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Carbon microspheres air electrode for
rechargeable Li-O, battery
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The carbon microspheres (CMs) are synthesized by reflux-calcinations
method showing large BET surface of 626.919 m? g'l, typical micropore
structure and good electrochemical properties. The CMs which are
employed as an air cathode without the addition of any metal particles not
only provide reaction sites but also act as cathode carbon support in the
non-aqueous system of the Li-O, batteries. An initial discharge capacity of
12081.0 mAh g'1 could be obtained at 200mA g'l. Little capacity loss is
shown after 20 full discharge / charge cycles under a current density of 300
mA g'l. 60 cycles of continuous discharge and charge are achieved with no
capacity loss with a cut-off capacity of 1000 mAh g'l, at 200 mA g'l. The
reversible formation is clearly revealed by CV curves.

1. Introduction

Rechargeable Li-O, batteries, due to their substantially higher
energy density than conventional lithium-ion batteries, have a
big potential for the application of future electrochemical power
sources [1-4]. But so far, the Li-O, batteries have not been put
into application in our daily life because many factors influence
the Li-O, batteries’ practical realization, including the poor
cycling stability, the poor rate capability, the short calendar life
and the low round-trip efficiency [5].

To solve the above problems, various approaches have been
developed to address these problems, including the use of a
stable electrode, trace amounts of electrolyte additives [6-8],
redox mediators in electrolytes and oxygen electrodes with
optimized microstructures [9,10]. Among them, the cathode
material is the most important one. As a vital area, where Li-O,
heterogeneous reactions happen and the discharge products are
hosted, the polarization of the cathode catalyst could be a big
obstacle to the electrochemical characteristics of Li-O, batteries
[11-14]. The key charge / discharge reaction take place at the
cathode electrode is 2Li"+2e+0,<Li,0, (E=2.96 V) [15-17].
Li,0,, the discharged product, is insoluble and it will be stored
in the pores of the cathodes [18]. A cathode material with
enough micropores to store the insoluble Li,O, as well as good
activity on the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER) is suitable for being used as
cathode material of the Li-O, batteries [16]. Until now, various
carbon materials have been widely studied for those advantages
[11,20], such as carbon nanotubes (CNTs), super P, carbon
nanofiber, graphene, ketjen black and carbon nanoballs (CNBs)
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[12, 21-24]. Aiming to achieve promising electrochemical
performance, many researchers have been investigating to
combine transition metal oxides (MnxOy and perovskites) with
those carbon materials for applications to Li-O, batteries.
However, those conventional carbon composites have suffered
from multiple drawbacks, such as complex synthesizing process,
high cost as well as capacity fading on cycling which result
from load shedding during charging and discharging process.
Today, extensive studies have been conducted in search for
non-precious-metal materials. A particularly promising example
was the development of the naostructured multihole metal-free
carbon catalysts with analogous functions and comparable
reactivity to those of conventional noble metals [25].

In this paper, the as-prepared carbon microspheres (CMs)
are reported as the air cathode in the non-aqueous electrolyte of
lithium  bis-tri-fluoromethanesulfonyl imide (LiTFSI) in
tetracthylene glycol dimethyl ether (TEGDME) system. The
battery with the CMs based cathode can sustain 60 stable cycles
with a cut off capacity of 1000 mAh g™ at the current density of
200 mA g'. Excellent electrochemical properties are shown
according to the electrochemical measurements of cyclic
(CV) electrochemical

voltammograms and

spectroscopy (EIS)

impedance

2. Experimental

2.1 Preparation of catalyst

The CMs were synthesized by the follows: (1) 5 wt% sucrose in
6 M H,SO, solution was stirred and heated to reflux for 10 h,
followed by being filtered and washed with deionized water
and ethanol, then dried to obtain the precursor of CMs; (2) the
precursor was calcined at 1000 °C for 2 h in muffle furnace and
cooled to room temperature in nitrogen atmosphere; (3) the
above samples were activated at 400 °C for 1 h in air to get the
CMs.

2.2 Physical Characterizations of the cathode material

The morphology of the as-synthesized CMs was observed using
transmission electron microscopy (TEM, Tecnai G2 F20) and
scanning electron microscope (SEM, S4800). And the specific
surface area of the materials was calculated using the
Brunauere-Emmette-Teller (BET).

2.3 Preparation of electrode and Li-O, cell assembling

configuration

The electrochemical behaviors were measured in Swagelok
cells with a 1.0 cm? hole placed on the cathode which enabled
the oxygen flow in. The prepared CMs were mixed with AB
(acetylene black) as a conductive agent and polyvinylidene
fluoride (PVDF) as a binder in N-methyl-2-pyrrolidone with a
mass ratio of 70:10:20 wt% to form homogeneous slurry. With
a mass loading of 1.24+0.05mg cm™, the cathode mixture was
brushed onto a carbon paper (purchased from Shanghai Hesen,
0.3 mm thickness), followed by being dried at 120 °C under
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vacuum oven for 12h. Li foil was used as the anode and
separated by poly (-tetrafluoro-ethylene) (PTFE) membrance. 1
M lithium bis-tri-fluoromethane-sulfonyl imide (LiTFSI) in
tetracthylene glycol dimethyl ether (TEGDME) was used as the
electrolyte. The cells were assembled in a glove box filled
with  high-purity argon (O, and H,O < 1 ppm) and were

recorded by a battery testing system (LAND CT-2001A system).

Cyclic voltammetry (CV) curves are collected using Zahner
Ennium electrochemical workstation.

Fig. 1. TEM imagines (a) (b) and SEM imagines (c) (d) of the CMs
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Fig. 2. N, adsorption-desorption isotherms curves and pore size of the CMs.

3. Results and discussion

3.1 Structure of the CMs

From the images of the TEM and SEM in Fig. la, Fig. 1c and d,
we can see that the as-prepared CMs almost own the same
diameter of 400 nm with a smooth edge. What’s more, the
high-magnification TEM image in Fig. 1b shows that the CMs
are full of nanosized pores. Further, the N, adsorption /
desorption isotherms reveal that the pore-size distribution is
centered at 0-5 nm while relatively lower proportion peaks are
centered at 9 nm, as observed in Fig. 2b. Moreover, the BET
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surface area for the CMs is as high as 626.919 m*> g”'. The CMs
with high surface area and nanosized pores in the mesoporous
structure not only significantly allows efficient oxygen
diffusion but also enhances the electrode / electrolyte contact
area [26]. That is what important for being used as cathode
material of the Li-O, battery.

3.2 Electrochemical characteristics of the Li-O, cells

The discharge—charge measurement was performed in the
voltage range of 2.0—4.5V (vs. Li/Li"). Both the applied current
(mA g ') and achieved capacity (mAh g ') were normalized to
the weight of CMs. Figure 3a shows the first six full discharge-
charge curves of the battery with CMs at 200mA g™'. Obviously,
the battery with CMs delivered an initial discharge capacity of
12081.0 mAh g and the discharge voltage is 2.65V. Even after
six cycles, the battery can even show a discharge capacity of
5406.9 mAh g', exhibiting huge energy potential. As the
current density even increased to 300mA g’ in Fig. 3b, the
discharge platform showed almost no change compared with
that at 100mA g™'. It’s worthy to note that the Li-O, battery can
cycle up to 20 full discharge-charge cycles with less capacity
loss at 300mA g”'. As we known, pure carbon materials which
could show such a stable full discharge-charge capacity have
rarely been reported because of the accumulation of the
discharge product and the instability of the electrolyte [24]. For
comparison and rule out other factors in the system, we
contrasted a Li-O, battery using pure AB as well as PVDF with
mass ratio of 9:1 and determined its full discharge-charge
curves. The capacity decay became obvious after the tenth
cycle, as shown in Fig. 3c. We therefore conclude that the
presence of the CMs can improve the capacity and cycle
stability greatly. This could be attributed to the pores as well as
big surface area of the CMs which can testify for storing the
discharge product and enhance the reversibility of the Li-O,
battery.

To further investigate the cyclability of the CMs based
cathode, cycle performance is tested at restricted discharge-
charge depth at the current density of 200 mA g'. Fig. 3d
presents cycling curves, maintaining the capacity at 1000 mAh
g for both charging and discharging. The cells showed good
performance over 60 cycles with stable discharge—charge
voltage platforms and the corresponding profiles are depicted in
Figure 3d. The CMs showed stable discharge platform at 2.60 V
and low-charge voltage at 4.2 V in the first cycle. Obviously,
during the initial 30 cycles, the discharge and charge platforms
maintained very stable with low overpotential, indicating the
excellent electrochemical activity of Li-O, batteries with CMs
air cathode catalysts, and in the following cycles the charge
potential gradually increased and reached above 4.5 V at the
finishing point of the 60th charge.

The charge / discharge performance is accompanied by the
accumulation and decomposition of the Li,O, [29]. To further
explore and gain insight into discharge and charge process, we
use SEM and XRD to analyze the product during the first cycle.
After discharge to 2.0V at 300 mA g, as shown in Fig. 4b,
many small particles aggregated on the surface of the spheres,
which are considered to be Li,O, precipitate. When the cell was
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recharged to 4.5V, a relatively clean cathode was observed in
Fig. 4c, and almost recovered to the pristine morphology which
is shown in Fig.4a. This can be further proved by XRD patterns
in Fig.4d. The peaks of Li,O, could be clearly observed in the
discharge electrode. After the subsequent charge process, the
Li,0, characteristic peaks nearly disappeared, indicating good
reversibility of the battery.
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Fig.3. First six full charge-discharge curves of Li-O, battery with CMs cathode at 200mA
g (a), the first 20 charge-discharge curves at 300mA g™ with CMs cathode (b) and
pure AB (insert: capacity vs cycle number graph) (c). The cycle curves at restrict charge-
discharge depth of 1000 mAh g”, at 200 mA g™ (d).

TS

Fig. 4. SEM images of the pristine cathode (a), the discharged (b) and the recharged
(c) cathode during the first cycle. XRD patters for pristine cathode, the discharge and
recharged cathode during the first cycle (insert: a zoom in the diffractogram from 30—
60°) (d).

In order to understand the catalytic activity of the
electrodes, the cyclic voltammetry (CV) curves of the battery
were tested in the voltage range of 2.4-4.8 V at a scan rate of
0.1 mV s, which was shown in Fig. 5a. Compared with the
electrode with pure AB, the cathode with CMs exhibited more
apparent ORR and OER peaks and higher peak current, which
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indicates higher catalytic activity for Li-O, batteries. Obviously,
for CMs cathode, tow anodic peaks and two cathodic peaks
were detected here, signifying the existence of the two
electrochemical events. In the second cycle, the cathodic peak
in lower potential at 3.37V was decreased being explained by
the reduction of the electronic conductivity of air electrolyte,
which might attribute to the incomplete decomposition of the
reduction Li,O, particles in the previous cycle [21]. In the Li"
conducting electrolyte, the reduction of O, molecules proceeds
from O, (LiO,) to O,* (Li,O,) and to O* (Li,O) [28]. The
undecomposed or survived LiO, could further react with Li"
and e to generate Li,O, [13, 28]. The peak at 3.37V could be
ascribed to the further reduction of LiO, to Li,O, and the Li,O,
was readily reduced to Li,O which formed the higher potential
peaks at 3.62V. Notably, during the oxidation scan, the obvious
oxidation peaks were well correspond with the reduction ones,
which is the evidence for the good reversibility of the CMs

catalyst.
Llectrochemical impedance spectroscopy (EIS)
measurements were carried out to compare the electrochemical
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lJUllUllllallbU Ul uiv \./lVlD caumodac Wllll purc F\L) O1ics. l 15 JU
and Fig. 5c show the electrochemical impedance spectra of the
CMs cathode and the bare AB ones at 298K. The impedance
spectra are both composed of a semicircle corresponding to the
contact resistance and charge transfer resistance, as well as a
slope related to the mass diffusion within the air cathode. Fig.
4d shows the cquivalent circuit of the two clectrodes, where Ry,
R,, R;, CPE2, CPE3 are denoted as solution resistance, SEI

4o donuhla 1as
2

nce or cavacitanc
ance, GouoiC 1ay<r

capacitance,
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and diffusion capacitance. A constant phase element (CPE)
replaces the capacitor element reasonably [26, 30]. A CPE is
usually defined as {Y (jw)}"'. A nonlinear, least-square fitting
calculation is performed using the equivalent circuit. For CMs
electrode, the R; and CPE2 value (T) are 0.1297 Q-g, 1.582 F/g
and bare AB electrode are 0.2598 Q-g, 0.04214 F/g. The R; of
the CMs electrode is lower than that of the AB ones,
demonstrating that the polarizability of the CMs is lower. The
value of CPE2 value is related to the true reaction areas of the
electrode [26,30], so the CMs have larger reaction areas than
AB. Therefore, it is concluded that the enhanced charge—
discharge behaviour of CMs catalysts can be explained by the
lower cell reaction resistance and the larger reaction areas.
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Fig. 5. CV curves of the battery with CMs cathode and pure AB cathode at the scan rate
of 0.1mVs™ (a), Nyquist impedance plots of the CMs (b) and pure AB (c) based battery
after the initial discharge process and the corresponding equivalent circuit of the two
electrode (d).

4. Conclusions

In summary, CMs which are synthesized by reflux-calcinations
method have been studied for being used as air cathode in the
non-aqucous Li-O, battery. The CMs have dclivcrcd a high
1n1t1al discharge capacity of 12081.0 mAh g~

sity of 200 mA ¢!
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depth of 1000 mAh g at 200 mA g'. Even at 300mA g, little
capacity loss has been shown after 20 full charge-discharge
cycles. The battery with CMs shows enhanced electrochemical
behaviour than with pure AB during cycling. Good reversibility
and mechanism for the CMs based battery have been exactly
given by the CV curves.
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