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Broader context

The successful development of a Li air battery has been greatly anticipated
due to its highest theoretical energy density among all electrochemical
energy storage devices. Many challenges are still remaining. One of the
technical barriers is the formation of stable Li2CO3 partially due to the
A Li/CO2–O2 (2 : 1, volume ratio) battery and a Li/CO2 battery with

discharging specific capacities of 1808 mA h g�1 and 1032 mA h g�1,

respectively, are reported. Li2CO3 is the main discharge product in the

Li/CO2–O2 (2 : 1) battery and can be decomposed during charging. In

the Li/CO2 battery, the main discharge products could be Li2CO3 and

carbon. Both batteries can be cycled reversibly at room temperature.

existence of CO2 in the air. Consequently, the main research activities are
focusing on Li/O2 batteries without CO2. In addition, CO2 capture and
utilization are also essential topics. Here we report that it is possible to
develop rechargeable Li/CO2–O2 (2 : 1, volume ratio) batteries and even Li/
CO2 batteries.
1 Introduction

Rechargeable nonaqueous lithium–air batteries have attracted
wide attention due to their very high theoretical energy
density.1–3 It is still a challenge to operate the batteries in air due
to the inuence of moisture and carbon dioxide.2,4,5 It has been
demonstrated that there would be Li2CO3 in the discharge
products when the reactive gas contains CO2, and Li2CO3 is
difficult to be decomposed during charging.6 Therefore, most
reported lithium air batteries are investigated under high pure
oxygen with CO2 less than 5 ppm. In 2011, K. Takechi et al.
reported a Li/CO2–O2 (from 0 to 100% volume CO2) battery,
which didn't show a reversible charge capacity with a cut-off
voltage of 4.5 V even in the rst cycle.6 B. D. McCloskey et al.
reported a Li/O2 battery with CO2 as a contamination gas (10%
volume). This battery employed LiTFSI–DME as electrolyte and
a sloped charging voltage prole up to 4.8 V was reported only in
the rst cycle.5 A reversible Li/CO2–O2 (1 : 1, volume ratio)
battery with DME based and DMSO based electrolytes was
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reported by H. Kim and K. Kang very recently.7 They pointed out
that Li2CO3 was the main discharge product in this battery and
can form reversibly. We have also reported that Li2CO3 can be
decomposed aer mixing with NiO as catalyst.8 Accordingly, we
believe that the formed Li2CO3 can be decomposed under
suitable conditions. Therefore, it is plausible that a recharge-
able Li/CO2 battery could be developed. According to thermo-
dynamic calculations, the specic energy density of Li/CO2

batteries is almost three fourths of a Li/O2 battery.9 It also can be
calculated that the theoretical voltage is about 2.8 V based on
the equation: 4Li + 3CO2 / 2Li2CO3 + C. Li/CO2 batteries could
be attractive especially when CO2 is enriched in the atmosphere.
Previously, Archer et al. reported a primary Li/CO2 battery which
cannot be recharged and only discharges at high temperature.10

In this communication, we demonstrate that a Li/CO2–O2 (2 : 1,
volume ratio) battery and a Li/CO2 battery can operate reversibly
at room temperature when lithium triate (LiCF3SO3)–TEGDME
is used as the electrolyte.
2 Experimental section

High pure anhydrous LiCF3SO3 ($99.995%, Sigma Aldrich Co.)
was used as received. TEGDME ($99%, Sigma Aldrich Co.) was
purchased and dehydrated with 0.3 nm molecular sieves
(Metrohm Ltd., Switzerland). Then, LiCF3SO3 was dissolved in
TEGDME in a molar ratio of 1 : 4 to form the electrolyte. The
cathode composition was Ketjen Black (KB) and PTFE
Energy Environ. Sci., 2014, 7, 677–681 | 677
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(Polytetrauroethylene preparation, 60% dispersion in H2O,
Sigma Aldrich Co.) at a weight ratio of 90 : 10. Then the cathode
mixture was rolled onto the stainless steel mesh (80 meshes)
and dried at 110 �C under vacuum for 8 h. Glass ber (What-
man) was used as the separator. All the manipulations sensitive
to moisture were performed in an argon atmosphere glove box
(MBraun, H2O and O2 < 0.1 ppm).

Aer assembly, the battery was put into a glass container and
piped into the reactant gas (CO2–O2 ¼ 2 : 1 in volume ratio or
pure CO2). Charge–discharge tests were carried out on a Land
Battery Testing System and performed via a galvanostatic
method. Before the measurements of the next step, the battery
was disassembled and the cathode electrode was washed by 1,2-
dimethoxyethane ($99%, Alfa Aesar).

X-ray diffraction (XRD) was performed on a Bruker D8 Advance
X-ray Diffractometer using Cu Ka1 radiation (l¼ 1.5405 Å). In the
XRDmeasurement, the cathode electrode was coated by a Kapton
lm to avoid exposing to air. Fourier transform infrared (FTIR)
spectra were collected from a Bruker Vertex 70v infrared spec-
troscopy. The FTIR spectrum was recorded in the range of 1850–
400 cm�1. The preparation of the sample was carried out in the
glove box before measurements. The morphologies of electrode
plates were observed by a Hitachi S-4800 scanning electron
microscope (SEM). The samples were sealed in a special vacuum
transfer box during sample transfer from the glove box to the SEM
chamber.
3 Results and discussion
3.1 Charge and discharge voltage proles

Charge and discharge voltage proles of the Li/O2 battery, Li/
CO2–O2 (2 : 1) battery and Li/CO2 battery at the same current
density (30 mA g�1, about 0.1 mA cm�2) using stainless steel
meshes as current collectors are shown in Fig. 1. The discharge
proles are similar for the three batteries. The Li/CO2–O2 (2 : 1)
battery shows the highest discharge voltage at 2.75 V vs. Li+/Li.
Fig. 1 The charge–discharge curves of Li/O2 battery (solid line), Li/
CO2–O2 (2 : 1 in volume ratio) battery (dash line) and Li/CO2 battery
(dot line). The cut-off voltage of discharge is 2.2 V. The current density
is 30 mA g�1. The cathode is KB and PTFE at a weight ratio of 90 : 10.

678 | Energy Environ. Sci., 2014, 7, 677–681
The voltage proles of the Li/CO2–O2 (2 : 1) battery and Li/CO2

battery during the rst charge is different to that of the Li/O2

battery. The latter shows a slope while the other two systems
show mainly a high voltage plateau above 4.0 V vs. Li+/Li,
implying higher polarization of the CO2-based batteries during
charging. Whether this difference is caused by thermodynamic
or kinetic factors needs future clarication. The reversible
discharge specic capacities are 2273 mA h g�1, 1808 mA h g�1

and 1032 mA h g�1, respectively based on the weight of Ketjen
Black. Different with the reports by Takechi and Archer et al.,6,10

both the Li/CO2–O2 (2 : 1) battery and Li/CO2 battery can be
recharged. It seems that the main difference in the electrolyte
plays a key role.

For comparison, the charge and discharge performance of a
battery with Ar as working gas were also tested. The result is
shown in Fig. S1 (ESI†). It can be seen that there was almost no
capacity in this battery. Besides, the electrolyte is stable up to
4.38 V in all the Ar, CO2, O2 and CO2–O2 (2 : 1) mixture atmo-
spheres, which were shown in the cyclic voltammetry in Fig. S2.†
Fig. 2 The XRD pattern of a pristine KB electrode, the first discharge,
first charge, fifth discharge and fifth charge state in (a) Li/CO2–O2

(2 : 1) battery and (b) Li/CO2 battery. The reference pattern for Li2CO3

is also shown.

This journal is © The Royal Society of Chemistry 2014
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Besides, the stability of the electrolyte upon oxygen reduction is
conducted by 7Li NMR (shown in Fig. S3†). It can be seen that the
electrolyte is relatively stable, at least in the rst cycle.
3.2 Charge and discharge products analysis

XRD analysis for the KB electrode at the complete discharge and
charge states has been performed. It can be seen in Fig. 2a that
Li2CO3 is the main discharge product in the Li/CO2–O2 (2 : 1)
battery aer the rst discharge. The patterns corresponding to
Li2CO3 disappear aer the rst charge, indicating a reversible
process. Aer the h discharge, Li2CO3 is still themain product.
However, it seems that the peaks of Li2CO3 do not disappear
completely aer the h charging. The mechanism of the lower
reversibility aer the h cycle needs further clarication. The
XRD patterns of the KB cathode in the Li/CO2 battery are shown
in Fig. 2b. The results are quite similar to the Li/CO2–O2 (2 : 1)
battery except for that Li2CO3 disappears completely aer the
h charging. No other phase can be identied in both cases. All
these results are supported by the element constituent analyses
which are shown in Table S1 and S2.†
Fig. 3 The FTIR spectra of pristine KB electrode, the first discharge,
first charge, fifth discharge and fifth charge state in (a) Li/CO2–O2

(2 : 1) battery and (b) Li/CO2 battery. The reference spectra for Li2CO3

are also shown.

This journal is © The Royal Society of Chemistry 2014
The FTIR spectra of the Li/CO2–O2 (2 : 1) battery and the Li/
CO2 battery at different discharge and charge states are shown
in Fig. 3a and b, respectively. In both cases, reversible formation
and decomposition of the Li2CO3 phase can be seen clearly from
the appearance and disappearance of the vibration modes
around 868 cm�1, 1431 cm�1 and 1505 cm�1. Other peaks
belong to LiCF3SO3 in the electrolyte (shown in Fig. S4†). They
are more apparent in the discharge state for the reason that the
surface of the discharged electrode is rougher and there will be
more lithium salts residue.

The top view SEM images of the cathode electrode plates in
the discharged and charged states in the rst and h cycle of
the Li/CO2–O2 (2 : 1) battery and the Li/CO2 battery are shown in
Fig. 4. It can be seen that the pristine electrode is composed of
agglomerated KB particles with size of 30–50 nm. At the
discharge states, mesh-like bre products covered the surface.
Comparing the Li/CO2–O2 (2 : 1) battery to the Li/CO2 battery,
the discharge product of the former seems looser than the later.
Compared to the literatures of Li–O2 batteries using KB as air
cathode,7,11 the products in the CO2 based battery do not form
particles but a layer on the surface of the cathode. It seems that
the morphology of the observed products is related to the
reaction with CO2.

In order to conrm the existence of carbon, porous gold was
used as a cathode in the Li/CO2 battery. The preparation of
porous gold followed the method in the literature.12 The
charge and discharge curves (shown in Fig. S5†) of the Li/CO2

battery with porous gold as cathode are similar to the battery
with KB as cathode. Then by surface enhanced Raman spec-
troscopy (shown in Fig. S6†) and electron energy loss spec-
troscopy (shown in Fig. S7†), amorphous carbon was observed.
It is not clear whether the reaction mechanism is the same in
Li/CO2 batteries with porous Au and KB as cathode respec-
tively. Thus, the results with porous gold as cathode are used
as reference.
Fig. 4 SEM images of (a) pristine KB electrode, (b) electrode plate in
the first discharge, (c) first charge, (d) fifth discharge and (e) fifth charge
state in the Li/CO2–O2 (2 : 1) battery. (f–i) correspond to the Li/CO2

battery.

Energy Environ. Sci., 2014, 7, 677–681 | 679
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Fig. 5 (a) Charge–discharge voltage profiles of the Li/CO2–O2 (2 : 1) battery with fixed capacity, (b) differential capacity curve and (c) voltage
hysteresis between the charging and discharging curves of the Li/CO2–O2 (2 : 1) battery. (d) Charge–discharge voltage profiles of the Li/CO2

battery with cut-off voltage of 2.2 V, (e) differential capacity curve and (f) voltage hysteresis between the charging and discharging curves of the
Li/CO2 battery. The current densities of both batteries are 30 mA g�1.
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3.3 Cycling performance

The voltage proles, dQ/dV proles and polarization voltage of
the Li/CO2–O2 (2 : 1) battery are shown in Fig. 5a–c, respec-
tively. The current rate and specic capacity of the battery are
set to 30 mA g�1 (about 0.1 mA cm�2) and 1000 mA h g�1,
respectively. In this measurement the capacity limit was
utilized for the reason that it is benecial to promote cycling
performance. It is known that the conductivity of Li2O2 is
low.13,14 J. M. Garcia-Lastra et al. pointed out that the charge
transport of Li2CO3 was even poorer than Li2O2.15 As a result, if
full discharge was conducted, the impedance of the battery
will become so large that it is difficult to decompose the
discharge products. It can be seen that the battery can operate
reversibly and the platform voltages in the charging process
are no higher than 4.3 V in the rst ve cycles. From these
gures it can be calculated that the round trip efficiency of the
Li/CO2–O2 (2 : 1) battery is about 66.7%. In addition, it also
can be observed that the over potential increases with the
cycling number growing, which may be related to the accu-
mulation of inactive Li2CO3.

The charge and discharge proles, differential capacities and
polarization voltage of the Li/CO2 battery are shown in Fig. 5d–f.
In Fig. 5d, the battery was discharged to 2.2 V and then recharged
to the same specic capacity and discharged under a current
density of 30 mA g�1. The same phenomenon as the Li/CO2–O2

(2 : 1) battery can be seen from these gures. Besides, the polar-
ization of the Li/CO2 battery is a little larger than the Li/CO2–O2

(2 : 1) battery and the round trip efficiency is a little lower (66.3%).
In any case, the Li–air battery based on high concentration

CO2 can operate over tens of cycles without any catalyst and
680 | Energy Environ. Sci., 2014, 7, 677–681
special cathode material. It is believed that the electrochemical
performances could be improved aer further comprehensive
optimization.
4 Conclusions

Our preliminary investigations indicate that the Li/CO2–O2

(2 : 1) battery and the Li/CO2 battery can discharge and
charge reversibly using LiCF3SO3 in TEGDME (1 : 4 in mole)
as the electrolyte. In both cases, Li2CO3 is the main product
and can be decomposed reversibly. The reaction products
show a network of bres covered on the surface. The round
trip efficiency is about 66.7% and 66.3%, respectively. The
reaction mechanism, thermodynamic and kinetic properties
are still not very clear, needing further investigation.
Although the performances of the Li/CO2–O2 (2 : 1) battery
and the Li/CO2 battery are far from applications, our new
ndings show the promising feature that greenhouse gas CO2

could be captured and utilized as a valuable energy storage
medium.
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