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www.rsc.org/ Metal-air batteries, and particularly aluminum-air (Al-air) batteries, draw a major research
interest nowadays due to their high theoretical energy content of Al (gravimetric and
volumetric). Nevertheless, the implementation of Al-air batteries as a sustainable energy
storage device is hampered by severe hurdles. Al anode high corrosion rate in aqueous alkaline
solution is of major concern in terms of Al usage and safety. In non-aqueous electrolytes
adverse Al surface activation substantially limits any power output. This study presents a novel
non-aqueous Al-air battery. This battery utilizes 1-ethyl-3-methylimidazolium oligo-fluoro-
hydrogenate (EMIm(HF),;F) room temperature ionic liquid (RTIL). Al-air batteries can
sustain current densities up to 1.5 mA/cm?, producing capacities above 140 mAh/cm?, thus
utilizing above 70% of the theoretical Al capacity. This is equivalent to an outstanding energy
densities of 2,300 Wh/Kg and 6,200 Wh/L. We detected Al,O; at the air electrode as the

battery discharge product of the oxygen reduction coupled with Al ions migrated to the air

electrode.

Introduction

The changing and expanding needs in the energy market,
ranging from power grid energy storage systems to portable power
sources, dictates the development of efficient, inexpensive, and high
performance battery systems. These advanced -electrochemical
systems should confront with the challenges posed by the nascent
green economy and non-oil based transport systems. A promising
path for achieving these goals is the development of aluminum (and
its alloys) based battery systems. The main advantages of such
systems are the low equivalent weight of Al, its high natural
abundance in the earth’s crust, (leading to a rather low price), and its
safety characteristics. Additionally, Al and its by-products are non-
toxic and environmental friendly" % Aluminum battery systems
cover a wide range of applications; from field-portable emergency
power supply to remote power applications and batteries for
transportation'. Theoretically, Al contains approximately half of
gasoline energy content per unit weight (8,100 Wh/kg for Al-air" 3
and 13,000 Wh/kg for gasoline*) and three times the energy per unit
volume (21,870 Wh/l for Al-air’ and 9,700 Wh/l for gasoline®).

This journal is © The Royal Society of Chemistry 2013

Currently, the best practical utilization of gasoline for automotive
applications can approach 1,700 Wh/Kg* while for aqueous Al-air
batteries it is 300-500 Wh/Kg’.

Metal-air battery systems utilize an active metal as an anode
(fuel) and carbonaceous materials as the cathode with ambient
oxygen as the cathodic material. These batteries are classified
according to the anode metal type, since air (oxygen) is a common
feature 2. Aqueous Al-air batteries have been reported as carly as
1960’s and the main effort up to date has focused on two aqueous
electrolyte types: alkaline and saline 2. Thermodynamically, Al
anode exhibit a potential of -1.66 V in saline and -2.35 V in alkaline
electrolyte’. However, practical Al electrodes operate at
significantly lower potentials, since Al is normally covered with an
oxide/hydroxide film, causing a voltage-delay. Moreover, Al anode
experiences a considerable parasitic corrosion reaction in aqueous
solutions. This results in a substantial low Al utilization (degraded
coulombic efficiency), accompanied by a massive hydrogen gas
evolution'. Another concern relates to electrolyte imbalance during
cell discharge: on one hand, progressive consumption of hydroxyl
ions occurs at the Al electrode; on the other hand, the electrolyte
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progressively saturates with aluminate. Eventually, aluminate
concentration exceeds the super-saturation, a crystalline form of
aluminum hydroxide precipitates, and therefore loss of the ionic
conductivity of the solution .

The current study, to the best of our knowledge, is the first
report on an Al-air battery utilizing a non-aqueous electrolyte. In this
specific case study a Room Temperature Ionic Liquid (RTIL) was
implemented. The unique properties of the hydrophilic 1-ethyl-3-
methylimidazolium oligo-fluoro-hydrogenate (EMIm(HF), ;F) allow
Al electrochemical dissolution, on one hand, and efficient oxygen
reduction, on the other hand (as previously reported in Si-air battery
systems®™ 7 and Fuel cells®), without any parasitic corrosion
degradation. Thus, the above provides a synergistic effect in this
appealing high energy power source. Additionally, a substantial
water addition to the EMIm(HF),3F does not hamper Si-air battery
performance, but rather leads to an increase in the cell discharge
capacity’.

RTILs — room temperature molten salts — are composed mostly
of organic ions and are inter alia used as the electrolyte of choice in
batteries™ '° and other energy conversion systems''"'*. Tonic liquid
electrolytes are advantageous compared to aqueous electrolytes, as
aluminum is not prone to the parasitic hydrogen generation
reaction'®. Several researchers explored the possible use of
chloroaluminate ionic liquids as electrolytes in aluminum based
batteries’. A drawback of chloroaluminate ionic liquids is the
difficulty to produce them, as the reaction between 1- ethyl-3-
methylimidazolium chloride (EMIC) and AICl; is highly
exothermic® '> '%. Additionally, chloroaluminate ionic liquids react
rapidly and exothermally with moister'”.  An alternative to
chloroaluminate ionic liquids is air and water stable ionic liquids.
Although various RTILs were already synthesized and studied {for
example 1-ethyl-3-methylimidazolium bis-(trifluoro-methyl-
sulfonyl)amide ([EMIm]TFSI),1-butyl-1-methylpyrrolidinium bis-
(trifluoro-methyl-sulfonyl)imide ([BMP]TFESI), [(Trihexl-
tetradecyl)phosphonium] bis-(trifluoro-methyl-sulfonyl)imide
(P14,6,6’6TFSI)18’19 and 1-butyl-3-methyl-imidazolium tetra-
fluoroborate, [BMIm]TFB*’}, non-aqueous Al-ion battery research
is still in its initial stages®' . The bottle-neck for further progress
are both the rather poor Al cathode potential and its very low
gravimetric capacity. Thus, using the above mentioned RTIL
electrolytes in Al-air battery failed. Moreover, in comparison to Li-
O, batteries, which were heavily investigated mainly in pure O,
environments®?’, the reported Al-air system operated in
atmospheric air.

We chose EMIm(HF), 5F as the electrolyte in our Al-air battery
system, since previous reports demonstrated the use of this RTIL in
Si-air batteries* 7. Among its fascinating properties, one may
include ultra-high conductivity (100mScm ™', one of the highest
among RTILs), low viscosity and chemical stability with oxygen and
water” 2%,
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Experimental

Materials and Chemicals

1-ethyl-3-methyl-imidazolium-oligo-flouro-hydrogenat,

EMIm(HF), ;F, (Boulder Ionics, Inc.) was used without further
purification. For both anodic and cathodic performances
studies, a three-electrode configuration was used, with Al foil,
(0.25mm thick 99.997%, Alfa Aesar) serving as the working
electrode in anodic polarization measurements and porous
carbon-based air electrode (Electric Fuel, Inc.) for the cathodic
polarization experiments (it is important to note that the air
cathode was formulated to alkaline Zn-air). The air electrode
had surface area of 533 m?/g, average pore diameter of 5.43 nm
and carbon loading of 19 mg/cm® The air electrode was
composed of 6.6%wt MnO, catalyst dispersed in 77%wt
activated carbon powder and 16.4%wt PTFE, as a binder.

Three Electrodes Cell Preparation

Three electrodes cell configuration was used, with an Al foil or
air electrode serving as the working electrode, Platinum foil was
used as a counter electrode and Fe/Fc* (ferrocene/ferrocenium ion)
gel based was utilized as a reference electrode®. The experiments
were carried out in a polypropylene electrochemical cell with an
exposed surface area of 1.13 cm? with nickel metal (98%, Spectrum)
connectors (as shown in Figure 1S in the Supplemental Information).
Prior to any experiment, the Al electrode was cleaned in ethanol,
acetone and then air dried. No pretreatment was applied to the air
electrode.

Two Electrodes Cell Preparation

In full battery studies (two electrode configuration), similar cell
structure (to the three electrode cell) was used but without the
introduction of reference electrode (Figure 1S). Al foil and air
cathode were utilized as the electrodes, with the same pretreatment
as previously described. The cells were held at OCP (open circuit
potential) in all the electrochemical experiments for 4 hours prior to
initiating the discharge process. This was performed in order to
allow a proper wetting of the porous carbon (at the air cathode) with
the RTIL electrolyte.

Electrochemical Measurements and Characterization

Potentiodynamic and Linear polarization (corrosion current
measurement) experiments were performed with a VersaSTAT
Princeton Applied Research potentiostat/galvanostat. Full battery
discharge experiments were performed using an Arbin BT2000
battery test system. All experiments (if not mentioned otherwise)
were conducted in ambient air. Airless experiments were conducted
in an Ar-filled glove box (MBraun Unilab, H,O and O, below
1ppm). Surface morphology was obtained by HRSEM (Zeiss Ultra-
Plus FEG-SEM) and by SEM (FEI E-SEM Quanta 200, equipped
with EDS). Surface analysis of the air electrode was conducted by
XPS (Thermo VG Scientific, Sigma probe, GB). Details on XPS
studies and description of the experimental conditions and peaks
assignment and identification®® can be found in the Supplemental
Information - section 2.

This journal is © The Royal Society of Chemistry 2012
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Results and discussion

Half-Cell Analysis

Preliminary half-cell configuration experiments were conducted
using the proposed AIEMIm(HF),;F/air battery system. The
potentiodynamic measurements (shown in Figure 1) provide data on
possible battery cell potential and the effective current densities
expected in such configurations. Open circuit potential (OCP) values
of both the Al (anode) and air electrodes (cathode) indicate that the
expected rest potential of the Al-air cell is AV=2.1 V (marked in
Fig.1). In addition, the expected current densities of both Al anode
and air electrode cathode are in the range of a few milliamperes
(mA). These results suggest that the proposed couple in the
electrolyte may indeed function as a battery.
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Fig. 1 Potentiodynamic measurements conducted at a scan rate of 5
mV/sec with the air electrode (cathodic polarization, red squares)
and the Al anode (anodic polarization circle, blue circles) vs. Fc/Fc*
gel based reference electrode.

It is well known that aluminum undergoes an extremely fast
corrosion process in alkaline solutions % 3!, Aluminum corrosion
currents usually are in the order of 10'-10*[mA/cm?]*! and therefore,
high rates of self-discharge processes are expected. Aluminum
corrosion current of 25 [A/cm?] in EMIm(HF), sF RTIL electrolyte,
has been obtained via linear polarization experiments (£20mV
relative to OCP). Generally, the results show high stability and
negligible corrosion rates for aluminum in EMIm(HF), ;F.

Aluminium-air Cell Discharge Performance

Following the half-cell studies, a full battery discharge was
performed for different current densities at ambient temperature of
2342°C and atmospheric air (Figure 2a). Similar discharge
experiment was performed with an identical cell in an inert
atmosphere (Ar gas) glove box at a current density of 0.5[mA/cm’]
(Figure 2b). This experiment was performed to reassure that the
relevant electrochemical reaction indeed involves
As presented in Fig. 2a, Al-air cell was
discharged in rates ranging from 0.1 to 1.5 [mA/cm?].The battery has
the ability to support current densities as high as 1.5 mA/cm’® and

cathodic
atmospheric oxygen.

This journal is © The Royal Society of Chemistry 2012
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possibly even higher. Moreover, the cell that was discharged in
airless conditions at the Ar glove box (Fig. 2b) did not sustain a
working potential and failed under the applied current. This strongly
indicates that the cathodic reaction involves oxygen reduction.
Additionally, the initial potential drop after 4.5 hours from cell
activation (Fig. 2a), observed in most discharge profiles, may
suggest a layer formation on the Al/electrolyte interface. The
presence of such a layer may be attributed to a possible surface
modification of the Al, as a segment of the interaction with the ionic
liquid; most probably, the anionic species in the electrolyte reacts
with the Al to produce AlF, terminated surface (see Figure 2S in
Supplemental Information). The origin of such potential drop at the
early stages of the discharge may also be attributed to the air cathode
itself; insufficient rest time for a properly air cathode wetting was
posed by restricting the rest step to 4 hours, prior to cell operation.

2.5
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Fig. 2 (a) Al-air battery discharge profiles at different current
densities of 0.1 (black square); 0.25 (red circle); 0.5 (green up-based
triangle); 1 (cyan down-based triangle) and 1.5 mA/cm?* (blue down-
based triangle). (b) Al-air cell discharge (0.5 mA/cm’ square,
magenta) in an inert atmosphere (airless).

From the presented discharge results (Fig.2a) up to 70 % of Al
utilization was achieved during cells discharge. The capacities
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associated with cell discharge (up to 160 mAh being equivalent to
140 mAh/cm?) are extremely high, compared to the theoretical
capacity of the Al electrode (calculated to be 227 mAh, equivalent to
200 mAh/cm® [see Supplemental Information (section 4) for a
detailed capacity calculations]).

Electrode Surface Analyses

Following the electrochemical study, a surface morphology
characterization of the Al anode was conducted with the use of high
resolution scanning electron microscope (HRSEM) and is being
presented in Figure 3. The morphology of the Al changes
dramatically as a function of the applied current. At lower current
densities (0.1 mA/cm®) small diameter pores (20-50 nm), are visible
(Fig. 3b and Fig. 3c.). At higher current densities, as may be
expected, larger pores (200-400 nm) are visible. This may be
attributed to aluminum electrochemical dissolution rate reaction: at
higher current densities, rapid dissolution occurs, leading to surface
coarsening.

4| J. Name., 2012, 00, 1-3
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Fig. 3 (a-¢) HRSEM micrographs of Al anode surface after
discharge at (a) 1.5 mA/cm? and (b, ¢) at 0.1 mA/cm™.

The analysis of the cathode surface was also conducted as
presented in Figure 4. The figure presents X-ray photoelectron
spectroscopy (XPS, Fig. 4a) and morphological (SEM, Fig. 4[b-d])
results obtained for the air cathode prior and subsequent to discharge
in two different current densities, 0.5mA/cm® and 1.5 mA/cm>.

In order to identify the chemical nature of the deposits, XPS
analysis was also conducted (Fig. 4a). The Al 2p spectrum signal can
be de-convoluted into two separated peaks at 74-75 eV (ALO,
species) and at 70-71 eV (metallic aluminum). The only peak
obtained subsequent to the Al-air battery discharging is of AlO,
species, while no metallic peak of Al was recorded. One can
conclude that during Al-air battery operation, Al,O, species (most
probably Al,O3) are formed at the cathode side, as the final product
of the reaction between reduced oxygen and oxidized Al at the air
electrode.

In general, the cell reaction may be postulated as:

(Eq.1) 4Al+ 30, — 2A1,0;

The specific reaction of both the Al anode (oxidation) and the
oxygen (reduction) at the air electrode is still to be determined
exactly.

Comparing the pristine air electrode (Fig. 4b) and air electrode

following a battery discharge (Fig. 4c, 0.5mA/cm’ and Fig.4d,
1.5mA/cm?® it is evident that in the course of cell operation a
deposition process of by-products occurred. The deposits are in a
form of elongated facets in the pm scale as clearly seen in Fig. 4c
and Fig.4d. A clear difference in the size and distribution of the
products is visible as a function of the discharge current density. For
lower current density (Fig. 4c, 0.5mA/cm®) smaller and densely
dispersed particles are shown, when for the higher current density
(Fig. 4d, 1.5mA/cm?) fewer and larger products are visible.

The differences in the products morphology may explain the
behavior of the capacity as a function of the current density; in
higher current densities larger capacity was measured (Fig. 2a). The
phenomenon was already recorded for Si-air batteries applying the
same electrolyte and air cathode’. This specific behavior was
attributed to differences in the morphology of the discharge products
at the cathode/electrolyte interface, leading to micro-pores blocking
effects at the air cathode pores. As suggested, high current densities

This journal is © The Royal Society of Chemistry 2012
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discharge would lead to the formation of coarse and bulky deposits,
while cell discharge processes in lower current densities would
produce finer oxides deposits at the air cathode, blocking further
possible oxygen reduction at these sites and thus terminating the
discharge prematurely.

250 T T v T g T T T

(a)
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= 150
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Binding energy (eV)
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50.0pm:

Fig. 4 (a) XPS measurement of the air electrode after discharge at
1.5 mA/cm?. (b-d) BSE SEM micrographs of air cathode electrode
surface; (b) pristine air electrode (¢) after discharge at 0.5 mA/cm?,
(d) after discharge at 1.5 mA/cm®.

Comparison to Other Metal Air Battery Systems

In Table 1 different figures of merits of the new Al-air battery
and compare the performance of this unique cell with other metal-air
batteries such as aqueous Zn-air and Al-air batteries and the Li-air
battery system, currently being heavily investigated. For the sake of
a proper comparison between the systems, only data collected at
ambient conditions were taken into account (room temperature
discharge at atmospheric air, without any oxygen feed). It is evident
that the cell energy density (both volumetric and gravimetric) of the
new non-aqueous Al-air battery system is most appealing, having
~2,300 Wh/Kg and ~6,200 Wh/L (when actually the cell capacity is
limited by the anodic material).

Table 1. Parameters comparison between 4 different Metal-air
batteries; Zn-, Al-, (aqueous), Li- and Al- (non-aqueous) air battery
systems.

Practical gravimetric Practical volumetric Corrosion
Battery system energy density energy density Current
[Wh/Kg]* [Wh/L]* [nA/em?]
Zn-air 300% %2 2150 30315k
Al-air 331 .
(Aqueous) 500 1,350 9,900%2#*
Li-air 36233 194 4.3 3k
Al-air (Non- 2,300 6,200 25
aqueous)

*Cell capacity was calculated based on active metal weight and volume
**High sensitivity to low/high relative humidity and severe reaction with
atmospheric CO,

The values recorded and reported for the other 3 metal-air
batteries are substantially lower, by at least a factor of 2-3.
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Additionally, low to almost negligible corrosion rates of the Al
anode in the RTIL renders the proposed system highly attractive in
terms of high electrode utilization. In addition, the expected
practical values in a battery configuration (taking into account all
battery active materials and elements, namely Al anode, air electrode
and electrolyte without battery packing materials) are expected to be
925 Wh/Kg and 1,692 Wh/l (the reader is referred to Supplemental
Information, section 4.3). Aluminum corrosion
EMIHF, ;F, (serving as indicative for the battery self-discharge) was
measured with the application of a linear polarization method. The

current in

Al anode possesses corrosion currents that are lower by three orders
of magnitude, compared to Al immersed in alkaline. Interestingly,
the yet unmodified Al anode immersed in the ionic liquid shows
quite low corrosion rate, as Zn anode does once immersed in alkaline
media. Needless to state that the Zn anode is routinely being
modified by corrosion mitigation alloying elements, as well as by
inhibitors being added to the alkaline solution *'. Tt is also striking
that the reported Al-air battery system is surpassing the most
researched Li-air battery system, having substantially lower energy
densities (especially volumetric one). Thus, the values being
reported here on the Al-air system are by far better than any metal-
air battery so far reported. Contrary to other metal-air battery
electrolytes, the ionic liquid electrolyte exhibits extremely high
tolerance to environmental conditions (such as high and low relative
humidity and exposure to air), as reported elsewhere'”.

Conclusions

We reported here for the first time of a non-aqueous, ionic
liquid electrolyte based Al-air battery. The proposed cell
configuration displayed an outstanding capacity performance: up to
70% utilization of the metallic Al theoretical capacity with energy
density exceeding any reported metal-air battery system. Analysis of
the Al-air battery components subsequent to a complete cell
discharge indicated the presence of Al,O; at the air cathode and a
active dissolution at the Al anode surface .

An additional extensive research should be conducted studying
the new non-aqueous Al-air battery system, i.e. seeking appropriate
conditions to further develop this Al-air battery into a rechargeable
one, allowing reversible and efficient charge-discharge cycles.
Among the crucial parameters to be further investigated are the ionic
liquid type, in terms of formulation and conductivity, feasibility of
reversible oxygen reduction/oxidation reactions, as well as reversible
and efficient Al stripping and deposition processes in the formulated
electrolyte.
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