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Abstract

:

We report an environment-friendly preparation method of rGO-based flexible self-supporting membrane electrodes, combining Co-MOF with graphene oxide and quickly preparing a hollow CoO@rGO flexible self-supporting membrane composite with a porous structure. This unique hollow porous structure can shorten the ion transport path and provide more active sites for lithium ions. The high conductivity of reduced graphene oxide further facilitates the rapid charge transfer and provides sufficient buffer space for the hollow Co-MOF nanocubes during the charging process. We evaluated its electrochemical performance in a coin cell, which showed good rate capability and cycling stability. The CoO@rGO flexible electrode maintains a high specific capacity of 1103 mAh g−1 after 600 cycles at 1.0 A g−1. The high capacity of prepared material is attributed to the synergistic effect of the hollow porous structure and the 3D reduced graphene oxide network. This would be considered a promising new strategy for synthesizing hollow porous-structured rGO-based self-supported flexible electrodes.
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1. Introduction


Due to the increasing demand for higher capacity, higher power density, longer cycle life of energy storage devices for portable electronic devices, wearable electronic devices, and energy-consuming devices such as electric vehicles, research on new lithium-ion batteries with higher performance and more excellent safety has become more and more urgent [1,2,3,4]. Lithium-ion batteries have significant advantages and have become the first choice for the modern day owing to their high energy density, high cycle life, and high efficiency [5,6,7]. The low theoretical capacity of conventional graphite anode materials contradicts the need for higher-capacity Li-ion batteries [8,9,10].



Transition metal oxides (TMOs), the most promising active anode materials for the new generation of Li-ion batteries, have received much attention from researchers due to their high specific capacity and exemplary safety [11,12]. Among them, CoO has been further investigated due to its high theoretical capacity (716 mAh g−1), relatively low cost, and fully reversible electrochemical reaction. However, transition metal oxides, including CoO, are conversion-type anode materials that generate large volume expansion during cycling, leading to the chalking of active material particles and greatly reduced cycle life. Thus, the practical application of metal compounds for lithium-ion batteries is severely limited [13,14,15,16]. Building nanostructures is an effective solution to improve their performance [17,18]. Metal–organic backbone (MOF) derivatives can effectively maintain the morphology of MOF precursors due to their tunability at the molecular level and unique porous backbone structure [19,20]. Therefore, MOF is widely used as a template [21,22], and TMO nanostructures such as CoO can be fabricated by a simple process [23]. However, the low electrical conductivity and slow reaction kinetics of CoO nanomaterials still limit their performance in lithium-ion battery electrode materials.



Graphene is often used as an ideal substrate material due to its high electrical conductivity, huge specific surface area, and excellent physical and mechanical flexibility [24,25,26]. The composite of graphene with TMOs is considered a reasonable and effective solution at present. On the other hand, it can also effectively alleviate the chalking of the active material caused by the volume expansion during cycling, thus greatly improving the battery cycling stability [27]. To date, various composites of TMOs with graphene, including Fe3O4 nanoflakes/RGO composites [28], MnO2/reduced Graphene Oxide Nanosheet [29], hollow Fe3O4/graphene hybrid films [30], and Co3O4@rGO nanocomposites [31], etc., have been successfully reported for lithium-ion battery electrodes. However, these reported TMOs/graphene composites usually have more preparation steps, high preparation cost, and complicated processing, which seriously hinder their industrial application in Li-ion batteries.



Herein, we designed and synthesized a simple, environmentally friendly, cost-effective CoO@rGO flexible membrane electrode. Co-MOF is known as a metal–organic skeleton and its derivatives can effectively maintain its intrinsic morphology, and its composite with a three-dimensional (3D) graphene network has also exhibited excellent electrochemical properties. In addition, it has been shown that ammonia has an etching effect on some MOFs, which can be etched into hollow materials [28], and at the same time, graphene oxide is rapidly reduced. The hollow material is more favorable for lithium ion transport and storage, so the composite of hollow structured CoO with graphene oxide would be an excellent self-supporting anode material.




2. Material and Methods


2.1. Synthesis of Co-MOF


In the typical synthesis of Co-MOF, 0.6 mmol cobalt acetate tetrahydrate and 0.9 mmol sodium citrate were dissolved in 20 mL of deionized (DI) water to obtain solution A. In addition, 0.4 mmol potassium cobalt cyanide was dissolved in 20 mL of deionized water to obtain solution B. The solution A and solution B were then quickly mixed together and stirred for 12 h [32]. The precipitated product was collected by centrifugation and washed three times with deionized water and alcohol, followed by vacuum drying overnight at 70 °C to obtain the Co-MOF precursor material.




2.2. Synthesis of Co-MOF@rGO and CoO@rGO Flexible Membranes


A total of 20 mg of GO and 60 mg of Co-MOF precursor were dissolved into 5 mL DI water. The precursor solution was mixed well by stirring for 10 min, poured into disposable Petri dishes, and then freeze-dried to obtain Co-MOF@GO membrane material. Then, hot (NH4)2S solution was added dropwise to the above membrane for rapid reduction. After 1 min, the excess (NH4)2S was quickly washed off with deionized water and freeze-dried to obtain Co-MOF@rGO flexible membrane finally.



The above-obtained Co-MOF@rGO flexible film was heat treated at 550 °C for 2 h under Ar atmosphere with a heating rate of 2 °C min−1, and the CoO@rGO flexible film could be directly used as an electrode after natural cooling.




2.3. Material Characterization


The morphology of the products was characterized by field emission scanning electron microscopy (SU8010, HITACHI, Japan), transmission electron microscopy (TEM), and high-resolution TEM (HRTEM). Energy dispersive X-ray spectroscopy (EDX) analysis and corresponding elemental mapping were performed using an X-ray spectrometer attached to the TEM instrument. The crystalline phases of the products were collected by X-ray diffraction (MiniFlex600, Rigaku, Japan) using monochromatic Cu-Kα lines as a radiation source. The thermal stability of the samples in the air was evaluated by thermogravimetric analysis (209-F3, NETZSCH, Germany) in the temperature range of 40–800 °C, with a ramp rate of 10 °C min−1. Raman spectra were obtained by testing on a Raman spectrometer (1PQG99, Renishaw, Korea) at a laser wavelength of 532 nm.




2.4. Electrochemical Measurements


CoO@rGO and rGO flexible films were cut into small 10 mm diameter discs and used directly for an electrochemical evaluation. As a comparison, CoO electrodes were prepared by mixing 80 wt% of active electrode material (CoO), 10 wt% of carbon black, and 10 wt% of polyvinylidene fluoride binder to prepare a slurry. Then, the slurry was uniformly coated on the copper foil and dried overnight in a vacuum oven at 60 °C. The CR2032 half-cells were assembled in an argon-filled glove box by cutting into 10 mm-diameter disc electrodes by a button cell slicer, using lithium sheets as counter electrodes and a mixture of vinyl carbonate (EC) and diethyl carbonate (DEC) with 5% fluoroethylene carbonate (FEC) as the electrolyte. Cycling performance and rate performance tests were performed on a cell test system (LANHE, CT2001A, Wuhan, China) with a voltage range of 0.01–3.0 V. Cyclic voltammetry tests with a voltage window of 0.01–3.0 V (vs. Li+/Li, 0.1 mV s−1) were performed on an electrochemical workstation (CHI, 760E, Shanghai, China).





3. Results and Discussion


3.1. Characterization


As shown in Scheme 1, the Co-MOF nanocubes (Figure S1) prepared in advance were co-dispersed with GO in deionized water and later freeze-dried to form a film directly. Then, using the strong reduction effect of (NH4)2S, GO was rapidly reduced to rGO, and the Co-MOF@rGO flexible film was obtained. It is noteworthy that Co-MOF is a tunable and unique porous backbone structure at the molecular level, and in addition, it can be etched by NH4+ to form a hollow structure. This is because ammonia will coordinate with cobalt cations to form complex ions, which cause the etching of cobalt [33]. Therefore, while the three-dimensional reduced graphene oxide network improves the electrical conductivity of the material, its hollow structure further shortens the ion transport path; thereby, the ion transport efficiency can be effectively improved. Meanwhile, the buffering effect of the 3D reduced graphene oxide network can effectively adapt to the volume change during the cycling process. Thus, it will be a promising new anode material for energy storage devices.



The flexible membrane electrodes prepared by this promising synthetic strategy are shown in Figure 1a and Figure S2, which can well meet the requirements of bendability and wearability. Figure S1 shows the SEM images of the prepared Co-MOF nanocubes, and all the cubes show smooth surface structures with a size of about 1 μm. The SEM images of the Co-MOF@GO composites were obtained after compounding with graphene oxide and are shown in Figure 1b,c. The Co-MOF nanocubes are uniformly wrapped in a 3D network of graphene oxide, showing a good 3D buffer structure. In addition, it can be seen that the Co-MOF@GO composite keeps its initial morphology intact and is successfully compounded with graphene oxide before being etched by ammonium sulfide.



When ammonium sulfide is added, GO is rapidly reduced to rGO, as shown in Figure 1d,e, and the original oxygen-containing functional groups in graphene oxide are destroyed, thus contracting and cross-linking each other and tightly wrapping the Co-MOF nanocubes. It is noteworthy that the Co-MOF in the obtained Co-MOF@rGO flexible composite film produced a slight deformation due to the NH4+ in ammonium sulfide, which simultaneously had a strong etching effect on the Co-MOF nanocubes; it was etched into a hollow structure in a very short period of time. As can be seen from the SEM images at high magnification in Figure 1e, the etched Co-MOF nanocubes exhibit a different contrast around the etched area from the central position, indicating that they may have been etched into hollow structures. This judgment is confirmed by the subsequent SEM of individual broken Co-MOF nanocubes, as shown in Figure 1f,g. It can be seen from the broken Co-MOF nanocubes that the Co-MOF nanocubes are hollow inside, leaving a layer of outer wall. This proves the strong etching effect of ammonium sulfide on Co-MOF nanocubes and illustrates the successful synthesis of hollow Co-MOF nanocubes with rGO-based flexible composites.



The Co-MOF@rGO flexible composite film was heat-treated, and the Co-MOF was heat-treated to obtain its corresponding derivatives, which were then used as electrode materials. The SEM images of the obtained CoO@rGO flexible composite films are shown in Figure 1h,i and Figure S3, from which it can be seen that the CoO nanocubes derived from the Co-MOF nanocubes obtained after heat treatment still maintain the complete cubic structure with a size of about 1 μm. Notably, the CoO nanocubes obtained after heat treatment have a hazy, gauzy texture and exhibit a more sparse and porous surface structure. This may be attributed to the porous structure caused by the escape of gases generated during the heat treatment process. This porous structure can further reduce the ion transport path and promote rapid lithium-ion transport, which is conducive to better lithium-ion insertion and extraction, and synergize with the high electrical conductivity of the 3D reduced graphene oxide network and the excellent buffer structure, thus effectively improving the cycling stability while also effectively improving the composite multiplicity performance. Figure S4 shows the EDS analysis of the CoO@rGO flexible composite film. As expected, the Co and O elements in the obtained CoO@rGO flexible composite film are uniformly distributed and correspond to the CoO nanocubes. At the same time, the C elements corresponding to the reduced graphene oxide around the CoO nanocubes were also uniformly distributed around the CoO nanocubes, and they wrapped the CoO nanocubes tightly. In addition, the S and N heteroatom doping introduced by adding ammonium sulfide is also present in the heat-treated CoO nanocubes, further demonstrating the successful composite of CoO@rGO flexible composite film materials.



The internal structure of Co-MOF nanocubes in the Co-MOF@rGO flexible composite film was further investigated by TEM analysis, as shown in Figure 2a,b. It is obvious that the Co-MOF nanocubes etched by ammonium sulfide exhibit a distinct hollow structure with an empty internal structure and an outer wall thickness of about 155 nm (Figure 2c). Figure S6 shows the tight junctions between the rGO and CoO crystals, and the 0.24 nm lattice stripe labeled in the figure is attributed to the CoO(111) crystal plane. And the elemental distribution in the Co-MOF@rGO flexible composite film was analyzed in Figure 2d, from which the hollow structure of the hollow Co-MOF nanocubes could be seen, (e), (f), (g), (h), (i) are the elemental mapping of C, Co, O, S and N, respectively.



The elemental distribution shows that Co and O elements are uniformly distributed on the outer wall of the hollow Co-MOF nanocubes, and C elements can also be seen around the hollow Co-MOF nanocubes due to the peripheral wrapping of the reduced graphene oxide. In addition, the introduction of S and N elemental heteroatoms can also be seen on the elemental distribution map due to the reduction and etching of ammonium sulfide, which is beneficial for the storage of lithium ions. From this elemental mapping analysis, it can be well illustrated that the Co-MOF@rGO flexible composite film material is successfully compounded.



To further determine the composition of the hollow porous CoO@rGO flexible composite films, the resulting composites were characterized by XRD. As shown in Figure 3a, all major diffraction peaks of the hollow porous CoO@rGO flexible composite film can be successfully indexed to the corresponding standard card (JCPDS 48-1719). The hollow porous CoO@rGO flexible composite membrane shows very distinct diffraction peaks at 36.74, 42.61, 61.62, 73.97, and 77.65°, corresponding to the (111), (200), (220), (311), and (222) crystal planes of cobalt oxide, respectively. The broad diffraction peaks centered at 2θ ≈ 26° in the diffraction pattern of the hollow porous CoO@rGO flexible composite film is be attributed to the typical (002) crystal plane of rGO [34], and the absence of other impurity peaks is a good proof of the successful synthesis of the hollow porous CoO@rGO flexible composite film.



In order to obtain the carbon content in the hollow porous CoO@rGO flexible composite film, thermogravimetric analysis was also performed and represented in Figure 3b, and the mass content of rGO in the hollow porous CoO@rGO flexible composite film can be calculated from the thermogravimetric analysis results. During the heating process from 40–800 °C under air atmosphere, carbon is gradually decomposed to form carbon dioxide and expelled, while CoO nanocubes are gradually oxidized to Co3O4 when heated in the air [35]. It can be seen that at 800 °C, 49.08 wt% content of Co3O4 is finally obtained, so it can be calculated that the hollow porous CoO@rGO flexible composite film has a mass content of CoO of about 45.82%, which leads to the further calculation that the mass content of rGO is about 54.18%.



As shown in Figure 3c, the Raman spectra of CoO@rGO 3D mesh composites have two main peaks at 1349 cm−1 and 1574 cm−1 for the D-band of the A1g vibrational mode used for disordered carbon and the G-band of the E2g vibrational mode for ordered graphitic carbon. The D to G band’s intensity ratio (ID/IG) usually reflects the degree of defects and disorder in carbon materials [36]. The intensity ratio (ID/IG) of the D-band to the G-band of the CoO@rGO composite is about 1.37, indicating that there are many defects in the CoO@rGO 3D mesh composite. Compared with the Raman spectrum of the rGO flexible film (Figure S5), the CoO@rGO flexible composite film has a stronger D-band intensity, indicating more defects or disorder sites in the heterogeneous structure, which helps to provide more active regions for lithium storage. Figure 3d shows the FTIR spectra of CoO@rGO, which exhibits characteristic stretching frequencies at 823, 1039, 1385, 1762, and 3343 cm−1, corresponding to C=C, Co-O-Co, S-O, C=O, and O-H functional groups, respectively. One of the peaks at 1385 cm−1 represents the S-O stretching vibration of the sulfate group, which can be attributed to the addition of ammonium sulfide etching in the Co-MOF@GO composite. The above analysis confirms the successful preparation of CoO@rGO 3D mesh composites.



As shown in Figure 4a,b, the adsorption–desorption experiments of N2 were performed on co-MOF@rGO before and after etching, and the pore size distribution was calculated by the BJH method. The type IV isotherm plot with a distinct characteristic hysteresis loop after etching (Figure 4b) indicates the dominant number of mesopores compared to the unetched sample. The obtained specific surface area is 22.4 m2 g−1, and the pore size distribution is in the range of 2–20 nm. It is noteworthy that the specific surface area of the etched composites increases compared to the pre-etching composites possessing a specific surface area of 11.7 m2 g−1. This is due to the coupling effect between the N,S doping introduced during the etching process and the hollow structure produced by the etching. The large specific surface area helps to improve the utilization of the active electrode material, while the abundant mesopores of the material facilitate the rapid diffusion of lithium ions and increase the lithium storage sites. X-ray photoemission spectroscopy (XPS) measurements show the surface chemistry of CoO@rGO flexible films. The XPS spectra in Figure 4c confirm the presence of C, CO, O, N, and S elements in the CoO@rGO flexible film. The low content of N and S elements can be attributed to the introduction of heteroatoms caused by the reduction of (NH4)2S during the etching process. The introduction of N and S into the carbon structure can add more active sites, thus increasing the lithium storage capacity and providing high specific capacity and rate performance for Li-ion batteries. As shown in the C 1s spectrum (Figure 4d), the XPS C 1s spectrum of CoO@rGO flexible film can be divided into two main peaks, where 284.76 eV corresponds to the C=C/C–C bond and 286.32 eV corresponds to the C–O bond. The peak of C 1s is attributed to rGO. The stronger peak with a binding energy of 284.76 indicates the deoxygenation process accompanying rGO reduction in CoO@rGO flexible films, which is consistent with the previously reported results [32]. In the fitted high-resolution Co 2p spectra (Figure 4e), the two peaks located at 781.26 and 797.05 eV can be attributed to Co2+ with Co 2p3/2 and Co2p1/2, which indicates the presence of Co2+ in the CoO@rGO flexible film, consistent with its theoretical chemical state. The high-resolution O1spectrum (Figure 4f) can be decomposed into three peaks corresponding to Co–OH (533.68 eV), Co–O–C (531.83 eV), and Co–O (530.29 eV), respectively. One of them at the binding energy of 531.83 eV corresponds to the Co–O–C bond of the oxygen-containing functional group on the surface of rGO. This result indicates that CoO and rGO successfully hybridize through Co–O–C, which provides a strong binding strength at the mutual interface of CoO and rGO [37].




3.2. Electrochemical Performances


Our designed CoO@rGO flexible film has an excellent three-dimensional network that facilitates overcoming significant volume variations, promotes rapid lithium-ion transport, and provides reasonable rate capability and cycling performance for the assembled Li-ion batteries. More importantly, benefiting from its flexible self-supporting feature, the CoO@rGO flexible film can be quickly prepared and directly utilized as a stand-alone negative electrode for Li-ion batteries and avoids using conductive binders. We have assembled CoO@rGO flexible films into half cells and evaluated their electrochemical performance. Figure 5a shows the charge and discharge curves at a current density of 1 A g−1 with a voltage window of 0.01–3.0 V. It is clear that the first turn discharge and charge capacities of the CoO@rGO flexible membrane electrode are about 1020 mA h g−1 and 722 mA h g−1, respectively, thus corresponding to an initial coulombic efficiency (ICE) of 72%. The irreversible capacity loss can be attributed to the formation of the SEI membrane, some undecomposed Li2O, and the irreversible decomposition of the electrolyte [38]. The rate performance of the CoO@rGO flexible-film electrode was evaluated by gradually increasing the current density from 0.1 to 2.0 A g−1 (Figure 5b). It can be seen that the CoO@rGO flexible film exhibits the best rate of electrochemical performance compared to the comparison sample. Reversible capacities of 556, 437, 373, 336, 320, 307, and 251 mA h g−1 were obtained at 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 2.0 A g−1, respectively. Moreover, the specific capacity can be easily recovered to 509 mA h g−1 when the current density is reduced to 0.1 A g−1, proving its excellent rate performance. In contrast, the comparison electrodes CoO and pure rGO films exhibit relatively low specific capacities and do not recover their initial specific capacities well when the current density is restored to the initial current.



To explain the excellent kinetic origin of CoO@rGO, CV measurements at different scan rates were used to evaluate the kinetic reactions (Figure 5c). In the CV curve, the scan voltage from negative to positive can be seen as the anodic oxidation process, which corresponds to the oxidation peak, and vice versa as the cathodic reduction process, which corresponds to the reduction peak. It can be seen that when the scan rate is at 0.1 mVs−1, the cathodic and anodic peaks in the CV curves are symmetrical in shape, and the peak heights are basically the same, indicating that the electrochemical reactions occurring at the CoO@rGO flexible-film electrode/electrolyte interface have good reversibility. With the increase in scanning rate, all CV curves exhibit similar shapes and well-preserved redox peaks, with peak current (i) increasing with scan rate (v). The relationship between peak current and scan rate is i = avb, where a and b are parameters, and b is worth calculating by plotting a graph and fitting a straight line [39,40,41]. Determining the value of b allows a qualitative analysis of the charge storage mechanism. When the value of slope (b) is close to 0.5, the storage behavior is dominated by diffusion-type reactions; when it is close to 1.0, it tends to capacitively controlled processes [42]. The b-values of the anodic and cathodic peaks of the CoO@rGO flexible film are 0.84 and 0.82 (Figure 5d), suggesting that it is dominated by capacitance-controlled behavior. Specifically, the ratio between diffusion-controlled and capacitive-controlled can be further quantified with a relationship given by the Equation [43,44,45]:


i = k1 ν + k2 ν0.5.











With this equation, the ratio of pseudocapacitive charge storage can be obtained for different scan rates. Figure 5e shows the capacitive contribution (68%) to the entire scan area at 0.2 mV s−1. As shown in Figure 5f, when the CoO@rGO flexible film was tested at scan rates of 0.2, 0.4, 0.6, 0.8, and 1 mV s−1, the contribution of capacitive behavior was 68%, 72%, 77%, 83%, and 93%, respectively. It can be seen that the contribution of capacitance increases with increasing scan rate. The high pseudo-capacitance rate may be due to the synergistic effect of the hollow structure formed by Co-MOF after etching by ammonium sulfide and after compounding with reduced graphene oxide, which provides more active sites for Li intercalation/delamination as well as lithium storage.



Figure 5g shows the cycling performance of the CoO@rGO composite electrode compared to the comparison electrode CoO and pure rGO films at a current density of 1 A g−1. It can be seen that the CoO@rGO composite electrode exhibits the most excellent cycling performance compared to the comparison electrode. The CoO@rGO composite electrode shows a trend of consistently increasing capacity over one hundred and fifty cycles during the entire charge/discharge process with the voltage window of 0.01–3.0 V at 1 A g−1 current density, which is common for various nanostructured metal oxide electrodes whose capacity increases with cycling [46]. Activation of the electrode material during charge/discharge is one of the main reasons for this phenomenon, and the gradual increase in capacity may be due to the reversible growth of the polymer gel-like film caused by the degradation of the dynamically active electrolyte [47,48]. In addition, the hollow structure of CoO effectively restrains the volume expansion during cycling, while the rGO sheet layer provides an excellent buffering effect. After 600 cycles, the CoO@rGO composite electrode exhibits an impressive discharge capacity of 1103 mA h g−1. In contrast, the discharge capacities of CoO and pure rGO electrodes are only 483 and 155 mA h g−1 (Table S1). This is significantly better than many other reported cobalt-based anode materials for lithium-ion batteries (Table S2). In addition, from three cycles onwards, for the CoO@rGO composite electrode, around 97% coulombic efficiency remains stable, showing its excellent reversible Li+ insertion extraction performance. This fully reflects the important role of the hollow structure of the CoO and rGO three-dimensional conductive network for the excellent cycling performance of the CoO@rGO flexible film self-supported electrode.





4. Conclusions


In summary, we designed and synthesized a flexible self-supporting film electrode with hollow porous CoO nanocubes compounded with rGO. The CoO@rGO flexible-film composite electrode prepared using this method has many advantages: it can be prepared faster and more economically, on a large scale, with a simple process flow, which is beneficial for its industrial application in lithium-ion batteries, and the method is self-forming without adding conductive agents and binders, which can effectively improve the overall energy density of the electrode. The hollow and porous structure can effectively shorten the ion transport path and provide more active sites for lithium ions. In addition, the large-sized rGO sheet layer not only improves the overall conductivity of the material and promotes rapid charge transfer but also provides sufficient buffer space for the hollow Co-MOF nanocubes. Due to the synergistic effect of this hollow porous structure and the three-dimensional reduced graphene oxide network, the CoO@rGO flexible-film electrode shows extremely excellent electrochemical performance. We investigated the electrochemical performance of CoO@rGO flexible film as an anode material for Li-ion batteries, showing good cycling stability (1103 mA h g−1 after 600 cycles at 1.0 A g−1). Even at a high current density of 5.0 A g−1, a reversible capacity of 586 mA h g−1 was maintained, which is significantly better than many previously reported cobalt-based electrode materials. The CoO@rGO flexible-film composite electrode is expected to be an ideal next-generation anode candidate for industrial applications of lithium-ion batteries.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13131986/s1, Figure S1: SEM images of Co-MOF nanocubes at different magnifications; Figure S2: Digital images of CoO@rGO films; Figure S3: SEM images of hollow porous CoO@rGO flexible film; Figure S4: EDS analysis of the hollow porous CoO@rGO flexible film; Figure S5: Raman spectra of rGo flexible film; Figure S6: HRTEM image of Co-MOF@rGO; Figure S7: Cycling performance at 5 A g−1 of CoO@rGO flexible film for LIBs; Table S1: Comparison of electrochemical performances for this work; Table S2: Test conditions and electrochemical performances of Co-based LIBs anodes. References [49,50,51,52,53,54,55,56,57,58,59,60] are cited in the supplementary materials.





Author Contributions


Methodology, J.Z., J.Y., Q.W. and Z.L.; Data curation, J.Z., J.Y. and Q.W.; Writing—original draft, J.Z. and J.Y.; Writing—review & editing, Z.L.; Supervision, J.-I.H. and Z.L.; Funding acquisition, Z.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Natural Science Foundation of China (Grant Nos. 21905152 and 52176076), the Taishan Scholar Project of Shandong Province of China (Grant Nos. tsqn202211160 and ts20190937), the Youth Innovation Team Project for Talent Introduction and Cultivation in Universities of Shandong Province, the China Postdoctoral Science Foundation (Grant Nos. 2022M713249), the Technology Innovation Program (20015786), and Development and Demonstration for Improving Performance and Reliability of Core Components in Hydrogen Re-fueling Station) funded by the Ministry of Trade, Industry and Energy (MOTIE, Korea) and human resources development project of the Korea Institute of Energy Technology Evaluation and Planning (KETEP) for the support grant funded by the Korea government Ministry of Trade, Industry and Energy under the project titled: “Middle market enterprise specialized human resources develop-ment for residential and commercial fuel cell”, numbered: 20224000000580.




Data Availability Statement


The data presented in this study is available on request from the corresponding authors.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Tu, C.; Peng, A.; Zhang, Z.; Qi, X.; Zhang, D.; Wang, M.; Huang, Y.; Yang, Z. Surface-Seeding Secondary Growth for CoO@Co9S8 P-N Heterojunction Hollow Nanocube Encapsulated into Graphene as Superior Anode toward Lithium Ion Storage. Chem. Eng. J. 2021, 425, 130648. [Google Scholar] [CrossRef]

	



Nayak, P.K.; Yang, L.; Brehm, W.; Adelhelm, P. From Lithium-Ion to Sodium-Ion Batteries: Advantages, Challenges, and Surprises. Angew. Chem. Int. Ed. 2018, 57, 102–120. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Lu, J.; Chen, Z.; Amine, K. 30 Years of Lithium-Ion Batteries. Adv. Mater. 2018, 30, 1800561. [Google Scholar] [CrossRef][Green Version]

	



Guan, X.; Nai, J.; Zhang, Y.; Wang, P.; Yang, J.; Zheng, L.; Zhang, J.; Guo, L. CoO Hollow Cube/Reduced Graphene Oxide Composites with Enhanced Lithium Storage Capability. Chem. Mater. 2014, 26, 5958–5964. [Google Scholar] [CrossRef]

	



Li, H.; Zhou, H. Enhancing the Performances of Li-Ion Batteries by Carbon-Coating: Present and Future. Chem. Commun. 2012, 48, 1201–1217. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Wang, Z.; Chen, L.; Huang, X. Research on Advanced Materials for Li-Ion Batteries. Adv. Mater. 2009, 21, 4593–4607. [Google Scholar] [CrossRef]

	



Chen, J.; Xia, X.; Tu, J.; Xiong, Q.; Yu, Y.-X.; Wang, X.; Gu, C. Co3O4 –C Core–Shell Nanowire Array as an Advanced Anode Material for Lithium Ion Batteries. J. Mater. Chem. 2012, 22, 15056–15061. [Google Scholar] [CrossRef]

	



Peng, C.; Chen, B.; Qin, Y.; Yang, S.; Li, C.; Zuo, Y.; Liu, S.; Yang, J. Facile Ultrasonic Synthesis of Coo Quantum Dot/Graphene Nanosheet Composites with High Lithium Storage Capacity. ACS Nano 2012, 6, 1074–1081. [Google Scholar] [CrossRef]

	



Buqa, H.; Goers, D.; Holzapfel, M.; Spahr, M.E.; Novák, P. High Rate Capability of Graphite Negative Electrodes for Lithium-Ion Batteries. J. Electrochem. Soc. 2005, 152, A474. [Google Scholar] [CrossRef]

	



Jeschull, F.; Brandell, D.; Edström, K.; Lacey, M.J. A Stable Graphite Negative Electrode for the Lithium–Sulfur Battery. Chem. Commun. 2015, 51, 17100–17103. [Google Scholar] [CrossRef]

	



Park, S.-K.; Choi, J.H.; Kang, Y.C. Unique Hollow NiO Nanooctahedrons Fabricated through the Kirkendall Effect as Anodes for Enhanced Lithium-Ion Storage. Chem. Eng. J. 2018, 354, 327–334. [Google Scholar] [CrossRef]

	



Li, L.; Seng, K.H.; Chen, Z.; Guo, Z.; Liu, H.K. Self-Assembly of Hierarchical Star-like Co3O4 Micro/Nanostructures and Their Application in Lithium Ion Batteries. Nanoscale 2013, 5, 1922–1928. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Qin, Y.; Li, Q.; Xu, J.; Wang, X.; Zhao, G.; Liu, C.; Yan, X.; Long, Y.; Yan, S.; Li, S. CoO-Co Nanocomposite Anode with Enhanced Electrochemical Performance for Lithium-Ion Batteries. Electrochim. Acta 2017, 224, 90–95. [Google Scholar] [CrossRef][Green Version]

	



Leng, X.; Ding, X.; Hu, J.; Wei, S.; Jiang, Z.; Lian, J.; Wang, G.; Jiang, Q.; Liu, J. In Situ Prepared Reduced Graphene Oxide/CoO Nanowires Mutually-Supporting Porous Structure with Enhanced Lithium Storage Performance. Electrochim. Acta 2016, 190, 276–284. [Google Scholar] [CrossRef]

	



Huang, Y.; Lin, Z.; Zheng, M.; Wang, T.; Yang, J.; Yuan, F.; Lu, X.; Liu, L.; Sun, D. Amorphous Fe2O3 Nanoshells Coated on Carbonized Bacterial Cellulose Nanofibers as a Flexible Anode for High-Performance Lithium Ion Batteries. J. Power Sources 2016, 307, 649–656. [Google Scholar] [CrossRef]

	



Zheng, M.; Tang, H.; Li, L.; Hu, Q.; Zhang, L.; Xue, H.; Pang, H. Hierarchically Nanostructured Transition Metal Oxides for Lithium-Ion Batteries. Adv. Sci. 2018, 5, 1700592. [Google Scholar] [CrossRef][Green Version]

	



Li, X.; Dhanabalan, A.; Wang, C. Enhanced Electrochemical Performance of Porous NiO–Ni Nanocomposite Anode for Lithium Ion Batteries. J. Power Sources 2011, 196, 9625–9630. [Google Scholar] [CrossRef]

	



Su, L.; Zhou, Z.; Shen, P. Ni/C Hierarchical Nanostructures with Ni Nanoparticles Highly Dispersed in N-Containing Carbon Nanosheets: Origin of Li Storage Capacity. J. Phys. Chem. C 2012, 116, 23974–23980. [Google Scholar] [CrossRef]

	



Zhou, C.; Wu, C.; Liu, D.; Yan, M. Metal-Organic Framework Derived Hierarchical Co/C@ V2O3 Hollow Spheres as a Thin, Lightweight, and High-Efficiency Electromagnetic Wave Absorber. Chem. –A Eur. J. 2019, 25, 2234–2241. [Google Scholar] [CrossRef]

	



Zhang, S.; Shi, X.; Wen, X.; Chen, X.; Chu, P.K.; Tang, T.; Mijowska, E. Interconnected Nanoporous Carbon Structure Delivering Enhanced Mass Transport and Conductivity toward Exceptional Performance in Supercapacitor. J. Power Sources 2019, 435, 226811. [Google Scholar] [CrossRef]

	



Zhang, H.; Nai, J.; Yu, L.; Lou, X.W.D. Metal-Organic-Framework-Based Materials as Platforms for Renewable Energy and Environmental Applications. Joule 2017, 1, 77–107. [Google Scholar] [CrossRef][Green Version]

	



Sun, P.-P.; Zhang, Y.-H.; Shi, H.; Shi, F.-N. Study on the Properties of Cu Powder Modified 3-D Co-MOF in Electrode Materials of Lithium Ion Batteries. J. Solid State Chem. 2022, 307, 122740. [Google Scholar] [CrossRef]

	



Xu, Y.; Wu, C.; Ao, L.; Jiang, K.; Shang, L.; Li, Y.; Hu, Z.; Chu, J. Three-Dimensional Porous Co3O4–CoO@GO Composite Combined with N-Doped Carbon for Superior Lithium Storage. Nanotechnology 2019, 30, 425404. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Wang, Y.; Jia, M. Three-Dimensional Reduced Graphene Oxides Hydrogel Anchored with Ultrafine CoO Nanoparticles as Anode for Lithium Ion Batteries. Electrochim. Acta 2014, 129, 425–432. [Google Scholar] [CrossRef]

	



Liang, C.; Zhai, T.; Wang, W.; Chen, J.; Zhao, W.; Lu, X.; Tong, Y. Fe3O4/Reduced Graphene Oxide with Enhanced Electrochemical Performance towards Lithium Storage. J. Mater. Chem. A 2014, 2, 7214–7220. [Google Scholar] [CrossRef]

	



Yoo, E.; Kim, J.; Hosono, E.; Zhou, H.; Kudo, T.; Honma, I. Large Reversible Li Storage of Graphene Nanosheet Families for Use in Rechargeable Lithium Ion Batteries. Nano Lett. 2008, 8, 2277–2282. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.-S.; Yang, S.; Sun, Y.; Parvez, K.; Feng, X.; Müllen, K. 3D Nitrogen-Doped Graphene Aerogel-Supported Fe3O4 Nanoparticles as Efficient Electrocatalysts for the Oxygen Reduction Reaction. J. Am. Chem. Soc. 2012, 134, 9082–9085. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.H.; Wang, K.; Li, H.H.; Wang, H.F.; Li, X.Y.; Wu, X.L.; Zhang, J.P.; Xie, H.M.; Su, Z.M.; Wang, J.W.; et al. Fe3O4 Nanoflakes-RGO Composites: A High Rate Anode Material for Lithium-Ion Batteries. Appl. Surf. Sci. 2020, 511, 145465. [Google Scholar] [CrossRef]

	



Chen, T. Two-Dimensional MnO2/Reduced Graphene Oxide Nanosheet as a High-Capacity and High-Rate Cathode for Lithium-Ion Batteries. Int. J. Electrochem. Sci. 2018, 13, 8575–8588. [Google Scholar] [CrossRef]

	



Wang, R.; Xu, C.; Sun, J.; Gao, L.; Lin, C. Flexible Free-Standing Hollow Fe3O4/Graphene Hybrid Films for Lithium-Ion Batteries. J. Mater. Chem. A 2013, 1, 1794–1800. [Google Scholar] [CrossRef]

	



Wang, F.; Ye, Y.; Wang, Z.; Lu, J.; Zhang, Q.; Zhou, X.; Xiong, Q.; Qiu, X.; Wei, T. MOF-Derived Co3O4@rGO Nanocomposites as Anodes for High-Performance Lithium-Ion Batteries. Ionics 2021, 27, 4197–4204. [Google Scholar] [CrossRef]

	



Cao, L.; Kang, Q.; Li, J.; Huang, J.; Cheng, Y. Assembly Control of CoO/Reduced Graphene Oxide Composites for Their Enhanced Lithium Storage Behavior. Appl. Surf. Sci. 2018, 455, 96–105. [Google Scholar] [CrossRef]

	



Zhang, W.; Hu, L.; Wu, F.; Li, J. Decreasing Co3O4 Particle Sizes by Ammonia-Etching and Catalytic Oxidation of Propane. Catal. Lett. 2017, 147, 407–415. [Google Scholar] [CrossRef]

	



Campos-Delgado, J.; Romo-Herrera, J.M.; Jia, X.; Cullen, D.A.; Muramatsu, H.; Kim, Y.A.; Hayashi, T.; Ren, Z.; Smith, D.J.; Okuno, Y.; et al. Bulk Production of a New Form of Sp2 Carbon: Crystalline Graphene Nanoribbons. Nano Lett. 2008, 8, 2773–2778. [Google Scholar] [CrossRef]

	



Zhang, M.; Uchaker, E.; Hu, S.; Zhang, Q.; Wang, T.; Cao, G.; Li, J. CoO–Carbon Nanofiber Networks Prepared by Electrospinning as Binder-Free Anode Materials for Lithium-Ion Batteries with Enhanced Properties. Nanoscale 2013, 5, 12342–12349. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.-C.; Zhao, W. Zeolitic Imidazolate Frameworks Derived Co Nanoparticles Anchored on Graphene as Superior Anode Material for Lithium Ion Batteries. J. Alloys Compd. 2017, 716, 156–161. [Google Scholar] [CrossRef]

	



Wan, B.; Guo, J.; Lai, W.-H.; Wang, Y.-X.; Liu, M.; Liu, H.-K.; Wang, J.-Z.; Chou, S.-L.; Dou, S.-X. Layered Mesoporous CoO/Reduced Graphene Oxide with Strong Interfacial Coupling as a High-Performance Anode for Lithium-Ion Batteries. J. Alloys Compd. 2020, 843, 156050. [Google Scholar] [CrossRef]

	



Zhou, G.; Wang, D.-W.; Li, F.; Zhang, L.; Li, N.; Wu, Z.-S.; Wen, L.; Lu, G.Q.; Cheng, H.-M. Graphene-Wrapped Fe3O4 Anode Material with Improved Reversible Capacity and Cyclic Stability for Lithium Ion Batteries. Chem. Mater. 2010, 22, 5306–5313. [Google Scholar] [CrossRef]

	



Biswal, A.; Panda, P.K.; Acharya, A.N.; Mohapatra, S.; Swain, N.; Tripathy, B.C.; Jiang, Z.-T.; Minakshi Sundaram, M. Role of Additives in Electrochemical Deposition of Ternary Metal Oxide Microspheres for Supercapacitor Applications. ACS Omega 2020, 5, 3405–3417. [Google Scholar] [CrossRef] [PubMed]

	



Samal, R.; Dash, B.; Sarangi, C.K.; Sanjay, K.; Subbaiah, T.; Senanayake, G.; Minakshi, M. Influence of Synthesis Temperature on the Growth and Surface Morphology of Co3O4 Nanocubes for Supercapacitor Applications. Nanomaterials 2017, 7, 356. [Google Scholar] [CrossRef][Green Version]

	



Li, Y.; Fu, Y.; Liu, W.; Song, Y.; Wang, L. Hollow Co-Co3O4@CNTs Derived from ZIF-67 for Lithium Ion Batteries. J. Alloys Compd. 2019, 784, 439–446. [Google Scholar] [CrossRef]

	



Augustyn, V.; Simon, P.; Dunn, B. Pseudocapacitive Oxide Materials for High-Rate Electrochemical Energy Storage. Energy Environ. Sci. 2014, 7, 1597–1614. [Google Scholar] [CrossRef][Green Version]

	



Yu, Z.; Song, J.; Gordin, M.L.; Yi, R.; Tang, D.; Wang, D. Phosphorus-Graphene Nanosheet Hybrids as Lithium-Ion Anode with Exceptional High-Temperature Cycling Stability. Adv. Sci. 2015, 2, 1400020. [Google Scholar] [CrossRef] [PubMed]

	



Wickramaarachchi, K.; Minakshi, M. Status on Electrodeposited Manganese Dioxide and Biowaste Carbon for Hybrid Capacitors: The Case of High-Quality Oxide Composites, Mechanisms, and Prospects. J. Energy Storage 2022, 56, 106099. [Google Scholar] [CrossRef]

	



Wickramaarachchi, K.; Sundaram, M.M.; Henry, D. Surfactant-Mediated Electrodeposition of a Pseudocapacitive Manganese Dioxide a Twofer. J. Energy Storage 2022, 55, 105403. [Google Scholar] [CrossRef]

	



Wang, Z.; Luan, D.; Madhavi, S.; Hu, Y.; Lou, X.W.D. Assembling Carbon-Coated α-Fe2O3 Hollow Nanohorns on the CNT Backbone for Superior Lithium Storage Capability. Energy Environ. Sci. 2012, 5, 5252–5256. [Google Scholar] [CrossRef]

	



Wickramaarachchi, K.; Minakshi, M. Consequences of Electrodeposition Parameters on the Microstructure and Electrochemical Behavior of Electrolytic Manganese Dioxide (EMD) for Supercapacitor. Ceram. Int. 2022, 48, 19913–19924. [Google Scholar] [CrossRef]

	



Wickramaarachchi, K.; Minakshi, M.; Aravindh, S.A.; Dabare, R.; Gao, X.; Jiang, Z.-T.; Wong, K.W. Repurposing N-Doped Grape Marc for the Fabrication of Supercapacitors with Theoretical and Machine Learning Models. Nanomaterials 2022, 12, 1847. [Google Scholar] [CrossRef]

	



Li, F.; Zou, Q.-Q.; Xia, Y.-Y. CoO-Loaded Graphitable Carbon Hollow Spheres as Anode Materials for Lithium-Ion Battery. J. Power Sources 2008, 177, 546–552. [Google Scholar] [CrossRef]

	



Guan, H.; Wang, X.; Li, H.; Zhi, C.; Zhai, T.; Bando, Y.; Golberg, D. CoO Octahedral Nanocages for High-Performance Lithium Ion Batteries. Chem. Commun. 2012, 48, 4878–4880. [Google Scholar] [CrossRef]

	



Zhang, L.; Hu, P.; Zhao, X.; Tian, R.; Zou, R.; Xia, D. Controllable Synthesis of Core–Shell Co@CoO Nanocomposites with a Superior Performance as an Anode Material for Lithium-Ion Batteries. J. Mater. Chem. 2011, 21, 18279–18283. [Google Scholar] [CrossRef]

	



Wu, Z.-S.; Ren, W.; Wen, L.; Gao, L.; Zhao, J.; Chen, Z.; Zhou, G.; Li, F.; Cheng, H.-M. Graphene Anchored with Co3O4 Nanoparticles as Anode of Lithium Ion Batteries with Enhanced Reversible Capacity and Cyclic Performance. ACS Nano 2010, 4, 3187–3194. [Google Scholar] [CrossRef] [PubMed]

	



Yan, N.; Hu, L.; Li, Y.; Wang, Y.; Zhong, H.; Hu, X.; Kong, X.; Chen, Q. Co3O4 Nanocages for High-Performance Anode Material in Lithium-Ion Batteries. J. Phys. Chem. C 2012, 116, 7227–7235. [Google Scholar] [CrossRef]

	



Li, B.; Cao, H.; Shao, J.; Li, G.; Qu, M.; Yin, G. Co3O4@graphene Composites as Anode Materials for High-Performance Lithium Ion Batteries. Inorg. Chem. 2011, 50, 1628–1632. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.; Zhang, F.; Du, X.; Qin, Y.; Yin, D.; Wang, L. Metal Organic Frameworks Route to in Situ Insertion of Multiwalled Carbon Nanotubes in Co3O4 Polyhedra as Anode Materials for Lithium-Ion Batteries. ACS Nano 2015, 9, 1592–1599. [Google Scholar] [CrossRef] [PubMed]

	



Yan, C.; Chen, G.; Zhou, X.; Sun, J.; Lv, C. Template-Based Engineering of Carbon-Doped Co3O4 Hollow Nanofibers as Anode Materials for Lithium-Ion Batteries. Adv. Funct. Mater. 2016, 26, 1428–1436. [Google Scholar] [CrossRef]

	



Zhu, J.; Tu, W.; Pan, H.; Zhang, H.; Liu, B.; Cheng, Y.; Deng, Z.; Zhang, H. Self-Templating Synthesis of Hollow Co3O4 Nanoparticles Embedded in N,S-Dual-Doped Reduced Graphene Oxide for Lithium Ion Batteries. ACS Nano 2020, 14, 5780–5787. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Zhang, Q.; Li, X.; Xu, D.; Wang, Z.; Guo, H.; Zhang, K. Three-Dimensional Hierarchical Co3O4/CuO Nanowire Heterostructure Arrays on Nickel Foam for High-Performance Lithium Ion Batteries. Nano Energy 2014, 6, 19–26. [Google Scholar] [CrossRef]

	



Li, M.; Yin, Y.-X.; Li, C.; Zhang, F.; Wan, L.-J.; Xu, S.; Evans, D.G. Well-Dispersed Bi-Component-Active CoO/CoFe2O4 Nanocomposites with Tunable Performances as Anode Materials for Lithium-Ion Batteries. Chem. Commun. 2012, 48, 410–412. [Google Scholar] [CrossRef]

	



Wang, P.; Sun, Z.; Liu, H.; Gao, Z.-W.; Hu, J.; Yin, W.-J.; Ke, Q.; Lu Zhu, H. Strategic Synthesis of Sponge-like Structured SiOx@C@CoO Multifunctional Composites for High-Performance and Stable Lithium-Ion Batteries. J. Mater. Chem. A 2021, 9, 18440–18453. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 01986 sch001 550] 





Scheme 1. Schematic illustration for the synthesis and construction of the Co-MOF@rGO flexible film. 
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Figure 1. (a) Digital images of CoO@rGO films; SEM images of (b,c) Co-MOF@GO composites, (d–g) etched Co-MOF@rGO composites, (h,i) CoO@rGO flexible film. 
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Figure 2. (a–c) TEM image of Co-MOF@rGO, (d) HRTEM images of EDX mapping of hollow Co-MOF@rGO flexible films, (e–i) are the elemental mapping of C, Co, O, S and N, respectively. 
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Figure 3. (a) XRD patterns; (b) TG curve; (c) Raman spectra; (d) FT-IR spectra of the CoO@rGO flexible film. 
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Figure 4. Nitrogen adsorption–desorption isotherms of (a) Co-MOF@rGO before etching and (b) Co-MOF@rGO after etching; (c) XPS survey spectrum and corresponding (d) C 1s, (e) Co 2p, and (f) O 1s XPS spectra of the CoO@rGO flexible film. 
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Figure 5. Electrochemical properties of the CoO@rGO flexible film for LIBs: (a) discharge/charge curves at a current density of 1 A g−1; (b) rate properties; (c) CV curve at different sweep speeds; (d) fitting curves of the b-values; (e) the capacitive contribution to charge storage at a scan rate of 0.2 mV s−1; (f) the capacitive and diffusion contributions at different scan rates; (g) cycling properties at 1.0 A g−1. 






Figure 5. Electrochemical properties of the CoO@rGO flexible film for LIBs: (a) discharge/charge curves at a current density of 1 A g−1; (b) rate properties; (c) CV curve at different sweep speeds; (d) fitting curves of the b-values; (e) the capacitive contribution to charge storage at a scan rate of 0.2 mV s−1; (f) the capacitive and diffusion contributions at different scan rates; (g) cycling properties at 1.0 A g−1.



[image: Nanomaterials 13 01986 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  nanomaterials-13-01986


  
    		
      nanomaterials-13-01986
    


  




  





media/file2.png
7 e >
‘.
A
\ e
| . rol®
L NG '
&u‘ ’

N

: : = ’
Freeze-drying Freeze-drying :53 e
CEP

(T ., r‘
s,

L (]
hig
s

]
ALK

(
0y
3
i
=
O
T
@
®
O






media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
(a) = —coarco] _(0) ——coo@iGo
~ g T
< £
z H
3 3
& & o0
£ z
= 2 | o 0,0, 40.05%
cPoS: 451719 Motecutr weightof €00
‘ | 7 B o s
2 © S 6 70 8 9 o 20 a0  eo0 80
2-Theta (degree) Temperature (C)
© oy B
gl F T
= ¢ g1 INTAY
s 9| a3 1762 || 1030
= 2 823
3 £
2 £| —coo@eo
s H
] g
E o137 5
£
1385

1000

1500
Raman shift cm™")

2000

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm™')





media/file10.png
p—
O
LRy

(b)

—
QD
S—

£ 0.06] CoO@rGO Survey

= 0.05 7
;o

Z0.04-

g

50.03

s

2 0.02

&

2 001 ?

g' .- [*]

|
& ;
T & 3
100_.0“0‘

Pore di1a?-ne¢er m) e o

(2000300000 N 1s
0000030093900 . S 2p
; —o— Adsorption e

@ Adsorption
@ Desorption = —o— Desorption

00 02 04 06 08 10 00 02 04 06 08 1.0 900 700 500 300 100
Relative Pressure (P/P,) Relative Pressure (P/P,) Binding Energy (eV)
d
( ) C1s

o0
(=]
']
g-nmy)
e =
[ = ]
- e
= M
(=]
o
L

{=]
]
(=]
_'a___h.
_F
L]

N
(=]
1
(=]
(=]
a3

0.006 4

——

-

(=]

1
dV/dD Pore Volume {cm¥/
2 =2 2 L
2 8 8
=2 M A

% =

Co2p

£ 0.004
=

10

Pore diameter (nm)

Intensity (a.u.)
O
)

o]
(=]
1
]
[=]
B

©%e. .
Quantity Adsorbed (cm®/g)
$a
=

Quantity Adsorbed (cm®/g)

=
L
o
L

p—
M
S
p—,
=

Co 2p O1s

C'C!c=c CO'O'C

Intensity(a.u.)
Intensity(a.u.)
Intensity(a.u.)

Co-OH Co-0
C-0

298 296 294 292 290 288 286 284 282 280 810 805 800 795 790 785 780 775 544 542 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)





media/file12.png
100

40

3.0 1200 . ' T
(a) (b) _/EmanEan, O oono oo =4 100 (0)15_
2.5- 1000 4. —9—Co0@rGO o~
= —o—1GO {80 1.04
=20+ 2 8004 s gz
2 < § E 0.5
2, £ "2z
g = 600 - £ E’ 0.0-
o G 402 5
=>4 T 400- 2 ©O.0.54
S :
! : 205
0.5 200 3 -1.0-
o
u_u T T T T T T T T T T T T '1 .5 T T T T T T T
0 200 400 600 I 800 1000 0 5 10 15 20 25 30 35 40 45 00 05 10 15 20 25 3.0
Capacity (mAh g™) cycle number Voltage (V vs. Li*/Li)
0.2
(d) (e) (f) Il capactive [l Diffusion controlled
) 08 100 -
< ) /
E 0.14 < "
£ = 5.5
0.6+ < T
: £ € o
= v 0.0 l
o = 0.0 E
- o =
D 0.4+ 5 2 40 -
< .14 =
> _ B 65 5 -
= 02 v v peak 1 Anodic pseudocapacitive <
° . peak 2 Cathodic 0.2
T T T 0'
0.0 !? 0.8 0.0 05 1.0 3.0 0.2 0.4 f 0.8 1
Log (scan rate. mV s™) Potential w vs. L| .‘Ll) Scan rate (mV s™)
@ T— —— —
2000 - -
i 1 e CoO@rGO 2 CoO 2 rGO
=
< 1500 —
~§- - Current density: 1A g
>
et
‘G 1000 — <—'
m
n -
m
O

=
=
|

L

20

L 1 L]

300
Cycle number

400 500

600

Coulombic efficiency (%)





media/file9.jpg
¥ Co0GIGO Survay S
i It
. s 2| ofs
i A [ 8 ee
g P ”‘:;;y | O
"~ aasorton |2 | "~ assorption s
e ot ]
T e
[Clres [Clrey Orew
comme ] coc
E " sl 3
E 3 - | §
H om . H
1 ;M i o] hopo

K P M

e B LK






media/file0.png





media/file8.png
i

@
~—

—
Q
f

Intensity (a.u.)

Intensity (a.u.)

. CoO@rGO ﬁ(b)- CoO@rGO
o o
o o~
. s
-~ -
= o
o C
N\ o
— N
o = |
.% 404 coo Co,0,: 49.08%
JCPDS: 48-1719 ; | Molecular weight of CoO o,
| ' OxMolecularweight oGy —
20 30 40 50 60 70 80 90 0 200 400 600 800
2-Theta (degree) Temperature (C)
D CoO@rGO (d)
— R Rt I o R
X { )
o | 3443 1762 || 1039
2 823
Y
= CoO@rGO
&
2
Io/l=1.37 G
|_
1385
1000 1500 2000 4000 3500 3000 2500 2000 1500 1000 500

Raman shift cm ™ Wavenumbers(cm™)





media/file11.jpg
PEN.- |

wos'bean o, v o

5

i

cpalthmber

|





media/file6.png





