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ABSTRACT: The conductivity, microstructure, low cost, eco-friendliness, simple and controllable preparation are key points of the preparation
and application of cathode materials for lithium-oxygen batteries. Considering the above-mentioned important factors comprehensively, the
Co0304@CP electrode with a three-dimensional structure was prepared by directly growing Co3O4 on the surface of carbon paper (CP) using a
simple and controllable electrodeposition method. The obtained Co304 depositing layer has a nanosheet microstructure and can provide abundant
catalytic active sites for the oxygen evolution and reduction reactions. The network architecture of electronic transmission is constructed by CP in
the cathode, promoting the efficiency of the electrode reaction. It’s worth noting that the binder-free and conductive additive-free cathode is
beneficial to reduce side reactions. The lithium-oxygen battery assembled with the obtained Co3O4@CP electrode showed satisfactory
electrochemical performance. The cell assembled with the obtained Co3O04@CP electrode provided a discharge specific capacity of 10954.7
mA-h-g ! at a current density of 200 mA-g™', and the voltage profiles of the cell were good under 100 mA-g™! at a limited capacity of 500 mA-h
g ! based on the mass of Co304. Therefore, the Co304@CP composite material is a promising candidate with good application prospects as a
cathode material for lithium-oxygen batteries.
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1. Introduction

The capacity of state-of-the-art lithium-ion batteries cannot meet the rising demand for the capacity of energy storage
equipment [1,2]. In recent years, there has been a sense of urgency in developing next-generation batteries with higher energy
density. Among various types of batteries, the lithium-oxygen battery has attracted the most attention from researchers worldwide
due to its high theoretical energy density of more than 10,000 W-h-kg™!. This is comparable to the energy density of gasoline, which
is 13,000 W-h-kg ™' [3,4]. However, the lithium-oxygen battery system is still in its infancy stage, and many problems need to be
paid more attention to, such as how to effectively enhance the discharge capacity and energy efficiency of the rechargeable lithium-
oxygen battery system [5]. As an indispensable component of batteries, the microstructure and properties of the cathodes directly
affect the performance of the lithium-oxygen whole battery system. This includes the overpotential, discharge efficiency, cycle
stability, and so on [6]. In cathode, the electrochemical reaction of 2Li" + 2e™+ O, = Li02 (Ep = 2.96 V vs. Li/Li") continuously
occurs when the lithium-oxygen battery system works. The solid insulating discharge product (Li»O) can block the channels of
oxygen permeation in the electrode, causing slow reaction rate during charging, and resulting in a large charge overpotential for the
lithium-oxygen battery. Hence, designing a microstructure and components of the cathode, which is beneficial to alleviate the
negative effects from Li»O,, is all-important [7].
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In the process of fabricating traditional cathode of lithium-oxygen battery, binders and conductive additives are usually added
in the slurry. Whereas in most cases, binders and conductive additives will have a side reaction with the electrolyte, damaging the
catalytic efficiency of the cathode. Using an in-situ synthesis method to construct an original cathode without binders and conductive
additives facilitates interfacial electron transfer and enhances the speed of electrochemical reactions in the cathode by enabling
direct contact between catalysts and the substrate collector [8]. As is well-known, there are various methods to carry out in-situ
synthesis, including hydrothermal method, chemical deposition method, electrodeposition method, etc. Among these methods,
electrodeposition is preferred because it is easy to operate and can be implemented at room temperature.

Active catalysts in the cathode play a vital role in improving the efficiency of the lithium-oxygen battery. However, the cost
of catalysts has been an obstacle to the widespread application of lithium-oxygen batteries. As a result, some Co-based oxides (e.g.,
Co0304, CoO) without noble metals have attracted more attention from researchers because of their advantages in terms of price [9—
12]. A lot of work related to Co30O4 has been implemented, including preparation and application. On the one hand, three-dimensional
porous structures of Co304 have been fabricated via hydrothermal, chemical vapor deposition, or electrodeposition [13]. On the
other hand, Co304-based electrodes for lithium-oxygen batteries have been fabricated using traditional slurry-coating technology
[14-16]. Pu Z. et al. demonstrated that Co3O4 can be uniformly deposited on the surface of the basal body [17]. Zhao G. Y. et al.
showed that the induction of organic binders in the cathode accelerates the degradation process of battery capacity [18]. To sum up,
the existing research results have revealed that Co3O4 has good comprehensive performance in terms of first discharge capacity and
cyclic capacity retention [19-21]. Furthermore, Co3O4as electrode material has been applied to lithium-ion batteries, supercapacitors,
and so forth [22].

In this work, a free-standing cathode was prepared using Co3;04 and carbon paper by electrodeposition for a rechargeable
lithium-oxygen battery, aiming to overcome problems including large charge overpotential, low conductivity, side reactions, etc.
The schematic diagram of the synthesized course of the Co304@CP composite cathode is presented in Figure 1. The obtained
Co304@CP composite cathode mainly illustrates two merits as follows: first, the original pores of the Co30O4 can remain in good
condition, not being clogged by the binder; second, the Co3O4 crystallizes into super-thin nanosheets, which self-assemble into
morphology with hierarchical mesopores, bringing forth larger specific surface area and more active sites for the reaction in the

cathode.
CcP .
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Figure 1. Fabrication process of Co3O4@CP composites electrode.

2. Materials and Methods
2.1. Synthesis of Co;04@CP Composites

The reagents (AR) used in this work were all purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). All reagents were used as received without further purification. The Co3;04 was uniformly deposited on the CP substrate.
The electrodeposition experiment was implemented in 0.1 M CoSOj at a current density of about 20 mA-cm™? for 4 min. After
deposition, the as-produced sample was washed with deionized water several times to neutralize it and dried at 80 °C for 4 h. The
dry sample underwent a process of deadburn at 350 °C for 1 h in the atmosphere. The obtained composite after deadburn is marked
as Co304@CP. The load amount of Co304 in the Co;04@CP sample was measured by the mass difference before and after
electrodeposition.

2.2. Characterization

Morphologies analyses were done by making use of Field Emission Scanning Electron Microscope (FEI Quanta 200 FEG,
Eindhoven, The Netherlands) and transmission electron microscope (FEI TECNAI G2 12, Eindhoven, The Netherlands). The
characterization for phase structure and element composition was implemented by X-ray powder diffraction (D/max 2500 v/pc
diffractometer, Rigaku, Tokyo, Japan). The element composition analysis of the Co3O4@CP composites was conducted via energy-
dispersive X-ray spectroscopy. The chemical states of the Co3O04@CP composite were investigated using X-ray photoelectron
spectroscopy (Physical Electronics 5400 ESCA, Chanhassen, MN, USA).
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2.3. Electrochemical Measurement

The Co304@CP composite and lithium foil were as the cathode and anode of the lithium oxygen battery, respectively. The
diameters of the Co304@CP cathode and lithium foil were separately controlled at 14 mm and 15 mm. A piece of Whatman GF/D
(Metersbonwe, UK) glass microfiber filter paper was used as the separator between cathode and anode aiming to avert short circuit,
and 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in tetracthylene glycol dimethyl ether as the electrolyte. The whole
process of assembling cell was performed in glove box system filled with argon, and the battery was placed in the glove box for
more than 12 h. The cells after aging were purged with tetraglyme-saturated oxygen for 2 h before electrochemical tests.

A battery discharge-charge test system (LAND CT2001A) was used to validate the rechargeability at diversified rates at room
temperature, and the voltage window was controlled between 2.2 and 4.3 V (vs. Li"/Li). The specific capacity of the cell was
measured based on the mass of Co304if it’s not explicitly stated. Cyclic voltammetry (CV) was done by IM6 (Kronach, Germany),
and the scanning frequency is 0.1 mV-s™!, and the voltage range to be scanned is 2.0~4.5 V. The electrochemical impedance
spectroscopy (EIS) test was also implemented via IM6 (Kronach, Germany), and the test parameters were set as follows: frequency
range was 100 kHz~10 mHz; voltage amplitude was 5 mV.

3. Results and Discussion

The micro-morphology of the Co;04@CP cathode material obtained by the process shown in Figure 1 was observed using
scanning electron microscopy, as shown in Figure 2. The CP provided an interconnected fibrous network for the electrodeposition
of Co304, which was evident from the micro-morphology of the Co3O04@CP cathode material that maintained the fibrous network
structure after electrodeposition, as seen in Figure 2a,b. Figure 2b shows that the surface of the Co3;04@CP fiber is uniform without
noticeable depressions. Figure 2¢ clearly demonstrates that the Co;04 was evenly deposited on the surface of the CP fiber, with a
thickness of around 100 nm and direct attachment to the fiber surface. Figure 2d is a partial enlargement of the Co304 layer, revealing
that it is composed of agglomerates of nanosheets and has a porous structure at the micro scale. Overall, the scanning electron
microscope (SEM) results demonstrate that the manufacturing process of the Co3;04@CP cathode material shown in Figure 1 was
carried out perfectly.

Figure 2. (a) SEM of the Co304@CP composite; (b,d) the enlarge images of (a); (¢) the Co3O4 layer.

For the purpose of further understanding the micro morphology of the Co3O4 layer on the surface of CP, a part of the Co304
layer was exfoliated and characterized via transmission electron microscope (TEM). From Figure 3a, it can be seen that the Co3;04
layer appears in the form of particle aggregates, which is consistent with the SEM result. Additionally, the particles were surrounded
by numerous nanosheets, which were connected via the intertwining of these nanosheets without a binder. The interpenetrating
structure of the nanosheets, with a thickness of around 4-7 nm, is conducive to forming a hierarchical mesoporous structure, which
promotes the diffusion of oxygen and electrolyte in the cathode. Importantly, this kind of interpenetrating nanosheets can provide
favorable conditions for the continuous transport of electrons and ions in the cathode simultaneously, thereby improving the
efficiency of the electrochemical reaction in the electrode. Figure 2b shows a partial enlargement of Figure 2a, where the nanosheet
is thin and transparent like a cicada wing. The high-resolution TEM result (in Figure 3c) shows lattice fringes with a distance of
0.24 nm and 0.28 nm, which agrees with the spacing of the (311) and (220) plane of Co304 (JCPDS 65-3103).
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To confirm the crystal structure of the Co3O4@CP composite, an X-ray diffraction (XRD) test was performed, and the results
are presented in Figure S2. Comparing the diffraction spectra of the CP and the Co3;04@CP composite, a diffraction peak at around
36.9° in the latter emerges, which is related to the crystal structure of the spinel Co3O4 phase assigned to the (311) plane. The
characterization results of XRD are consistent with those of TEM.

In order to further verify the uniformity of Co304 deposition on carbon paper, an energy dispersive spectroscopy (EDS) test
was performed, as shown in Figure 4. The Co304@CP cathode material should consist of Co, O, and C. The results of the EDS test
proved that the Co3;04@CP cathode material mainly contains the elements of Co, O, and C. In Figure 4, it is clearly seen that the
elements of Co, O, and C are evenly distributed in the test sample, which is consistent with the micro-distributing morphology of
the Co304 layer on the CP obtained from the SEM results.

N

S N\

Figure 4. EDS maps of the elements of Co, C, O in the Co3O4@CP material.

The chemical state of the elements Co, O, and C in the Co3;04@CP cathode material was analyzed through X-ray photoelectron
spectroscopy (XPS), as shown in Figure 5. The Co2p, Cls, and Ols peaks were scanned in the XPS map using the XPS peak version
4.1 software for analysis. The Co3;04 peaks exhibited two spin-orbital doublets of Co?" and Co®" and two shakeup satellites. The
peaks at 779.8 and 795 eV were attributed to Co?*, while the peaks at 778.4 and 794 eV were characteristic peaks of Co*. Figure
Sc displays the peak spectra of Ols, where the two peaks located at 530.2 and 528.9 eV were primarily caused by the Ols binding
energy in Co—O and O-H. In Figure 5d, the Cls binding energy of (C-0), (C-H), (C-C, diamond), and (C—C, graphite) resulted in
the appearance of four peaks located at 286.4, 284.0, 283.5, and 283.3 eV.
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Figure 5. XPS of Co304@CP composite. (a) Survey scan. (b) Co2p spectrum. (¢) Ols spectrum. (d) Cls spectrum.

Subsequently, the electrochemical performances of the cells with Co3;04@CP electrode were preliminarily investigated, which
was a straightforward way to assess the properties of Co304@CP in a lithium-oxygen battery. The discharge performances of the
cell at 200 mA-g!, 300 mA-g!, and 500 mA-g ! were shown in Figure 6a. The discharge specific capacity of the cell with
Co304@CP electrode was up to 10954.7 mA-h-g ! at 200 mA-g ™! from 4.3 V to 2.2 V, which was attributed to the good diffusion
of oxygen and electrolyte as well as the unimpeded transport of electrons and ions in the Co3O4@CP electrode. When the current
density was increased to 500 mA-g™!, the discharge specific capacity of the cell delivered 3407 mA-h-g”!. The cycling
charge/discharge of the cell was conducted at a current density of 300 mA-g! between 2.2 and 4.3 V, as presented in Figure 6b.
The discharge specific capacity of the 1st cycle was 7061.5 mA-h-g™!. Unfortunately, the value in the 5th cycle decayed to about
2585.3 mA-h-g ! because of the influence of the side-products in the electrochemical reaction. What is hopeful, however, is that the
cycling stability was relatively good after the 5th cycle. In Figure 6c¢, the cell assembled with CozO4@CP electrode still could run
50 cycles at a cutoff capacity of 500 mA-h-g™! and a current density of 100 mA-g~', indicating the satisfactory stability of the voltage
plateau. In contrast to traditional cathodes fabricated by the slurry method, the Co3O04@CP electrode omitted the binder and
alleviated the obstacle to electron transport. As a consequence, the results obtained here will hopefully encourage further studies on
the Co304@CP electrode for a lithium-oxygen battery.
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Figure 6. (a) discharge profiles of Co304@CP electrode at 200 mA-g™!, 300 mA-g ™! and 500 mA-g™'; (b) the discharge/charge profiles of the Ist,
2nd, 3rd, 5th and 10th cycles of the Co304@CP electrode; (¢) Voltage profiles and cycling performance under 100 mA-g™! at a limited capacity
of 500 mA-h-g™! based on mass of C030a4.

The Cyclic Voltammetry (CV) tests of the cell containing the Co3O4@CP electrode were respectively implemented in air and
oxygen at a constant scanning frequency of 0.1 mV-s™! between 4.5 and 2.0 V, and the results were shown in Figure 7a. It can be
seen that, compared with the CV curves in air, the curves in oxygen indicated higher peak potential and lower peak current for OER,
implying that the kinetics of Li>O, oxidation in oxygen were effectively improved. Furthermore, the CV curve acquired in oxygen
has a broadened reduction doublet peak, being at 2.58 and 2.47 V respectively, deriving from the surface-adsorption and solvation
mediated growth pathway of Li,O, [23]. Figure 7b presents electrochemical impedance spectra of the cell with Co3O4@CP electrode
initial and after 1st full discharge/charge. It is illustrated that the impedance of the cell increases dramatically after 1st discharge
due to the discharge products with poor conductivity generated in the reduction reaction. Unsatisfactorily, there is not obvious
decrease in terms of the impedance value after the first charge, indicating that insulated discharge products are not adequately
decomposed. Figure 8 reveals the micro morphology of surface of the CozO4@CP after 1st discharge/charge. By contrast, it can be
clearly seen that there are still some discharge products (Li»O>) on the surface of the Co;O04@CP after 1st charge, not being
thoroughly decomposed, which is consistent with the characterization results of EIS.
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Figure 7. (a) CV curves between 2.0 and 4.5 V at 0.1 mV-s™; (b) Electrochemical impedance spectra of Li-Oz batteries with Co304@CP electrode
initial and after 1st full discharge/charge.

Figure 8. (a) and (b) SEM of the first discharge/charge, respectively.

4. Conclusions

In order to improve the performance of the lithium-oxygen battery, a Co3O4@CP composite material was fabricated as a
cathode using the electrodeposition method. The Co304@CP cathode has the following advantages: First, the catalyst Co3;O4 was
directly deposited on the CP substrate with good conductivity, eliminating the need to add a binder and resulting in a decrease in
side reactions. The direct contact between Co30O4 and CP enhances the transport efficiency of electrons in the cathode. Second, the
Co304@CP composite material has a porous structure, which provides more channels for the diffusion of oxygen and electrolyte,
even accommodating more Li,O> that cannot be decomposed. Third, Co3O4 exists in the form of nanosheets, which supply more
catalytic active sites for electrochemical reactions. It is pleasing to note that the cell assembled with the obtained Co3O4@CP
electrode showed a discharge specific capacity of 10954.7 mA-h-g! at 200 mA-g ™!, and the voltage profiles of the cell were good
under 100 mA-g! at a limited capacity of 500 mA-h-g™! based on the mass of Co3O4. Thanks to the merits and properties mentioned
above, the Co304@CP composite can be used as the cathode material in a lithium-oxygen battery.

Supplementary Materials

The supplementary information can be found at https://www.sciepublish.com/index/journals/article/spe/30/id/40 and includes
two figures:

Figure S1: EDS of Co304@CP.

Figure S2: XRD analysis of Co3;04@CP composites.
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