween the
formed islands. Following 36 hours of discharges ttarbon
surface is totally covered with a uniform wrinklddim of

discharge product (Fig. 4d). The thin layer is cosgd of
interconnected primary discharge particles.
micrographs with various magnifications of positiekectrode
after multiple steps of discharge process are alsmwn in
supplementary Fig. S8.

The morphology of discharge products can be smetifiy the
equilibrium between nucleation and growth
density of nucleation sites, as seen with highefase area
materials, will result in smaller-sized patrticlesig produced.

More MSE !

mental Science

Energy & Environmental Science

at step edges of the carbon substrate due to ghehbsurface
energy at these locations. The same mechanisrkely lio be
responsible for different morphologies of dischapgeducts in
the Na-air cells. Heat-treatment of carbon matsriahder
corrosive conditions results in the production @wnpores,
inevitably leading to an increase in edge/platéorathe edge
plane carbon sites serve as nucleation points fechdrge
products due to elevated electron transfer reastimcurring at
these locations compared to the basal carbon plaAs. a
result, the nucleation rate outpaces the growtle @i the
carbon materials with longer treatment time as @sequence
of greater edge sites, leading to the dominant ywotioh of a
film-like structure. The proposed mechanism forcHarge
product formation is schematically illustrated img.F5. The
control of discharge product morphology is criticah
rechargeable metal-oxygen battery systems. Itiiarpaunt for
the produced discharge product to revert back tiiostarting
materials in order for the cell to be considerechezgeable.
Solid discharge products larger in size have grecharging
overpotential due to their limited interaction withe substrate.
In addition, charging overpotential has a smallaug at
substrate/discharge product interface (which isessible by
the electrolyte) compared to the bulk of produdtkerefore,
decomposition process begins at these interfacegréssion
of the decomposition process at interface sitegupmn cuts
off the electrical contact to the remaining dis¢jfgaparticles
and prevent them to entirely revert back, leadimg tlimited
cycling performance, as reported by Hartmann et®al.
However, a uniform thin layer of discharge prodony result
in enhanced charging process by increasing theaictien
between substrate and discharge product.

rate. dBFp Figure 4: Morphology of discharge products of the Na-air cell using NH3-treated
carbon material with 85% mass loss as cathode electrode after 8 (a), 16 (b), 24
(c) and 36 (d) hours of discharge (Discharge current density: 75 mA g™).

However, lower surface area materials have limitadleation

To investigate the charging performance of the telee
materials, NH-treated carbon materials with 85% mass loss
was subjected to discharge down to a specific é¢gpat 1.0

tRh g and then subsequently charged back at a curresitge

of 75 and 40 mA G, respectively as outlined in Fig. 6a. Three

sites, resulting in the formation of larger-sizedrtles.
Recently, an in-situ AFM study by Wen et?&lon Li-O,
electrochemical reaction mechanism revealed thae
nucleation process of discharge product@.) mainly occurs

4 | Energy Environ. Sci., 2014, 00, 1-11 This journal is © The Royal Society of Chemistry 2014
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Figure 5: Schematic diagram of Na-air cell using different heat-treated carbon materials as cathode electrode.

distinct charge regions with a potential range 08-275 decomposition in presence of superoxide ions. HaenewVDF
(region 1), 2.75-3.4 (region I1) and 3.4-3.9 V (feg I1l) can be readily reacts with this ion and produces hydrogeroxide®®
distinguished during the charge process. Theseethterge In the case of Na-air battery system sodium supéeoxan
potential regions will be referred as lower, middied higher react with hydrogen peroxide to produce hydratediwsn
potentials, respectively. Similar charge profilesra/ observed peroxide. Thus, the following mechanism can be satbpor
for CO, and CQ/H, treated carbon materials as welthe positive electrode in Na-air cells dischargactions of Na-
(supplementary Fig. S9). Based on the thermodynamaitdard air cell at positive electrode can be proposedbew:

potentials of different sodium oxides %o = 1.95, Eyazoz= Na' + O, + € — NaO, (1)

2.33 and B0, = 2.27 V}? and considering the dischargeNa + O, + 26 — NaO, )

voltage of the cell (Fig. 2a), the most probablechdarge Furthermore, the following side reactions may alsour:
product for Na-air system is either sodium perox{tl,0,) O, + -(CH,-CF,)- — H,0, + O, + -(CH=CF)- + F 3)
and/or sodium superoxide (NgOBoth of these oxides haveNaO, + Na + 2H,0, — Na,0,.2H,0 + O, 4

been previously reported as major products for Kaattery NaO, + 2H,0O, — Na,0,.2H,O + O, (5)

systems:Y” However during charging three notable steps ale addition, XRD patterns of positive electrodeeaftharging
observed, as shown in Fig. 6a, indicating that dtharge the cell to 2.75, 3.60 and 4.0 V (correspondinghi® various
reaction is not a simple one-species decomposigantion but charging steps indicated in Fig. 6a) are showruppementary
rather the formation of multiple initially productsroduced Fig. S10. The peaks related to Ngihase are disappeared after
during discharge. charging the cell to 2.75 V, indicating that thead®position of
To better understand the chemistry of Na-air b&ger NaO, takes place at the region | of charge cycle. Ghgrthe
discharge product of the Na-air cell was examingdxbray cell to 3.6 and 4.0 V results in degradation ofkseeelated to
diffraction (XRD) technique. The recorded pattermere the NaO, phase.

obtained from air electrode materials before anerafischarge Further, discharge products of the Na-air cell raftesscharge

to 1.8 V and are depicted in Fig. 6b. The XRD caoné the and charge to different potentials (shown in Fi}y ware also
existence of multiple discharge products. Howetee, major examined by Raman spectroscopy. The resultant rspec’
discharge product correlates well with hydrated iwod combined with reference NagOF;, NaO, and NaCO; for
peroxide (NaO,.2H,O, JCPDS reference card No. 015-0064fomparison purposes are depicted in Fig. 6c. Thizirodxd

as opposed to the expected sodium peroxide. Thermimaks spectra from positive carbon electrode shows twaraitteristic
found in the spectrum can be associated with sodilbnand G bands related to the disordered and giaptstbons,
superoxide (Nag) JCPDS reference card No. 006-0500). Thespectively. Additional peak at 1141 ¢mappeared after
presence of hydrated sodium peroxide as a dischangkict of discharge of the cell to 1.8 V is related to Nabasé® which

the Na-air cells using ether (TEGDME) based eldgteohas is disappeared after charging the cell to 2.75 ¥ Rdman peak
been previously reported by Kim et*aland more recently by associating with N#D, phase was detected, probably due to its
Jian et af'® Kim et al. have also proposed a reaction mechanismeaker Raman signal. Raman and IR spectroscopies a:
in which TEGDME was subjected to reaction with saope@e complementary analytical techniques, since traositiallowed
ions to produce carbon dioxide and water. HoweMazar et in Raman may be forbidden in IR or vice-versa. Assult, the
al?® previously reported in a systematic study on kil compound with weak Raman signal may show strong
chemistry, that TEGDME does not significantly urgter absorbance in IR. Accordingly, FTIR spectra of

This journal is © The Royal Society of Chemistry 2014 Energy Environ. Sci., 2014, 00, 1-11 | 5
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Figure 6: Limited discharge and charge curves of Na-air cell using NHs-treated carbon material with 85% mass loss at current densities of 75 and 40 mA g'l,
respectively (a); XRD patterns of positive electrode, electrolyte salt and discharge products of Na-air cell shown in panel a (b); Raman spectra of positive electrode
after discharge and first charge step shown in panel a, the peak marked with asterisk refers to NaO, phase [28] (c); FTIR spectra of positive electrode after discharge

and charge to the various regions shown in panel a (d).

positive electrode at different electrochemicatestavere also
recorded, as shown in Fig. 6d. Comparison of FTpBcs#a of
electrode materials before and after discharge&d/Ireveals a
characteristic peak at 879 and 1442 ¢crattributed to NzgO»,

providing further evidence as to the production sofdium

of the discharge product would change under varitisisharge
conditions. To examine this hypothesis, Na-air sceNere
discharged at different current densities and tttearged back
under a constant current density. Discharge cuofella-air
cells obtained at different current densities fr@® to 300

peroxide during dischardg@.It should also be noted that NaOmA/g are depicted in Fig. 7a. As discharge curréensity

does not show any characteristic peak in IR dueth®
homopolar nature of superoxide iBhin addition, the NzD,
characteristic peaks remained in the spectra ohdfrging the
cell to 4.0 V (corresponding to the region Il dgF6a). Based
on XRD, Raman and FTIR results, it can be conclutat the
charge plateau at lower (region 1) and higher @rgill)
potentials are related to the decomposition reastiof NaQ

increases, the discharge voltage and specific digehcapacity
decrease slightly. Furthermore, the discharge cobtained at
a current density of 75 mA/g indicates a flat phatesituated at
2.2 V. However, the discharge curve recorded aeotidensity
of 150 mA/g shows an initial plateau at around 2.%ith an

additional sloping region at 2.0 V. Similar behavian also be
observed for discharge curve obtained at a cumensity of

and NaO,, respectively (see also Fig. 6a). However, deep&@®0 mA/g, except for lower discharge voltages nyabdcause

understanding about discharge product of the Nacall is

required to figure out the nature of other chardmteau at
middle (region II) potentials.

The formation of superoxide ions is a result ofreyle electron
transfer process resulting in the formation of Maleing

kinetically more favorable, while N@, is thermodynamically
more stable than NaQAG nazo2 = -449.7 KJ mot; AG a0z

of charge and mass transfer resistances. Baseldeostandard
equilibrium potentials of sodium oxides speciese ftfirst
(higher potential) and second (lower potential) chdeérge
plateaus can be respectively attributed to the &tion of

Na,O, and NaQ. In addition, a relatively large change can be

observed between the discharge capacity for cathdrged at
current densities of 75 and 150 mA& (compared with the cell

= -218.8 KJ moat).125 Accordingly, the chemical compositiondischarged at 300 mA™, which can be attributed to the

6 | Energy Environ. Sci., 2014, 00, 1-11
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difference between the number of electrons exchénige elevated current density of 300 mA gxhibit more content of

equations (1) and (2). oxygen rich phases which is in accordance with ghaand
. discharge results. The broadening clearly indicdtegpresence
—75mA/g of superoxide (@), a paramagnetic species which exhibits
— 150 mA/g multiplet splitting (broadening) with one unpairetectron®!
25 =300 mA/g Similar conclusion may be obtained from Na 1s speshown

in supplementary Fig. S11. In addition, XRD patteraf
positive electrode materials after discharge ofdbikto 1.8 V
at different current densities of 75 and 300 mAage recorded
and presented in supplementary Fig. S12. With am=eof

Voltage (V)
~N

15 r discharge current density, the intensity of allkzem the XRD
pattern is decreased which is probably relatedhéofbrmation
a “ H . ” . . .
1 ) ) ) ) ) of “guasi-crystalline” phase of sodium oxide atheg current
0 500 1000 1500 2000 2500 3000 density. Similar behavior is also reported in tlasec of Li-air
Specific Capacity (mAh/g) ceIIs.33
4 L —75 mA/g a
150 mA/g
300 mA/g

Voltage (V)

b

1 1 L L 1 L . Ly F o PR i i i

0 200 400 600 800 1000 520
Specific Capacity (mAh/g)

Figure 7: Discharge curves of Na-air cells using NHs-treated carbon material with b
85% mass loss as cathode electrode recorded at different current densities of 75,
150 and 300 mA g'1 (a); Limited discharge and charge curves of Na-air cells using
NHs-treated carbon material with 85% mass loss as cathode electrode recorded
at different discharge current densities of 75, 150 and 300 mA g'1 and a constant
charge current density of 40 mA g'1 (b).

X-ray photoelectron spectroscopy (XPS) analysis was
employed to further identify the chemical compasiti of
discharge products at different current densifiesause of the
high sensitivity of XPS in analytical speciation amsarements, . L ) L
it is chosen to study the chemical composition wcldarge 520 525 530 535 540 545
products at different current densities. The XPslts for O 1s
of reference sodium peroxide and discharge prodattthe c
cells discharged at current densities of 75 and r880g* are
depicted in Fig. 8. The spectrum of reference sodperoxide
demonstrates one peak at 530.9 eV related to trexige ion
and also a small Auger peak around 536 eV (Na KfIJjhe
discharged product obtained from lower current diessof 75
mA g!, shows a similar chemical composition consisting
primarily of sodium peroxide. Additional minor #d peak at
532.3 eV can be correlated to deficient sodium xidephase
(Na,4O,, vide infra). The discharge product obtained at an
elevated current density of 300 mA! ghows broader XPS
peak, indicating wider variety of sodium oxide spsc The Figure 8: Oxygen 1S spectra of reference sodium peroxide (a); and discharged
fitted peaks at 530.9 and 532.3 eV are relatedetoxpide and products resulted at current densities of 75 (b) and 300 mA g™ (c).

deficient sodium peroxide species, respectively.atidition,

sodium ion Auger peak is also broader and appeairéigher Based on discharge curves recorded at differenrectr
binding energy which is probably a result of ovppgimg with densities as well as XPS results, it can be cordutat there
superoxide ion peak¥.However, discharge product obtained ds a competing reaction between the formation oONand

520 525 530 535 540 545
Binding Energy (eV)
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Na,O,, proceeding via equations (1) and (2). The foramatif The discharge/charge curves restricted to the lisechdrge
more thermodynamically stable peroxide ion,{Dat lower capacity (250 mAh ¢ can also be compared with cyclic
current densities is favorable, while the formaticate of voltammetry (CV) curve (supplementary Fig. S13).eT@V
superoxide ion (@) is favored at higher current densities. leurve show a slopping region in cathodic and twatinict peaks
other words, equation (1) is the dominant dischaegetion at around 2.8 and 3.6 V in anodic cycle related to ¢ggen
higher current densities while equation (2) is oesible for reduction and evolution reactions which are in adance with
discharge reaction at lower current densities. discharge/charge curves, respectively. Based on rdéisalts
To determine the effect of discharge current dgrwit charge obtained from charge-discharge curves at variousenti
behaviour of Na-air batteries, cells previouslycterged to densities and different discharge capacity limitsultiple
specific capacity of 1.0 Ahat different current densities ofcharge steps can be attributed to the decomposigiaction of
75 to 300 mA g, were charged back at constant current densdifferent phases of sodium oxides. The lower poa¢mharge
of 40 mA g'. The resultant curves are shown in Fig. 7b. As tipateau is related to a decomposition reaction »yfgen-rich
discharge current density increases from 75 tor880g?, the phased sodium superoxide #x1); the middle potential charge
charge capacity related to the first charge stepe (tplateau is related to decomposition of deficienageh sodium
decomposition of Nag) increases. The increase in the firgberoxide (0 < x < 1); while the higher potentiaboye plateau
charge step coupled with the observed increaseuimemt is related to decomposition of sodium-rich phasediwsn
density indicates that the formation of Na®favored at higher peroxide (x= 0). In addition, the first three limited discharge
current densities. Recently, a computational stuty the and charge curves of Na-air cell recorded at aectidensity of
charging mechanism of Li-air cells demonstratedt thtee 150 mA g is depicted in Fig. 9b. All consecutive cycleswho
formation of off-stoichiometric phase of LiO, is kinetically complete charging with similar profiles. Howeverhet
favorable in order to reduce the charging overpaknf the discharge capacity starts to drop down at highetecgumbers,
cell®? which has also been confirmed experimentd’. mainly due to the mechanically failure of the piesitelectrode
Similarly, the formation of deficient phase sodiyeroxide material as a result of binder decomposition.

with the general formula of NaO, (0 < x < 1) at higher
discharge current densities is highly probablegemstly since

the oxygen-rich phase of sodium oxide (Np@ more stable

than lithium’s counterpart.

To better understand the charge behavior, Na-dis eeere 3t
subjected to discharge under different limited cijpes, from
250 to 1000 mAh g, at an elevated current density of 300 mA
g?! and then charged back at a constant current geosit5
mA gl The resultant charge-discharge curves are debinte
Fig. 9a. A plateau can be observed under lowempiate while
two ill-defined plateaus are observed at middle dmgher
potentials during the charge process of the calthdirged to ) ) ) ) )
250 mAh g'. However, an increase in the discharge capaci ' . 500 406 00 500 3600
limit from 500 to 1000 mAh g, results in a more pronounced Specific Capacity (mAh/g)

plateau at middle and higher potentials. With acreéase in
discharge capacity limit the charge capacity cquoesling to 1531 charge
the lower potential plateau subsequently increddesiever, an
increase of discharge capacity limit also resultan increase to
charge capacity corresponding to the middle andhérig
potential plateaus as well. The appearance of thgllen and
higher discharge plateaus with increasing discha@eacity
limit indicates that chemical composition of thesaharge
products is changing. Since the formation of N&favorable 2
at higher current densities, and that the thermanya stability

of NaO, is higher (vide supra), it can be concluded the
disproportionation reaction of NaOis responsible for the N . . . L
change in chemical composition seen for the diggharoducts 0 100 200 300 400 500
as well as the appearance of different plateausgltine charge meic Eaperinsivi)

process. Such disproportionation reactions can dx¢omned Figure 9: Limited discharge (from 250 to 1000 mAh g™) and charge curves of Na-

either chemically or electrochemically at the p'ositelectrode air cells using NHs-treated carbon material with 85% mass loss as cathode
. . . . . electrode recorded at constant discharge and charge current densities of 300
via the fOHOWIng reaction mechanism: and 75 mA g'l, respectively (a); First three limited discharge and charge curves of

2NaG, — N0, + O, (6) Na-air cell recorded at current density of 150 mA g™ (b).
NaQ; + (1-x)€ + (1-x)Na — Nap,40; (0<x<1) @

Voltage (V)

N~

I

Voltage (V)

1531 discharge
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The present study demonstrates the effects of @igetreaction
kinetics on the chemical composition as well asrgha
characteristics of Na-air battery system. The tesggest that
the charge overpotential and efficiency of the amh be
controlled by modifying kinetic parameters relatéd the
discharge reaction. The discharge process of Naalls at
elevated current densities results in an increasleet amount of
NaO, produced during discharge as well as decreases
charge reaction overpotential. However it also éases the
chemical disproportionation reaction of NaO

Similar results are also reported in Li-air batteystem. Nazar
et al®® observed lower charge overpotentials for the Lieails
discharged at higher current densities. Formatfoa defective
lithium peroxide phase has been mentioned to bgoresble
for lowered charge overpotential. Further evidertoggard the
formation of a superoxide-like species were algooreed by
Zhai et al® and Yang et a’, indicating the existence of
similar chemistry occurring between the Li- and &abattery
systems. On the other side, more thermodynamidlistabf
sodium superoxide phase leads to less activithefdischarge
product of Na-air cell toward the carbon substratel hence
results in lesser amounts of parasitic side pradacid lower
charge overpotential in Na-air cell which has beafied as
“cleaner” chemistry by McCloskey et Hl.

It should be also emphasized that the experimexataditions
have a great influence on the chemistry of Na- lairgir cells
via altering the kinetic factors involving in thésdharge and
charge reactions of the cells. More kinetic studies required
to further understand the chemistry behind thedls ead the
major affecting parameters to control the cheméoathposition
and charge overpotential of the cells.

Conclusion

In summary, discharge capacity, morphological cleangnd
chemical composition of discharge products produned Na-
air battery system has been investigated in datall the study
was based around the use of a specifically-desigh reeat-
treated carbon material as oxygen diffusion ele@roThe
specific discharge capacity of the electrode mal®riwith
varying specific surface areas demonstrated thathdrge
capacity is strongly dependent on electrode surfaea. In
addition, the result revealed that the morpholody tle
discharge product is also strongly dependent ofaseirarea as
well as pore size. The edge planes of carbon satbswere
proposed to serve as nucleation sites for the foomeof a
solid-state discharge product in the Na-air battepstem.
XRD, Raman, FTIR and XPS analysis of Na-air bagteri
indicated that both sodium peroxide and superoxate
produced during discharge cycles of the cell armbdgosed at
different charge steps. In addition, the formatidra deficient

phased sodium peroxide (N&®,, 0 < x < 1) is showed to be

likely. Cells discharged at different current deiesi also
exhibited different charge profiles accompaniedabgifferent
chemical composition for the discharge product.

This journal is © The Royal Society of Chemistry 2014
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3. Experimental

3.1 Positive electrode material preparation

The positive electrode materials were prepared gusin
commercial carbon black (N330). The carbon blacls Wwaat-
treated under Ngor CG, (with or without H) atmospheres at
elevated temperatures. The preparation procedurdullg
dlegcribed elsewher@ Briefly, precise amount of carbon black
were heat-treated in a fused silica reactor unddg br CO,
atmosphere at 1080 under varying durations. A small portion
of the CQ-treated samples was further pyrolysed undgrlt
95(°C to remove oxygen containing functional groups<
introduced by C@treatment. Heat-treatment of carbon blacl
removes disordered graphitic structures from thebarg
producing a porous carbon structure. The amouthetarbon
mass lost during the heat-treatment was measuiiad irstial
and final masses and are presented in supplemenhédole S1.
The SEM micrographs of N330 and heat-treated carlfonder
NH; atmosphere) are also shown in supplementary Big. S

3.2 Physical characterizations

Morphological studies were performed by Hitachi &4 field-
emission scanning electron microscope (SEM) operatel0.0
kV. N, adsorption/desorption isotherms were obtainedguain
Folio Micromeritics TriStar I Surface Area and Pore Size
Analyzer. Fourier transform infra-red (FTIR) spectand
Raman scattering spectra were recorded using aletliG80
and a HORIBA Scientific LabRAM HR Raman spectromete
system equipped with a 532.4 nm laser, respectivety the
FTIR measurements, the sealed testing box contniNia-air
cells were moved to an argon-filled glove box (MB&R\, with
water and oxygen contents below 0.1 ppm) and the digks
containing 1%w/w of electrode materials were pregain
glove box. Then, the prepared KBr disks were sealad
moved to the FTIR measurement chamber, while rémogas
was flushing into the chamber. For Raman analybis tested
Na-air cells were moved to the glove box and thsitpe
electrode materials were squeezed and sealed betives
pieces of glass slide. The Raman analysis was moeefd on 5
spots of the sealed samples. X-Ray diffractogramerew
obtained using a Bruker D8 Advance (Cu-Kource, 40 kV, 40
mA). For the XRD measurements, The Na-air cellsawveoved
to the glove box after testing, and the positivecebde
materials of at least 4 cells were collected aratqd into an
air-sensitive XRD sample holder. XPS measuremengsew
made using a glove box-equipped Omicron XM1000 ¥K-ra
tube with Al Ko source (1486.7 eV) under operating pressure ¢
10 Torr. In the case of XPS measurements, posit v
electrodes of Na-air cells were washed with the esaoivent
that used for preparing the electrolyte. Afterwdha, electrodes
were dried and sealed inside the glove boxed aewl toved to
the XPS place, where the samples were opened isebtend
glove box and directly introduced to the XPS chamble
nickel mesh was used to correct the charging effétie
samples were only kept under pure argon atmosploerall

Energy Environ. Sci., 2014, 00, 1-11 | 9
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analytical measurements, without te

atmospheric air.

any exposure

3.3 Electrochemical M easurements

Gas diffusion electrodes were prepared by castintxsure of
carbon materials and Polyvinylidene fluoride (PVDAlfa

Aesar) with a weight ratio of 9:1 on a separatogl¢@rd 3500).
The electrodes were 3/8 inch in diameter with adilog of

~0.25 mg. Swagelok type cells comprised of sodiainainode,
Celgard 3500 separator, different cathodes andialass steel
mesh as current collector were used to
electrochemical
prepared with the aid of a homemade press macliimg uhe
sodium metal stick (from Aldrich) as starting sadiunetal

inside the argon-filled glove box. The electrolyteed in this
study was a 0.5 M sodium triflate (NagF; 98%, Aldrich)

dissolved in diethylene glycol diethyl ether (reagerade
>98%, Aldrich). Sodium triflate electrolyte salt wasied at
80°C under vacuum for 48 hours and the water conoén
diethylene glycol diethyl ether solvent was remowesing

molecular sieves for at least 10 days. The assemWkair
cells were placed into a homemade testing box éntlié glove
box and then transferred to the testing room. Tigeracontent
of testing box was moderately vacuumed out and there

oxygen (purity 4.3) purged into the box. The pressaf testing
box was kept at 1.0 atm during the electrochemiests.
Discharge/charge characteristics were performedgusan
Arbin BT-2000 battery station at room temperat@® {C).
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