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Abstract
A series of Co3O4/Ketjen Black cathodes are fabricated by electrostatic spray
deposition technique for Li-O2 batteries. A sluggish kinetics of oxygen reduction

IP
T

reaction and oxygen evolution reaction processes is noted either when Co3O4 is lacked
or Ketjen Black is insufficient, which leads to much higher overpotentials between

CR

charge and discharge profiles. By contrast, with the optimal design in terms of electric
conduction and catalytic activity, the Co3O4/Ketjen Black (80 wt%) composite

M
AN
US

achieves enhanced electrochemical performance with an initial discharge capacity of
2044 mAh g-1 and maintaining 33 cycles at a fixed capacity of 500 mAh g-1. The
electrochemical characterization indicates that the improved Li-O2 battery
performance may benefit from the highest oxygen reduction reaction and oxygen

D

evolution reaction activity under this electro-chemically optimized composite. This

TE

work may shed light on the design principle of future cathode materials for Li-O2

EP

batteries.

AC
C

Keywords: lithium-oxygen battery; cobalt oxide; electrostatic spray deposition;
electrical conductivity; catalytic activity.
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1. Introduction
Rechargeable lithium-oxygen (Li-O2) battery has been considered as a promising

IP
T

alternative to lithium-ion battery (LIB) in the application fields of vehicle
electrification and large-scale energy storage, owing to its higher (~3 to 5 times)

CR

practical gravimetric energy density [1-3]. However, the proposed replacement by
Li-O2 batteries still faces several technical challenges such as large voltage hysteresis,

M
AN
US

low round-trip efficiency and short cycle life [4-6]. Intensive research efforts towards
better understanding of oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) mechanisms, and the design principles of highly efficient ORR &
OER catalysts are critical in improving battery performance [7-10]. Different from the

D

intercalation mechanism in LIBs, Li-O2 batteries are based on an electrocatalytic

TE

mechanism for both ORR and OER processes, where “electro” emphasizes the
essentially smooth transportation for electrons, and “catalytic” indicates the necessity

EP

of catalysts with intrinsically high activity. A well-known discharge reaction in a

AC
C

stable Li-O2 battery is the formation of lithium peroxide on the surface of cathode
where oxygen reacts with lithium ions and electrons, 2Li++O2+2e-→Li2O2 [11-14].
Both the electric conductivity and catalytic activity play important roles to avoid
sluggish kinetics of in ORR process. The OER process follows the same rule as well.
It is necessary to investigate the relationship between catalytic activity and electric
conduction in the electrocatalytic processes. Two primary kinds of cathode catalysts
have been proposed in the previous research on Li-O2 batteries: noble metals and
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transition metal oxides. Noble metals (such as nanoporous Au[15], PtAu
nanoparticles[16], Ru nanocrystals[17]) are not ideal in this study not only because of
the impractical cost but also their sufficient conductivity. Transition metal oxides

IP
T

especially Co3O4, however, has attracted considerable interests as a promising catalyst
for its low cost and outstanding catalytic activity [18-22]. Bruce et al. reported a

CR

series of oxide catalysts for non-aqueous Li-O2 cells. Among the oxide catalysts
studied by far, Co3O4 gives the best compromise between initial capacity and capacity

M
AN
US

retention as well as the lowest charging voltage of 4.0 V [23]. Since Co3O4 is poor in
electronic conduction, so the typical strategy was to be mixed with porous carbon
materials for catalytic reaction [20, 24-26]. Ketjen Black (KB) is one of the most
favorable conductive agents among carbon black in Li-O2 batteries for its low cost,

D

superior specific surface area and ultrahigh electric conductivity. In this work, we

TE

propose a prototype cathode of Co3O4/KB composites, in which Co3O4 behaves
mainly as a pure catalyst while KB plays as conductive agent, to study the

EP

relationship of catalytic function and electric conduction for the optimized

AC
C

electrocatalytic effect in Li-O2 batteries.
Co3O4/KB composites were fabricated in one-pot by a facile electrostatic spray
deposition (ESD) technique. We optimized the performance of the composites through
adjusting electric conductivity and catalytic activity with different weight ratios of
Co3O4 to KB. Benefitted from the lowest electrochemical impedance and adequate
catalytic activity, the Co3O4/KB(80%) electrode exhibits the highest Li-O2 battery
performance, exhibiting the lowest overpotential of less than 1.0 V at 100 mA g-1, and
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the most stable cyclability of 33 cycles with the limitation of the capacity to 500 mA h
g-1.

2. Experimental

IP
T

2.1.Synthesis of the Co3O4/KB cathodes
Co3O4/KB porous films were directly deposited on foam Ni by ESD technique. The

CR

Co(acac)2 precursor was pre-dissolved in 1,2-propylene glycol (0.01 mol L-1).
Different weight of KB was further added into the prepared Co(acac)2 solution under

M
AN
US

continuous stirring. The liquid feedstock was pumped at a feeding rate of 2 ml h-1 into
a stainless steel nozzle (inner diameter, 0.8 mm) followed by electrostatic atomization
(~12 kV, DC voltage) and a subsequent deposition on a heated substrate. The distance
between the nozzle and the substrate was fixed at 4 cm, whereas the substrate

D

temperature was kept at 230 oC. As for fabricating pure KB cathode, a mixture slurry

TE

with a weight percentage of 90% KB and 10% PTFE binder was prepared and then
coated onto the Ni-foam substrate, followed by a drying process in a vacuum oven at

EP

80 oC for 12h. The mass loading of O2 electrodes was measured using a microbalance

AC
C

with an accuracy of 0.002mg (Sartorius CPA26P, Germany) before and after
deposition. A series of cathodes of pure Co3O4, Co3O4/KB (20%), Co3O4/KB (60%)
and Co3O4/KB (80%) were prepared. The percentage in bracket after KB means the
weight ratio of KB in this composite.
2.2. Li-O2 cell assembly
Li-O2 coin cells were assembled in an argon-filled glove box to ensure an isolating
atmosphere with both the moisture and oxygen concentration less than 1 ppm. The
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positive top cover of type 2025 coin cell was pre-machined by drilling 7 evenly
distributed 1.5 mm diameter holes to enable oxygen flow. Lithium foil was used as
both counter and reference electrode, and a glass fiber separator (Whatman GF/D

IP
T

microfiber filter paper, 2.7 um pore size) was used to absorb enough electrolytes to
prevent electrolyte evaporation in an open environment. The electrolyte consisted of 1

CR

M LiTFSi (>98%, Alfa) in triethylene glycol dimethyl ether (TEGDME, >99%,
Sigma-Aldrich). The as-prepared air cathode was dried at 110 oC in a vacuum oven

M
AN
US

for 12 h. After the assembly, the cells were transferred to a sealed glass box filled with
1 atm high-purity oxygen. All the specific capacities of Li-O2 battery were calculated
based on the mass of total cathode materials.
2.3. Sample characterization

D

X-ray Diffraction tests were conducted on Shimadzu XRD-6000 with Ni-filtered

TE

Cu Kα radiation (λ=1.5406 Å) at a voltage of 40 kV and a current of 40 mA. FESEM
images were acquired at Hitachi S-4800 microscope operated at 5 kV. XPS

EP

measurements were performed on Escalab250 X-ray photoelectron spectrometer with

AC
C

a standard Al Kα source (1486.6 eV). The charge/discharge tests were performed on a
multichannel battery tester (NEWWARE, BST-610). Cyclic voltammetry (CV) tests
were conducted on a CHI660C electrochemistry workstation between 2.0 and 4.3 V
(vs Li/Li+) at a scan rate of 0.5 mV s-1.

3. Results and discussion
We firstly observe the morphologies of the obtained samples, as shown in Fig. 1a,
the as-deposited pure Co3O4 presents an interconnected network structure with many
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bowl-like particles embedded with size distribution of 100-200 nm. For the
composites with 20% of KB, there shows a trend of aggregation into carbon clusters
(Fig. 1b), the bowl-like Co3O4 particles on the surface of clusters could be still seen

IP
T

from the enlarged SEM image in the inset of Fig. 1b. When the KB concentration
further increases, we observed that the KB nanoparticles may fill in the bowls of

CR

Co3O4 to generate a slightly denser morphology as shown in Fig. 1c (60% KB) and
Fig. 1d (80% KB). The pure KB cathode exhibits a similar loose feature (Fig. 1e)

M
AN
US

which insures all cathode materials are mainly different in the percentage of KB while
excluding the influence of morphology. In the meantime, as a whole Co3O4 and KB
are homogeneously mixed for different samples as the EDS maps of C and Co
demonstrate (Fig. 2). The rough sketch of the EDS maps of C match well with the

D

carbon clusters from the original SEM images, while the EDS maps of Co seems

TE

more uniform in whole view, which means Co3O4 are more uniformly distributed.
XRD pattern (Fig. 3a) of the as-prepared Co3O4 film clearly reveals the presence of

EP

crystalline Co3O4 phase of cubic system (JCPDS No: 43-1003). The Co3O4/KB (80%)

AC
C

film shows no crystalline peaks of Co3O4 except the sharp peaks of foam Ni and a
broad peak around 20-25o attributed to KB, which may be resulted from the small
amount of Co3O4 wrapped by KB clusters (Fig. 3b). XPS spectrum of Co3O4/KB
(80%) was conducted to confirm the existence of Co3O4 in the composite. The high
resolution XPS spectrum of Co 2p of the sample is shown in Fig. 3c. After fitted with
Gaussian-Lorentzian (GL) functions, two separated peaks appear at 779.93 eV and
781.73 eV corresponding to Co3+ and Co2+ at the position of Co 2p3/2, while two
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separated peaks appear at 795.13 eV and 797.15 eV corresponding to Co3+ and Co2+ at
the position of Co 2p1/2. Besides, both peaks for Co 2p3/2 and 2p1/2 are clearly
accompanied by satellite structures on their higher binging energy side. All the results

IP
T

indicate the coexistence of Co2+ and Co3+, which suggests the formation of Co3O4 in
the as-deposited Co3O4/KB (80%).

CR

We next evaluate the electrocatalytic effect of the Co3O4/KB on the electrochemical
properties of a Li-O2 cell. The O2 electrodes were prepared and tested in the range of

M
AN
US

2.0-4.3 V at a current density of 100 mA g-1. The charge/discharge profiles of the
electrodes with different percentage of KB at the first, second and third cycles are
compared in Fig. 4. The Co3O4/KB (80%) electrode achieves the highest initial
capacity of 2044 mA h g-1, while Co3O4/KB (20%), Co3O4/KB (60%) and pure KB

D

electrodes behave lower performances as 243mAh g-1, 1243 mAh g-1 and 1729 mAh

TE

g-1, respectively. After the first cycle, Co3O4/KB (20%) and Co3O4/KB (60%) keep a
relatively stable performance but lower capacity, due to insufficient electric

EP

conductivity. The reversible discharge/charge capacity of Co3O4/KB (80%) remains

AC
C

almost the same as 2300 mAh g-1, which is even a little higher than the initial
discharge capacity after an activation process. Therefore, it could be concluded that
the good electric conductivity of KB promotes the overall electrocatalytic
performance of Co3O4 cathodes. We also noted that the discharge/charge capacity of
pure KB cathode largely decreases to 1321 mAh g-1 at the third cycle, which reveals
the deficiency of catalytic activity of pure KB cathodes. In this way, KB with limited
catalytic activity mainly acts as conductive agent and Co3O4 catalyst plays an
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important role in cycling stability of Li-O2 cell. The enhanced electrocatalytic activity
of Co3O4/KB (80%) cathode could be confirmed from the lowest average
overpotential of less than 1.0 V between charge and discharge plateau (Fig. 4e), where

IP
T

the OER potential is largely decreased. The results are comparable to the reported
noble metal based catalyst [27, 28]. The improved performance of Co3O4/KB (80%)

CR

with better cycling stability and smaller overpotential could be a consequence of a
compromise between electric conductivity and catalytic activity.

M
AN
US

Fig. 5a shows the cycling performance for the composites which were tested under
a fixed cut-off capacity of 500 mAh g-1 at a current density of 100 mA g-1. The
Co3O4/KB (80%) performs the best cycle stability over 33 cycles, better than
Co3O4/KB (60%) sustaining 24 cycles and KB keeping only 17 cycles. The result of

D

Co3O4/KB (80%) is competitive among various transition metal oxide-based catalysts.

TE

Kang et al. reported TiO2 nanofibers catalysts which facilitate reversible reactions
over 10 cycles under limited capacity conditions (1000 mAh g-1carbon)[29].

EP

Hierarchical mesoporous γ-Fe2O3/carbon nanocomposites reported by Chen et al.

AC
C

show good cycle performance over 30 cycles with stable reversible capacities of 600
mAh g-1[30]. The capacity retention of nanoporous NiO Plates sustains over 70 cycles
demonstrated under a limited capacity of 1000 mAhg-1CNT[31]. MnO2 catalysts, as one
of the most popular cathode catalysts as Co3O4, were recently reported to keep over
30 cycles remaining little difference with a limited depth of discharge (500
mAhg-1)[32]. The electrochemical performance in the present work is comparable
among all these reports. Meanwhile, Fig. 5b shows the corresponding initial discharge

10 / 22

ACCEPTED MANUSCRIPT
and charge voltage of cathodes with different content of KB calculated at 250 mA h
g-1. The results clearly indicate a sluggish kinetics of OER and ORR process either
when Co3O4 catalyst is lacked or when conductive agent of KB occupies too little,

IP
T

corresponding that Co3O4/KB (20%) and pure KB at both ends show a much higher
overpotential during charge and discharge processes.

CR

The enhanced electrocatalytic performance of Co3O4/KB (80%) could be further
evidenced by CV measurements in Fig. 6. Similar to the almost overlapped discharge

M
AN
US

voltage curves of all the cathodes in Fig. 4e, the initial reduction peak of Co3O4/KB
(80%) and KB cathode locates at around the same position, but sharper shape and
larger peak areas can be noted for Co3O4/KB (80%), which shows faster ORR kinetics
during first discharge of Co3O4/KB (80%) over KB cathode. A significantly higher

D

catalytic activity during OER for Co3O4/KB (80%) could be observed from the higher

TE

oxidation current following the discharge process. Interestingly, a three-stage behavior,
hinted from three distinct peaks in cathodic scan, is observed in the initial charging

EP

process. Yang et.al has proposed a reaction mechanism of Li-O2 battery to illuminate

AC
C

the recharge voltage profile presenting similar feature as our work. The hypothesize in
their report stated that the OER associated with the initial recharge sloping period is
attributed to a de-intercalation process via a solid-solution route from the outer part of
Li2O2 to form LiO2-like species on the surface (Li2O2 → LiO2 + Li+ + e-), where
LiO2-like species disproportionate to evolve O2 (LiO2 + LiO2→ Li2O2 + O2). The
OER process at the flat potential plateau can be attributed to the oxidation of bulk
Li2O2 particles, which generates Li+ ions and O2 (Li2O2 → 2Li+ + 2e- + O2) via a
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two-phase transition. Additionally, a rising charge plateau after the second stage has
been assigned to the decomposition of carbonate-type byproducts and electrolyte [33].
In our work the three-stage behavior during charge process with three peaks at 3.2 V,

IP
T

3.5 V and 4.1 V correspond to this reaction mechanism well. However, the pure KB
cathode only shows a broad peak around 4.0 V which may result from some side

CR

reactions. The following two cycles largely sustained without obvious decline of peak
area and increase of overpotential, which represent the best ORR and OER

M
AN
US

electrocatalytic activity occurred on the Co3O4/KB (80%) cathode.

Meanwhile, EIS analysis of Li-O2 cell was conducted to investigate the resistance
of these cathodes loaded with different concentration of conductive agent (Fig. 7).
The Co3O4/KB (80%) cathode shows the minimum charge transfer resistance (Rct)

D

before cycle test, after 1st discharge and 1st charge, predicted by a much smaller

TE

semi-circular at high/medium frequency. Meanwhile the diffusion of lithium ions
accelerate apparently in Li-O2 cell with the Co3O4/KB (80%) cathode, as its Z’- Z’’

EP

curve is much steeper at low frequency, which shows a capacitor-like behavior. This

AC
C

rare phenomenon in lithium air batteries has not been reported before. More work is
ongoing to elucidate this phenomenon. All fitted EIS data with equivalent circuit are
listed in Table 1, all cathode materials present an amplified Rct after insulate Li2O2
generated on the surface of cathode materials. However, Co3O4/KB (80%) cathode
shows the slightest increase of Rct which also indicates the best combination of
electric conductivity and catalytic ability. In the following charge process, the Rct of
Co3O4/KB (80%) cathode decrease from 75 ohm to 59 ohm after discharge products
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are removed from the surface, implying a high OER catalytic activity achieved under
this optimized ratio of KB to Co3O4.

4. Conclusion

IP
T

We optimized composite ratio of Li-O2 catalyst to conductive agent to achieve the
compromise of electric conductivity and catalytic activity. The Co3O4/KB (80%)

CR

cathode shows an enhanced Li-O2 performance with the highest initial discharge
specific capacity of 2044 mAh g-1 under a current density of 100 mA g-1, the lowest

M
AN
US

over-potential of less than 1.0 V, and the most stable cyclability. When setting the
maximum capacity to 500 mA h g-1, the Co3O4/KB (80%) cathode keeps 33 cycles
under a low overpotential. The high intrinsic electrocatalytic activity and fast kinetics
of ORR and OER process within electrocatalyst Co3O4/KB (80%) are confirmed by
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Fig. 1 SEM images of as-deposited electrodes, a) pure Co3O4, b) Co3O4/KB (20%), c)
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Co3O4/KB (60%), d) Co3O4/KB (80%), e) pure KB.
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Fig. 2 EDS mapping of the element Co and C of the as-deposited electrodes of
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Co3O4/KB (20%), Co3O4/KB (60%) and Co3O4/KB (80%).
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Fig. 3 XRD patterns of a) pure Co3O4, b) Co3O4/KB (80%) electrode.c) XPS
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spectrum of the element Co in Co3O4/KB (80%) electrode.
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Fig. 4 Charge and discharge profiles of a) Co3O4/KB (20%), b) Co3O4/KB (60%), c)
Co3O4/KB (80%), d) pure KB electrodes. e) Direct comparison between initial
charge-discharge voltage curves of these electrodes. All the cells are operated under
the current density of 100 mA g-1 from 2.0-4.3 V.
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Fig. 5 a) Cycle performance of cathodes with different content of KB with curtailing
the capacity to 500 mAh g-1 under the current density of 100 mA g-1, b) the
corresponding charge and discharge voltage measured at half the capacity in left
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Fig. 6 CV curve results of initial 3 cycles of a) Co3O4/KB(80%), b) KB electrodes at
a constant scan rate at 0.5mV s-1 from 2.0-4.3 V.

21 / 22

M
AN
US

CR

IP
T

ACCEPTED MANUSCRIPT

Fig. 7 EIS analysis of Co3O4/KB (20%), Co3O4/KB (60%), Co3O4/KB (80%) and pure

D

KB electrodes of Li-O2 cell, a) before cycle test, b) after 1st discharge, c) after 1st
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charge.
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Table 1 The best fit values of EIS data with equivalent circuit of electrodes in Fig. 7.

Before cycle

After 1st discharge

After 1st charge

Co3O4/KB (20%)

160

497

87

Co3O4/KB (60%)

179

166

308

Co3O4/KB (80%)

53

75

KB

387

790
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Rct (ohm)

59

398
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Highlights:
A series of Co3O4/KB composites cathodes in lithium oxygen batteries were
prepared.
Co3O4/KB (80%) shows largest capacity, lowest overpotential and best stability.
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The relationship of electrical conductivity and catalytic activity is studied.

