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Metal-CO, Batteries on the Road: CO, from Contamination

Gas to Energy Source

Zhaojun Xie, Xin Zhang, Zhang Zhang, and Zhen Zhou*

Rechargeable nonaqueous metal-air batteries attract much attention for
their high theoretical energy density, especially in the last decade. However,
most reported metal-air batteries are actually operated in a pure O, atmos-
phere, while CO, and moisture in ambient air can significantly impact the
electrochemical performance of metal-O, batteries. In the study of CO,
contamination on metal-O, batteries, it has been gradually found that CO,
can be utilized as the reactant gas alone; namely, metal-CO, batteries can
work. On the other hand, investigations on CO, fixation are in focus due

In order to meet the increasing energy
demand of daily life, broad financial efforts
are being made to improve the energy and
power density of electrochemical energy
storage and conversion technologies, such
as batteries,>!! fuel cells,!'2-* and super-
capacitors.'>"7] Compared with the pre-
vailing Li-ion batteries, rechargeable non-
aqueous metal-air batteries are generally
considered as alternative power systems

to the potential threat of CO, on global climate change, especially for its
steadily increasing concentration in the atmosphere. The exploitation of CO,
in energy storage systems represents an alternative approach towards clean
recycling and utilization of CO,. Here, the aim is to provide a timely summary
of recent achievements in metal-CO, batteries, and inspire new ideas for new
energy storage systems. Moreover, critical issues associated with reaction
mechanisms and potential directions for future studies are discussed.

1. Introduction

With the rapid development of human society, the global CO,
emission flux from fossil fuel combustion (coal, natural gas,
and petroleum products) is in the order of thousands of tons
per year.ll The increasing concentration of greenhouse gas CO,
in the atmosphere has caused serious anthropogenic climate
changes.>?l Reducing the release of CO, into the environment
is urgently needed. However, energy is an important founda-
tion for economic and social development. Capturing and con-
verting CO, into a fuel has opened up the possibility of creating
CO, emission reduction systems. In the past several years, both
photochemical and electrochemical conversion of CO, have
thus been globally investigated.*]
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for both electric vehicles and smart grids.
Because their theoretical energy density
is especially high, e.g., 3500 Wh kg! for
Li-O, batteries and 1600 Wh kg! for
Na-O, batteries.['®2% Metal-air batteries
have become the subject of intensive
investigations worldwide and enormous
progress has been made in the past
decade.?'3% However, this technology
is still at an early stage of development,
and there still remain many challenges
to face.’' The exceptionally high gravimetric energy den-
sity primarily originates from the great free energy change
of metal-O, reactions and the active material in the cathode,
O,, which is available from air rather than being stored within
the battery. Remarkably, the term “metal-air batteries” is often
optimistically adopted; however, most studies are actually oper-
ated in a highly pure O, atmosphere instead of ambient air. The
presence of moisture and CO, leads to new insulating species
such as metal hydroxides and metal carbonates at the cathode,
which can seriously decrease the rechargeable ability of the bat-
teries.>* Moisture can be removed by using water-proof films.
As for CO,, in spite of its low concentration in ambient air
(400 ppm),13 its solubility is 50 times larger than O, in organic
solvents,?®) and CO, can react with the active intermediate
species O, or the discharge products to form metal carbon-
ates.’”] To develop actual metal-air batteries, it is critical to
understand the potential impact of CO, contamination on
metal-O, batteries, and generally a mixture of O,/CO, has
been utilized as the reactant gas.3¥*2l More interestingly, it
has been proved that CO, itself can be utilized as the reactant
gas, i.e., metal-CO, batteries.**%l The utilization of CO, in
electrochemical energy storage devices provides a promising
“clean” strategy for reducing fossil fuel consumption and con-
sequently, lessening global warming. In addition, metal-CO,
batteries are potential energy sources for scientific exploration
and future immigration to Mars, for the air there contains
95% of CO,.1#7)

Here, the development of primary metal-O,/CO, batteries
to rechargeable metal-CO, batteries is summarized, and
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the challenges and future directions are discussed regarding
rechargeable metal-CO, batteries.

2. Metal-O,/CO, Batteries

2.1. Li-O,/CO, Batteries

The primary Li-O,/CO, battery was first reported by Takechi et al.
in 2011.8 Compared with pure O, as the reactant gas, Li-O,/
CO, batteries with a CO, ratio from 10 to 80% in the mixed gas
showed higher discharge capacity. After the discharge process,
no detectable amount of Li,0, or Li,O was found. The void space
in the cathode was fully filled with Li,COs, which is quite dif-
ferent from the morphology of Li,O, in Li-O, batteries. As we
know, O, can be captured by CO,, and this reaction has been
applied to CO, sensors or molten-carbonate fuel cells.’”] Addi-
tionally, the discharging plateau of Li-O,/CO, batteries is about
2.7V, identical to that of Li-O, batteries. Therefore, the discharge
processes of Li-O,/CO, batteries were proposed as follows:

40, +4e” — 405 1)
05 +C0, — COy )
COy +CO, = C,0f (3)
C,07 +0;5 = C,0F +0, (4)
C,0% +205 +4Li* — 2Li,CO; + 20, (5)

Takechi et al.*® suggested that good electrochemical per-
formances result from the rapid consumption of superoxide
anion radicals by CO, (Reaction 2) as well as the slow filling
property of the final discharge product Li,CO; in the cathode
(Reaction 3-5). However, carbonate electrolytes used in this
study are now known to undergo decomposition reactions in
the discharge process of Li-O, batteries. Hence, such conclu-
sions about Li-O,/CO, batteries are not mature, but it is clear
that the higher discharge capacity in Li-O,/CO, batteries has
no relation to CO, redox reactions.

Later, as reported by McCloskey et al.,?*) CO, was mainly con-
sidered as a contamination gas for rechargeable Li-O, batteries.
In their study, a cell with a CO,/O, mixture of 10:90 exhibited
a larger discharge capacity than that with pure O, (Figure 1a).
However, the presence of Li,CO; in the discharge products
led to an increase in the overpotential during the subsequent
charge process, and dramatically reduced the voltaic efficiency
of the cell (Figure 1c). It was postulated that the higher capacity
resulted from changes of the deposit morphology where CO,
spontaneously reacted with the primary discharge product
Li,0, to form Li,CO; (Figure 1b). The formation of Li,CO; was
simply due to chemical reactions, and no active Li—-CO, elec-
trochemistry was observed as the cell was discharged under
pure CO,. In order to understand the decomposition mecha-
nism of Li,CO;, isotopic labeling measurements (0, and
C!80,) were used. Nevertheless, no isotopic oxygen scrambling
was observed during the charging process, indicating that the
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oxidation reaction cannot be Li,CO; — 2Li* + 2e + 1/20, +
CO,. The decomposition of Li,CO; was finally ascribed to the
mediation of the dimethyl ether (DME)-based electrolyte. They
suggested to not only completely remove CO, from the gas fed
to a Li-O, battery, but also develop stable cathodes and electro-
lytes to avoid the formation of carbonate deposits.

The above conclusion was also agreed by Vegge et al.*!l In
their investigations, the reactions between CO, and Li,0, at the
cathode were studied via density functional theory (DFT) com-
putations and galvanostatic charge-discharge measurements.
From DFT computations, they suggested that CO, would block
the surface-active nucleation sites and alter the shape and
growth directions of Li;O, on the surface. Meanwhile, their
experimental results indicated that the recharging process
was strongly influenced by CO, contamination. The increased
overpotentials for both the discharging and charging processes
could be observed even with 1% CO, contamination. When
50% CO, was used, the battery showed almost no capacity.

The reaction mechanisms in Li-O,/CO, cells under various
electrolytes were further investigated by the Kang group,*?
with both quantum mechanical calculations and experimental
verifications. On the basis of quantum mechanical calculations,
they found that the electrolyte solvation effect can influence the
reaction pathway by altering the potential energy surface, and
thereby the final discharge product of Li-O,/CO, batteries can
be modified. It is believed that the high dielectric dimethyl sul-
foxide (DMSO) favors the reaction between the O, radical and
CO, instead of Li,O,, while the low dielectric DME tends to
form Li,O, as a major discharge product, consistent with former
studies. By using DMSO-based electrolytes, they discovered for
the first time that a reversible Li-O,/CO, (50% CO,) battery can
run over 20 cycles with controlled capacity of 1000 mAh g
0.4 mA cm2. However, both the Aurbach group!*¥! and the Yang
group’ have revealed that sulfoxide is susceptible to nucleo-
philic attacks by reduced oxygen species. As a consequence, more
attention should be paid to the chemical stability of electrolytes.

After that, the Li group also reported a rechargeable Li-O,/
CO, battery (0,/CO, = 1:2, volume ratio) with tetraethylene
glycol dimethyl ether (TEGDME)-based electrolytes.*}! X-Ray
diffraction (XRD) patterns show that Li,CO; is the main dis-
charge product in the cell, and does not disappear completely
after the fifth charge. This fact explains the rapid increase in
overpotentials during the subsequent cycling. Note that the elec-
trochemical reduction of CO, is a key factor for the utilization of
CO, in energy storage systems. Among all the above Li-O,/CO,
batteries, CO, does not participate in redox reactions.

2.2. Na-0,/CO, Batteries

In contrast to Li-O,/CO, batteries, the Archer group focused
on Na—0,/CO, batteries as a platform for CO, capture from an
effluent gas mixture and a technology for electricity supply in
the form of “primary” batteries.*”) This strategy seems appro-
priate because of its high theoretical capacity and the abundance
of sodium compared with lithium. When CO,/O, mixtures with
different ratios were used as cathode gas streams, Na-0,/CO,
batteries also exhibited higher discharge capacity than Na-O,
cells (Figure 2a—c). Through ex situ XRD and fourier transform
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Figure 1. a) Galvanostatic discharge profiles (0.47 mA cm?) of Li cells discharged under three atmospheres: pure CO,, pure O,, and a 10:90 CO,:0,
mixture. XC72-based cathodes were used. b) FTIR of cathodes extracted from cells discharged under pure O, and a 10:90 CO,:0, mixture. c) The
voltaic efficiency of the discharge-charge cycle for cells under pure O, and a 10:90 CO,:0, mixture. Reproduced with permission.® Copyright 2013,

American Chemical Society.

infrared spectroscopy (FTIR) techniques, the authors found
that Na,C,0, was the dominant discharge product for cells with
ionic liquid electrolytes, while Na,CO; and Na,C,0, coexisted
for Na—0,/CO, cells with TEGDME electrolytes. No Na,0, was
detected in the electrodes with the O,/CO, mixed gas. For the
formation of Na,COj; in the TEGDME based cells, they believed
that the reaction processes were quite similar to the series of
Reaction 1-5. In the case of Na,C,0,, the possible reactions are
summarized as follows:

0,+2e = 0; (6)
0; +CO, — COY (7)
CO% +CO, +2Na* — Na,C,0,+0, 8)

In this case, CO, is involved in the electrochemical reactions
due to the formation of Na,C,0,. However, this system is not
rechargeable.

As discussed in Section 2.1, one problem for developing a
rechargeable M-0,/CO, battery lies in the stability of electro-
lytes. The Archer group showed that with the addition of 10%
of ionic liquid tethered silica nanoparticles, the stability of the
propylene carbonate-based electrolyte was enhanced by nearly
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1 V.B% Even though the charge potential was close to 5 V, no
electrolyte decomposition was observed, and their Na-O,/CO,
batteries were stably cycled for over 20 cycles (Figure 2d). The
rechargeability of their cells can be further improved with the
introduction of a Ni-foam cathode.l!] Most surprisingly, the dis-
charge product in this work was NaHCOj; confirmed by ex situ
XRD and FTIR, and no carbonate was found. In addition, CO,
evolution was obvious during the recharge of the battery, and
differential electrochemical mass spectrometry (DEMS) based
on !2C and 3C confirmed that the decomposition of NaHCO;
is accompanied by the reaction of O, and the carbon cathode.
However, there are still some questions pending in this study.
Meanwhile, in the O,-rich atmosphere, the decomposition of the
imidazolium group of the ionic liquid was detected from FTIR
analysis. The authors explained that the highly active O, is cap-
tured by CO, to form CO,"~ (Reaction 2) instead of the electrolyte
when the CO,/0O, mixture was used. Consequently, new types of
electrolytes with high-voltage stability need more investigations.

2.3. Al-0,/CO, Batteries
Compared with lithium and sodium, aluminum is a

more attractive anode material for electrochemical capture and
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Figure 2. Galvanostatic discharge profiles for Na—O,/CO, cells operated with a mixed O,/CO, feed. a) lonic liquid (IL) and b) tetraglyme electrolytes;
c) variation of capacity with CO, concentration. Reproduced with permission.[*? Copyright 2012, Elsevier B.V.; d) Cycling profiles for Na-O,/CO, (1:1)

batteries with SiO,~IL-TFSI/PC electrolytes. The current density employed is 200 mA g~'

permission.P% Copyright 2014, Royal Society of Chemistry.

conversion of CO, because of its lower cost and safer opera-
tion. The Archer group have recently reported an Al-O,/CO,
battery based on the 1-ethyl-3-methylimidazolium chloride/alu-
minum chloride ((EMIm]CI/AICL;) electrolyte. This cell design
provides an effective approach to sequester CO, emission by
forming the valuable Al,(C,0,);, and also to generate consid-
erable amounts of electrical energy. When the Al-0,/CO, bat-
tery (O,/CO, = 20:80) was discharged at 70 mA/g, it produced
a high capacity of =13 000 mAh g at around 1.4 V. On the
other hand, the AI-CO, battery showed moderate capacity
only at lower potential of about 0.3 V, while the Al-O, battery
delivered limited capacity but similar potential plateaus. There-
fore, electrochemical reduction of CO, should be assisted by
the superoxide species. The formation of Al,(C,0,); involves
the reduction of O, to form the superoxide radical, which in
turn chemically reduces CO, to form CO,*" and then C,0,%
radicals. This Al-O,/CO, battery offers an important strategy
for electrochemical capture and conversion of CO,, but it still
requires significant efforts to improve, such as the electrolyte
which is extremely sensitive particularly to water.>?

3. Metal-CO, Batteries

3.1. Primary High-Temperature Li—-CO, Batteries

Unlike the control tests with pure CO, as the cathode gas in
earlier Li-0,/CO, batteries,?®3% the Archer group reported
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and the capacity cutoff is 800 mAh g~'. Reproduced with

a primary Li-CO, battery with a high discharge capacity of
=2500 mAh g at moderate temperatures.” The configura-
tion of the Li-CO, battery was similar to their earlier reported
Li-air and Na-0,/CO, cells, and the ionic liquid electro-
Iyte, 1 M LiTFSI dissolved in 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide, was used. Based on prelimi-
nary ex situ analyzes of the solid products and the absence of CO
in the gas products, the overall reaction was concluded as 4Li
+3CO, — 2Li,CO; + C (9). Nevertheless, the formation of carbon
was only deduced by the exothermic reaction of 2CO — CO, + C,
and was not further investigated. After all, the produced carbon
was hard to detect due to the application of carbon cathodes.

Their study showed that increasing the operation tempera-
ture could improve the insulating coating of discharge products,
which in turn promotes both the cell potential and discharge
capacity.! The discharge capacity of Li~CO, batteries was enor-
mously enhanced when the operation temperature increased.
However, the temperature dependence was considerably weaker
for carbon cathodes with higher surface areas. Therefore, it pro-
vides a possible approach to realize room-temperature Li-CO,
batteries by constructing cathode materials with high surface
areas and appropriate pore volumes.

3.2. Rechargeable Room-Temperature Li—-CO, Batteries
With a conventional electrolyte of LiCF;SO; in TEGDME and

a normal Ketjen black (KB) cathode, the Li group revealed that

Adv. Mater. 2017, 29, 1605891
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Figure3. a)Charge—dischargevoltage profilesofLi/CO, batteries with a cut-offvoltage of2.2Vat30mAg~". Reproduced with permission.** Copyright 2013,
Royal Society of Chemistry. b) The initial discharge curves of the batteries with graphene cathodes in different atmospheres; Cycling performance of
Li-CO, batteries under a cutoff capacity of 1000 mAh g~' at 50 mA g™' with c) graphene and d) CNT cathodes. b,c) Reproduced with permission.[*4
Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d) Reproduced with permission.*] Copyright 2015, Royal Society of Chemistry.

both the Li-O,/CO, battery (Section 2.1) and Li-CO, battery
can discharge and charge reversibly at room temperature.*’]
Their Li-CO, batteries could discharge and charge reversibly
for 7 cycles with a capacity cutoff of 1000 mAh g! at 30 mA g~!
(Figure 3a). In the process of pursuing the utilization of transi-
tion metal carbonates as anode materials for Li ion batteries, the
Zhou group found that CO, can be probably utilized through
electrochemical catalytic conversion reactions.’> In addition
to the Li group’s work, they introduced both graphenel*! and
carbon nanotubes (CNTs)*! as air cathodes. The full discharge
capacity of room-temperature Li-CO, batteries was tremen-
dously enhanced to be over 14 000 mAh g! (Figure 3b) and
the cells were stably cycled for 20 (Figure 3c) or 29 (Figure 3d)
cycles with controlled capacity of 1000 mAh g™ at 50 mA g'.
They proposed that the higher electrochemical performance
and cycling stability can be ascribed to the excellent electrical
conductivity, large surface area, and high electrochemical sta-
bility of graphene and CNT cathodes.

In addition, both the Li and Zhou group confirmed the for-
mation of amorphous carbon by using a porous gold*}! and a
platinum net cathode,** respectively. Along with the revers-
ible formation and decomposition of Li,CO; detected by XRD
and FTIR, the proposed discharge process was 4Li +3CO, —
2Li,CO; + C. Based on such a reaction, the theoretical voltage is
about 2.8 V, which is roughly consistent with the experimental
value. Compared with other cathodes, the Zhou group found
that Li—-CO, batteries with CNT cathodes demonstrate better
cycling performance.®] They considered that the design of
carbon or other highly active catalysts with connected 3D space
is a promising strategy, since 3D networks not only benefit

Adv. Mater. 2017, 29, 1605891
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the immersion of electrolytes and the transport of electrons,
CO,, and lithium ions, but also have more space to deposit
discharged products without clogging the cathode surface.
Although the reported Li-CO, batteries were investigated only
at low current density (30-100 mAh g!) and with high over-
potential, a growing consensus is that rechargeable room-tem-
perature Li-CO, batteries will open new paths for both CO,
capture and energy storage.

3.3. Rechargeable Room-Temperature Na-CO, Batteries

More recently, Hu et al. have reported a rechargeable room-
temperature Na—CO, battery consisting of a Na anode, an
ether-based electrolyte, and a designed cathode with electro-
lyte-treated multiwall carbon nanotubes (Figure 4).1l The bat-
tery showed a high capacity of over 60 000 mAh gt at 1 A g7},
and can be stably cycled for 200 cycles with a cutoff capacity
of 2000 mAh g! at charge voltages below 3.7 V. It is believed
that the 3D tri-continuous porous structure, high electrical con-
ductivity, and good wettability of electrolytes to cathodes lead to
the ultrahigh performance. The triple-phase boundary interface
reaction of the cathode is greatly improved and large amounts
of discharge products can be stored without blocking the air
channels. It is not surprising that CNT-based air cathodes pre-
sented more excellent general performance according to the
Zhou group’s previous report.[*]

The reaction in Na—-CO, batteries was also demonstrated
as 4Na +3CO, <> 2Na,CO; + C (10). The reversible formation
and decomposition of Na,CO; in the battery was confirmed
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Figure 4. The structure and rechargeability of room-temperature Na—CO, batteries. a) Structure of Na—CO, batteries with metal Na foil anode, ether-
based electrolyte, and t-MWCNT cathode. b) SEM images of cathode from top and side views. ¢) HRTEM image of -MWCNT. d) Discharge and charge

profiles of Na—CO, batteries at 1 Ag™".
Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

by in situ Raman, ex situ XRD and X-Ray photoelectron spec-
troscopy (XPS). Meanwhile, by measuring the evolved gas in
the charging process, they verified that CO, actually revers-
ibly formed. In order to illustrate carbon involved in the bat-
tery reaction, a silver nanowire cathode was used, since carbon
nanotubes would cover the signals of the carbon products. The
superior reversibility of the carbon product was indeed detected
by electron energy loss spectroscopy (EELS) in transmission
electron microscopy (TEM), but still needs to be verified via in
situ detection. Their studies further strengthen the idea that
rechargeable M—CO, batteries offer a practical opportunity in
clean conversion/utilization of CO, and advanced electrochem-
ical energy storage systems. By rational design of air cathodes,
M-CO, batteries with excellent electrochemical performances
can be achieved.

4. Mechanism: Electrocatalytic Conversion
of CO;* and CO,

4.1. Electrochemical Redox Reactions of Metal Carbonates

In addition to CO, contamination, there are trace amounts of
metal carbonates and carboxylates resulting from the degrada-
tion of the electrolyte and/or carbon cathode surface in pure
metal-O, cells.”®>8 The accumulation of metal carbonates
during cycling can severely influence the electrochemical perfor-
mances of metal-air batteries. Therefore, studies on the decom-
position of metal carbonates are quite significant for metal-CO,
batteries, as well as for the development of true metal-air bat-
teries. So far, the electrochemical decomposition of Li,COj; has
been studied by several research groups by constructing model
cathodes pre-filled with Li,CO;.9%2 Although a thorough
understanding of the electrochemical reaction of Li,CO; is not
obtained, some identical phenomena have been observed. The
decomposition of Li,CO; only occurs at charging potentials over
4V, and CO, is released during the electrochemical oxidation

wileyonlinelibrary.com
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e) Cyclic voltammetric curves of Na—CO, batteries with scan rate of 0.1 mV s™. Reproduced with permission.[l

process. Consistent with the previous discussion in Section
2.1, no O, is detected through the whole charging process in
each case, indicating that the decomposition reaction cannot be
Li,CO3; — 2Li* + 2e + 1/20, + CO,. By using the isotopic tracing
and gas chromatography-mass spectrometry (GC-MS) method,
Yang et al. suggested that Li,CO; decomposes into CO, and
superoxide radicals,°? and the latter are finally consumed by the
tetraglyme electrolyte solvent instead of the additional carbon.
On the contrary, the Chen group found that cathodes prefilled
with only Na,CO; showed higher charging voltage by 0.5 V
than that with Na,COj/carbon hybrids, indicating a reaction
between Na,CO; and carbon.*®l However, carbon in both cases
was not originally generated, and the chemical activity might be
quite different; therefore, in situ measurements are needed for
metal-CO, batteries to clarify these issues. Combined with the
studies in rechargeable metal-CO, batteries,***! the decom-
position of metal carbonates is most likely accompanied by the
degradation of carbon materials. Notably, when catalysts such as
NiOP% or Pt were used, the electrochemical oxidation poten-
tials for Li,CO; dropped dramatically. In order to pursue lower
charging potentials, better cyclability and energy efficiency of
metal-CO, batteries, investigations should be focused on the
development of highly effective catalysts.

On the other side, the electrochemical properties of metal
carbonates are also meaningful for CO, recycling and utiliza-
tion in energy storage devices. The Zhou groupt first pro-
posed that metal carbonates could be reduced to low-valence
carbon, owing to the excellent catalytic activity of newly gen-
erated transition-metal nanoparticles. Based on this electro-
chemical catalytic conversion mechanism, a series of metal
carbonates were explored and applied to many energy storage
systems.[1063-65] By using spectroscopic and transmission
electron microscopic analyzes, the Wang group clarified that
Li,CO; could be reversibly converted to lithium carbide (Li,C,)
and lithium oxide (Li,0).I%! These findings promote the utili-
zation of metal carbonates as well as the understanding of the
reaction mechanisms about metal-CO, batteries.

Adv. Mater. 2017, 29, 1605891
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4.2. Decomposition of Li,COj3 in Li-Air Batteries

Although the discharge products for Li-air batteries with
ambient air are a mixture of Li,O,, LiOH, and Li,CO;, the
decomposition of the whole products during recharge is achiev-
able. Zhang et al. reported a rechargeable lithium-—air battery
working in ambient air for 100 cycles (about 78 days), with a
discharge capacity of 2000 mAh g 117l The superiority was
mainly derived from the unique hybrid system: a solid catholyte
was used to prevent electrolyte degradation and the usual air
cathodes were replaced by a gel cathode, forming a closed and
sustainable gel/solid interface. They concluded that the high
recharging overpotential is largely caused by the decomposi-
tion of the Li,CO; product, and it can be reduced by raising the
operation temperature. Meanwhile, transition metal oxides and
precious metals employed in Li-O, batteries are recommended
to test the decomposition of Li,COs.

After the Li group reported that NiO can act as a catalyst to
decompose Li,CO4,°% several other studies have also demon-
strated that the catalytic oxidation of carbonate/carboxylate spe-
cies can be realized by using NiO catalysts in Li-O, cells.[68%]
Very recently, Tan et al. fabricated a cathode composed of RuO,
nanoparticle-decorated NiO nanosheets for a non-aqueous Li—
air battery.”" The battery could be truly operated in ambient air
at 500 mAh g for 200 cycles (800 h), with nearly 100% Cou-
lombic efficiency and =75% energy efficiency. The wonderful
electrochemical performance can be attributed to the favorable
combination: NiO nanosheets act as both support matrix and
the catalyst for the decomposition of carbonates and carboxy-
lates, while RuO, nanoparticles facilitate the oxygen reduc-
tion and evolution reactions, as well as the decomposition of
LiOH. Obviously, metal-air batteries and metal-CO, batteries
share the same objective of obtaining efficient catalysts for the
decomposition of carbonates.

4.3. Potential Industrial Advantages of Metal-CO, Batteries

For metal-CO, batteries, pure CO, needs to be supplied from
a tank stored on board in a vehicle. However, as questioned by
Scrosati et al.,l*2 it is hard for an electric vehicle to run with
a Li-air battery operating in the “breathing mode”. Taking a
500 km range as an example, the total consumption of O, is
967 mol, corresponding to an O, flow of =1.2 L s7! if all O,
was consumed. Considering that oxygen only takes up about
one fifth of the earth’s atmosphere, much higher flows are
expected to be needed. In addition, the deposition of the dis-
charge products would make the triple-phase interface reac-
tion even more sluggish. Both the extra devices for feeding O,
to the cathode substrates and the electrode surface area must
be settled within a limited weight range. When compressed
to a relatively safe and practical 120 bar pressure at 30°C, the
density of O, is only 0.160 kg L™}, while that of CO, is up to
0.802 kg L7LU Potentially even the economically available
solid CO,, “dry ice”, could be stored with a high density of
1.6 kg L~1. Obviously, CO, appears far more advantageous for
on-board storage than O, due to its far better compressibility
and greater density. Moreover, CO, can be supplied as a super-
critical fluid when taken from the storage tank. In that case,
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Figure 5. Schematic view of a rechargeable Li—CO,/oxalate flow bat-
tery. Reproduced with permission.”"l Copyright 2013, Royal Society of
Chemistry.

it can serve as both the electroactive species and the solvent.
The solubility for salts and the ionic conductivity could be
enhanced by adding polar modifiers’?! and supporting electro-
lytes,/”3l thus very fast ion transport and high charge/discharge
rates could be achieved. Based on the CO,/oxalate reversible
electrochemical conversion in ionic liquid electrolytes*?l with
special catalysts,’# Németh et al. further proposed the use of
CO,/oxalate electrodes in metal-air type batteries and offered
a rechargeable Li-CO,/oxalate flow battery (Figure 5).”! Com-
pared with metal peroxides and superoxides, metal carbonates
and oxalates are much safer discharge products than perox-
ides. Hence, the potential industrial advantages of metal-CO,
batteries may be realized in terms of significantly improved
safety, environmental friendliness, high energy and power
density, and efficient on-board storage.

5. Summary and Prospective

CO, exploitation, especially coupled with energy storage devices,
has great practical significance in alleviating energy shortage
and global warming issues. Recent development of primary
metal-0,/CO, batteries to rechargeable metal-CO, batteries is
summarized in this review. Encouragingly, rechargeable room-
temperature metal-CO, batteries are gradually realized. How-
ever, the whole discharge—charge reaction mechanism is still
ambiguous. Additionally, there are considerable obstacles and
difficulties to be overcome, including low discharge capacity,
weak rate capability, high charge overpotential, poor cyclability,
and many other problems. All the above challenges seem to be
caused by the sluggish electrochemical reactions at air cath-
odes. To overcome these challenges, the following research
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directions may present new opportunities to break through the
technology bottleneck of metal-CO, batteries.

Better understanding of discharge—charge reaction mecha-
nism. Although the metal-CO, battery reaction has been
demonstrated as 4M +3CO, <> 2M,CO; + C (11), more in situ
measurements are needed for the observation of the original
generation and decomposition of carbon along with metal
carbonates. Additionally, whether alkali metal ions play an
important role in the reduction of CO, is still unclear, and the
influence of supporting electrolyte cations is not considered
yet. After all, Reaction 11 is not common in the photochemical
and electrochemical conversion of CO,. Both experimental
tests and theoretical computations are needed for further
investigations.

Exploring new types of electrolytes with high stability. The
electrochemical stability of electrolytes can greatly affect the
performances of M-CO, batteries, and particular attention
should be paid to the electrolyte decomposition during both
charge and discharge. Due to the stability of metal carbonates,
the charge potentials of M—-CO, batteries are usually beyond
the stability window of most electrolytes. More stable alterna-
tives like ionic liquids and solid-state electrolytes should be
developed.

Exploring new cathode materials with high catalytic activity
and unique structure. So far, only several pure carbon mate-
rials have been used in metal-CO, batteries. Clearly, a variety
of cathode materials can be utilized to optimize the electro-
chemical performances referred to metal-O, batteries. Seeking
highly active catalysts for the decomposition of metal car-
bonates is the primary future task, since the sluggish kinetic
discharging—charging processes dramatically increase the
overpotentials, which in turn results in low rate capability,
poor cycling stability and energy efficiency. The decomposition
of metal carbonates is also important in promoting the elec-
trochemical performances of metal-air batteries. We believe
that designing/fabricating special carbon materials including
highly active catalysts with a connected 3D space is a promising
strategy, since the homogeneous discharged products can be
decomposed easily during the charge process without clogging
the cathode surface.

Exploring other metal-CO, batteries. As reported by Archer
et al,B3 when Mg and Al were tested as anode materials at
room temperature, metal-CO, batteries only showed low dis-
charge capacity with commensurate discharge potentials. Nev-
ertheless, the authors indicated that those values can be made
substantially larger by using a combination of higher operating
temperatures and cathode materials with larger surface area.
Further studies should be completed on Mg and Al-CO, bat-
teries, because these metal anodes are advantageous for their
greater earth-abundance and better safety. Even primary bat-
teries are favorable.

In summary, rechargeable room-temperature metal-CO, bat-
teries offer an alternative approach towards clean recycling and
utilization of CO,, as advanced electrochemical energy storage
devices. We believe that, with continued and extensive efforts
to developing effective catalysts and innovative cathode struc-
tures, the electrochemical performances of rechargeable metal—
CO, batteries will be significantly improved. Considering the
potential engineering advantage of CO, on-board storage, we
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are confident that rechargeable metal-CO, batteries will play an
important role in energy storage systems in the future.
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