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The transition from fossil fuels to sustainable energy sources needs more efficient materials and improved technologies. Traditional materials (either pristine or combined to form composites) are restricted by their low efficiency, low performance, short durability, environmental issues, high production costs, and narrow spectrum of applications. In recent years, the research in the field of materials for energy applications has been very active as documented by the number of scientific contributions that is trending with exponential growth (Figure 1A).
[image: Figure 1]FIGURE 1 | Number of documents (keywords: Energy AND Materials, source: Scopus) published in the last 30 years (A); Subject areas of scientific contributions dedicated to energy materials (B).
Furthermore, from a subject area standpoint, the field of “energy materials” is very broad and its relevant research is a multidisciplinary and multifaceted activity. For example, the subject area can range from the materials for nuclear reactors harnessing nuclear energy to the materials for chemical energy storage. Even, the safety materials for energy technologies can also be considered as “energy materials.” Consequently, an issue on “energy materials” may include basic and fundamental scientific studies to more applicative contributions, which are comprised in a wide variety of applications (Figure 1B).
For this reason, it is quite difficult to provide a complete overview over the materials for energy. From the operational point of view, materials for energy conversion, transport and storage are typically included. Topics are manifold, multifaceted, and sometimes very diverse. For example, the field of the electrical energy storage is very far from fuel storage. In any case, a very wide and transversal viewpoint in a specific field can make available a remarkable innovation. As a rule, a look must always be directed towards new materials, fabricated experimentally (Uddin et al., 2014), or predicted theoretically (Sarker et al., 2013) and their properties (Zhang et al., 2019). For example, very recently the concept that uses the earth as a heat source and the night sky as a heat sink, known as thermoradiative photovoltaics, has been illustrated (Raman et al., 2019; Deppe and Munday, 2020). Materials for such devices will need a strong absorption and emission in the thermal radiation range, enough transparency to permit optical access to the night sky. Such materials have the potential to revolutionize the photovoltaics technology. Another look must always be oriented towards new characterization techniques and innovative investigation methods. For example, in the specific field of lithium (Li)-ion batteries, the machine learning assisted statistical analysis together with experiment-informed mathematical modelling have been shown very recently by Jiang et al. (2020). The authors have correlated the degree of particle detachment cathodes with the charging rate and particle sizes. Alternatively, X-ray nano-computed tomography dual-scan superimposition technique has been adopted by (Lu et al., 2020) to shed light on microstructural heterogeneities. The method has the potential to determine how the performance of the Li-ion batteries is affected under high rate conditions.
The present article collection, composed of six research articles and three reviews, showcases some of the latest achievements and future perspectives in the field of the carbon-based and inorganic materials that are being designed to meet some of our energy challenges. In the present article collection, the attention to the environment is a common perspective, due to preparation methods adopted from natural resources, polymers and the attempt to minimize (or replace) metals for a more sustainable development of technologies. Cesano et al. reviewed the topic of metal-free conductors based on macrosized and nanoscale carbons (i.e., carbon fibers, carbon nanotubes, graphene) from the viewpoint of the electrical and thermal conductivity for electronic and electrical wiring applications. Specifically, CNTs and graphene can be assembled into macroscopic fibers, yarns and ropes to be used as conductors (Akia et al., 2017; Jang et al., 2020). From the perspective of replacing metals, which are present in nature with limited amounts, the role played by the chemistry in helping to exceed the electrical conductivity of metals by means of the molecular-level control and doping, is emphasized. The contribution helps to elucidate most recent results in the field, and envisages new directions and potential applications. Jangir et al. designed and fabricated a bio-hybrid electrode, which integrates Li, sulfur, and molybdenum in a nitrogen-doped reduced graphene oxide (NDRGO) matrix of biological origin. The obtained composite material works as an electrode, based on concepts of “embedded redox couples” and “induced electron transfer,” behaving as a supercapacitor. Wu et al. reviewed MnO2/carbon composites for supercapacitors from the viewpoints of the synthesis and of the electrochemical performance. Along with this broad theme, MnO2 has emerged as one of the most promising electrode materials for its specific capacitance, wide potential range, high electrochemical activity, and environmental friendliness. In addition, due to their low electrical resistances, significant thermal stabilities, large specific surface areas, and porosities, carbons are ideal materials to be compounded with MnO2. The authors show the latest findings on MnO2/carbon supercapacitor electrodes, focusing on the fabrication strategies and the electrochemical performance influencing factors, with an outlook on the possible development directions in future for designing high-performance materials. Kulandaivalu et al. reviewed the subject of the layered double hydroxide (LDH)/carbon nanocomposites containing Ni2+ and Co2+/3+ for supercapacitor applications. The combination of Ni-Co LDHs with carbon-based materials gives a remarkable improvement in the specific energy, specific capacitance, and specific power performance of supercapacitors. The authors explore important factors influencing the synthesis of LDHs and the correlation among morphology, structure, and electrochemical performances of the Ni-Co LDHs. Improvements needed to increase the performance of these new supercapacitors are also provided. Kumar et al. synthesized hexagonal copper phosphide (Cu3P) platelets by chemical vapor deposition technique and incorporated it in the highly conducting 3D graphene scaffold, leading to the formation of Cu3P/graphene hybrid to be used as supercapacitors with high Coulombic efficiency. The fabricated asymmetric supercapacitor using Cu3P/graphene hybrid on graphite as cathode and activated carbon on graphite as anode showed high specific capacity, energy density, remarkable power density and an excellent cycle life. Li et al. fabricated spinel Li manganese oxide (LiMn2O4) in Li-ion battery. The authors observed improved stability even at elevated temperature with the addition of 1, 3-propane sultone working as an electrolyte additive compared to the cell without additive. On the other hand, Gouda et al. fabricated membrane electrode assembly in the proton exchange membrane fuel cells using graphene materials obtained from the thermal dissociation of polyethylene terephthalate, working as catalytic electrodes, and a ternary polymer blend (i.e., polyvinyl alcohol, polyethylene oxide, and polyvinyl pyrrolidone). The authors then investigated the effect of gas diffusion layers and the number of catalyst layers in three types of membrane electrode assemblies. Alternatively, semiconductor nanowires have the potential to reduce costs and increase the efficiency of the devices. On this topic, Zayas-Bazán et al. prepared CdS nanowires utilizing the chemical vapor deposition technique and Bi nanoparticles working as a catalyst. The authors proposed a solar cell configuration, in which CdS nanowires operate as windows material (or even as absorber) in hybrid solar cells, like Quantum Dots Dye Sensitized Solar Cell, CdTe, or colloidal CdSeTe. Perovskite oxides are an important and effective class of mixed oxides which play a significant role in the fields of energy conversion, transport, and storage systems. For active electrocatalysts as water electrolysis to meet the demands of the sustainable energy-powered economy, they are fascinating alternatives to noble metals because of their catalytic activity and cost-effectiveness. Along this line, Mao et al. developed a series of Sr2+-doped cobaltite perovskite LaCoO3 particles as efficient catalysts for oxygen evolution reaction (OER).
Overall, the papers published in this issue cover materials for energy. The subject is manifold, multifaceted, and sometimes very different, but we can easily conclude that the theme will have significant developments in the coming years. We truly hope that contributions published within this article collection will contribute to help to increase the value of research articles in the field of energy materials, providing inspiration for new relevant publications.
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Developing ‘carbon lithium sulfide composite (C-Li2S)’ cathode is a promising strategy for Li-S battery. Quite interestingly, when Li and S are caged in a heavily nitrogen-doped reduced graphene oxide (NDRGO) matrix derived from Tassar silk cocoon, the composite (NDRGO-Li-S) electrode behaves like a supercapacitor. In this work, we first optimized the concentrations of sulfur and then introduced molybdenum in the NDRGO matrix to develop a stable NDRGO-Mo-Li-2S (where 2 stands for 2M) composite electrode. The electrode design process utilized the concepts of “embedded redox couples” and “induced electron transfer”; a putative strategy to alter internal electron-shuttling kinetics for applications in various charge storage devices; where a time of electron-shuttling is the key. In NDRGO-Mo-Li-2S composite the charge transport occurs via “induced electron transfer,” where Li+, is an external oxidant, provoking the inter atom electron transfer between Mo(VI), the internal oxidant, and S(-II), the internal reductant in Mo-S redox couple. This redox reaction is reversed using NDRGO, an external reductant inducing inter atom electron flow across [Mo(V)–(S2)] to complete the starting to product and back cycle. Such a redox cycle is competent for the flow of electrons in a lasting charge storage material through this unique bio-inorganic hybrid approach.

Keywords: induced electron transfer, silk cocoon, nitrogen doped reduced graphene oxide, lithium-sulfur battery, molybdenum, bio-hybrid electrode


INTRODUCTION

A significant amount of research has undergone in Li-S battery; having sulfur as the cathode (positive electrode), lithium as the anode (negative electrode) and an aprotic organic solvent of lithium salt as an electrolyte (Rauh et al., 1979; Peled and Yamin, 1983; Peramunage and Licht, 1993; Shim et al., 2002; Armand and Tarascon, 2008; Aurbach et al., 2009). The major shortcomings of the Li-S battery are the following: (a) unstable nature of the sulfur cathode. (b) polysulfide shuttling problem. (c) challenges to select the appropriate electrolyte. (d) protecting the lithium anode or scouting for a more stable anode. These shortcomings have been dealt with in detail in recent reviews on the Li-S battery (Ely et al., 2018).

The present work involves the design and development of stable cathode material for Li-S battery. During the last decade, two major approaches have been attempted to improve the sulfur cathode. In the first approach, the sulfur cathode is being stabilized by forming a carbon-sulfur composite (Ji et al., 2009). While, in the second, Li2S cathode is preferred over the sulfur cathode (Hassoun and Scrosati, 2010).

Li2S suffers from poor electrical conductivity and sluggish electrochemical performance. Li2S-carbon composite electrodes are currently being investigated to improve stability and electrochemical activity (Geng et al., 2018; Jangir et al., 2018; Li et al., 2018a,b,c; Luo et al., 2019; Shi et al., 2019; Zhou et al., 2019). In one of our earlier works, to improve the conductivity and stability of Li2S, we developed a synthetic approach viz., we synthesized Li2S in a conductivity cage of heavily nitrogen doped reduced graphene oxide (NDRGO) derived from the wild Tassar silk cocoon (Jangir et al., 2018). We sequentially entrapped equimolar lithium and sulfur in NDRGO, resulting in the formation of NDRGO-Li-S composite. While testing the electrochemical performance of the NDRGO-Li-S composite, to our surprise, we observe that the composite behaved as a better supercapacitor as compared to NDRGO (Jangir et al., 2018). This finding sets the tone for the present research and opens up a few critical questions (a–c), that are enumerated below:

(a) In the earlier work, we used equimolar lithium and sulfur to develop the NDRGO-Li-S composite (Jangir et al., 2018). If we vary the content of sulfur while keeping the concentration of lithium constant, how will it influence the electrochemical performance of the composite?

(b) Since leaching of sulfur from both carbon-sulfur and Li2S-carbon cathode is a persistent problem; ‘how much sulfur can be optimally anchored in an NDRGO matrix, so that without any sulfur spillover, it retains stability and provides long term optimal electrochemical performance?’

(c) Exploring an alternative strategy to increase the stability of Li2S-carbon composite?

In the present work, we have addressed the questions a and b, by varying the concentration of sulfur and testing the electrochemical performance of the newly synthesized composites. The schematic of the strategy has been shown in Figure 1. While addressing question c, we drew our inspiration from two fundamental concepts: (i) electron shuttling through redox couples as observed in a biological membrane, (ii) induced electron transfer.


[image: image]

FIGURE 1. Overall experimental design and the strategies followed to develop a stable silk NDRGO, Li, S electrode. The heavily nitrogen doped reduced graphene oxide (NDRGO) derived from silk is used as a conductivity cage. Superscript 1 indicates NDRGO, a supercapacitor electrode. Superscript 2, stands for NDRGO-Li-S composite obtained from equimolar doping of Li and S on the NDRGO matrix. Superscript 3, stands for 1M Li and 2M S doping on the NDRGO matrix, i.e., NDRGO-Li-2S. Superscript 4, stands for 1M Li and 4M S doping on the NDRGO matrix, i.e., NDRGO-Li-4S. Superscript 5, stands for Mo, 1M Li and 2M S doping on the NDRGO matrix, i.e., MDRGO-Mo-Li-2S.



In the subsequent section, we will discuss each of these aspects and how these concepts assisted us in designing a stable Li2S-carbon composite electrode.

(i) Electron shuttling in biological membranes is carried out by a series of embedded redox couples, mainly iron-sulfur (Fe-S), cytochromes, and copper proteins. These metalloproteins are used with different redox potentials to control the electron flow and sometimes the energy used in these steps are coupled to derive relevant biochemical reactions. The direction of electron flow is a function of the redox potential. The time an electron takes to travel from point A to point B in a chloroplast or mitochondrial membrane, though very fast, yet depends on the number of redox couples which it encounters during its journey. Thus, the capacitive discharge of such a membrane is a function of the number of redox couples present in the membrane (Stryer, 1999). Inspiration could be drawn from such biological membranes; to introduce redox couples in synthetic electrode membranes to make it more stable and vary the time of electron transfer. The specific question we ask, is the following: could we stabilize sulfur by introducing an atom ‘X’ in the NDRGO matrix, so that sulfur forms redox couples with ‘X’ viz., S-X. In such a situation, the electron kinetics will be altered, as well as sulfur will be stabilized as an internally embedded redox couple. We chose molybdenum (Mo) as our ‘X’ atom; with the assumption that it will form a two-dimensional MoS2 structure on top of the NDRGO sheet, where MoS2 will function as a redox couple, stabilizing the sulfur. So what we targeted, is to develop an electrode matrix with an extended bond system having the key players as NDRGO, Mo, Li, and S.

(ii) Quite interestingly, in such extended bond systems, transfer of electrons can be induced by different kinds of operations. This brings us to the least known concept, viz., “Induced electron transfer,” introduced by Professor Henry Taube, through his famous book entitled “Electron Transfer Reactions of Complex Ions in Solution”; published in 1970 (Taube, 1970). Such an electron transfer across a central atom and an adjoining donor atom or ligand in a compound is induced by an external redox agent (either oxidant or reductant), that also participates in the said reaction. In such arrangement, the external redox system, say an oxidant provokes and initiates the electron transfer process across the central atom and ligand in the compound leading to a product, and the process is reversed by a second external reductant to bring back the product to starting compound (Taube, 1970; Sarkar and Ansari, 1986; Chandrasekaran et al., 1987; Ansari et al., 1988a,b,c; Miller and Min, 2009). The external oxidant and reductant, using such transitioning redox chemistry, maintained an interdependent two-ways electron shuttling arrangement necessary for storage devices. Such an approach could be exploited to control the time of electron transfer, which is the key for different kinds of charge storage electrodes viz., battery, supercapacitor, capattery.

Here, we have designed and engineered a bio-hybrid electrode by amalgamating these two above mentioned basic aspects of electron kinetics. The electrode consists of an embedded molybdenum-sulfur (Mo-S) redox couple; along with silk cocoon derived heavily nitrogen doped reduced graphene oxide (NDRGO) and lithium (Li), an electronegative and an electro-positive species, respectively. This electrode exhibits “induced electron transfer”; where Li+ acts as an external oxidant, providing the necessary driving force to provoke the inter atom electron transfer between Mo(VI), as internal oxidant, and S(-II), as internal reductant in Mo-S redox couple and NDRGO functions as external reductant assists in reversing the process and bringing the system back to its original configuration.

The work presented here is divided into three sub-sections as enumerated below:

Sub-section one: A detailed procedure has been discussed highlighting the design and engineering aspects of four different variants of the bio-hybrid electrode material. Further electrochemical characterization of these electrode materials have been carried out, and the results were compared to choose the best electrode configuration from the pool of four electrodes.

Sub-section two: Based on the comparative analysis in previous sub-section, a detailed structural analysis and life cycle studies were conducted for the NDRGO-Mo-Li-2S electrode configuration.

Sub-section three: A putative mechanism of electron transport on the electrode surface has been discussed on the basis of “induced electron transfer” and “shuttling of an electron through embedded redox couple” as observed in NDRGO-Mo-Li-2S electrode.



EXPERIMENTAL


Synthesis of Electrode Material and Electrochemical Characterization
 
Preparation of NDRGO

Tassar silk cocoon were obtained from the forest reserves of the state of Chhattisgarh in India as described in our previous work (Roy et al., 2014; Sahu et al., 2015; Dubey et al., 2018; Jangir et al., 2018). The dead pupae was removed and the Tassar silk cocoon was cut into small pieces and was then put into a crucible. The crucible was put into a furnace and the furnace was purged with argon for 45 min. Then the temperature of the furnace was slowly raised to 400 °C under argon atmosphere and that temperature was fixed to completely char the cocoon pieces for 4 h. The heating was then discontinued and the furnace was allowed to cool under argon till it attained room temperature. The bio-charred sample was removed from the crucible and was ground to form powdery fine particles using pestle and mortar. This sample was then packed and sealed into a Whatman filter paper to create a thimble-like package and the solid sample was placed inside and sealed to close the opening. That was repeatedly washed with acetone using a soxhlet extractor to remove any organic by-product formed under charring. The residual sample was allowed to dry and then oxidized using nitric acid. For this, 1 g of the washed sample was slowly added in portion into 30 ml of HNO3 to control the exothermic reaction with the evolution of nitric dioxide fumes and when it is virtually subsided, the mixture was allowed to stand for 18–24 h at 40 °C. The acid was then removed under slow evaporation to solidify the mass which was then washed with water, methanol and acetone sequentially, and finally dried in a desiccator. This sample on analysis is found to be ~15% nitrogen doped graphene oxide. This was then reduced using hydrazine hydrate. About 0.5 g of the above sample was treated in 30 ml of hydrazine hydrate at approximately 40 °C for 12 h. The insoluble reduced graphene oxide so formed was washed with water followed by methanol and acetone sequentially and dried in a desiccator. This sample is termed as nitrogen doped reduced graphene oxide (NDRGO) (Roy et al., 2014; Sahu et al., 2015; Dubey et al., 2018; Jangir et al., 2018).

Preparation of NDRGO-Li-S, NDRGO-Li-2S, NDRGO-Li-4S

Around 200 mg of NDRGO was added in previously argon purged 15 ml of dimethylformamide (DMF) and continuously stirred at 50 °C for 40 min under argon. Then, 21 mg of Li metal was added into it and stirred for 20 min. To this, 100, 200 and 400 mg of sulfur powder, respectively, added for NDRGO-Li-S, NDRGO-Li-2S, NDRGO-Li-4S compositions, respectively. In each case the final ternary mixture (NDRGO, Li and S) was stirred for 2 h, to obtain the final product. Then, DMF was removed by washing with benzene and the sample was stored in oxygen and moisture free chamber. Based on the sulfur ratio used, we got three products as NDRGO-Li-S, NDRGO-Li-2S, and NDRGO-Li-4S. NDRO-Li-S synthesis has been discussed in detail in one of our previous publications (Jangir et al., 2018).

Preparation of NDRGO-Mo-Li-2S

As mentioned in the preceding paragraph, around 200 mg of NDRGO was added in previously argon purged 15 ml of dimethylformamide (DMF) and stirred at 50 °C for 40 min under argon. Forty milligram ammonium molybdate tetra hydrate was added to this mixture and further stirred in an argon environment for 20 min, while maintaining a temperature of 50 °C. Following this, 21 mg Li was added. The reaction was allowed to progress for next 20 min and after this 200 mg S was added, and the reaction was continued for next 2 h. The final product was washed with benzene and stored for further use in vacuum desiccator.

Electrode Preparation, Electrolyte Preparation, and Electrochemical Characterization

(i) Electrode preparation: Electrode materials were coated on one side of the graphite sheet (current collector) of size 1.5 cm*1.5 cm. Only 5 mg of electrode material was coated.

(ii) Electrolyte preparation: 1 part of 1-butyl 3- methyl imidazolium tetrafluoroborate [BMIM]BF4 in 10 parts of acetonitrile (ACN) was used as electrolyte. This was prepared in argon atmosphere by gently dissolving in ACN for 30 min (Wang et al., 2012; Jangir et al., 2018).

(iii) Electrochemical characterization: Electrochemical analysis was performed using ZIVE SP1 single channel electrochemical workstation. We used three electrode configuration with platinum as counter electrode and a reference electrode. Two analyses were performed: cyclic voltammetry (CV) followed by charge-discharge study. CV was performed in the voltage range of −1.5 V to +1.5 V at a scan rate of 5 milliVolt per second (mV/s). Charge discharge analyses (CC/CC mode) were performed using a constant charging and discharging current of 5 milliampere (mA) in the voltage range of −1.5 V to +1.5 V. Long-term charge discharge analysis was performed for NDRGO-Mo-Li-2S at a constant charging and discharging current of 0.2 mA in a voltage range of −0.5 V to +1.0 V. In addition, for NDRGO-Mo-Li-2S, CV was performed at different scan rates of 100, 50, 5, and 1 mV/s. Also, charge discharge curves were recorded for 5, 1, and 0.2 mA constant current in a voltage window of −0.5 V to +1.0 V.



Electrode Material Characterization

Field emission gun scanning electron microscopy (FE-SEM) was performed using JSM-7100F (JEOL Ltd.). Transmission electron micrographs were obtained from FEI Technai 20 U Twin Transmission Electron Microscope (TEM). X-ray photoelectron spectroscopy (XPS) was done using PHI 5000 Versa probe II FEI Inc. instrument. X-ray diffraction (XRD) pattern was obtained using PANanlyticalX’Pert instrument.




RESULTS AND DISCUSSION

This results section has been divided into three subsections as discussed earlier in the “introduction.”


Sub-section 1

Design principles and engineering of five different variants of bio-hybrid electrode material and the electrochemical characterization (Figures 1–6).

The electrode designing process was initiated from a naturally derived material of biological origin viz., Tassar silk cocoon. Bio-charred silk cocoon is a rich source of heavily nitrogen (~16%) doped reduced graphene oxide (NDRGO) matrix, exhibiting remarkable fluorescence, soft ferromagnetism, and supercapacitor properties (Roy et al., 2014; Sahu et al., 2015; Dubey et al., 2018; Jangir et al., 2018). We discovered that doping equimolar lithium and sulfur (NDRGO-Li-S) in NDRGO matrix improves supercapacitor properties (Jangir et al., 2018).

In the present work, we initially attempted to improve the electrochemical properties of NDRGO-Li-S complex, by increasing the S content from 1 to 2M and 4M, thus resulting in two new complexes NDRGO-Li-2S and NDRGO-Li-4S, respectively. The transmission electron micrographs of NDRGO-Li-S, NDRGO-Li-2S, and NDRGO-Li-4S composites are shown in Figures 2a–c. All the composites showed a 2-D sheets like geometry ascertaining the presence of NDRGO matrix. In our earlier works on NDRGO and NDRGO-Li-S, we observed similar results (Roy et al., 2014; Sahu et al., 2015; Dubey et al., 2018; Jangir et al., 2018). The distribution of the chemical moieties in these complexes were further verified by their XRD signatures as shown in Figure 3. The XRD traces highlight the elemental distribution of these electrode materials.


[image: image]

FIGURE 2. Representative TEM images: (a) NDRGO-Li-S. (b) NDRGO-Li-2S. (c) NDRGO-Li-4S. (d) NDRGO-Mo-Li-2S.
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FIGURE 3. XRD pattern of the synthesized composites.



Next, we performed CV analysis for NDRGO, NDRGO-Li-S, NDRGO-Li-2S, and NDRGO-Li-4S (Figure 4). Since in our earlier work, NDRGO and NDRGO-Li-S showed superior supercapacitor properties, we tested supercapacitor properties of NDRGO-Li-2S and NDRGO-Li-4S. Initially CV analysis was performed using a typical super capacitor testing protocol viz., voltage range of −1.5 V to +1.5 V with a scan rate of 5 mV/s. We made two important observations at this stage of experimentation. CV analysis showed that NDRGO-Li-2S performs better than NDRGO, NDRGO-Li-S and NDRGO-Li-4S (Figure 4A). But for NDRGO-Li-4S composite, a significant amount of sulfur spillage took place in the electrolyte during electrochemical measurement, as observed by the change in the color of the electrolyte to yellow (Figure 4B). After running the electrode for few cycles, we observed unstable recordings and detachment of electrode material from the graphite sheet (as can be observed at the bottom of the beaker shown in Figure 4). In one of the earlier work, Medenbach et al. (2018) reported similar sulfur spillage. Due to unstable nature of the NDRGO-Li-4S composite, this composition was not included for further experiments. The material indeed showed initial promise but further work is needed to stabilize the composite. Followed by CV, we performed a charge discharge analysis for NDRGO-Li-S, NDRGO-Li-2S, and NDRGO-Li-4S and compared the results (Figure 4C). A constant charging and discharging current of 5 mA in the voltage range of −1.5 V to +1.5 V was used for analyzing the results viz., typically used for testing super capacitor (Stoller and Ruoff, 2010).
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FIGURE 4. Electrochemical characterization of all the composites. CV was performed in the voltage range of −1.5 V to +1.5 V at a scan rate of 5 millivolt (mV) per second. Charge discharge analyses (CC/CC mode) were performed using a constant charging and discharging current of 5 milliampere (mA) in the voltage range of −1.5 V to +1.5 V. (A) Cyclic voltammogram analysis. (B) Sulfur spillage in NDRGO-Li-4S composite. (C) Charge-discharge analysis.



While NDRGO-Li-2S performed better than NDRGO-Li-S, but to our surprise, NDRGO-Li-4S completely deviated from super capacitor behavior. But the unstable nature of the complex prevented us from exploring it further. Based on CV and charge-discharge results, we proceeded with NDRGO-Li-2S composite.

We further tried to improve the stability and supercapacitive property which we observed in NDRGO-Li-2S complex. Without altering the structural conformation, viz., layered sheet-like structure of this complex, we plan to introduce another 2-D sheet like matrix (MoS2) into it. Recently, to enhance the photo-catalytic activity of reduced graphene oxide (rGO), a similar approach has been reported, where a rGO-MoS2 composite has been prepared by Cravanzola et al. (2016). In our present work, to achieve this, we chronologically introduced molybdenum into the NDRGO matrix before lithium and sulfur because of the following reasons (Figure 1):

(a) Assuming that the assembly of the atoms follows a layer by layer strategy, the larger size of Mo on top would have hampered the interaction of smaller Li and S atoms with the electrolyte.

(b) Mo being multi-valent would provide varied binding sites for upcoming Li and S atoms.

(c) By this strategy, Li is sandwiched between two multi-valent atoms viz., Mo and S.

(d) Introducing a larger Mo atom between NDRGO matrix and Li, increased the distance between highly electropositive Li and highly electronegative N.

This newly synthesized NDRGO-Mo-Li-2S showed surprising deviation from super capacitor like properties in terms of cyclic voltammogram (Figure 4A) and charge-discharge characteristics (Figure 4C) than any of its siblings’ like NDRGO, NDRGO-Li-S, and NDRGO-Li-2S. What was even more surprising was the stability of this new composite viz., NDRGO-Mo-Li-2S. Since NDRGO-Mo-Li-2S composite did not show any super capacitor like feature, we designed additional experiments to test its electrical nature.

Next, we performed CV for NDRGO-Mo-Li-2S at different scan rate and further determined the normalized current density (Figure 5). Upon normalization of the current density, we observed certain striking differences viz., at 50 and 100 mV/s scan, one does not see any difference. But as we lower the scan rate to 5 mV/s and then further down to 1 mV/s, we started to see a complete deviation from higher scanning rates viz., 50 and 100 mV/s. Thus this critical information, indicated that the electrode material is more suitable for devices requiring slow charge kinetics viz., more like a battery electrode, or something between battery and supercapacitor (capattery) (Akinwolemiwa et al., 2015), the goal with which we initiated our research (a stable Li2S-C composite).
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FIGURE 5. CV analysis of NDRGO-Mo-Li-2S at 1, 5, 50, 100 mV/s and normalized current density (As/Vcm2).



In the light of this result (Figure 5), we performed a charge discharge analysis (CC/CC mode) of the material using a constant charging and discharging current of 5, 1, and 0.2 mA in the voltage range of −0.5 V to +1.0 V (Figure 6). The voltage window of 1.5 V was selected, since we observe that at low current, the electrode perform optimally at this range. As we lowered down the current, the material behaved typically like a battery material, a NDRGO-Mo-Li-2S cathode. What is most interesting revelation is that, it is feasible to engineer the charge-discharge kinetics with little molecular tweaking. Next challenging question for us was to explore the structure of NDRGO-Mo-Li-2S.
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FIGURE 6. Charge discharge analyses (CC/CC mode) were performed for NDRGO-Mo-Li-2S using a constant charging and discharging current of 5, 1, and 0.2 mA in the voltage range of −0.5 V to +1.0 V.





Sub-section 2

Detailed structural analysis and life cycle studies of NDRGO-Mo-Li-2S electrode.

Based on the electrochemical results, we further explored the structural characteristics of NDRGO-Mo-Li-2S (Figure 7). The key question we asked is “how introduction of Mo completely alters the stability and functional efficiency of the material?”
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FIGURE 7. Structural analysis of NDRGO-Mo-Li-2S. (a) Representative TEM image. (b) Representative FESEM image showing lamellar structure. (c) AFM image. (d) Height profile of the material in AFM. (e) Representative site used for elemental analysis. (f) Elemental analysis for C, N, Mo and S.



In NDRGO-Mo-Li-2S, a weak 002 peak appears at 26.5 °C in its XRD, indicating significant deoxygenation and the presence of the nitrogen atoms in the crystal lattice of graphene. This intercalation of nitrogen, resulted in increased distance between the graphite layers (Figure 3). It showed 2D stacked sheet like morphology in TEM (Figure 2d and Figure 7a). Further, SEM images showed lamellar geometry (Figures 7b,f). The depth profile of the matrix in AFM showed an average height of 3.6 nm (Figure 7c). The presence of S, Mo, C, and N was further verified by elemental analysis.

In order to analyze the surface chemical features of NDRGO-Mo-Li-2S, we performed a detailed XPS. Table 1 shows the binding energies corresponding to the bonds observed in NDRGO-Mo-Li-2S complex in the XPS spectra. The assignment of XPS peaks were validated with NIST X-ray photoelectron spectroscopy database (Naumkin et al., 2012).



Table 1. The binding energies obtained from the narrow spectra for each constituting elements of NDRGO-Mo-Li-2S.
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The broad spectrum of XPS shows the presence N1s, C1s, Mo3d, S2p, Li1s (Figure 8A). The narrow spectra of C1s, N1s, Mo3d, Li1s, S2p are shown in Figures 8B–F.
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FIGURE 8. XPS analysis of NDRGO-Mo-Li-2S. (A) Broad spectrum. Narrow spectra of (B) C1s. (C) N1s. (D) Mo3d. (E) Li1s. (F) S2p.



The initial hypothesis we laid out in the synthesis of NDRGO-Mo-Li-2S, to our satisfaction corroborates with its structural and bonding characteristics. The TEM, FESEM, and AFM showed extensive stacking of sheets, this is in line with the characteristics of NDRGO (Figure 7, Table 1) and MoS2 as evident in Figure 8F, Table 1. Mo exists in elemental as well as in IV, V, VI oxidation states (Figure 8D). Sandwiching of Mo between NDRGO and S is also observed (Figure 8B). The integration of Mo into the NDRGO matrix is highly evident (Figure 8F). Addition of Li after Mo has served to be advantageous as, Li being a smaller atom managed to percolate through the Mo sieve and bond with C and highly electronegative N atoms of NDRGO; it has also stayed above Mo and bonded with S (Figure 8E). The role of Mo in the NDRGO-Mo-Li-2S complex, seems like that of an atomic ligand that holds the constituent atoms at a distance from each other. An analogy could be drawn where Mo acts like a dielectric with carbon-nitrogen on one side and lithium-sulfur on the other side making a series of molecular capacitors within the NDRGO-Mo-Li-2S matrix.

The multivalency and the proposed atomic coordinating ability of Mo in NDRGO-Mo-Li-2S complex led us to study the life of the material at a lower current. The charge discharge experiment was tried to match the real life conditions, where, the NDRGO-Mo-Li-2S electrode (in three cell electrode configuration) was maintained under argon atmosphere continuously for 23 days. The time course of the experiment is illustrated in Table 2. The experiment was done in eight sets (I-VIII) and a gap of around 12 h was given between each set. During this gap phase, the system was left idle. The gap was purposefully introduced in order to validate, whether system can restart from its original configuration after undergoing an idle phase. We obtained a total of 133 cycles of which representative traces of 7 cycles viz., 3rd, 23rd, 43rd, 63rd, 83rd, 103rd, 123rd cycles are shown in Figures 9A–G. A comparative profile of the charge-discharge curve for cycle number 2 and 133 is shown in Figure 9H. We observed that the system performed consistently throughout the experimentation process and the material maintained its original configuration. Such results prove the stability of NDRGO-Mo-Li-2S electrode.



Table 2. The time course of charge-discharge cycles for NDRGO-Mo-Li-2S at 0.2 mA in the potential window, +1 V to −0.5 V.
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FIGURE 9. Long-term charge-discharge cycles for NDRGO-Mo-Li-2S. (A) Cycle number 3. (B) Cycle number 23. (C) Cycle number 43. (D) Cycle number 63. (E) Cycle number 83. (F) Cycle number 103. (G) Cycle number 123. (H) Comparing the charge-discharge profile of cycle number 2 vs. cycle number 133.



One interesting aspect could be seen while carefully looking at the tendency of the charge discharge curves viz., the capacity decayed at the former cycle testing and increased at the latter cycle testing. It seems like the system is behaving like programmable matter in order to attain its most stable configuration. In this process, the entire quaternary mixture it slowly moving to a more stable and ordered state through several metastable states reflecting the transition from one type of electron transfer (supercapacitor like) to another kind of electron transfer (battery type). These transition classify the material into the range of cappatery like material.



Sub-section 3

A putative mechanism of electron transport on the electrode surface of NDRGO-Mo-Li-2S.

This interesting behavior of NDRGO-Mo-Li-2S, prompted us to propose a putative model of electron transfer, where we attempted to address the following question: How introduction Mo changed the charge-discharge time and area within CV curve? These properties may be related to the stability of the charge and electron release processes which could be explained by introducing very unique “induced electron transfer” reactions (Taube, 1970; Sarkar and Ansari, 1986; Chandrasekaran et al., 1987; Ansari et al., 1988a,b,c; Miller and Min, 2009). Here, the sustained electron flux is maintained by invoking the role of Li as an external oxidant, Li+ (I). This provokes the intra-atom electron transfer across Mo(VI)-S(II) bond, where Mo(VI) is the internal oxidant and S(II), is the internal reductant. For electron book keeping, it can be presumed that two sulfide ions release two electrons getting self oxidized to disulfide (S2) (II) anion. The released two electrons are shared one each by the external oxidant, Li+ (I) to create Li and internal oxidant Mo(VI) to create Mo(V). Such redox reaction is reversed using NDRGO as external reductant (releasing electron) to induce intra-atom reverse electron flow across [Mo(V)-(S2)] to regenerate the starting [Mo(VI)-S(II)] material to complete the cycle. Here NDRGO readily oscillates between its graphene oxide and reduced graphene oxide states. Interestingly all the oxidation states of these elements proposed in such electron transfers associated in this quaternary complex have been identified using XPS. Therefore, such redox cycle is competent for the flow of electrons in a lasting charge storage material through this unique bio-inorganic hybrid approach. In Figure 10, a putative mechanism of induced electron transfer in NDRGO-Mo-Li-2S is shown.
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FIGURE 10. Induced electron transfer in N-doped reduced graphene oxide-Mo-Li-S electrode; where m stands for number of electrons.



An important question which arises from this study is ‘what kind of benefits ‘induced electron transfer’ could offer in development of lithium-sulfur batteries?’ It has been well-established that sulfur attached to metal plays varied electron transfer reaction. Sulfur has the unique distinction when S2− (Sulfide anion) gets oxidized to elemental sulfur (S0) and in that situation S2− and S0 combine to create [image: image]. Interestingly if you add more S0 then there is a creation of [image: image]. This is the polysulfide chemistry and can be extended to [image: image] and further. Interestingly for species like [image: image], it dissociates to 2[image: image]. Therefore, sulfide under electrochemical environment can display different species from neutral to anionic including free radical. Such chemistry has been exploited in induced electron transfer. For such special type of electron transfer for electron bookkeeping, if one assume the sulfide gets oxidized then the electron released can be shared by two different metal for example the chemistry of Li+ to Li must be compensated by involving one another electron capture by Mo in + state to produce in (N-1)+ state. These two together can control the two electrons released from say 2S2− to create [image: image] + 2 Electrons. So the question is the entire process is taking place if one can conceive the idea that in a molecule of lithium sulfide, if lithium ion is treated as external oxidant and sulfide as the internal reductant; in this situation the extra electron generated can be shared by the used Mo ion. Here Mo act as internal oxidant. The reaction can be concerted if a ternary mixture like Li, S, Mo act in unison. Here the distinction of internal and external redox partner may not arise, but the shuttling of electron from sulfide to Li and Mo can effectively proceed. The entire electron transfer has different rate and where the rate of one half sulfur to Li may differ from Sulfur to Mo. Such a system can experience the electron transfer difference at different scan rate. A fine tuning of these ternary mixture can be made if there is nitrogen remain very near to these ternary system, which can affect the electron transfer. The nitrogen atom can do it readily because it has different oxidation state. However, there cannot be a fraction of electron that can participate moving from one atom to another and for that reason the delocalization of electron density of the entire system has to be taken into account. The measurement of such electron distribution is not straight forward because under the varied scan rate such overall electron density varies. For simple Li2S cathode, such induced electron transfer may not be feasible because one has to maintain electron book keeping. So the concept of external oxidant and internal oxidant sharing electrons generated by internal reluctant and external reductant is not varied because for induced electron transfer concept there is the involvement of one internal oxidant and one external oxidant to share electron generated by the lone internal reductant. For conventional Li2S cathode it is highly unlikely that one can invoke induced electron transfer process. Therefore to sustain such reaction in Li system other elements are nowadays routinely exploited for example the addition of iron, phosphate and further the transition metal-organic frame work (Geng et al., 2018; Jangir et al., 2018; Li et al., 2018a,b,c; Luo et al., 2019; Shi et al., 2019; Zhou et al., 2019).

Further with reference to NDRGO-Mo-Li-2S complex, we can see that the capacitor capacity has been greatly improved after adding Mo. Among them, the composition of sulfur has obtained the optimum result. Is it feasible to optimize the concentration of Mo? From atom conservation the extra addition of Mo will not enhance the electron transfer behavior. This is simple for the reason that Mo can play multi electron donor and acceptor and therefore an optimal stoichiometry like 1 unit of Mo in the system is expected.

Here it is worth highlighting the exceptional electrochemical stability of the heavily nitrogen doped carbon derived from a natural protein polymer (silk cocoon) and its transition metal sulfide composites; as stability of such composite always remained a challenge for different energy applications (Cravanzola et al., 2016; Dubey et al., 2018; Geng et al., 2018; Jangir et al., 2018; Li et al., 2018a,b,c; Luo et al., 2019; Shi et al., 2019; Zhou et al., 2019).




SUMMARY AND CONCLUSIONS

In summary, we have successfully designed and engineered a stable bio-hybrid electrode material which integrates lithium (Li), sulfur (S), and molybdenum (Mo) in a matrix of biological origin viz., silk cocoon derived heavily nitrogen (16%) doped reduced graphene oxide (NDRGO); thus resulting in NDRGO-Mo-Li-2S. The electron shuttling on this electrode is govern by a lesser explored route viz., “induced electron transfer” regulated by an electropositive Li, electronegative NDRGO and an embedded redox couple of Mo-S. We believe that such a bio-hybrid approach is a step toward developing sustainable, eco-friendly high energy electrode materials.
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The success of fuel cells depends on the proper design of the electrodes and membrane allowing easy access of oxygen and protons. Using non-precious catalyst electrodes based on recyclable carbon nanostructures is most important to produce clean energy and increase the ability to commercialize the fuel cells. Herein, reduced graphene oxide (rGO) and graphene/magnetic iron oxide nanocomposite (rGO/MIO) are successfully synthesized as anode and cathode, respectively, from polyethylene terephthalate (PET) waste bottles using easy steps in order to simplify the method and reducing the production cost. While, the membrane is prepared from low cost and eco-friendly ternary polymers blend which are polyvinyl alcohol (PVA), polyethylene oxide (PEO) and polyvinyl pyrrolidone (PVP) then doped with sulfonated graphene oxide. The prepared electrodes have characteristic high porosity and their electrocatalytic performances are evaluated using three-electrode cell electrochemical studies as cyclic voltammetry and linear scan voltammetry combined with rotating disk electrode. A new assembly of the membrane between two non-precious catalyst electrodes as a single polymer electrolyte membrane fuel cell (PEMFC) was developed using a catalyst-coated membrane technique. The membrane electrode assembly (MEA) design parameters which affect its performance in hydrogen fuel cells as number of used catalyst layers (CL) or using gas diffusion layer (GDL) were evaluated in a single cell set-up with H2/O2 operation and the results revealed that the performance MEA was enhanced with using GDL more than that of MEA without GDL by 66% at a current density of 0.8 A cm−2 while the performance with double CL was better than that of the conventional single CL by 30% at a current density of 0.98 mA cm−2.

Keywords: graphene, graphene iron oxide composites, proton exchange membrane, membrane electrode assembly, hydrogen fuel cells


INTRODUCTION

As a result of the rapid urbanization since the beginning of the last century, the global growth of fossil fuel energy consumption has increased, leading to an increase in environmental pollution rate. Consequently, environmental pollution has shifted research attention to get clean energy conversion and storage systems. Fuel cells are known as one of the cleanest energy conversion systems due to their high energy density, high energy-conversion efficiency, environmental safety, and other outstanding features (Frey and Linardi, 2004).

Among different types of fuel cells, the polymer electrolyte membrane fuel cell (PEMFC) is a promising green energy conversion technology for both portable and stationary devices, as well as transportation applications. This is may be due to its economic, high efficiency, low-temperature operation, zero or low emission and rapid start-up (Gouda et al., 2019). The conversion process of chemical to electrical energy in PEMFCs depends on two chemical reactions at anode and cathode where oxygen reduction occurs at the cathode and hydrogen oxidation occurs at the anode (Liu et al., 2019a) and both reactions need catalysts to reduce the electrochemical over-potential and to increase the voltage output. The oxygen reduction reaction (ORR) at the cathode is a multistep reaction involved with multielectron, thus the ORR reaction consumes most of the catalyst material. Consequently, the development of low cost, high-performance electrocatalysts for improving ORR kinetics is essential to reduce the cost of PEMFCs (Liu et al., 2019b). Pt-based composites are considered as the most efficient cathode catalysts, but they have disadvantages as high cost, crossover poisoning and low stability especially in acidic media (Choi et al., 2015). However, high-performance non-precious metal catalysts (NPMCs) simultaneously active for the ORR at the cathode and the hydrogen oxidation reaction (HOR) at the anode are desperately needed to replace these precious metals and to solve the drawbacks (Gupta et al., 2016). Under these circumstances, transition metal oxides (Gao et al., 2017; Lai et al., 2017), hybrid inorganic nanocarbon materials (Su et al., 2014; Ye et al., 2017) and carbon-doped metal-free heteroatom nanomaterials (Dumont et al., 2019) were used to substitute platinum for constructing highly efficient non-precious metal catalysts. Where, the promoted activity of doped carbon materials may be attributed to the electron-donating or electron-accepting behavior between adjacent carbon atoms and the heteroatoms, which modify the charge allocation in the carbon plane (Shen et al., 2014).

In addition to catalyst electrodes, the polymeric proton exchange membrane is one of the most important components of PEMFCs. Thus, development of the proton exchange membrane using non-perfluorinated based polymers as new alternative membranes attracted many researchers with the aim of replacing benchmark Nafion® membranes to reduce the production cost and to be closer to commercialization (Bakangura et al., 2016; Pourzare et al., 2016). However, the non-perfluorinated based polymers are usually modified chemically with several treatments, such as polymers blending, incorporation of doping agents in the polymer matrix as carbon-based nanomaterials and polymers sulfonation to improving the membrane properties (Awang et al., 2015; Pourzare et al., 2016; Sedesheva et al., 2016; Pandey et al., 2017).

Recently, graphene (G) and graphene-based materials have received great interest as a promising material for fuel cell applications due to its remarkable advantages, such as; large specific surface area, mechanical flexibility, and good electrical conductivity. In particular, a significant improvement in the electrocatalytic activity of electrodes was observed with graphene or modified graphene as the catalyst support or as a metal-free catalyst (Iwan et al., 2015; Morales-Acosta et al., 2019). Moreover, the incorporation of graphene oxide (GO) or sulfonated graphene oxide (SGO) into a polymer matrix of the PEM (Li et al., 2017; Pandey et al., 2017; Qiu et al., 2017) enhance its ionic conductivity and improve its physicochemical properties (Beydaghi et al., 2014).

In recent years, many researchers have been interested in turning the membrane electrode assembly (MEA) prototypes into commercially valuable products by improving its overall efficiency, increase current density and decrease the cost of the membrane and catalytic materials used. However, the results show that the true performance of the MEA for PEMFC is not only depended on the properties of the individual components but also depend on the MEA production method and the operating conditions in the cell (Aziz et al., 2018) such as the composition of electrode inks, electrode pressing, percentage of humidification and applied pressure on both electrodes, gas diffusion layer (GDL) materials used and cell temperature (Frey and Linardi, 2004; Thanasilp and Hunsom, 2010; Kim et al., 2015).

Motivated by these observations, this research concerns the production of low-cost MEA for PEMFC using non-precious metal graphene-based materials as catalytic electrodes prepared from the thermal dissociation of plastic waste using simple, one-pot, environmentally-friendly, and applicable synthesis method. While the polymeric proton exchange membrane was produced based on an ecological and simple approach via polymer crosslinking and casting techniques using a ternary crosslinked polymer containing poly (vinyl alcohol), poly (ethylene oxide) and poly (vinyl pyrrolidone) (Gouda et al., 2019) instead of benchmark Nafion® membranes. The polymer matrix doped with sulfonated graphene oxide (SGO) was used to enhance its mechanical properties and water retention of the membrane, whereas the sulfonic groups allowed keeping the membrane in a well-hydrated condition, thus improving the proton conductivity (Ayyaru and Ahn, 2017). However, to develop low-cost high-performance MEA, the fabrication procedures were tested using three types of MEAs and performance comparison was done to study the effect of gas diffusion layers (GDL) and the number of catalyst layers.



MATERIALS AND METHODS


Preparation of Electrode Materials
 
Preparation of Reduced Graphene Oxide (rGO)

Plastic bottles waste as sources of polyethylene terephthalate (PET) were used to prepare reduced graphene oxide (rGO). The PET bottle waste was ready to use as mentioned in a previous study (El Essawy et al., 2017). Two grams of waste were introduced into an enclosed autoclave container and placed inside the center of an electric furnace at 800°C for 1 h. The resulting dark products were collected and crushed.



Preparation of Reduced Graphene Oxide/Magnetic Iron Oxide Nanocomposite (rGO/MIO)

rGO/MIO nanocomposite was synthesized by using an inverse co-precipitation process based on the precursors of ferric chloride (FeCl3.6H2O), ferrous sulfate (FeSO4.7H2O), and the precipitator of ammonium hydroxide (NH4OH) (Ma et al., 2018). Twenty mL 0.2 M NH4OH aqueous solution and 0.5 g of reduced graphene oxide (rGO) were added into a 250 mL four-neck bottle under N2 atmosphere for 30 min and 1.08 g FeCl3.6H2O and 0.54 g FeSO4.7H2O with a stoichiometric ratio [Fe2+]:[Fe3+] equal to 1:2, corresponding to Fe3O4, were dispersed using an ultrasonic dispersion method into 60 mL 1:1 (volume ratio) water-ethanol mixed solvents. The mixture was then poured rapidly into a four-neck bottle under vigorous mechanical stirring for 10 min with N2 bubbling throughout the reaction. The nanocomposites were separated magnetically, washed with deionized water until the throwdown solution became neutral then dried in a vacuum oven at 80°C for 24 h.



Characterization of Electrode Materials

X-ray Diffraction (XRD) data (Shimadzu-7000, U.S.A.) was collected with a CuKα radiation beam (λ = 0.154060 nm). An X-ray Photoelectron Spectroscopy (XPS) Phi 5300 ESCA system (Perkin-Elmer, U.S.A) with Mg (Kα) radiation (X-ray energy 1253.6 eV) was used. A Transmission Electron Microscope (TEM) (TECNAI G20, Netherland with EDX) was also used. The Brunauer-Emmett-Teller (BET) surface area and total pore volume were measured using Barret-Joyner-Halenda (BJH) adsorption methods.



Electrochemical Measurements of Electrodes

The catalytic activity of rGO and rGO/MIO nanocomposites were tested for ORR in 0.1 M KOH electrolyte. The sample inks were prepared by ultrasonicating a mixture containing 450 μl of 2-propanol and 50 μl of 10 wt % Nafion mixture solution with 2.5 mg of sample to form a homogeneous ink. Then a polished and clean glassy carbon (GC) disk electrode with 0.126 cm2 geometric surface area was loaded with 10 μL of suspension. Potentiostat/Galvanostatic (VoltaLab 40 PGZ301) with software Voltamaster4 was used for all electrochemical experiments.

The three-electrode electrochemical cell was used to conduct the electrochemical measurements at room temperature using 0.1 M KOH solution as the electrolyte. A graphite rod was used as the counter electrode, Hg/HgO (1 M NaOH) as a reference electrode and the tested prepared electrode material supported on GC as the working electrode. As electrode potentials presented in the manuscript refer to the Hg/HgO reference electrode. The electrolyte was saturated with N2 or O2 for 30 min before each electrochemical test.

Cyclic voltammetry (CV) was used to check the electrochemical activity of rGO or rGO/MIO in N2-saturated electrolyte solution for three cycles with −0.8 V to 0.2 V potential window at 100 mVs−1 scan rate. Furthermore, the CV was also recorded in O2-saturated electrolyte for three cycles with −0.8 V to 0.2 V potential window at 100 mVs−1 scan rate to investigate the initial behavior of the electrode.

To study the electrochemical kinetics, linear scan voltammetry with rotating disk electrode technique (LSV-RDE) was used in O2-saturated alkaline electrolyte solution in the 0.2 to −0.8 V potential window at a scan rate of 5 mVs−1 under several rotation speeds while keeping the O2 flow on the surface of the solution during the measurements. Koutecky–Levich equation (K-L equation) was used to determine the number of electrons involved in the electrochemical reactions as illustrated in Equations (1) and (2).

[image: image]

B was determined from the slope of the Koutecky-Levich plot according to Equation (2) given below,

[image: image]

where j is the measured current density, jk and jd are the kinetic and diffusion limiting currents densities; respectively, ω is the speed of rotation in rpm, when the rotation speed is expressed in rpm the value of 0.62 is used, F is the Faraday constant (96,485 C mol−1), DO2 is the oxygen diffusion coefficient in the alkaline electrolyte solution (1.9 × 10−5 cm2 s−1), υ is the kinematic viscosity (0.01 cm2 s−1), and CO2 is the oxygen concentration (0.0012 mol L−1). Koutecky-Levich plot between (1/j) and (ω−1/2) was plotted to obtain the number of electrons transferred (n) from the slope and the kinetic-limiting current jk from the intercept of the plot.

To determine the ionic conductivity of the prepared membrane and electrodes, resistance measurements were carried out by electrochemical impedance spectroscopy (EIS) technique at 5 mV in the frequency range of 0.1 Hz−500 kHz. The resistance is represented by the high-frequency intercept on the real axis of the complex impedance plot. The ionic conductivity was determined from resistance according to Equation (3),
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where σ is the membrane ionic conductivity (S cm−1), A is the geometric area (cm2), d (cm) is the thickness and R (Ω) is the ohmic resistance.



Preparation and Characterization of PEM

The PVA/PEO/PVP blended polymers matrix named as PVA/PEO/PVP-SGO-3 was prepared and characterized as previously described (Gouda et al., 2019).



Preparation of Membrane Electrode Assembly

Spray method was used at the cathode and anode sides of the MEA. To identify an optimized fabrication concept, three types of MEAs were designed as depicted in Figure 1 and the GDL used is carbon cloth (CeTech Carbon Cloth without MPL). The catalyst loading was adjusted to 0.4 mg cm−2 on anode and cathode. Both electrodes had an active surface area of 25 cm2.


[image: Figure 1]
FIGURE 1. Design of three membrane electrode assemblies (MEAs): (A) MEA 1, without GDL; (B) MEA 2, with single-layer electrodes; (C) MEA 3, with double-layer electrodes.




Cell Polarization Measurements

Polarization curves represent the trend of the losses affect PEM fuel cell performance. The single-cell was tested using Scribner Associates Model 850e test station. Fuel cell test station includes a computer-based control and data acquisition system based on advanced software for Electrochemical Research. The fuel cell polarization curves are obtained from this software whereas the voltage vs. current density of the fuel cell with model assumptions: an ideal mixture of reactant gasses, steady-state conditions, isothermal process, and fully hydrated system. In this study, polarization curves were monitored with potentiostatic mode for determining maximum and minimum potential and current values. After that polarization curves were recorded with galvanostatic mode (differential currents were chosen as 0.03 A at the low current region and 0.05 A at the high current region). In this way, most current values were obtained at the low current density. Humidified hydrogen and oxygen gases were fed to the fuel cell with the same flow rate of 250 sccm.





RESULTS AND DISCUSSION


Microscopic Visualization, Physical, and Chemical Characterizations of Electrodes Materials

As shown in Figures 2A,B, the TEM images of rGO and rGO/MIO nanocomposite demonstrate an exfoliated, crumpled and transparent flake-like morphology with several layers, in addition to entrapped iron oxide nanoparticles inside the graphene matrix for sample rGO/MIO and the EDX results implies presence of iron oxide in small ratio about 4% (atomic%) and that confirmed from the XPS results.


[image: Figure 2]
FIGURE 2. TEM images for (A) rGO and (B) rGO/MIO samples. (C) N2-adsorption-desorption isotherm and (D) BJH plot of rGO and rGO/MIO nanocomposite.


In order to investigate the surface porosity, an important factor affecting the mass transfer that affects the catalytic activity of the electrodes, the N2 adsorption and desorption isotherm test at 77 K was performed. As can be seen in Figure 2C, rGO, and rGO/MIO nanocomposite samples presented isotherms with hysteresis loop of the Type IV, according to IUPAC classification, in the relative pressure range of 0.4–1.0, and capillary condensation, indicating the coexistence of microporous and mesoporous structure, as confirmed from BJH plot (Figure 2D) with mean pore diameter of 2.2 and 5.1 nm for rGO and rGO/MIO nanocomposite, respectively. However, it was noticed that the surface area and the pore size of rGO/MIO nanocomposite is higher than that of rGO indicating that, the introducing of iron oxide nanoparticles avoids the aggregation and restacking problems which led to an obvious increase in BET surface area and pore size and that is a valuable characteristic for electrocatalytic applications.

As can be seen in Figure 3A the XRD pattern of the rGO sample showed 2θ main peak at 26° and 44.3° which corresponds to the (002) and (100) reflections. For rGO/MIO sample, a slight shift for (002) plane was due to introducing of Fe3O4 nanoparticles between the rGO nanosheets thus increasing the interlayer spacing and that is beneficial to promote charge transfer in electrodes materials. However, the peaks at 2θ values of 30.28 (220) and 35.78 (311) are in good agreement with the inverse cubic spinel phase of Fe3O4 (ICDD card no.01-07-5088).


[image: Figure 3]
FIGURE 3. (A) XRD patterns and (B) XPS survey spectra for rGO and rGO/MIO nanocomposite, together with high-resolution spectra of (C) C1s (D) Fe2p of rGO/MIO nanocomposite.


To explore the graphitic content and carbon speciation in rGO and rGO/MIO samples, X-ray photoelectron spectroscopy (XPS) was used. As shown in Figure 3B, the obtained material was formed with a high amount of carbon and a low amount of oxygen, in addition to traces of iron for rGO/MIO sample. The chemical bonding composition of rGO/MIO nanocomposite was investigated as shown in the high-resolution C1s and Fe2p spectra (Figures 3C,D). The peak in C1s at 284.19 eV corresponding to sp2-hybridization (C-C bond and C = C), demonstrates that most of the C atoms are arranged in a honeycomb lattice, and the fitted peaks centered at 285.87 and 287.88 eV are assigned to C-O and C = O respectively. The Fe2p spectra reveal the presence of two components assigned to Fe2+ and Fe3+ oxides, where Fe3+ is the dominant component. Only Fe2p3/2 is represented due to overlapping occurring between 2p3/2 and 2p1/2 edges (Otero et al., 2008; Molchan et al., 2015).


Half Cell Electrochemical Measurements

rGO and rGO/MIO samples were prepared from one-step thermal dissociation process of PET waste and have two-dimensional mesoporous structures with large surface area, pore volume, and pore size, being appropriate for electrocatalytic applications. To evaluate the ability of using prepared rGO and rGO/MIO as electrocatalysts in fuel cell application, the electrocatalytic activity of the prepared electrodes toward ORR was evaluated using cyclic voltammetry (CV), linear scan voltammetry (LSV) combined with rotating disk electrode (RDE) technique and electrochemical impedance spectroscopy (EIS).

The CV curves of both samples in O2-saturated 0.1 M KOH electrolytes are shown in Figure 4A, where both samples showed cathodic current peaks. It is noticeable that the rGO/MIO sample has earlier onset potential than the rGO sample, in addition to higher reduction current density, suggesting higher ORR activity of rGO/MIO. Figure 4B shows the CVs of both samples in N2 saturated 0.1M KOH electrolyte with the two samples showing similar behavior. From the previous CV survey, the prepared RGO material was selected to be used as the fuel cell anode and rGO/MIO was selected as the cathode material.


[image: Figure 4]
FIGURE 4. CVs run at 100 mVs−1 with rGO and rGO/MIO electrodes in (A) O2-saturated and (B) N2-saturated 0.1 M KOH section. (C) Linear scan voltammograms recorded in O2-saturated 0.1 M KOH at 5 mV s−1 and different rotation rates for ORR on rGO/MIO and (D) the corresponding Koutecky-Levich Plot obtained at three different potentials.


The ORR kinetics of the prepared rGO/MIO catalyst electrode were further studied by the LSV-RDE technique in O2- saturated 0.1 M KOH electrolyte at different rotation rates (200, 400, 600, 900, 1,200, 1,600 rpm). As shown in Figure 4C, LSV curves confirmed its electrocatalytic performance in almost one-step process with an onset potential of ca. −0.25 V and the diffusion current increased with the increasing of the rotation rate which confirm that the reaction is diffusion-controlled under the tested condition. Moreover, three regions of interest can be distinguished, namely, the diffusion-controlled region at potential E < −0.3 V, the mixed diffusion kinetic region at potential −0.1 ≥ E ≥ −0.3 V, and the kinetics controlled region at E ≥ −0.1 V. To calculate the number of electrons transferred during ORR, the Koutecky–Levich plots (K-L plot) at different potentials (−0.45 V, −0.55 V, and −0.65 V) were plotted (Figure 4D) and the average electron number was calculated. A value of about four electrons was found, suggesting a direct four-electron pathway for ORR (O2 + 4H+ + 4e− → 2H2O), being this path the preferred (and more favorable) for fuel cell processes (Zhang et al., 2015).

It is known that electrochemical impedance spectroscopy (EIS) allows estimating ionic and electric conductivity of different systems. It is accepted that the high-frequency region of an impedance spectrum is associated with the internal ohmic resistance and the contact capacitance in the granular electrode structure, whereas the medium and low-frequency regions represent the charge-transfer resistance and the mass transport resistance, respectively (Yuan et al., 2010).

As shown in Figures 5A,C,E the incomplete semicircle that is potential independent has been assigned to different features, namely to internal ohmic resistance (Rohm), represented by high-frequency intersection of the semicircle with the x-axis, charge-transfer resistance (Rct), represented by the diameter of the semicircle, and contact capacitance in the granular electrode structure, represented by straight line at the high-frequency end of the semicircle (Fischer et al., 1998). As for the incomplete semicircle, it refers to a distributed resistance effect (Paganin et al., 1998). From Nyquist plots, the calculated ionic conductivity of anode (rGO), cathode (rGO/MIO) and PEM are 0.3, 7, and 0.07 mS cm−1 respectively. Furthermore, the Nyquist semicircle of the rGO/MIO sample is smaller than that of the rGO sample, indicating that it has lower resistance and better charge transfer. However, the main reasons for the higher conductivity (lower resistance) of rGO/MIO nanocomposite (than the original rGO sample) could be attributed to the following points: (i) the introduction of iron oxide nanoparticles slightly increased the degree of graphitization, which is beneficial for promoting the charge transfer (Liu et al., 2019a) (2) and (ii) iron oxide nanoparticles accelerate the electron transfer, which in turn enhances the conductivity of the rGO/MIO nanocomposite (Yang et al., 2017). In addition, the relaxation time peak from Bode plot (Figures 5B,D) is not well clear. However, this is favorable for the cathode material in fuel cells (Qayyum et al., 2016). On the other side, for rGO sample the Nyquist semicircle at low frequency characterized by higher polarization resistance more than rGO/MIO and that is a characteristic property for anode material (Siracusano et al., 2018). An incomplete semicircle ended with a straight line in the high-frequency range was detected for PEM as shown in Figure 5E and that attributed to the membrane characteristic property, however the Bode plot shown in Figure 5F exhibits two time constants at high frequencies and that is related to the membrane structure (Zhao-Luo et al., 2018).


[image: Figure 5]
FIGURE 5. Nyquist (A,C,E) and Bode (B,D,F) plots obtained for the rGO anode, the rGO/MIO cathode and for the PEM fuel cell.




Cell Performance

In general, MEA fabrication can come from two techniques. The first one is based on spraying the catalyst ink directly onto the membrane, followed by a hot pressing step, while in the second technique the catalyst ink is directly sprayed onto the GDL and then hot-pressed onto the membrane (Frey and Linardi, 2004; Kim et al., 2015). The advantage of these techniques is that the catalyst loading can be adjusted by simply weighing the MEA or the GDL before and after coating with the catalyst ink but there is a risk of irregular catalyst transfer from the transfer film to the membrane. For that reason, an investigation on a cell performance of the developed MEA fabrication technique combining effect of using GDL and number of CLs was conducted using single-cell measurements with H2/O2 operation, however only easy steps were chosen in this preparation technique without using assembly hot pressing in order to simplify the method and reduce the production cost with regard to maximal performance in addition to, preventing a distortion in the pore structures of catalyst layers and gas diffusion layers.

Figure 6 shows the performance and power densities of the fabricated MEA 1, MEA 2 and MEA 3, whereas the lowest performance was for MEA 1, which was fabricated by using catalyst-coated membrane technique without GDL, compared to MEA 2, which was fabricated by using the same technique but using carbon cloth without a microporous layer as GDL. The addition of GDL to MEA facilitates the transport of interrupted gas and formed water through the electrochemically active areas of the MEA (Omrani and Shabani, 2017). It also prevents leakage of the electrode material throughout the MEA, thus leading to a performance enhancement of MEA 2 of 66% when compared to MEA 1.


[image: Figure 6]
FIGURE 6. Polarization (Left) and power density (Right) curves for the 3 designed MEAs. MEA1 contains single-layer electrodes without GDL, MEA2 contains single-layer electrodes with GDL and MEA3 contains double-layer electrodes.


The effect of the number of CLs also affects the performance of fabricated MEA 2 and MEA 3 examined and compared here. The electrode ink was sprayed onto the membrane only as in MEA 2 and onto the GDL and the membrane as in MEA 3. The results show that the highest power densities up to 395 mWcm−2 at 988 mA cm−2 can be produced from MEA 3 with GDL and double-layered electrodes. Consequently, this result confirms the MEA performance depends on the electrode CLs number and morphology, and that could be referred to increasing the mass transport through the double layer electrodes, in addition to providing an effective path channel for water removal through the larger pores of the high porosity CL coated onto GDL.





CONCLUSIONS

This work contributes toward sustainable materials processing with upcycling technology to produce highly added-value products from reduced graphene oxide and reduced graphene oxide/magnetic iron oxide nanocomposite, produced from the thermal dissociation of plastic waste using simple, one-pot and applicable method. The prepared materials can be used as active catalyst electrodes with high durability for ORR in fuel cells, and hence get the benefits of simultaneous waste management and increasing the possibility for commercialization of low-temperature fuel cells by decreasing its production cost. Moreover, to develop high-performance MEAs and to identify the optimum fabrication conditions, three types of MEAs were designed. The optimum one is the MEA designed with a double-layer electrode involving an inner catalyst layer prepared by the catalyst-coated membrane (CCM) method and an outer catalyst layer directly coated on the gas diffusion layer to increase the catalyst utilization. Further investigations need to be carried out to elucidate the effect of using GDLs with a microporous layer on the performance of MEAs obtained in combination with the followed preparation technique.
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As an emerging energy storage device, the supercapacitor with high energy density, fast charging/discharging, and good cycle stability has aroused great interest. The performance of supercapacitors mainly depend on the electrode material. Manganese dioxide (MnO2) has emerged as one of the most promising electrode materials for high theoretical specific capacitance, wide potential range, high electrochemical activity, and environmental friendliness. However, its deteriorated volume expansion and inherently low conductivity limit its development and application in supercapacitors. To circumvent the mentioned issues, the porous, thin film, or layered composite materials were prepared to enhance the electrical conductivity and specific surface area of MnO2. Carbon materials are the ideal choice to compound with MnO2 owing to their low electrical resistance, significant thermal stability, large specific surface area, and porosity. Up to now, several kinds of MnO2/carbon composites as supercapacitor electrodes have been designed and fabricated. Herein, we give a concise review of the latest researches on MnO2/carbon supercapacitor electrodes, focusing on the fabrication strategies and analyzing the influencing factors of electrochemical performance of MnO2/carbon materials. An outlook on the possible development directions in future of designing high-performance MnO2/carbon materials for the current challenges is also provided.

Keywords: MnO2, carbon materials, composites, electrode material, supercapacitor


INTRODUCTION

Nowadays, with the excessive consumption of traditional energy sources such as coal, oil, and natural gas, the increasingly severe global climate and deteriorating ecological environment have caused a global crisis that endangers human survival. The development and utilization of eco-friendly renewable energy become an extremely imminent task all over the world. In the past decade, solar, hydro, wind, and tidal energy and other renewable energy sources have greatly alleviated serious problems in the energy and environmental fields (Yang et al., 2011; Xie X. et al., 2019). However, abundant and clean renewable energy mentioned above cannot be widely applied directly owing to the limitation of natural conditions and the poor tunability and stability of generating electricity. Therefore, reliable electrochemical energy storage (EES), including fuel cells, ion batteries, and supercapacitors, is extremely necessary to achieve efficient storage, conversion, and further utilization of the above energy sources (Palchoudhury et al., 2019). The Ragone plots in Figure 1 shows the relationship between power density and energy density for several typical EES systems (Wang J. G. et al., 2015). Among them, electrochemical capacitors, which are also known as supercapacitors, are considered to be a new generation of green energy storage device (Díaz-Delgado and Doherty, 2016), with greater capacitance than conventional capacitors and higher output power and longer life than lithium-ion batteries (Zhang Q. Z. et al., 2018). Combined with its simple structure, high power density, fast charging, and pollution-free effects in the production process, supercapacitors are widely applied in portable electronics, data backup, hybrid electric vehicle, aerospace, and other fields (Salinas-Torres et al., 2019).


[image: Figure 1]
FIGURE 1. Ragone plots of various electrochemical energy storage (EES) systems. Reproduced from (Wang J. G. et al., 2015), with permission from Pergamon.


According to the charge storage mechanism, supercapacitors are generally classified as electrochemical double-layer capacitors (EDLCs) and pseudocapacitors (Wang G. P. et al., 2012). Energy storage and conversion of EDLCs are accomplished by static charge separation in the Helmholtz layer. Common active materials with double-layer electrodes are mostly carbon materials, which can rapidly complete the charging and discharging process and remain stable, but their capacitance and energy density are relatively low (<10 Wh kg−1) (Liang and Xin, 2015). The storage capacity of pseudocapacitors, compared with EDLCs, can be greatly improved owing to a series of reversible redox reactions on the surface/bulk phase of the electrode material (Conway, 1999). Transition metal oxides (Tajik et al., 2017) and conductive polymers (Snook et al., 2011) are commonly used as electrode materials for pseudocapacitors. The performance of supercapacitors is primarily dependent on the activity and kinetics of the electrode material. Therefore, it is very important to select suitable electrode materials, further optimize their structure, and improve their activity and kinetics to enhance the electrochemical properties of supercapacitors (Trudeau, 2013). Carbon materials and manganese dioxide (MnO2), as the most representative materials of EDLCs and pseudocapacitors, respectively, show their unique advantages in energy storage.

Carbon is one of the most closely and important elements for humans in nature and plays an important role in our existing ecosystems (Candelaria et al., 2012). It has various electronic orbital properties of sp, sp2, and sp3 hybridization, and the anisotropy of sp2 leads to various orientations of crystals and other arrays (Yu et al., 2018). Therefore, different kinds of carbon materials are formed by different chemical bonds. In particular, functional carbon materials considered to be ideal electrode materials for supercapacitors have attracted great attention owing to their low resistance, good electrical conductivity, high porosity, and large specific surface area (He et al., 2013; Borenstein et al., 2017). The EDLCs composed of carbon material form stable electric double layers by attracting mutually opposite charges at the electrode/electrolyte interface, which can achieve energy store through the physical electrostatic adsorption/desorption of charges. The energy storage mechanism is conducive to increasing the conductivity of the electrode to improve the specific capacity and energy density. Moreover, the carbon material can transform the structure and bonding mode of the composite material, thereby improving charging/discharging rate capability and cycle stability. For pure carbon materials, their specific capacitance and energy density (100~300 F g−1, 5~7 Wh kg−1) largely depends on specific surface area, porosity, and pore size distribution (Wang et al., 2019b). In recent years, a large number of functional carbon nanomaterials with related excellent properties, such as activated carbon (AC) (Faraji and Ani, 2015), graphene [including graphene oxide (GO) and reduced GO (rGO)] (Shi et al., 2018), carbon nanotubes (CNTs) (Qian et al., 2012), carbon nanofibers (CNFs) (Peng et al., 2016), and carbon aerogel (CA) (Hao et al., 2014) have emerged, which provide many favorable conditions for improving material properties. However, the specific capacitance and energy density of assembled EDLCs cannot compete with pseudocapacitors owing to their inherent electrostatic surface charging mechanism. Therefore, it is an effective way to prepare high-performance composite electrode materials by combining various functional carbon materials and typical metal oxides or conductive polymers.

Among many transition metal oxides, MnO2 with abundant reserves, low toxicity, and simple preparation process, is widely used in oxidation catalyst materials, aqueous batteries, supercapacitors, and other fields (Zhu M. et al., 2018; Li F. et al., 2019; Luo et al., 2019; Wei et al., 2019). Especially in the case of supercapacitors, MnO2 is considered to be one of the most promising electrode materials. Since Lee and Goodenough (1999) reported the pioneering work of amorphous MnO2 electrodes with excellent pseudocapacitive behavior in KCl electrolytes, a large number of efforts have been made to develop high-performance MnO2-based electrode materials. The reasons of the excellent performance of MnO2 can be summed up in two aspects. From the perspective of electrochemical properties, MnO2 displays outstanding characteristics of (a) a high theoretical capacity (1,370 F g−1) referring to the single-electron redox reaction of each manganese atom; (b) a wide potential window (0.9–1.0 V) (Xie Y. et al., 2019); and (c) excellent electrochemical properties in neutral electrolyte, leading to low chemical corrosion of the collector. From the perspective of environmental protection and economy, MnO2 is abundant in earth, has low price, and is environmentally friendly (Wei et al., 2011). These unique advantages make MnO2 an ideal choice for pseudocapacitor electrode materials. It is worth noting that MnO2 contains a variety of crystal structures, including α-, β-, γ-, δ-, and λ-MnO2; and its energy storage properties are determined by different crystal forms. Research has shown that the chain (Gao et al., 2017) or tunnel (Huang et al., 2019) structure of α-, β-, and γ-MnO2 with large two-dimensional tunneling structure facilitates electron transfer to provide a relatively high capacitance value. The large surface area of δ-MnO2 with a layered or sheet-like structure is more favorable for cation intercalation/deintercalation than the amorphous structure. The three-dimensional hinge structure of λ-MnO2 can provide more active sites for better electrochemical properties (Prélot et al., 2003; Malak-Polaczyk et al., 2010). However, the further development of current MnO2-based supercapacitors is limited by the drawbacks of MnO2 electrode materials, such as low conductivity, poor ion diffusion constant, and poor structural stability (Wang J. G. et al., 2015). Therefore, the improvement of active materials mainly involves high reversible capacitance, structural stability, and rapid cation diffusion at high charge/discharge rates. A useful and direct approach is to uniformly modify MnO2 materials onto layered porous conductive functional carbon materials to construct electrodes (Hu et al., 2018). The carbon materials can be served as a highly conductive and stable current collector, and its interconnection holes are beneficial for ion diffusion, whereas MnO2 can shorten the transmission distance of ions to prepare a high-performance electrode material.

In recent years, a large amount of significant breakthroughs have been made in the design of high-performance MnO2-based composite materials for application in supercapacitor devices. The number of research papers on MnO2/carbon composites for supercapacitors recently published is shown in Figure 2. In Figure 2a, the number of research papers on carbon/MnO2 composites has remained at a high level, which is still the research focus of electrode materials at present. And as shown in Figure 2b, recent work has shown that different types of carbon materials added to MnO2 material are mainly in forms of graphene and CNTs. This paper summarizes the synthesis strategies of MnO2/carbon materials with different morphologies and structures. The electrochemical properties and influencing factors of the electrode materials were further discussed. Finally, the remaining challenges of MnO2/carbon composite supercapacitors are briefly generalized, and an outlook on the possible development directions in the future for designing high-performance MnO2/carbon materials is also provided.


[image: Figure 2]
FIGURE 2. Statistical survey of research papers on MnO2/carbon composites for supercapacitors. (a) Total number of related reports from 2011 to 2019. (b) Literature statistics for different types of carbon materials/MnO2 composites. Source: Web of Science. Search date: August 20, 2019.




SYNTHESIS AND PROPERTIES OF MNO2/CARBON COMPOSITES FOR SUPERCAPACITOR


MnO2/Carbon Nanotube Composites

CNTs are one-dimensional quantum materials with a hollow tubular structure and excellent electrical conductivity, large specific surface area, and high chemical stability (Lu et al., 2019). From the perspective of the wall structure, it can be divided into single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs), both of which have been widely used in the energy storage. For SWCNTs, the specific surface area can reach 240–1,250 m2 g−1, and pore size distribution is mostly in the wide range of 3 to 5 nm, with high specific capacitance of 180 F g−1, power density of 20 kW kg−1, and energy density of 6.5–7 Wh kg−1 (Fujiwara et al., 2001). And reduced electrode impedance and increased specific capacitance of SWCNTs can be obtained by the high-temperature heat treatment or addition of surfactants (Byl et al., 2005). For MWCNTs, the specific surface area (~430 m2 g−1), specific capacitance (~180 F g−1), power density (~8 kW kg−1), and energy density (~0.56 Wh kg−1) are slightly lower than those for SWCNTs (Fujiwara et al., 2001; Xie et al., 2017). In addition, carbon atoms in the CNTs are sp2 hybridized, forming a hexagonal network with the surrounding three carbon atoms, and its s orbital composition is relatively large compared with sp3 hybridization. The carbon atoms in the CNTs adopt sp2 hybridization, and the surrounding three carbon atoms form a hexagonal network, which is larger than the sp3 hybrid sulfur orbital composition. This contributed to the high mechanical strength, good flexibility, and excellent corrosion resistance and stability of CNTs that provide advantages for manufacturing flexible electrode. The introduction of carbon–carbon double bond, carboxyl group, hydroxyl group, hydrocarbon bond, and other functional groups on the surface of CNTs can improve their surface activity and help ions in electrolyte to enter into electrode materials. So far, the synthesis of CNTs has entered the commercial stage and production capacity of more than 1,000 tons (Xin and Wei, 2012). As a relatively mature nano-carbon material, the development of CNTs is of great scientific significance in the field of EES.

Considering that the specific capacitance of pure CNTs measuring 20–80 F g−1 (Dubey and Guruviah, 2019) is lower than that of other carbon materials (e.g., CNF is 120–370 F g−1 and AC is 100–300 F g−1) and acts more like a scaffold (Zhang and Zhao, 2009), scientists wisely combined MnO2 with CNTs to form nanocomposites. This composite material exerts a synergistic effect of electrical/mechanical benefits of CNTs and large pseudocapacitance of MnO2, achieving expected high specific capacity and long cycle durability. The preparation of MnO2/CNT composite electrode materials can be achieved by various synthetic methods such as electrodeposition techniques (Li Q. et al., 2014; Jeong et al., 2019), hydrothermal treatment (Ramesh et al., 2017), microwave-assisted methods (Yan et al., 2009; Li M. et al., 2017), chemical coprecipitation (Subramanian et al., 2006), and thermal decomposition (Liu et al., 2017; Bi et al., 2019). In 2006, amorphous δ-MnO2 and SWCNT composite electrode materials were first studied. As shown in Figures 3A,B, Subramanian et al. (2006) successfully prepared a δ-MnO2/SWCNT composite for supercapacitor electrodes using a simple precipitation method. Owing to the synergetic performance of double layer and pseudocapacitance, the δ-MnO2/20 wt% SWCNT composite exhibits an excellent capacitance value of 110 F g−1 at 2 A g−1 and maintains 75% capacity over 750 cycles. Further studies have found that the CNT content has a significant effect on the cycle life of the material in Figure 3C, so the reasonable ratio of CNTs and MnO2 is very critical for the electrochemical performance improvement of the composite. It is proved that the unique structure of CNTs is served as the conductive agent and support material, whereas MnO2 used as a supplier of pseudocapacitors can significantly improve the electrochemical performance of MnO2/CNT composites. This has led to a strong interest in MnO2/CNT composite electrode materials. (Li L. et al., 2019) developed MnO2-MWCNT by hydrothermal treatment directly on Ni foam for adhesive-free electrodes, as shown in Figure 3D. It can be seen from Figure 3E that ultrathin MnO2 nanosheets were uniformly grown on forest-like MWCNTs, covering the surface of the foamed nickel. The areal density, specific capacitance, and capacitance retention of the binderless electrode material prepared in this manner reached 0.775 mg cm−2, 1,350.42 F g−1 at 6.5 A g−1, and 93.9%, respectively (see Figure 3F). This derives from the direct and strong contact between the MWCNT and the current collector that achieves low charge transfer and enhances the electrochemical properties of the composites, indicating that the binderless approach can significantly improve the conductivity of the electrode material. With the great advancement of science and technology and the improvement of people's living needs, flexible and lightweight flexible electronic devices have attracted widespread attention for their soft, deformable, and easy-to-wear properties. To meet these needs, it is necessary to develop an electrode with good flexibility and excellent electrochemical performance. Wang L. et al. (2017) synthesized SWCNTs by low-crystallization hydrothermal treatment, and then mixed they with MnO2 to form an ordered network structure by vacuum filtration (see Figure 3G). The results show that the electrochemical properties of the materials can be improved by effectively regulating the regular fiber network structure. As is shown in Figures 3H,I, the area specific capacitance is 964 mF cm−2, and the capacity retention rate is 81% of the composite. The assembled hybrid supercapacitors also provide high energy densities of 31.8 μWh cm−2 at a power density of 0.815 mW cm−2, implying their great potential applications in flexible device. In addition, this review summarizes the electrochemical performance of some typical MnO2/CNT electrode materials for comparison (see Table 1).
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FIGURE 3. Transmission electron microscopy (TEM) pictures. (A) Pure single-walled carbon nanotube (SWCNT). (B) MnO2:20 wt% SWCNT composite. (C) Cyclic voltammograms of pure MnO2, pure SWCNT, and MnO2:20 wt% SWCNT composite at a scan rate of 2 mV s−1. Adapted from Subramanian et al. (2006) with permission from Elsevier Inc. (D) Production process of MnO2–multi-walled CNT (MWCNT)–Ni foam. (E) MnO2 synthesized uniformly on MWCNTs. (F) Charge/discharge curves at different current densities of the MnO2–MWCNT–Ni foam composite. Adapted from (Li L. et al., 2019) under the Creative Commons CC license. (G) Schematic preparation representation of the flexible all-solid-state δ-MnO2/SWCNT hybrid supercapacitor. (H) Cyclic voltammetry curves from 5 to 100 mV s−1. (I) Galvanostatic charge/discharge (GCD) curves of MnO2/SWCNT composites at a current density of 0.1 mA cm−2 in a 1 M Na2SO4 electrolyte. Reproduced from Wang L. et al. (2017) with permission from the Royal Society of Chemistry.



Table 1. Electrochemical performance of various MnO2/CNT materials.
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MnO2/Graphene Composites

Graphene is a two-dimensional carbon nanomaterial composed of hexagonal carbon atoms in a honeycomb lattice (Huang et al., 2011; Bayle et al., 2015). With its excellent physical and chemical properties, it has shown broad application prospects in the field of energy storage and conversion (Chen P. et al., 2018; Lu et al., 2018). Interest in the study of graphene has not been attenuated after Novoselov and Geim prepared a single layer of graphene by mechanical stripping at room temperature, breaking the prediction that quasi-two-dimensional crystal materials could not exist alone at room temperature (Novoselov et al., 2004). A two-dimensional planar structure of graphene can be regarded as a building unit for constituting other dimensional carbon materials, such as zero-dimensional fullerene, one-dimensional CNTs, and three-dimensional graphite (Geim and Novoselov, 2007). In addition, the three-dimensional graphene structure can also be constructed by its self-assembling or in combination with other materials. Thanks to its two-dimensional sheet structure that can be used to construct three-dimensional electrode materials with controllable structure, it can meet the needs of no conductive agent and binder addition. The excellent electron migration rate can promote electron transport during charging/discharging to improve electrochemical performance of electrode materials. Due to the special structure of graphene, the theoretically excellent characteristics, such as large specific surface area (~2,630 m2 g−1), excellent electrical conductivity, and excellent mechanical properties (resistance). Tensile strength of 130 GPa and stiffness of 1.5 × 108 psi, and good chemical and thermal stability (Ren et al., 2018) make it a considerable industrial material that most likely to achieves scale application in the short term for EES (Kannappan et al., 2018).

However, the volumetric energy density of most graphene-based electrode materials is very low, resulting in lower energy density of the electrodes. In order to make full use of the excellent properties of graphene, adding MnO2 to graphene has become a popular choice for most researchers. This can effectively prevent graphene from agglomeration owing to strong van der Waals force by the introduction of MnO2 between the sheets (Sheng et al., 2016). And the graphene can act as carbon skeleton that exerts an “elastic constraint” to prevent electrochemical dissolution of MnO2. MnO2/graphene composites prepared by microwave irradiation, low-temperature hydrothermal treatment, in situ reduction method, and electrospinning technology have stimulated their application potential in supercapacitors or other green energy devices. Yan et al. (2010) used a fast and simple microwave radiation method to deposit nanosized MnO2 on the surface of graphene (see Figures 4A,B). The capacitance characteristics of the graphene–MnO2 composite (78 wt% of MnO2) show that the measured specific capacitance is 310 F g−1 at 2 mV s−1 (Figure 4C). This is almost three times better than that of pure graphene (104 F g−1) and birnessite MnO2 (103 F g−1). Interestingly, the weight ratio of MnO2 in the composite has a great influence on the capacitance performance. As the mass ratio increases from 20 to 78%, the specific capacitance value increases significantly. Figure 4D displays schematic preparation process of an ordered MnO2-GO fiber composite supercapacitor electrode material by electrospinning (Saha et al., 2019). The MnO2 particles with an average diameter of 260 nm uniformly distributed on the surface of graphene in Figure 4E, and the composite exhibited excellent electrochemical performance. The specific capacitance of the sample reached 863.0 F g−1 at a current density of 9 A g−1, and the specific capacitance remained 88% of the initial value after 5,000 cycles (Figure 4F). By investigating the electrochemical properties, dielectric behavior, and impedance spectra of the samples, it was found that the ordered composites have higher diffusivity and charge mobility than the disordered MnO2. It is concluded that changing the crystallinity of MnO2 with increased electrical conductivity can improve the performance of GO/MnO2 active materials. As the research progressed, ternary MnO2 composites have been widely used. For example, Zhu G. et al. (2014) anchored MnO2 nanoflakes on a graphene–CNT hybrid substrate to form a three-dimensional hybrid material without a binder (Figures 4G,H). The hybrid structure completely maintains high conductivity and high surface with increase of volume ratio of CNTs, exhibiting a capacitance value of 251 F g−1 at 1 A g−1 (see Figure 4I). A highly conductive MnO2–CNT–graphene–Ni-foamed symmetrical supercapacitor delivers an energy density of 1,200 W kg−1 at a power density of 29 Wh kg−1. It is worth noting that the crystallinity, micromorphology, and mass ratio of MnO2 in nanocomposites have a significant effect on the electrochemical performance for supercapacitors. The friendly method under mild conditions is more conducive to the shape control of MnO2/graphene and the feasibility of expanding production. Furthermore, the control of oxygen-containing functional groups and heteroatom doping of graphene is also a way to manufacture high-performance nanocomposites. The modified nanocomposite can effectively change the electronic properties of graphene and further improve the performance. In addition, this review summarizes the literature on the recently published MnO2/graphene composites in Table 2.


[image: Figure 4]
FIGURE 4. (A) Schematic illustration of the synthesis and electrochemical performance of graphene–MnO2 composite. (B) Low-magnification scanning electron microscopy (SEM) image of graphene−78% MnO2, showing the preferred growth of MnO2 near the edges of graphene. (C) Specific capacitance of composites at different scan rates of 2, 10, 20, 50, 100, 200, and 500 mV s−1. Reproduced from Yan et al. (2010) with permission from Pergamon. (D) Schematic of synthesis procedure. (E) SEM image. (F) Galvanostatic charge/discharge (GCD) curves at different current densities of MnO2/graphene−2D composites in 1 M of Na2SO4 solution. Adapted from Saha et al. (2019) with permission from Pergamon. (G) Schematic illustration. (H) SEM images of the fabricated 3D MnO2-carbon nanotube (CNT)–graphene–Ni hybrids. (I) GCD curves of the graphene–Ni, CNT–graphene–Ni, and MnO2–CNT–graphene–Ni hybrids. Adapted from Zhu G. et al. (2014) with permission from RSC Pub.



Table 2. Electrochemical performance of various MnO2/graphene materials.
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MnO2/Carbon Nanofiber Composites

CNFs are a type of carbon material that is internally composed of a layer of graphite carbon oriented along the fiber axis. According to different precursors of raw silk, CNFs are mainly divided into three classifications: polyacrylonitrile (PAN)-based carbon fiber, pitch-based carbon fiber, and rayon carbon fiber (Wazir and Kakakhel, 2009). Compared with AC materials, carbon fiber has obvious advantages in performance. The connection of the large, medium, and large number of small holes on the surface is very favorable for the transport of the electrolyte and the adsorption of the charges. Moreover, the excellent heat resistance, low thermal expansion, chemical stability, and good electrical conductivity make them very suitable as electrode materials for supercapacitors (Kim et al., 2019). Generally, CNFs can be prepared by chemical vapor deposition (CVD) and spinning, using carbon ammonia compounds (including methyl, hexyl, ethyl, and carbon monoxide) as carbon precursors. The ammonium bicarbonate molecules are decomposed at high temperatures under the catalysis of metal catalysts such as iron, diamond, and ruthenium; and carbon atoms diffuse into the graphite layer to form a fibrous structure. The spinning method extrudes the precursor polymer into multiple continuous filaments through wet spinning, gel spinning, baking–melting, dry spinning, and electrostatic spinning, among which electrostatic spinning technology is the most widely applied (Zhang et al., 2015).

Owing to the compact structure, low porosity, and small specific surface area (<10 m2 g−1) of CNFs in practical applications (Sun et al., 2018), using pure CNFs as electrode materials leads to poor electrochemical performance. Therefore, they can be used as a substrate-carrying MnO2 pseudocapacitor material to improve the electrochemical activity of the electrode, thereby preparing a high-performance composite electrode. Zhao H. et al. (2016) obtained bubble CNFs by exploding PAN at temperatures of 1,000°C in Figure 5A. The electrode after decoration with MnO2 nanosheets has a capacitance value of 428 F g−1 at 1 A g−1 owing to the easy electron transport path of CNFs (Figures 5B,C). After 1,500 cycles, the specific capacitance of composites still remained 98.8%. Ma et al. (2016) used electrospun lignin-derived high-graphite electrospun CNF (ECNF; ~200 nm in diameter and ~583 m2 g−1 of specific surface area) as the substrate and then decorated with MnO2 nanowhiskers to obtain three kinds of nanocomposites with different weight percentages of MnO2 (Figure 5D). The electrochemical performance of the sample with a mass ratio of ECNF and MnO2 of 1:1 is optimal. The supercapacitor device prepared by using the composite as an electrode material has a specific capacitance of 83.3 F g−1, an energy density of 84.3 Wh kg−1, and a power density of 5.72 kW kg−1 (Figures 5E,F). As shown in Figure 5G, an effective solar technology was reported by Zhao C. et al. (2017). They successfully recovered regenerated carbon fiber (RCF) from carbon fiber-reinforced polymer (CFRP), and then the α-MnO2 nanowires were uniformly grown on the surface of the high temperature-treated RCF. The MnO2/RCF composite (MRCF) prepared by processing CNF at 150°C has an extremely large potential window (1.6 V) and excellent electrochemical performance (specific capacitance is 228.8 F g−1 at 1 A g−1, and high cycle stability is ~91.2% after 3,000 cycles) in Figures 5H,I. The asymmetric supercapacitor assembled with the composite as the positive electrode has an operating potential window of 2.0 V and exhibits a high energy density of 22.9 Wh kg−1. There are relatively few studies on MnO2/CNF, and some of the results are shown in Table 3. It is found that rationally designing the microstructure of MnO2/CNF composites and enhancing the electrochemical utilization of MnO2 can effectively improve EES.
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FIGURE 5. (A) Schematic illustration of bubble carbon nanofibers (B-CNFs). (B) Transmission electron microscopy (TEM) image of B-CNF/MnO2 composites with the B-CNFs calcined at 1,000°C. (C) Galvanostatic charge/discharge curves of B-CNFs/MnO2 at different discharge current densities. Reproduced from Zhao H. et al. (2016) with permission from Pergamon. (D) Scanning electron microscopy (SEM) images of electrospun carbon nanofiber (ECNF)/MnO2 (2:1). (E) Galvanostatic charge/discharge curves acquired from ECNF and three ECNF/MnO2 mats/electrodes at current density of 250 mA g−1. (F) Cycling stability/durability of the ECNF and three ECNF/MnO2 mats/electrodes at high constant current density of 2,000 mA g−1. Reproduced from Ma et al. (2016) with permission from Elsevier S.A. (G) SEM image of regenerated carbon fiber (RCF) prepared at 150°C. (H) Galvanostatic charge/discharge curves at different current densities of MnO2/RCF (MRCF)-150 in 1 M of Na2SO4. (I) Cycle life of the MRCF-120, MRCF-150, and MRCF-180 electrodes at current density of 8 A g−1 in 1 M of Na2SO4 solution. Reproduced from Zhao C. et al. (2017) with permission from Pergamon.



Table 3. Electrochemical performance of various MnO2/CNF material.
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MnO2/Activated Carbon Composites

AC is a carbon material prepared by pyrolysis and activation of carbon-containing raw materials such as wood, coal, and petroleum coke. It has developed pore structure, large specific surface area, and abundant surface chemical groups (Abioye and Ani, 2015). According to the pore size, it can be classified into three types: macropores (≥50 nm), mesopores (2–50 nm), and micropores (≤ 2 nm) (Wei et al., 2016). In the energy storage mechanism, large pores are usually used as ion buffers, mesopores (transition pores) are used for efficient ion diffusion, and micropores are used to store charges. Owing to the rich pore structure of AC, its specific surface area can reach up to 3,000 m2 g−1 (Barbieri et al., 2005), which creates favorable conditions for charge storage. AC possesses characteristics of stable chemical properties, abundant sources, wide operating temperature range, simple preparation process, large specific surface area, and environmental protection (Wang Y. et al., 2019). It has been considered to be the most extensive electric double-layer electrode active material in commercial applications. AC for electrodes of electric double-layer capacitors is usually derived from nature, such as charcoal, husks, and biomass, and can also be obtained by carbonized polymers. Generally, the synthesis process of AC is to carbonize a carbonaceous organic precursor in an inert atmosphere at a high temperature and then activate the carbon materials having a high specific surface area by physical or chemical activation. Physical activation is usually performed by injecting CO2 or water vapor at high temperatures to the system, followed by removing precursor uncarbonized substances and selective oxidation of carbides (López Ch et al., 2015). KOH, ZnCl2, and H3PO4 are usually used as activators for chemical methods with carbonized substances to selectively react to form pores and increase specific surface (Abioye and Ani, 2015). According to the double-layer capacitance theory, the specific capacitance of AC is greatly affected by the specific surface area. The initial research hopes to increase specific capacitance by expanding specific surface area and pore volume of carbon materials. However, it is found that the capacitance of electrode materials is not linearly related to the specific surface area. Even if the specific surface area increases a lot, the increase of specific capacitance is still limited. Moreover, these shortcomings will in turn reduce the energy density and power density of AC electrode.

In order to further obtain high energy density and volume density, typical pseudocapacitive materials such as MnO2 are increasingly anchored on AC to obtain ideal electrode materials. Chen M. D. et al. (2014) selected cotton stalk as carbon precursor and synthesized an amorphous AC material with 1,481 m2 g−1 of specific surface area using H3PO4 as activator by one-step chemical activation. After that, electrolytic MnO2/AC composites with different contents of MnO2 were prepared, as shown in Figure 6A. The galvanostatic charge test confirmed that the composite with 5% MnO2 (labeled as AC4) has optimum specific capacitance (169 F g−1) and excellent cycle life (99.2% after 500 cycles), as shown in Figures 6B,C. With the deepening research, Zhang J. et al. (2019) proposed a novel high-voltage anode electrodeposition technique to deposit graded MnO2 on AC cloth (Figure 6D). Interestingly, it was found that the AC cloth was activated to have a significant improvement in the conductivity and hydrophilicity of the composite electrode. It can be seen from Figure 6E that benefiting from the high conductivity of the closely contacted AC cloth/MnO2 interface, the electrode exhibits a specific capacitance of 400 F g−1 in 1 M of Na2SO4 at 0.5 A g−1 in an asymmetric supercapacitor, and the impressive volumetric energy density reaches 3.82 mWh cm−3. Figure 6F shows the good flexibility and mechanical properties of the composite. In Figures 6G,H, Li H. et al. (2019) combine AC fibers with MnO2 to form electrodes with excellent flexibility and excellent capacitance properties. The area ratio of the composite material is as high as 410 mF cm−2, delivering a high energy density of 36 μWh cm−2 and a high power density of 726 μW cm−2 (Figure 6I). Integrated devices with multiple electrodes can successfully illuminate light-emitting diodes, showing great potential applications. Finally, it is found that the perfect pore structure and proper surface modification that can function as a fast transfer ion and increase the wettability of the electrode surface are beneficial for suitable pore size distribution. Moreover, the presence of the AC can prevent agglomeration of MnO2 and maximize the MnO2 pseudocapacitance. Table 4 summarizes the electrochemical performance of some representative MnO2/AC composites. It shows that MnO2/AC composites, as an environmentally friendly supercapacitor electrode material, have become a preferred choice for researchers.
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FIGURE 6. (A) Scanning electron microscopy (SEM) images of AC4. (B) Galvanostatic charge/discharge curves of AC4 at 1.0 A g−1. (C) Charge–discharge cycling stability of AC4 at current density of 2 A g−1. Reproduced from Chen M. D. et al. (2014) with permission from Maney Publishing. (D) Cross-sectional SEM image of MnO2/AC cloth-300. (E) Variations of the capacitance with current densities. (F) Schematic representation of the as-prepared electrode. Reproduced from (Zhang J. et al., 2019) with permission from Elsevier BV. (G) The corresponding energy-dispersive X-ray spectroscopy (EDS) elemental maps of Mn, O, and C. (H) Structure and electrochemical performance. (I) Charge–discharge curves at 0.1 mA cm−2 under different bending states of the MnO2@ACF-6. Reproduced from (Li H. et al., 2019) with permission from Elsevier.



Table 4. Electrochemical performance of various MnO2/CNT material.

[image: Table 4]




SUMMARY AND OUTLOOK

This review summarizes the research achievements in synthesis methods and electrochemical performance of MnO2/carbon composites for supercapacitors in recent years. In this system, MnO2 provides a source of high specific capacitance and high energy density, while carbon materials ensure excellent cycle performance and high power density. Impressively, various functional carbon materials exhibit their own excellent physical and chemical properties in different dimensions, which provides feasibility to rationally optimize the microstructure and maximization of electrochemical properties of MnO2/carbon electrode materials. Among these carbon substrates, one-dimensional carbon materials of CNTs and CNFs can provide high-speed diffusion and shorten ion diffusion paths owing to their high conductivity and good mechanical properties, becoming the preferred choice for flexible supercapacitors. Two-dimensional carbon materials represented by graphene are regarded as ideal conductive substrates for their high specific surface area, ultra-low density, and good electrical conductivity. Other AC materials with typical three-dimensional structure are widely used in preparing energy storage devices with high energy density due to their large number of microporous structures and rich functional groups. In general, carbon nanomaterial with excellent porous structure and high conductivity can maximize the electrochemical performance of MnO2. Orderly and tidy channels (such as mesoporous carbon) can accelerate the transport of electrolyte ions and make it easier to enter MnO2. Meanwhile, enhancing the degree of graphitization of carbon materials (such as CNTs and graphene) is conducive to the improvement of conductivity to ensure rapid transfer of charge. In recent years, numerous efforts have been made to explore high-performance MnO2/carbon composites for supercapacitors, and exciting improvements have been achieved. However, there are still remaining several key drawbacks in those composites, such as the lack of ordered pore channels in the carbon substrate (Wang T. et al., 2015), the violent volume expansion and low electrochemical utilization rate of MnO2 (Lei et al., 2012; Sun et al., 2017), and optimization of the composite structure (Zhang Q. Z. et al., 2018).

Faced with these practical challenges and obstacles, we believe that much more efforts should be focused on developing new-generation MnO2/carbon composites that can better meet the energy storage requirements and standards of advanced supercapacitors in the future. Therefore, we suggest that future research trends may focus on the following aspects:

(1) For MnO2/CNTs or CNFs, a carbon substrate with the optimal pore size distribution and specific surface area should be constructed to increase the specific capacity and power density of the supercapacitor; improve the poor surface wettability of CNTs by surface modification, ultrasound, and other treatments to ensure uniformity of MnO2 deposition; and optimize the design of flexible and foldable CNF substrates that meet different requirements without sacrificing stable power output and long cycle stability.

(2) For MnO2/AC, the low-mass load problem of MnO2 should be improved without sacrificing the power of the composite material to balance the overall performance, effectively exerting the coordination performance of MnO2 and carbon materials.

(3) For MnO2/graphene, MnO2 should be deposited more uniformly on the surface of graphene and should establish an intimate connection by the new composite technology to prevent the damage of composite structure and improve the rate capability and cycle stability.

(4) MnO2 should be combined with economical and green carbon materials to develop light, low-price, and environmentally friendly composite electrode materials.
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In this work, we present the preparation of CdS nanowires (CdS NWs) using the chemical vapor deposition technique and bismuth (Bi) nanoparticles as catalysts. The obtained nanowires were found to be in the hexagonal Greenockite structure according to XRD diffractograms and Raman spectroscopy measurements. Depending on the growth temperature, two kinds of morphologies were observed in SEM images. At low temperature (around 150°C), a high density and homogeneous population of thin and straight nanowires grown through the vapor–liquid–solid mechanism was observed. At higher temperature (around 270°C), thicker bunches of braided nanowires were observed. A quantitative analysis of the temperature-dependent photoluminescence spectra of the CdS NWs was carried out.

Keywords: solar cells, semiconductors, nanowires, photoluminescence, catalytic method


INTRODUCTION

Semiconductor nanowires have been the subject of intense research because of their novel properties and potential to be incorporated in advanced devices. They exhibit fast 1D growth rate with good crystalline quality, thus leading to advantages in efficiencies and costs (Cui and Lieber, 2001; Huang et al., 2001a; Lieber, 2003; Tang et al., 2011) in opto-electronic devices. CdS nanowires (CdS NWs) used as window material in p-n junction solar cells have the advantage of increasing the effective p-n interface, thus reducing the losses due to photo-carrier recombination and increasing light trapping as well (Liu et al., 2011). Taking this into account, we propose a solar cell with the configuration shown in Figure 1. On the other hand, this nanostructured CdS could be tested as windows material (or even as absorber) in hybrid solar cells, like Quantum Dots Dye Sensitized Solar Cell (QD-DSSC), CdTe, or colloidal CdSeTe. Our argument is supported by the fact that the space in between the nanowires could be embedded by an organic or inorganic photo-absorbent, or micro crystals (Wang et al., 2007; Lee et al., 2009; Grynko et al., 2015). Besides, the incorporation of CdS NWs could have the advantage of providing a direct path for the electrons to the anode, thus decreasing the recombination of photoexcited electrons with the electrolyte (Jasim, 2011; Pan et al., 2018) as a consequence of hopping between nanocrystals as occurs in DSSC cells. Other works carried out in recent years report the use of CdS NWs, combined with other materials such as ZnO, TiO2, and Pt to produce photocatalytic hydrogen under visible light irradiation. In these cases, the CdS NWs showed an efficient charge separation, caused by fast diffusion of the generated photoelectrons, becoming an excellent highly active photocatalyst for the production of hydrogen (Bao et al., 2006; Jang et al., 2008; Barpuzary et al., 2011).

Chemical vapor deposition (CVD) technique, assisted or not by metal catalysts (nanoparticles or very thin layers) is frequently used for preparing CdS NWs (Wang et al., 2002a; Ge and Li, 2004; Kwak et al., 2009). They are obtained by transport of the vapor species to the substrates covered with the catalyst. Different growth mechanisms have been found to be involved in the formation of nanostructures, the most characteristic being the vapor–liquid–solid (VLS) one (Givargizov, 1975; Kolasinski, 2006; Grynko et al., 2013). According to this mechanism, the metal catalyst forms a drop in which vapor species dissolve until oversaturation; then, the excess material precipitates and the nanowire forms with a drop at the tip.


[image: Figure 1]
FIGURE 1. Scheme of a prototype of solar cell using CdS nanowires.


Nanoparticles or very thin layers of gold are more frequently used as catalyst for the growth of nanowires (Huang et al., 2001b; Wang et al., 2002b; Fu et al., 2006; Ma et al., 2007; Zervos and Othonos, 2011). However, Au melting temperature or Au/Cd eutectic (1,064 and 500°C, respectively) are both quite high. In addition, Au has been found to form non-radiative recombination centers in CdS that degrade the optical properties of the nanowires (Schmidt et al., 2009). Bismuth appears to be a suitable catalyst candidate for the preparation of CdS NWs due to its low melting temperature of 271°C and because it forms a eutectic with Cd at 145°C (Keşlioglu et al., 2004). In the last few years, the preparation of nanostructures of several semiconductor materials using Bi as a catalytic metal has been reported (Wang et al., 2006; Ouyang et al., 2007; Sun and Buhro, 2008; Kwak et al., 2009, 2010). In these cases, the nanostructures were obtained using a thin layer of Bi; the solution–liquid–solid mechanism (SLS) has been verified. The use of a relatively large amount of chemicals in SLS growth, with the subsequent generation of by-products during the process, can work against the purity of the prepared material. In contrast, CVD CdS is characterized by a high degree of purity since only CdS vapor species and H2 are present in the growth reactor.

In this work, we used Bi nanoparticles (NPs) to catalyze the growth of CdS NWs. Because of the low temperature of the Cd/Bi eutectic point, we obtained CdS NWs through the VLS mechanism in a CVD configuration at substrate temperatures as low as 145°C. After careful calibration experiments, the flux and the type of gas carrier were found to be determinant for obtaining the growth of nanowires in the VLS regime. Independent of the substrate temperature, two different kinds of morphologies were obtained, and their origin is discussed in relation with the growth parameters.



EXPERIMENTAL

Soda-lime glasses with a fluorine-doped tin oxide layer (TEC15, according to the manufacturer nomenclature, Pilkington, St Helens, United Kingdom) are covered using a triple-magnetron RF-Sputtering (model V3, Intercovamex, Mexico City, Mexico), with layers of sputtered undoped SnO2 (35 nm) and CdS (60 nm) and were used as substrates. In a typical experiment, 10 μl of a suspension composed of 20 g of Bi nanoparticles (NPs) dispersed in 10 ml of methanol was spin-coated onto the substrate at 1,000 rpm for 30 s. Then, the substrate was heated at 70°C for 1 min, allowing the methanol to evaporate. CdS powder (Aldrich 99.999% purity) was located in a graphite boat in the highest temperature region (800°C) of a tubular furnace inside a quartz reactor. Initially, a nitrogen flow of 0.6 L/min was established to remove the air in the reactor. Afterwards, the system was flowed with forming gas (80% Ar/20% H2) at atmospheric pressure at a rate of 0.1 L/min. Downstream, at a coldest region in the reactor (150 or 270°C for samples A and B, respectively), the substrate with the NPs was located (see Figure 2). The growth time was 10 min and, once the process was finished, the system was cooled down under N2 flow.


[image: Figure 2]
FIGURE 2. Experimental setup used to grow CdS Nws. The source and substrate are located in two graphite crucibles inside a quartz reactor.


Scanning electron microscopy (SEM) images and energy dispersed spectroscopy (EDS) were obtained with a JSM 7800F JEOL system (Kyoto, Japan) while TEM images were obtained with a JEM-ARM200CF microscope provided with a cold cathode electron gun (Cold Field Emission Gun, CFEG), a spherical aberration corrector CEOS. The x-ray diffractograms were taken with an X'Pert PRO PANalytical diffractometer (Almelo, Netherlands) in fixed grazing incidence angle at room temperature and using Cu-Kα radiation (λ = 1.54056 Å). Raman spectra were measured with a Labram HR800 (Horiba Jobin Yvon, Kyoto, Japan) equipment, with an excitation line of 633 nm with an output power of 10.7 μW and objective magnification of 50×. Photoluminescence (PL) spectra were obtained using a He–Cd laser with an excitation wavelength of 442 nm and output power of 16 mW at room temperature. A double monochromator SPEX-1403 was used to obtain the photoluminescence spectra and the signal was detected using a thermoelectrically cooled photomultiplier RCA-C31034 that is coupled to a photon counter equipment. In other experiments, a 325-nm laser line was used as the excitation source and the sample emission was focused into a photomultiplier tube of an Acton SpectraPro 2500i spectrograph. All the spectra were corrected taking into account the spectral response of the system. No significant differences were found in the spectra that were taken with the two configurations.



RESULTS AND DISCUSSION

A secondary electron SEM image of the obtained nanowire forest observed in a typical region of the surface of the sample A is shown in Figure 3A. A high density and a homogeneous population of thin nanowires with straight morphology can be appreciated. In Figure 4, a low-resolution TEM image displays a nanowire around 50 nm thick, with a dark sphere at the tip, which we associate to a bismuth nanoparticle. At the left inset in Figure 4, a high-resolution TEM image allows one to appreciate the crystalline planes in the body of the nanowire. The measurement of the inter-planar distance of these planes indicates that the axial direction of the nanowire coincides with [100] crystalline direction, as frequently observed in CdS NWs (Fu et al., 2006). The nanowires are single crystals as can be observed in the corresponding Fast Fourier Transform in the right inset in Figure 4, which can be indexed as the [001] zone axis; thus, the nanowires grow with the [001] direction normal to the axis of the nanowires. Figure 3B shows an image obtained with the backscattered electron detector, which allows one to better resolve differences in chemical compositions. In this figure, small bright spots with spherical shape distributed throughout the sample surface and located at the tip of the nanowires can be appreciated. These bright spots were identified as Bi according to the EDS spectrum shown in the inset of Figure 3B. This is an indication that the VLS mechanism is responsible for the formation of the nanowires.


[image: Figure 3]
FIGURE 3. (A) SEM images of the sample A showing a high density of CdS nanowires. (B) Backscattered electron image showing bright spots at the tip of the nanowires. In the inset, an EDS spectrum confirms the presence of Bi in the bright spots. (C) SEM images of the nanowires obtained in sample B with a substrate temperature of 270°C.



[image: Figure 4]
FIGURE 4. TEM image of the nanowires at low resolution. The left inset shows a high-resolution TEM image in which it is possible to observe the crystalline planes. The Fast Fourier Transform is shown in the right inset, which can be indexed as the [001] zone axis.


The nanowire morphology obtained at a higher substrate temperature of 270°C (sample B), is shown in Figure 3C. In this case, bunches of braided nanowires with diameters ranging between 100 and 300 nm are observed. Also, the nanowire density is smaller than that in sample A.

These morphology differences can be explained considering that, at the higher temperature of the sample B (near to the fusion point of Bi), several Bi nanoparticles can coalesce, forming larger particles and leading to the formation of more than one nanowire in the same catalyst particle.

In the x-ray diffractograms for both samples, shown in Figure 5A, the characteristic reflections of the CdS with Greenockite phase (PDF 41–1,049) are observed. The peaks marked with “+” come from the SnO2 substrate layer with tetragonal phase (PDF 41–1,445), and the peaks around 40° correspond to the planes (104) and (110) of Bi with rhombohedral phase (PDF 44–1,246). The diffractogram of the substrate CdS layer was found to be very weak (see Figure S1 in the supplementary material), which indicates that the main contribution of the diffractograms presented here comes from the CdS NWs.


[image: Figure 5]
FIGURE 5. (A) XRD diffractogram for samples A and B showing the characteristic peaks of the CdS with Greenockite phase (the peaks marked with + symbols come from the SnO2 substrate). (B) Raman spectra of nanowires and nanoparticles. The vibrational modes 1LO and 2LO corresponding to CdS with Greenockite phase are observed.


Raman spectra of samples A and B are shown in Figure 5B together with the spectrum of a target fabricated with the Bi nanoparticles. In the spectra, the characteristic emission of the longitudinal optical LO-mode of CdS with Greenockite phase at 300 cm−1 and its 2LO-first harmonic at 600 cm−1 can be appreciated (Nusimovici and Birman, 1967). This result confirms the indication of the x-ray diffraction analysis. The other emissions observed in the Raman spectrum of the nanowires are associated with the Bi nanoparticles: the peaks located around 97 and 185 cm−1 are the first- and second-order Raman scattering mode of bismuth in the rhombohedral structure (Lannin et al., 1975). The increase of the background intensity with increasing energy is associated to the fluorescence in the SnO2 layer of the substrate (similar background was measured in samples with only the SnO2 layer).

Photoluminescence spectra for the samples at low temperature (12–20 K) and room temperature (300 K) are shown in Figure 6. The samples showed an intense and bright luminescence with a narrow peak around 2.5 eV at low temperature, which follows the behavior of near band gap emissions (NBE) (Yang et al., 2012). In fact, deconvolution of these spectra was carried out and the behavior of the intense peak with temperature was found to follow the Varshni equation [image: image] as it can be observed in the insets, where E0 is the low-temperature band gap and α and β are the Varshni constants (Varshni, 1967) (The complete set of spectra at different temperatures and the deconvolution of the spectra at low temperature can be seen in Figure S2 and Figure S3 in the supplementary material, respectively.). Following previous reports (Thomas and Hopfield, 1962), we assigned this peak to the emission of a bound exciton to a neutral acceptor (I1). The NBE intense peak of sample B is much narrower than that detected for sample A and is slightly shifted. This suggests that the NBE luminescence of sample A is composed of other contributions probably related with defects. This is confirmed by the presence of an intense and wide band centered at around 2.05 eV, known as the “yellow band (YB)” of CdS that has been ascribed to donor–acceptor pairs related to relatively deep centers associated with Cd interstitial (Cdi) or S vacancies (Sv) (Hong et al., 2000; Chandran et al., 2011). The YB has a tail at near 1.9 eV, which can be ascribed to the red band (RB) usually related with surface defects (Shiraki et al., 1974). This combined defect band is more intense for sample A with respect to the NBE emission. At room temperature, spectra are dominated by the so-called “green band (GB)” with a high energy component peaking at near 2.4 eV, which has been related in the literature with a free to bound transition corresponding with the recombination of a free electron with a neutral acceptor (eA0) (Colbow, 1966). The other two peaks present in the GB (resolved only in the spectra of sample B) having an energy separation near the CdS LO phonon (0.037 eV) (Marshall and Mitra, 1964) were considered as the typical phonon replicas of the 2.4-eV transition. According to the above PL analysis, CdS NWs in sample A seem to have a larger amount of defects. This is probably due to the larger surface-to-volume ratio (small diameter) for these nanowires. This can increase surface states as well as Cd vacancies. As a comparison, it is worth noting that the RT luminescence of CdS NWs grown by the SLS mechanism with Bi catalyst is dominated by the yellow band instead (Kwak et al., 2009).


[image: Figure 6]
FIGURE 6. Photoluminescence spectra at low and room temperature of (A) sample A and (B) sample B. In the inset, the fit of the NBE peak to the Varshni equation and the obtained parameters are presented.


It is important to consider that the bands, named YB, eA0, or the unknown surface defect one, have charged state centers whose trapped charges can recombine and give place to the PL emission. The high density of trapped charge centers, originated from the non-crystalline nature of the material, is deleterious for the operation of II–VI solar cells. However, its presence is not completely unavoidable, and defects are always present in the materials, particularly when the surface-to-bulk ratio is high, like in NWs.



CONCLUSIONS

The CdS NWs were prepared using the catalytic method with Bi nanoparticles. X-ray diffractograms and Raman spectra verified the presence of CdS hexagonal phase. Depending on the growth temperature, the SEM images revealed two kinds of morphologies. At low temperature, a highly dense and homogeneous population of thin and straight nanowires with diameters <100 nm was obtained. The images obtained by backscattered electrons reveal bright spots with spherical shape at the nanowire tip, indicating a VLS mechanism. At higher temperatures, bunches of braided nanowires with diameters ranging between 100 and 300 nm were observed. These different morphologies can be explained as a consequence of the coalescence of Bi nanoparticles at higher substrate temperature. The study of the PL showed that thin nanowires obtained at low substrate temperature seem to have larger concentration of defects probably because of the large surface-to-volume ratio. CVD CdS NWs prepared with Bi nanoparticles could be used in CdS/CdTe third-generation solar cells with advantages with respect to gold-catalyzed ones. These CdS NWs have good crystalline quality, although defect bands could affect the efficiency of the solar cell. However, we consider it not significant because, at room temperature, this band is almost no appreciable.
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Three-Dimensional Graphene-Decorated Copper-Phosphide (Cu3P@3DG) Heterostructure as an Effective Electrode for a Supercapacitor
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Transition metal phosphides already emerged with great interest due to their energy storage capacitance, superior metalloid characteristics, and decent electrical conductivity. To achieve a commercially viable outcome, these electrodes are fabricated with interconnected carbonaceous materials. Herein, we have synthesized hexagonal copper phosphide (Cu3P) platelets using chemical vapor deposition (CVD) and integrated it with highly conducting three-dimensional graphene (3DG), leading to a nanohybrid (Cu3P@3DG) as a coulombic efficient supercapacitor. This nanohybrid has exhibited a specific capacitance (Csp) of 1,095.85 F/g at 10 mV/s scan rate along with a cycling stability of 95% capacitive retention after 3,000 cycles at a current density of 8.97 A/g. The Csp is almost four times higher and the stability is 1.2 times higher compared to the bare Cu3P platelets. We have fabricated an asymmetric supercapacitor (ASC) using Cu3P@3DG on graphite as cathode and activated carbon (AC) on graphite as anode (Cu3P@3DG//AC) that has shown high specific capacity (108.78 F/g), energy density (8.23 Wh/kg), and power density (439.6 W/kg). Moreover, this ASC has exhibited an excellent life cycle (5,500 consecutive charge–discharge with 96% coulombic efficiency). Therefore, the proposed all-solid-state hybrid device can be considered as a route for next-generation high-performing energy storage devices.

Keywords: hexagonal copper phosphide platelets, chemical vapor deposition, red phosphorus, three-dimensional graphene (3DG), energy storage devices


INTRODUCTION

The relentless increase in energy demand and parallel steady reduction of fossil fuels drive the scientific and industrial need to develop renewable energy along with faster and compatible energy storage devices (Li et al., 2015, 2017; Zhang et al., 2019). Supercapacitors represent essential components that can bridge between stereotype capacitors and rechargeable batteries in terms of power and energy densities with a long cycle life (Wang et al., 2018; Cao et al., 2019; Chen et al., 2019). In recent times, the synthesis of materials having semiconducting, metalloid, and energy storage properties has emerged at the forefront of research activities (Augustyn et al., 2014; López-Ortega et al., 2015; Sivula and Van De Krol, 2016). The transition metal phosphides are a fascinating class of materials because of their wide range of properties depending on their size and shape (Barry et al., 2008; Shao et al., 2017; Aziz and Islam, 2018). Metal phosphides have been tested and found to be active catalysts with their potential applications in electro-catalysis and photo-catalysis. In the last few years, several phosphides of nickel, cobalt, iron, molybdenum, tungsten, copper, and many more with different morphologies and crystallinity have been synthesized using different methods including phosphorization, electrodeposition, and ball milling (Brock et al., 2004; Henkes et al., 2007; Barry et al., 2008; Brock and Senevirathne, 2008; Wang et al., 2010). Metal phosphides with controlled nanostructures and elemental compositions have been designed and reported to provide significant enhancement in electrochemical activity (Wang et al., 2015a; Chen et al., 2016; Seo et al., 2016; Wu H. et al., 2016). Also, metal phosphides have metalloid properties and exhibit high specific capacitances (Csp) and high volumetric and gravimetric capacities with lower intercalation potentials compared to commercial carbonaceous materials. Thus, they have attracted extensive interest to design novel electrode materials for supercapacitors rather than lithium-ion batteries (Li et al., 2017). Although transition metal hydroxides, metal oxides, and polymers (conducting) are commonly used electrode materials for lithium-ion batteries and pseudo-capacitors (Wang et al., 2015a, c; Zhu et al., 2015; Wu J. et al., 2016), however, these materials are kinetically slow for the fast electron transport and that invariably required for high-power density with moderate energy density (Li et al., 2017).

Copper phosphide (Cu3P) is an air-stable, low-cost, environment-friendly material that exhibits high volumetric as well as comparable gravimetric capacity to that of graphite (Pfeiffer et al., 2004). Cu3P have also been explored widely in the field of photo/electro-catalytic water splitting (Sun et al., 2015; Wei et al., 2016; Han et al., 2017; Hao et al., 2016). Recently, this material has been introduced in the energy storage sector to bridge the gap between electric double-layer capacitor (EDLC) and batteries (Chen et al., 2017; Zhang et al., 2019). It has been proved that the electrochemical activity of a material is strongly affected by its size, structure, and chemical composition. Cu3P with different morphology and crystallinity have been synthesized and investigated for energy storage devices showing an improvement in electrochemical activities (Liu et al., 2012, 2016; Fan et al., 2016).

Carbonaceous matrices [e.g., graphene, carbon natotube (CNT), graphite, etc.] are simultaneously proved to be a promising choice of electrode material due to its high conductivity, large surface area, flexibility, and transparency which drags its attention toward large-scale applications in energy storage devices. Among various carbonaceous materials, three-dimensional graphene (3DG) is the promising choice as a backbone for electroactive materials for supercapacitor due to the random orientation of graphene flakes in three dimensions leading to the formation of micro/mesoporous structures (Mukherjee and Austeria, 2016; Singh et al., 2017; Xue et al., 2018). The 3DG provides high conductive channels for ion and electron transfer in charging–discharging cycles leading to a prominent improvement in overall capacitive performance of electroactive materials. Also, 3DG effectively minimizes the unwanted agglomeration of metal nanoparticles, thereby enhancing the chemical stability of the electroactive materials. In compliance to develop a novel approach for the synthesis of new hybrid materials (Kumar et al., 2017; Itzhak et al., 2018) herein, we report a facile, industrially scalable and easy method to produce a high yield of hexagonal Cu3P by solid-state reaction at low temperature followed by the formation of nano-hybrid with 3DG matrix on graphite substrate. This nano-hybrid has demonstrated significantly high electrochemical performance at an optimized Cu3P:3DG ratio with a tremendous Csp of 1,095.85 F/g at a scan rate of 10 mV/s. The asymmetric device of Cu3P@3DG electrode (positive) and activated carbon (AC) (negative electrodes) on graphite substrate reveals worthy performance in power densities, cycling stability, and excellent capacitive retention.



EXPERIMENTAL SECTION


Materials

The copper foil was purchased from Alfa-Aesar. Red phosphorus was purchased from Sigma Aldrich and was used without any further purification. A compressed cylinder tank of argon gas was procured from Gas Technologies with a purity of 99.999%. An atmospheric-pressure three-zone chemical vapor deposition (CVD) furnace, fitted with a quartz tube with an internal diameter of 22 mm, was used for the synthesis. The built-in furnace thermocouples measured the furnace temperatures, and the flow of argon was maintained using electronic mass flow controllers (MKS P4B with digital mass flows control unit model 247D). Graphite powder, H2SO4, ortho-phosphoric acid, potassium permanganate, H2O2 (30%), HCl, polyvinyl alcohol, potassium hydroxide, graphite sheet, nafion, and AC were purchased from TCI Chemicals India. Glassy carbon electrode was purchased from Sinsil International Pvt. Ltd.



Synthesis of Hexagonal Copper Phosphide Platelets

Usual techniques to synthesize transition metal phosphide is via plasma-enhanced CVD (PECVD) using PH3 plasma (Liang et al., 2017) or multistep hydrothermal techniques (Zhou et al., 2015; Ding et al., 2019) via metal oxide/hydroxide intermediate followed by thermal annealing. Using the PECVD approach restricts the phosphorization on the material surface rather than bulk conversion. On the other hand, hydrothermal growth may lead to polycrystalline phosphides and oxide intermediates that are difficult to avoid, which may possibly be responsible for degrading the electrochemical performance.

CVD has been shown as a one-step process where hexagonal Cu3P can be synthesized at an optimized temperature (Wei et al., 2016; Riyajuddin et al., 2019). In a typical experimental procedure, 50 mg of red phosphorus is kept in a quartz boat and then covered with a 0.25-mm-thick copper foil (the native oxide layer on Cu-foil is removed by sonication with 4 M HCl for 20 min and washed with distilled water and isopropanol and then dried) as shown in Supplementary Figure S1. Initially, there is no direct physical contact between the red phosphorus and the copper foil, which is positioned above the red phosphorus-containing boat. This quartz boat is inserted in the quartz tube and positioned at the center of the furnace and heated at 450°C for 5 min under a flow of Ar (25 sccm) at an ambient pressure condition. In this process, phosphorus particles sublimate which are diffused into the copper and reacted with it to nucleate Cu3P crystallites and then grow into hexagonal platelets. A layer of dark shining gray color is observed on the surface of the copper foil exposed to the red phosphorus environment.

The synthesis of Cu3P experiments is performed by using the “fast-heat” technique in which the samples are initially positioned outside the heated zone of the furnace with a fan blowing on the exposed quartz tube surface to keep the sample at room temperature (Itzhak et al., 2018; Kumar et al., 2018). Once the set temperatures of furnaces have reached a stable value, then the quartz tube is shifted to position the sample in the growth zone to start the phosphorization process. Using this technique, the sample is placed immediately to the required growth temperature and avoided exposure during the ramping steps.



Synthesis of the Three-Dimensional Graphene Matrix

The modified hydrothermal reduction method has been used for the synthesis of 3DG on top of the graphite sheet as reported in our earlier work (Singh et al., 2017). Briefly, a piece of graphite sheet is dipped into 2 mg/ml aqueous dispersion of graphene oxide. This aqueous dispersed solution of the graphene along with graphite sheets is freeze-dried at −20°C for 12 h. After that, the solution temperature is allowed to reach room temperature followed by the addition of 0.6 ml of 2 M ascorbic acid to the graphene oxide aqueous dispersion, and the mixture is sealed in a Teflon-lined autoclave and heated in an oven at 120°C for 6 h. The as-grown material is thoroughly dried in a vacuum for the formation of a porous 3DG-coated graphite electrode.



Assembly of a Solid-State Asymmetric Supercapacitor Device

The ASC devices are assembled by utilizing the Cu3P@3DG on graphite electrode as positive electrodes and AC on graphite as negative electrodes with polyvinyl alcohol (PVA)/KOH as gel electrolyte. The KOH/PVA gel electrolyte is prepared by mixing 5 g KOH and 4 g PVA in 50 ml distilled water with vigorous stirring at 90°C until the mixture solution becomes clear to form a semi gel state. Then, the prepared homogeneous 1 ml of each Cu3P solution [∼0.3, 0.6, 0.91, 1.2, 1.5 mg/ml in Isopropyl alcohol (IPA)] is drop casted on top of 3DG-graphite electrodes (1 cm2 × 1 cm2) homogeneously and dried. Each electrode is covered with ∼1.1 mg of 3DG matrix. After that, the gel electrolyte is sandwiched between Cu3P@3DG and AC electrodes, and the solid-state device is assembled successfully by moderate pressing to remove excess gel electrolytes and dried overnight. The active device area is 1 cm2 × 1 cm2, where longitudinally extended graphites are being used for making the connection for electrochemical measurement.



RESULTS AND DISCUSSION

In this work, hexagonal platelets were directly grown on copper foil by thermal annealing using a CVD system. A known amount of red phosphorus was kept in a quartz boat and covered with copper foil as shown in Supplementary Figure S1. Red phosphorus and copper foil were then heated at 450°C for 5 min under argon flow. A dark shiny gray color layer that formed on the red phosphorus-exposed side of the copper foil indicated the successful growth of Cu3P. To investigate the effect of temperature on the morphology of Cu3P on copper foil, the same experiment was repeated at 350, 450, 600, and 800°C. When the temperature was increased to 600°C, the material started losing its hexagonal morphology by condensing hexagonal platelets together. Upon further enhancement of the temperature up to 800°C, the entire hexagonal morphology was lost. On the other hand, lowering the temperature to 350°C, the hexagonal platelets did not nucleate, as shown in Supplementary Figure S2. These results confirmed that a specific temperature (450°C) was required for the growth of hexagonal platelets. HRSEM analysis of the synthesized Cu3P revealed stacked platelets of hexagonal morphology with a lateral dimension in the range of micrometers and a thickness of a few nanometers, as shown in Figure 1A. HRSEM images and the corresponding elemental mapping patterns of Cu and P had demonstrated that the Cu and P elements were uniformly distributed on the hexagonal platelets (Supplementary Figures S3c,d in ESI). Transmission electron microscopy (TEM) analysis was performed for in-depth characterization. A low-magnification image, shown in Figure 1B, illustrated the nature of the hexagonal platelets. It was found that they consist of domains, although TEM sample preparation might influence the agglomeration (Supplementary Figure S4). The electron diffraction pattern taken from the agglomerate portion (Supplementary Figure S4a) was successfully indexed in terms of the hexagonal structure of the Cu3P. It should be noted that the rings on the polycrystalline electron diffraction pattern indicated a large misorientation between the domains in the agglomerate. Using HRTEM, we studied small nano-sized domains constituting the agglomerate and did selected area electron diffraction (SAED), shown in Figures 1C–D. The SAED pattern was taken along [0001] orientation of one domain, and the corresponding HRTEM image is shown in Supplementary Figure S4b. In Supplementary Figures S4b,c, HRTEM image and SAED patterns were taken along [101 –0] orientation of the domain fitting the atomic structure of Cu3P, as reported by Olofsson (1972).
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FIGURE 1. (A) Schematic representation of synthesis of three-dimensional graphene-decorated copper phosphide (Cu3P@3DG). (B) After synthesized Cu3P pallets, HR-SEM images of hexagonal Cu3P (hexagonal flake is shown inset). (C) Electron diffraction pattern taken from the agglomerate was indexed in terms of the hexagonal structure of the Cu3P. (D) Selected area electron diffraction (SAED) patterns taken along [0001] orientation of one domain. (E) Rietveld refinement of Cu3P: observed X-ray profile (open red circles), calculated profile (solid black line), and the difference between them (blue line on the bottom). Vertical bars refer to the calculated peak (JCPDS #71-2261). (F) Hybrid structure of hexagonal Cu3P platelets on the three-dimensional (3DG) template. (G) HR-SEM represents the hybrid Cu3P@3DG structure.


The phase content of the synthesized material was studied using X-ray diffraction (XRD) (Figure 1E). The XRD pattern exhibited strong, sharp peaks which were indexed in terms of hexagonal structure (P63cm) of the Cu3P (JCPDS card no. 71-2261) (Hou et al., 2016). Rietveld refinement resulted in reliability factors: Rp = 2.3%, Rwp = 3.27%, RBragg = 1.05%, and Rexp = 1.73%. These low-reliability values excluded the possibility of the presence of impurities. It should be noted that atomic positions, occupancies, and thermal displacement parameters of the Cu3P structure were not refined here, and the background was treated as linear. Lattice parameters were refined as a = 0.69673(1) nm and c = 0.71484(8) nm. The dependence of stoichiometry, temperature, and lattice parameters of the Cu3P structure was discussed in the earlier report (Olofsson, 1972). Since the refined lattice parameters (i.e., a = 0.697, c = 0.7145 nm) were fitted well with reported parameters (Olofsson, 1972), thus the synthesized material was stoichiometric (or closely stoichiometric) as Cu3P. To the best of our understanding, Rietveld refinement result of the as-synthesized sample was known to be the significant evidence for the formation of stoichiometric Cu3P rather than the energy-dispersive X-ray spectroscopy (EDS) shown in Supplementary Figure S3. The presence of elements could be found in the EDS analysis. However, it was hard to estimate the stoichiometry via EDS since a large difference in atomic numbers of the constituents did not allow accurate standard in the EDS analysis. Figure 1F showed the formation of a hybrid porous structure made of hexagonal Cu3P platelets along with 3DG. Careful observation indicated that the hexagonal Cu3P platelets (shown by yellow arrows) were randomly scattered on the porous foamy 3DG architecture (shown by white arrows). A close-up view of these hybrid structures, shown in Figure 1G, revealed a single flake of Cu3P trapped inside the 3DG matrix where a detailed EDS elemental mapping was performed to identify the distribution of Cu, P, and C elements, respectively, shown in Supplementary Figure S5.

The X-ray photoelectron spectroscopy (XPS) analysis of Cu3P elucidated the oxidation states and chemical interaction between Cu and red phosphorus (Supplementary Figure S6). The Cu, P, O, and C peaks appeared in the survey scan (shown in Supplementary Figure S6a). The presence of O1s peak indicated the superficial oxidation of Cu3P, while the carbon peak was due to the background. The high-resolution XPS spectrum of Cu 2p (Supplementary Figure S6b) exhibited two peaks at 932.4 and 934.8 eV, which were attributed to phosphorized copper (Cu–P) and oxidized copper (Cu–O), respectively (Lin et al., 2016; Jin et al., 2017). Supplementary Figure S6c showed double peaks in the phosphorus region. The peak at 133.6 eV was due to the oxidized phosphorus in the form of phosphate (Li et al., 2016), and 129.7 eV was the binding energy of P in Cu3P, which was lower than that of the binding energy of red phosphorus (130.2 eV), suggesting the conversion of copper to Cu3P (Pfeiffer et al., 2005). The presence of Cu–O and POx was probably due to oxide layer formation on the surface of Cu3P in ambient conditions.

To evaluate the as-grown nanomaterial as the promising electrode material, cyclic voltammetry (CV), galvanostatic charge–discharge (GCD), and electrochemical impendance spectroscopy (EIS) measurements were made to investigate the supercapacitive performance. The electrochemical window for CV and GCD measurements was kept in −0.5 to +0.5 V shown in Figures 2A,B. Figure 2A showed CV of the Cu3P nanoplatelets under a three-electrode system in 1 M Na2SO4 electrolyte at a different scan rate from 10 to 200 mV/s. The broad shape of the asymmetric CV curves observed for Cu3P nanoplatelets in the whole potential window indicated the presence of faradic behavior leading to pseudocapacitance along with electric double-layer capacitance (EDLC) existing simultaneously.
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FIGURE 2. Electrochemical characterization. (A) Typical cyclic voltammetry (CV) curves of hexagonal copper phosphide (Cu3P) platelets on glassy carbon electrode at different scan rates (10, 50, 100, 150, and 200 mV/s). (B) Galvanostatic charge–discharge curves of Cu3P platelets at various current densities. (C) CV curves at 50 mV/s scan rates for different rational compositions (0.3, 0.6, 0.91, 1.2, and 1.5 mg/ml) of Cu3P on 3DG-graphite electrode. (D) Corresponding galvanostatic charge–discharge curves at 5.13 A/g current density. (E) Typical CV curves at different scan rates with the best weight ratio of 0.91 mg/ml of Cu3P on graphite electrode (10–200 mV/s). (F) Corresponding galvanostatic charge–discharge curves at various current densities.


The appearance of two humps in between −0.5 and +0.5 V corresponding to cathodic and anodic maxima indicated that the Cu3P platelets possess pseudocapacitive properties. These redox reactions attributed to the transition between metallic Cu(0) and Cu(I) species at an applied potential approximately −0.3 V vs. Ag/AgCl. While at the higher potential of 0.05 V vs. Ag/AgCl, the oxidation of Cu3P platelets to Cu(II) species was observed due to aqueous interaction (Figure 2A). Further, the broad anodic peak nearly at 0.3 V could be attributed to the formation of a hydrous oxide of copper which originated from the hydrated cupric oxide (Jayalakshmi and Balasubramanian, 2008), and the corresponding chemical reaction was shown in equation (3). Here, the potential window had been fixed to 0.5 V to avoid the formation of Cu(III) species. So far, the identification of intermediate species was hard to find due to the chemical transformation of Cu3P electrodes under electrochemical analysis, and the reaction mechanism was entirely unknown which required further detailed investigation. However, based on the available relevant literature, a possible reaction mechanism had been proposed in the following equations (Poli et al., 2016; Chen et al., 2017).
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This mechanism could be attributed to redox reactions on the surface of Cu3P platelets. Pfeiffer et al. (2004) had explained that all the elements of the first transition metal series have partially filled 3d shells, except copper and zinc. Nonetheless, only the copper has a complete 3d shell and a single 4 s electron. Hence, copper was the only element in the series to have M+1 state with filled D-orbital in Cu3P platelets. The enhanced electrochemical performance might be attributed to the fact that the hexagonal Cu3P platelets were composed of many small particles, which had significantly increased the specific surface area and provided more reaction sites on the surface evident from the SEM image shown in Figures 1F,G.

To further improve the Cu3P electrode performance, we had designed a hybrid electrode with 3DG. The homogeneous distribution of Cu and P in hexagonal Cu3P flake and carbon in the foamy graphitic matrix had confirmed the formation of Cu3P@3DG hybrid network (shown in Supplementary Figure S5). For the development of effective electrode material, it was highly required to estimate the electrical conductivity of the proposed electrodes. The electrical conductivities of the Cu3P@3DG and 3DG electrodes via 4PP configuration with the electrode spacing of 2 mm were calculated to be 1,076 S m–1 and 978 S m–1, respectively. Here, the Cu3P@3DG electrode exhibited better conductivity as compared to the bare 3DG electrode on graphite substrate. This could be due to the metalloid property of Cu3P nanoparticles, shown in Supplementary Figure S7. To boost the kinetics of Cu3P, Cu3P@3DG had been elaborately designed, as schematically shown in Figure 1A. A systematic loading optimization of Cu3P on a 3DG matrix had been performed for extracting the best capacitive performance of Cu3P@3DG electrodes, as shown in Figures 2C,D. Here, the area under the CV curve was gradually increasing without any impressive redox peaks under the loading concentration of Cu3P that varied from 0.3 to 0.91 mg/ml. Optimizing the weight% of Cu3P in 3DG electrode, the redox probability of Cu3P on the 3DG matrix had been controlled until 0.91 mg/ml loading. However, increasing the loading concentration to 1.2 mg/ml and above, the redox peaks appeared more prominent at the same potential as bare Cu3P with increased current density due to the presence of the 3DG matrix. However, after a further increase in the concentration of Cu3P until 1.5 mg/ml, the prominent redox peaks appeared. This loading concentration of Cu3P on 3DG-graphite (0.91 mg/ml loading in 1 cm2 × 1 cm2) showed the best performance in galvanostatic charge–discharge curves at 5.13A/g current density (Figure 2D). For device fabrication as well as to evaluate the stability of the supercapacitor electrodes, the optimum loading concentration of Cu3P had been fixed to 0.91 mg/ml. The electrochemical CV curves and GCD performance (with different scan rates) of 3DG and bare Cu3P on graphite substrate are shown in Supplementary Figure S8. However, it had been observed that the Csp value of Cu3P on glassy carbon electrode (234.8 F/g) was slightly higher than that on graphite electrode (224 F/g) at a fixed current density of 1.28 A/g, which might be due to the interfacial interaction of electroactive material with the electrode substrate. The electrochemical analysis using this hybrid structure was carried out to evaluate its applicability toward energy storage devices. The Csp of Cu3P@3DG electrode was calculated to be 1,095.85, 901.50, 828.48, 778.70, 740.95, 706.66, 675.37, 590.95, 621.63, 597.45, 574.29, 495.97, and 421.65 F/g at the scan rate of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 150, and 200 mV/s, respectively from Figure 2E. Alternatively, the Csp extracted from the GCD measurements (Figure 2F) of the Cu3P@3DG electrode at various current density were calculated to be 849.81, 771.26, 734.35, 712.35, 692.39, 676.9, 659.98, and 644.75 F/g at 1.28, 2.56, 3.85, 5.13, 6.41, 7.69, 8.97, and 10.268 A/g, respectively (Supplementary Figure S9). The nearly isosceles triangular shape of the GCD (Figure 2F) implied excellent electron conductivity with tiny voltage drops at different current densities of Cu3P@3DG electrode. The energy and power density extracted from the charge and discharge analysis were about 118.1, 107.1, 102.0, 99.0, 96.2, 94.1, 91.7, and 89.5 Wh/kg and 641.0, 1,282.0, 1,923.0, 2,564.1, 3,205.2, 3,846.2, 4,487.2, and 7,132.2 W/kg at 1.28, 2.56, 3.85, 5.13, 6.41, 7.69, 8.97, and 10.268 A/g current density, respectively.

The comparative CV curves of the electrodes made of three different electroactive nanomaterials: Cu3P@3DG, 3DG, and bare Cu3P were carried at a scan rate of 20 mV/s (Figure 3A). The Csp of Cu3P@3DG, 3DG, and Cu3P electrodes were calculated to 901.5, 332.7, and 217.7 F/g (from CV curves), respectively, at a scan rate of 20 mV/s. Typically, the electrochemical properties like Csp of Cu3P@3DG were calculated to be nearly 2.5 times and four times enhanced as compared to bare 3DG and Cu3P-based electroactive materials, respectively. The results implied that Cu3P@3DG electrode referred to an excellent EDLC. The GCD measurements of the Cu3P@3DG, 3DG, and bare Cu3P on graphide electrodes at fixed current densities were performed with the potential window of 1.0 V (Figure 3B). The Cu3P@3DG exhibited a high Csp of 850 F/g (from GCD analysis) as compared to 3DG and bare Cu3P of 336 F/g and 224 F/g, respectively, at a current density of 1.28 A/g. Even at a very high current density of 10.27 A/g, the Csp reached up to 645 F/g which was about 76% of the capacitance retention compared to the current density of 1.28 A/g that invariably referred to the excellent stability of our electroactive material hetero-structure (shown in Figure 2F). The primary objective to incorporate 3DG along with Cu3P platelets was to provide high conductive channels for ion and electron transfer in the charging–discharging process leading to the improvement of the overall performance of hybrid electrodes (An et al., 2014). This hybrid structure could effectively minimize the unwanted agglomeration of Cu3P particles and simultaneously restricted the possibility of restacking of 3DG porous structure and thereby retaining the large surface area (Supplementary Figure S10), higher Csp, better rate capability, and overall device stability. However, the bare 3DG (made of three-dimensionally oriented rGO with very low oxygen content shown in Supplementary Figure S11) is known to be acting as promising anode materials due to high electronegativity rather than effective cathode material where graphene is difficult to get oxidized under the operating potential window (Hossain et al., 2012). CV analysis of bare glassy carbon and Cu3P decorated glassy carbon shown in Supplementary Figure S12.
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FIGURE 3. (A) Cyclic voltammetry (CV) curves of the three-dimensional graphene-decorated copper phosphide (Cu3P@3DG)-graphite (at 0.91 mg/ml), 3DG-graphite, and Cu3P-graphite at 20 mV/s. (B) Galvanostatic charge–discharge curves collected at a fixed current density of 1.28 A/g for Cu3P@3DG, 3DG, and Cu3P on graphite electrodes. (C) Cycling performance of Cu3P@3DG, 3DG, and Cu3P on graphite electrodes at 1.28 A/g current density. (D–F) Impedance Nyquist plots of the Cu3P@3DG, 3DG, and Cu3P on graphite electrodes, respectively.


The cycle stability had been evaluated for Cu3P@3DG, 3DG, and hexagonal Cu3P platelet-based electroactive materials on graphite substrate for its applicability in real phase energy storage devices. Figure 3C showed the variation of the Csp retention (%) as a function of the cycle number of the galvanostatic charge–discharge curves of the Cu3P@3DG, 3DG, and hexagonal Cu3P platelets at a fixed current density of 1.28 A/g. Surprisingly, after 3,000 cycles, the capacitive retention of Cu3P@3DG was found to be 95%, whereas that of 3DG was 83%. However, the stability degraded to 75% for bare Cu3P platelets. This gave us a clear understanding that the 3DG matrix was protecting Cu3P platelets from chemical degradation as well as agglomeration due to its high electrical and thermal conductivities. These excellent properties of 3DG in our nanohybrid materials had been further evaluated by characteristic electrochemical impedance study. Figures 3D–F showed the Nyquist plot of the Cu3P@3DG, bare 3DG, and Cu3P electrodes, respectively. In the spectrum, the equivalent series resistances of Cu3P@3DG, 3DG, and bare Cu3P on graphite electrodes were calculated to be 1.6, 8.9, and 18.5 Ω, respectively, which showed favorable conductivity (evident from the 4PP I-V characteristic, shown in Supplementary Figure S7) and very low internal resistance of Cu3P@3DG hybrid for high specific power density.

The asymmetric supercapacitor (ASC) device was fabricated to investigate the potential application of Cu3P@3DG nanohybrid as a positive electrode and AC as a negative electrode on a graphite substrate. The electrochemical performance of the ASC device was analyzed via CV at different scan rates, and GCD measurements were done at various current densities, as shown in Figures 4A,B. The potential window of the ASC Cu3P@3DG and AC electrodes was fixed to be 0–1 V. Figure 4A displayed the CV curves of the ASC device at different scan rates with a constant potential window, which showed rectangular like CV curves without redox peaks. It indicated the excellent reversibility and kinetics for electrochemical reactions over the ASC electrode. The Csp of the device was calculated to be 108.78, 61.65, 47.30, 39.86, and 35.09 F/g (217.56, 123.32, 94.61, 79.74, and 70.20 mF/cm2) at the scan rate of 10, 50, 100, 150, and 200 mV/s respectively. Alternatively, the Csp extracted from the GCD measurements of the device, as shown in Figure 4B, at various current densities were calculated to be 59.72, 51.82, 39.53, and 37.53 F/g (107.8, 94.33, 71.96, and 68.32 mF/cm2) at 0.5, 0.6, 0.7, and 0.8 mA/cm2 current densities, respectively. The energy and power densities were calculated to be 8.23, 7.2, 5.5, and 5.2 Wh/kg and 274.7, 329.7, 384.6, and 439.6 W/kg at 0.5, 0.6, 0.7, and 0.8 mA/cm2 current densities, respectively. To further elucidate the origin of high electrochemical performance, the electrochemical impedance spectrum (EIS) was carried out to examine the Cu3P@3DG//AC supercapacitor device. Figure 4C showed the Nyquist plot, the combined resistance Rs (the intrinsic, contact, and electrolyte resistance) of 4.24 Ω, the Cdl (the electric double layer capacitance) of 70.4 μF, and the Rct (the resistance of Faradic reaction) of 714 mΩ. The inclined line in the low-frequency region represented the Warburg impedance (W) of 19.2 mMho, and constant phase element (CF) 81.1 mMho. Simultaneously, the apparent straight-line nature of the plot in a low-frequency region described the ideal capacitive behavior of this prototype ASC device. The corresponding equivalent circuit was drawn based on the complex non-linear least-squares fitting method, shown as an inset of Figure 4C. Figure 4D displayed the Bode phase angle plot of Cu3P@3DG//AC. The absence of a horizontal segment in the Z-frequency plot at the low-frequency range revealed good charge-transfer behavior. Simultaneously, the high value of the phase angle curve manifested the great capacitive behavior of Cu3P@3DG//AC at the low-frequency range. Moreover, the long-term cycling stability performance was examined by GCD analysis at a current density of 0.7 mA/cm2. This supercapacitor device has demonstrated 82.5% capacitance retention after 5,500 cycles exhibiting outstanding cycling stability with 96% coulombic efficiency, as shown in Figure 4E. Figure 4F displayed the Ragone plot of ASC (Cu3P@3DG//AC) device. All these observations indicated that the Cu3P@3DG exhibited good electrochemical performance that could promote it to be an excellent material for its applicability in the next-generation energy storage device. In all the listed combination of metal phosphides, a direct comparison was not possible because of various factors like two-electrode experiment was performed in both solid and liquid state and the concentration and type of elecrolytes were different in all experimental conditions which had a prominent effect on the overall performance of the materials.
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FIGURE 4. Solid-state asymmetric supercapacitor (ASC). (A) Cyclic voltammetry (CV) curves obtained at different scan rates (10, 50, 100, 150, and 200 mV/s). (B) Galvanostatic charge–discharge curves obtained at different current densities (0.5, 0.6, 0.7, and 0.8 mA/cm2). (C) Nyquist plot of the asymmetric device with the equivalent circuit as an inset. (D) Bode phase angle plot. (E) Capacitance retention (red ball-line) and coulombic efficiency (blue ball-line) of the assembled ASC device after 5,500 cycles; ASC device in the inset. (F) Ragone plots of ASC devices.


Table 1 depicts the transition metal phosphide-based active electrodes that so far had been tested as promising materials for supercapacitor devices. The synthesis of the metal phosphides with optimized nanostructures and composition was a real challenge. Although the reported specific capacitances of the active materials like Ni-P, Ni2P, CoP, Co2P, and Cu3P with different morphologies were quite high, but the working potential and capacitance retention were significantly low. However, it was found to be quite challenging to expand the working potential of the electrodes for practical applications. Here, we offered a strategy to synthesize hexagonal Cu3P platelets with 3DG as promising electrode materials for supercapacitors via controlling the directionality of the growth as well as engineering the facile interface between electrodes to electroactive materials which worked well in negative as well as positive working potentials.


TABLE 1. Comparison of capacitive performances of this work with those reported in relevant works.
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CONCLUSION

In summary, the facile synthesis procedure of hexagonal Cu3P platelets and the fabrication of a heterostructure Cu3P with interwoven 3DG on graphite electrode (1 cm2 × 1 cm2) shows a simple way to design a supercapacitor device for practical applications. The Cu3P@3DG nanohybrid facilitates electron transfer and promotes kinetics with long cycling stability via lowering the internal resistance and providing electrochemical stability of Cu3P platelets. The high conductive channels for ions and electron transfer in the charging–discharging process leads to an enhancement of the overall device performance. The specific capacitance of the Cu3P@3DG is 849.81 F/g at a current density of 1.28 A/g and also exhibits superior cycling performance, with 95% retention of capacitance after 3,000 cycles at a current density of 1.28 A/g. In contrast, the solid-state asymmetric device shows the Csp of 109 F/g (from the CV) and 60 F/g (from GCD) with a capacitive retention of 82.5% and coulombic efficiency of 96% after 5,500 cycles, respectively. Due to the higher capacitance, lower cost, and excellent cycle stability of the Cu3P@3DG, it is anticipated that the material has potential for next-generation energy storage applications.
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The exceptional characteristics and uniqueness of two-dimensional nickel-cobalt layered double hydroxides (Ni-Co LDHs) make them highly desirable material for supercapacitors. A combination of Ni-Co LDHs with carbon-based materials has given stupendous improvement to the performance of supercapacitors in terms of specific energy, specific capacitance, and specific power. Herein, a comprehensive insight into the recent progress of Ni-Co LDHs/carbon composites for supercapacitors is provided to the readers. Beginning with the description on the classification of supercapacitors and the detailed explanation on LDHs and carbon materials. The morphology, properties and electrochemical performances of the Ni-Co LDHs/carbon composites are well-elaborated in this review. The review also discusses the structural identification and important factors that influence the synthesis of LDHs.

Keywords: layered double hydroxides, supercapacitor, carbon materials, nickel, cobalt


INTRODUCTION

Abundant fossil fuels in the earth converted agricultural society to an industrial society, known as the industrial revolution. Since then, due to the growing need for energy to support economic growth and sustainable society, non-renewable fossil fuels are limited in supply. Based on the report provided in the British Petroleum (BP) Statistical Review of World Energy 2018 by the BP Company PLC, the growth of global primary energy consumption was estimated to increase in the rate of 2.2% as of 2017 and, the world set the highest fuel consumption record for natural gas (BP, 2018). Throughout industrialization, an alarming level of fossil fuel consumption is associated with environmental issues. The massive carbon dioxide emission from fossil fuel consumption has caused major climate change faced by today's world and this is also responsible for global warming and pollutions. This has triggered the quest for effective usage of renewable energy sources to replace fossil fuels. Despite the cost and efficiency, energy storage is the main hurdle in keeping up with renewable energies. Therefore, electrochemical energy storage systems are usually integrated with renewable energy sources to store and to deliver the energies efficiently. In that context, the development of nanotechnology, exploration for nano-sized materials, devices and systems has shed light on producing energy conversion and storage systems. Notably, in recent years, many significant efforts have been devoted to developing next-generation high-performance energy storage devices, particularly electrochemical supercapacitors. In 1957, General Electric had introduced the first double layer capacitor and patented the work (Becker, 1957). However, the outbreak of the era of supercapacitors is from Standard Oil of Ohio (SOHIO) when they commercialized double layer supercapacitors as an official energy storage device (Pandolfo and Hollenkamp, 2006). Since then, it continues to tempt the attention of scientific communities as pointed by the number of articles published in supercapacitors (Figures 1A,B). To date, the devices exemplified as state-of-the-art for its impressive performance and also regarded as a highly promising electrochemical energy storage system among the available energy storage devices. It has unearthed profound impacts on today's world.


[image: Figure 1]
FIGURE 1. (A) Trends in the number of articles published on supercapacitor, (B) proportions of overall publications by countries from 2004 to 2019 using the keyword “supercapacitor.” (Data is collected from Scopus on 30 November 2019.), (C) schematic diagram of electrochemical supercapacitor, and (D) conventional capacitor.




ELECTROCHEMICAL SUPERCAPACITOR

Electrochemical supercapacitors or more commonly known as supercapacitors differ from conventional capacitors in terms of performance. Generally, conventional capacitors and supercapacitors are governed by the same principals. Both systems are separated by a separator between the two conductive electrodes. However, the separator in the conventional capacitor is an insulating dielectric material, for instance, ceramic and glass. Contrarily, in supercapacitors, the two conductive electrodes are separated by a permeable insulating separator soaked in an electrolyte. Adding to this, the conductive electrodes of a supercapacitor mainly consists of highly porous electrodes with a high surface area instead of planar plates used in conventional capacitors. The permeable separator in supercapacitors allows ions from the electrolyte to move across the separator penetrating the material utilizing the porosity upon electrode polarization (Figure 1C). Whereas, when the electrodes are polarized in conventional capacitors, the charges will accumulate along the surface of dielectric material, creating electric fields as shown in Figure 1D (Kim et al., 2015). The superiority of supercapacitors accessing the porosity of electrodes makes it better performance than conventional capacitors.

The principles of supercapacitors have been widely reviewed in literature (Wang et al., 2012; Yu et al., 2015; Liu et al., 2018a). Briefly, supercapacitors are classified into two types, electrochemical double layer capacitors (EDLCs) and pseudocapacitors based on their charge storage mechanisms.

i. EDLCs stores energy by forming an electrochemical double layer at the interface of an electrode and electrolyte. An EDLC utilizes high-surface-area carbon-based materials as electrodes. It has excellent cycling stability that is able to withstand a thousand continuous cycles without any significant changes in performance. However, EDLC has inadequate specific energy (Simon and Gogotsi, 2008).

ii. The charge storage of pseudocapacitors is based on the fast and reversible redox reactions of electroactive materials. Conducting polymers and transition metal oxides/hydroxides are common pseudocapacitive materials. In contrary to EDLC, pseudocapacitors have excellent specific capacitance. However, the poor cycling stability of pseudocapacitors due to the reversible oxidation-reduction reaction at/or near the electrode surface causing swelling and shrinkage of the materials. As a consequence, pseudocapacitors exhibit lower specific power performance than EDLC (Simon and Gogotsi, 2008).

By combining the energy storage mechanisms of EDLCs and pseudocapacitors, hybrid supercapacitors are produced. Hybrid supercapacitors were introduced as an effort to enhance the performance of the existing EDLCs and pseudocapacitors. It can be assembled symmetrically or asymmetrically depending on the configuration assembly (Figure 2). A symmetrical supercapacitor is configured with two similar electrode materials consisting of EDLC materials or pseudocapacitive materials (Sun et al., 2017). Whereas, an asymmetrical supercapacitor is made with different anode and cathode electrode materials (Fan et al., 2011). Theoretically, hybrid supercapacitors have better energy storage performances than EDLCs and pseudocapacitors (Kulandaivalu and Sulaiman, 2019). The alluring characteristics of electrochemical supercapacitors outperformed the lithium-ion batteries in terms of its high specific power (>10 kW kg−1), fast charging-discharging abilities (within few seconds) and long shelf life (>100,000 cycles) (Liu et al., 2016). However, it is still competing with lithium-ion batteries to achieve better specific energy.


[image: Figure 2]
FIGURE 2. Configuration, types, performance, and factor affecting electrochemical performance of supercapacitors.


Pointing on the specific energy and specific power, these two are the most imperative parameters comparing the performances of energy storage systems and it is commonly represented in a chart known as the Ragone plot. The specific energy (Wh kg−1) typifies the energy capacity that the device is able to hold, whereas specific power (W kg−1) represents the rate of the energy deliverable at a constant current density. This information is usually derived from galvanostatic charge-discharge (GCD) curves by the following equations:
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where ΔV is cell operation potential, Csp is specific capacitance, E is specific energy and Δt is the discharge time (Luan et al., 2013). Based on Equation (1), specific energy can be enhanced by increasing the specific capacitance and cell operation potential (Guo et al., 2019b). The ability of the materials to accommodate the charges is reflected by the specific capacitance. Hence, the electrode material is significantly important to enhance the specific capacitance. Selecting electrode materials should be placed equally on the porosity and surface area of the materials (Shi et al., 2011). However, it is worth to note, not all the surface area of the materials is accessible to the ions from the electrolytes (Lobato et al., 2017). Therefore, the effective surface area is the most accurate term to describe the influence of the surface area of materials on the specific capacitance enhancement. Notably, pore size playing a crucial role for the electrolyte ion accessibilities within the materials utilizing the surface area, and thus increases the specific capacitance. Young et al. (2018) reported that the pore size of materials should be larger than the size of electrolyte ions for ions penetration. However, the best or suitable material pore size is still in disagreements (Largeot et al., 2008); thus, the authors concluded that each electrode material has its own critical pore size for ion penetration. Additionally, the electrode materials should also possess good electrical conductivity and satisfactory stability for high-performance supercapacitors. Apart from this, an alternative approach to increase the specific capacitance is by widening the cell operation potential. The operating potential of a supercapacitor relies on electrolyte (Pandolfo and Hollenkamp, 2006). The selection of electrolytes is based on (i) type of electrolyte, (ii) compatibility of electrolyte with the electrode material, (iii) the size of electrolyte ions and (iv) contacts between electrolyte and electrode material. As reviewed by Zhong et al. (2015), the electrolyte can be classified into liquid electrolyte comprising aqueous electrolyte (acid, alkaline and neutral) and non-aqueous electrolyte (organic electrolyte and ionic liquids), solid-state electrolyte (dry solid polymer electrolyte, gel polymer electrolyte and inorganic electrolyte) and redox active electrolyte (aqueous electrolyte, organic electrolyte, ionic liquid, and gel polymer electrolyte). Each electrolyte has its own advantages and disadvantages. For example, non-aqueous electrolytes have a wider cell operating potential window compared to aqueous electrolytes (Haas and Cairns, 1999). However, the aqueous electrolyte has greater specific capacitance and conductivity than non-aqueous electrolytes. Therefore, a careful selection of electrolyte is a must to obtain high performance supercapacitors. Another way to maximize the cell potential is by assembling asymmetrical supercapacitors. Asymmetrical supercapacitors with different positive and negative electrodes are able to extend the potential window compared to symmetrical assembly.

There is so much fascinating information on supercapacitors and a single review article is not enough to cover all of it. In the pursuit of producing high performing supercapacitors, a variety of materials have been explored. In light of this, conducting polymers, carbon-based materials and transition metal oxides/hydroxides are the most prospected electrode materials (Kulandaivalu et al., 2018; Mohd Abdah et al., 2018a,b). In recent times, the research is directed toward the development of composites to impede the demerits of these single constituents and to produce high-performance nanostructured materials. Over the last decades, we have seen tremendous improvement in the supercapacitors by designing new nanocomposite electrode materials. The attraction of electrode material for supercapacitor should be based on the following criteria:

a) low cost and easy to prepare.

b) high electronic conductivity to ease the ion transport within the electrode materials. Therefore, will increase the specific capacitance, specific energy, specific power and rate capability.

c) the high surface area with desirable pore size to increase the specific capacitance.

d) high mechanical and chemical stability to withstand the long charge-discharge cycles

The utilization of carbon-based materials in the fabrication of active materials for hybrid supercapacitors is a common practice. This is because of the versatility of carbon-based materials serve as a backbone due to their high mechanical strength, high hardness and excellent thermal properties. In most instances, carbonaceous materials often introduced with pseudocapacitive materials to enhance the supercapacitive performance, such as stability during charge-discharge cycles, the electrical conductivity of the composites and reduce the volume expansion of the composites. In recent years, metal hydroxides including layered double hydroxides (LDHs) have been explored widely as active materials for their multiple oxidation states. Herein, we highlight the advances in the investigation of LDHs containing Ni2+ and Co2+/3+ with carbon-based materials as electrode materials for supercapacitors. There are several reviews on LDHs that disclose valuable insights on the LDHs and its related composites on their structures, preparation methods, applications and functionalities as summarized in Table 1. However, to the best of our knowledge, an extensive review of Ni-Co LDH/carbon nanocomposites for supercapacitors has not been previously reported. This review is intended to provide broad insight into the fundamental understanding of LDHs as well as Ni-Co LDH and Ni-Co LDH/carbon nanocomposites as electrode materials for supercapacitors.


Table 1. The recent reviews on layered double hydroxide for supercapacitors.
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LAYERED DOUBLE HYDROXIDES

LDHs are one of the most captivating 2D inorganic materials that have been applied in various fields, such as anticancer nanomedicine (Kim et al., 2018), photocatalysts (Shao et al., 2015), electrocatalysts (Long et al., 2014), and electrodes in energy storage and conversion technologies (Wang et al., 2018a; Kulandaivalu et al., 2019). The breakthrough of LDHs began with the amazing discovery of hydrotalcite minerals as synthetic materials in the 1940s by Feitknecht and Gerber (1942). However, when it was first described in 1842 by Hochstetter (1842), it was not widely acknowledged by the world as hydrotalcite but rather as mixed hydroxides, magnesium–aluminum hydroxycarbonate with the composition of Mg6Al2(OH)16CO3·4H2O. In addition, it is also the first natural occurring hydrotalcite reported in history. Yet, it was not until the 1960s after the discovery of hydrotalcite minerals that the detailed structure analysis on these minerals was fully outlined by Allmann and Taylor using the single crystal X-ray diffraction technique and identified it as the LDHs (Allmann, 1968; Taylor, 2018).

The LDHs are ionic lamellar compounds and better known as hydrotalcite-like clay materials. The name hydrotalcite is due to the similarities to the talc and high water content. Generally, the hydrotalcite-like clay materials can be classified into two types; cationic clays and anionic clays. The naturally occurring hydrotalcites are referred to as cationic clays. They have a stacking of negatively charged layers that have cations within the interlayer regions (Figure 3). The layers contain octahedral sheets in between the tetrahedral sheets, where typically cations in the tetrahedral sheets are silicon ion (Si4+) and aluminum ion (Al3+), whereas in octahedral are Al3+, ferric ion (Fe3+), and magnesium ion (Mg2+) (Vaccari, 1998).


[image: Figure 3]
FIGURE 3. Schematic illustration of cationic clay (Ghadiri et al., 2015).


Unlike cationic clays, the anionic clays are commonly referred to LDHs that stacking brucite-like layers. Typically, the mirror image of cationic clays is the anionic clays. Instead of cations as in cationic clays, the anionic clays consist of anions in the positively charged interlayers (Abellán et al., 2020). In order to understand the structure of LDHs, the insights on the structure of brucite, Mg(OH)2 is very crucial. In brucite, the hydroxyl ions are placed in the six vertices of the octahedral surrounding the divalent Mg2+ ion, which are located in the middle (Figure 4A). Each individual octahedral unit shares its edges with each other forming electrically neutral infinite layers. These layers are stacked one on top of another and bonded through hydrogen bonds, forming the brucite. The hydroxyl ions in these layers are closely packed giving 2D triangle symmetrical geometry. Then, the positive charges are introduced in the layers by partially replacing the Mg2+ ions with Al3+ forming the Mg-Al LDHs. The layers are then neutralized by the anions that intercalated in the interlayer region (in between the successive layers of layered double hydroxides). Water molecules also present in between the layers that bound with the hydroxide ions through hydrogen bonds (Sun et al., 2015). Various combinations of metal ions in LDHs also synthesized in a similar manner which can be expressed by the general formula:
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where, Me2+ is divalent metal cations (Zn2+, Ni2+, Co2+, Ca2+, etc.) and Me3+ is trivalent cations (Al3+, Cr3+, Fe3+ etc) as shown in Figure 4A. Aα− is abbreviated for anions with negative charges (Cl−, CO[image: image], NO[image: image], etc). A broad range of χ values have been reported in the preparation of LDHs, however, there is still disagreement is fixing the limit of the values. Nevertheless, in the preparation of pure LDHs, the χ values are fall in the range of 0.2 ≤ χ ≤ 0.33 (Walton, 2018).
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FIGURE 4. (A) Schematic illustration of the layered double hydroxides structures (Sarfraz and Shakir, 2017), (B) properties of layered double hydroxides as suitable electrode material in supercapacitor, and (C) number of articles published on layered double hydroxides as electrode material in supercapacitors from 2004 to 2019 using the keyword “supercapacitor and layered double hydroxide” (Data is collected from Scopus on November 30, 2019).


The wide compositional and structural diversities in the LDHs system such as tunability of metal cations in the layers, easy adjustment of the molar ratio of metal cations and exchangeability of interlayer anions bestow various types of LDHs with unique architectures leading to incomparable physical and chemical properties. Adding to this, the variable oxidation states of metal cations in the LDHs and substitution of metal cations in the layers which provide high dispersion of metals boost the exploitation of metals cations of LDHs. Thus, these properties aid in enhancing the capacitive performances of LDHs as active materials particularly in supercapacitors as summarized in Figure 4B. Indeed, over the last decades, there are ever-growing publications related to the LDHs as electrode materials for supercapacitors (Figure 4C).



STRUCTURAL IDENTIFICATION OF LDHS

One must be aware that X-ray diffraction (XRD) is a primary technique to analyze the crystalline phases, degree of crystallinity, and crystallite sizes of layered compounds (Cullity, 1957). Practically, in order to develop the layered compounds involving intercalation, knowledge on its crystalline structure is a must.

Prior to the XRD measurements, it is crucial to obtain a good Me2+/Me3+ stoichiometry (the χ values) based on the molarity of species in LDHs. As mentioned earlier, the often reported χ values to fall between 0.2 ≤ χ ≤ 0.33, where the Me2+/Me3+ ratio is between 2 and 4. The χ value is obtained using the following formula:
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There are some arguments on the purity and structures of the compound formed if the χ values fall beyond the above-mentioned range. If the χ value is above 0.33, most likely Me3+-O–Me3+ linkages will occur causing the electrostatic repulsion which eventually disturbs the lattice position. This phenomenon is termed as the cation avoidance rule. This rule defines from the secondary coordination sphere's point of view, where a 3+ metal cation could not contain another 3+ metal cation (Forano et al., 2006; Wang et al., 2013b). However, in a rare occurrence, χ values more than 0.33 are found, but it is believed this might be due to the experimental errors such as the presence of hydroxide compounds with amorphous phases that undetectable by the XRD or anions intercalated outside the hydrated layer galleries (Arias et al., 2013). On the other hand, if the χ <0.33 (which means Me2+/Me3+ ratio is below 2) it will cause damages to the structure of LDHs due to the substitution of large Me3+ in LDHs (Wang et al., 2013b). Also, unusually very low or very high range of stoichiometry will result in the formation of LDHs with a mixture of other hydroxide compounds, Me2+(OH)2 or Me2+(OH)3 or Me3+OOH that provide inaccurate results. Therefore, stoichiometry is very important to produce pure LDHs.

The molar ratio of Me2+/Me3+ is also equally important in the particle size of the resultant LDHs. LDHs prepared with a molar ratio between 1 and 3 provide a highly monodispersed particle size distribution (Chang et al., 2013). Yet, it is also expected that the LDHs might grow in disordered orientation when the molar ratio is approaching 1 (Cavani et al., 1991). Still, the root cause for the disordered phase could not be centered solely on the molar ratio. The preparation criteria, e.g., temperature, pressure, choice of precursors, and co-precipitation pH is also responsible for this formation (Pausch et al., 1986). However, when the molar ratio exceeds 3, noticeable enlargement in the particle size is normally observed due to agglomeration (Sun et al., 2015).

XRD is an important method in evaluating the LDHs formation. The confirmation of LDHs formation is accomplished by the presence of basal reflections (00l), at lower degrees (2θ = 10 to 35°). The basal reflections indexed as (003) and (006) appear as strong/sharp, narrow and symmetrical diffraction peaks (Figure 5). These peaks designate to the basal reflection of intercalated anions (e.g., Cl−, NO[image: image], SO[image: image]) in the galleries and ordered stacking sequence of LDHs (Mahjoubi et al., 2017; Richetta et al., 2018). Moreover, it is an indication of the formation of highly crystalline LDHs. The first basal reflection (003), more commonly appears with higher intensity than the second basal reflection, (006). However, in certain cases, the (006) reflection emerges more intense than the reflection of (003) which is related to the presence of complex metal anion in the interlayer of LDHs which increases the electron density in the midplane (Boclair et al., 1999; Beaudot et al., 2004).
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FIGURE 5. XRD pattern of NiAl (Li et al., 2017a).


The basal spacing is another important aspect of the LDHs and it can be calculated from the XRD pattern using the Bragg law:
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where n is the diffraction order (an integer), λ is the wavelength of the X-rays (nm), d is the basal spacing (Å) and θ is the diffraction angle. Basal spacing is defined as the distance from the plane of a layer with its adjoining layer as shown in Figure 4A. The value of basal spacing is determined from the reflections of basal peaks (00l) and in some cases from the reflections of non-basal peaks (hk ≠ 0). Of course, when preparing the LDHs, the basal spacing will arise differently depending on the preparation condition as mentioned earlier. Nevertheless, the molecular symmetry, charge, structure, size, type and orientations of anions used in the preparation of LDHs have a great influence on the basal spacing (Albiston et al., 1996; Kameda et al., 2006). Adding to this, intercalation and removal of water molecules into/from the interlayers also have an impact on the basal spacing (Li et al., 2017b).

Another essential step in analyzing the LDHs structure is determining the unit cell parameters. The basal spacing of reflection (003) defines unit cell parameter c or known as an interlayer distance along the c-axis and it represents the thickness of one brucite-like layer and one interlamellar space (Li et al., 2004). Note that, the c parameter would appear larger if there is a presence of impurities in the interlamellar space. Additionally, by assuming the thickness of the brucite-like layer to 4.769 Å as reported by Miyata (1975), the value interlamellar spacing can be deduced. Whereas, the basal spacing of reflection (110) defines the unit cell parameter a which reflecting the distance between the two metal cations within the layers. These values could be obtained using the expression, c = 3d(003) and a = 2d(110).



NI-CO LAYERED DOUBLE HYDROXIDES

As it has been described earlier, redox active materials such as transition metal-based hydroxides and oxides have been used as active materials over a long period of time in supercapacitors due to their extraordinary properties such as high theoretical specific capacitance, multiple oxidation states and easy modification (Liu et al., 2018b; Qiu et al., 2018). Particularly, ruthenium oxides with high proton conductivity and high reversible oxidation-reduction process inevitably stand as a promising active material for supercapacitors. Nevertheless, this material is also known for its high toxicity, high-priced and rareness in nature obstruct its wide applicability (Kim and Kim, 2006; Vellacheri et al., 2012). Apart from ruthenium oxides, nickel-based redox active materials and cobalt-based redox active materials are considered as promising active materials. In that context, to date, nickel hydroxides, Ni(OH)2 and cobalt hydroxides, Co(OH)2 are the most notably explored single metal hydroxides particularly in supercapacitors.

Ni(OH)2 is extensively studied due to its low toxicity, abundance in nature, inexpensive and environmental friendliness. Nevertheless, it exhibits a low electrical conductivity ranges from 10−13 to 10−17 S cm−1 which consequently decreases the rate capability and life span (Motori et al., 1994). Moreover, slow ion diffusion rates and volume expansion during the charge-discharge cycles also restraining its electrochemical storage applications. α and β-Ni(OH)2 have a high theoretical capacitance of 2,081 F g−1 within the potential window of 0.5 V (Wang et al., 2018c). α-Ni(OH)2 is thermodynamically less stable than β-Ni(OH)2 and easily converted to β-phase material by aging in alkaline solution or during continuous charge-discharge process. However, the former has a higher specific capacitance and good ionic conductivity than the latter due to high charge capacity and electrochemical reversibility (Meng and Deng, 2016). Additionally, despite the fact that both α-Ni(OH)2 and β-Ni(OH)2 contain close-stacked 2D Ni(OH)2 layers, only α-Ni(OH)2 comprises intercalated species (anions and water molecules). Thereby, resulting in differences in the electrochemical properties (Bastakoti et al., 2012).

Co(OH)2 also possesses merits similar to Ni(OH)2 such as low cost, environmental compatibility and high reversibility. Co(OH)2 also exists in two polymorphs, α and β-Co(OH)2. Compared to β-Co(OH)2, α-Co(OH)2 has higher electrochemical activity due to its larger interlayer spacing. The α-Co(OH)2 with hydrotalcite structure is highly unstable structure and easily convert into brucite-like β-Co(OH)2 (Cui et al., 2013). Additionally, this single hydroxide material also has a high theoretical capacitance of ~3,460 F g−1 in a potential window of 0.6 V (Cao et al., 2004).

Undoubtedly, both of these materials exhibit exceptional properties. The great feasibility of these layered materials with large interlayer spacing endows effective accommodation of ions from the electrolyte in interlayers (Cui et al., 2013). Hence, the specific capacitance and rate capability can be enhanced significantly. Therefore, by combining these materials in the formation of Ni-Co LDHs can improve the overall performances in supercapacitors in terms of specific capacitance, cycling stability and rate capability. Incorporating nickel into the Co(OH)2 system and vice versa gains benefits from the other and overcomes the drawbacks. The presence of nickel help in strengthening the electrochemical performances, while cobalt increases the electrical conductivity of the LDHs system (Windisch et al., 2001). It is reported that the formation of γ-NiOOH from Ni(OH)2 is responsible for the volume expansion. Therefore, by incorporating cobalt into the Ni(OH)2 the formation of γ-NiOOH can be surpassed as it can improve the oxygen over potential. While, during the charge-discharge process, the oxidation of Co2+ to highly conductive CoOOH improves the overall conductivity of the electrode material (Chen et al., 1999).

The performance of Ni-Co LDHs depends on the faradaic redox reaction of cobalt and nickel hydroxides. The charge storage of Ni-Co LDHs is related to chemical state changes of Ni2+/Ni3+ and Co2+/Co3+/Co4+, which refers to the adsorption of ions onto the surface of active materials during the redox reaction. The charge storage mechanism of Ni-Co LDHs during electrochemical measurements in the aqueous electrolyte is shown in the Equations 3–5 (Xie et al., 2012):
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FACTORS INFLUENCING THE FORMATION OF NI-CO LDHS

Ni-Co LDHs have been an ideal candidate for supercapacitors for their distinctive layered structures, flexible tunability of anions/cations, and multiple oxidation states. In recent years, researchers have done astounding works on Ni-Co LDHs and they have focussed mainly on the composition, morphology, particle size and surface area of the LDHs in order to obtain high performance materials. It should be noted that the effectiveness of the charge storage of Ni-Co LDHs in supercapacitor varies with the properties of this active material. Morphologies, crystallinity, electrical conductivity and surface area of LDHs are very important to determine the electrochemical performances. Therefore, the factors influencing these factors will be reviewed in this section.


pH

Among the different fabrication routes for the LDHs, the co-precipitation method at a constant pH is commonly used. The pH value has a pivotal role in the formation of LDHs, particularly on the structure of LDHs. Typically, an alkaline solution (precipitant) added into the mixed metal salt solution to control the pH at a selected value has resulted in the co-precipitation of metals. Various type of alkaline solution is utilized to control the pH. With regard to Ni-Co LDHs, Li et al. (2016c) and Wang et al. (2018b) have chosen pH 8 as the optimal value to prepare the Ni-Co LDHs. Whereas, Cheng et al. (2013) and Mehrabimatin et al. (2019) have synthesized the LDHs by adjusting the pH at 9 through the addition of ammonium hydroxide solution. While, Shen et al. (2019) have used sodium hydroxide to maintain the pH to 9. On the contrary, pH 10 was also reported as the optimum medium to prepare the Ni-Co LDHs (Cao et al., 2019). In this study, the author used L-ascorbic acid and ammonia to control the pH. The precipitation pH value of 7.34 has also been reported using 2-methylimidazole (Wang et al., 2017b). The rule of thumb in this whole synthesis process is the pH value should exceed 4.0 and the pH range from 7 to 10 is commonly used to synthesize the Ni-Co LDHs. This is due to the fact that in the acidic condition the brucite-like layer in the LDHs will collapse. It also greatly argued that at lower pH values, an amorphous compound is produced, while at higher pH values, the brucite-like layer of LDHs with high crystallinity will evolve. However, there is no extensive works have been carried out to prove this statement. Furthermore, the addition of precipitant in the synthesis of LDHs produces hydroxide ions which involve in the redox reaction and eventually increase the crystallinity and hydrophilicity of the LDHs (Wang et al., 2013a). Thus, the charge transport and ion movement will be reinforced. Additionally, the basic growth condition also encourages the fast and uniform growth of LDHs whether in the form of nanoparticles or flower-like structure or flakes-like morphologies (Wang et al., 2013a). Talking about morphology, pH has a great impact on the morphology of LDHs which indirectly reflects the surface area (Figure 6). One must notice that different pH values resulted in different morphologies, such as nanorods, nanosheets, 3D nanoparticles, etc. (Zhao et al., 2011; Li et al., 2016c). However, there are little references which have been reported on the effect of pH on the morphology of Ni-Co LDHs. Nevertheless, the selection of pH for the formation of LDHs should be suitable for both metal ions (in the case of LDHs with two types of metals) to precipitate simultaneously. Therefore, it is always preferred to choose a pH value higher or equal to the precipitation pH value of a respective metal hydroxide considering their solubility equilibrium constants. In contrast with the usual basic condition, a study reported pH 6, as the optimal pH to prepare the Ni-Co LDHs using electrodeposition method (Chen et al., 2014c). The author claimed that at pH ≥7, pre-precipitation of hydroxides occurs causing higher rate of Co(OH)2 formation than LDHs due to its low solubility at this pH. Whereas, at pH 6, the rate of nickel and cobalt hydroxides formation in LDHs is equal. Adding to this, a significant variation in values of specific capacitance is also noted when the pH is varied. When deciding the value of pH for LDHs synthesis, a fair consideration need to place on the type and nature of anions of the LDHs. This is due to the solubility of anions (e.g., Cl−, NO[image: image], SO[image: image]) which differ from each other. Therefore, the amount of anions intercalated in the LDHs and the size of LDHs nanoparticles are also vary (Li et al., 2010). Moreover, the stability of LDHs is determined by the stability of intercalated anions. For example, Ni-Co LDHs containing chloride anion in the interlayer are stable in the pH ranging from 3.8 to 8.9 (Sun et al., 2013).
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FIGURE 6. TEM images for Ni/Al LDHs synthesized at different pH values. (a) 5.5, (b) 8.5, (c) 10.0 (Zhao et al., 2011).


In general, Ni-Co LDHs can be synthesized in basic aqueous solution and mild acidic or near a neutral aqueous solution. Nevertheless, the selection of pH is not solely relied on one particular factor but other criteria for instance concentration of metals salts, the ratio of Me2+/Me3+ ions, type of anions and preparation method which need to be taken into consideration.



Ratio

The optimization of the Me2+/Me3+ ratio in LDHs is pivotal in the morphology, phase structure and capacitive behavior. Pointing to Ni-Co LDHs, plenty of work has been performed on the optimization of Ni2+/Co2+ ratio (Wang et al., 2017b, 2019a). Synthesizing the Ni-Co LDHs by varying the metal ion ratios may result in variation in growth rates, nanostructures and pore size/size distribution (Table 2). Sun et al. (2013) studied the changes in the structure of Ni-Co LDHs when the metal ion ratios are altered. From the morphological point of view, when the ratio of cobalt is increased with respect to nickel (Ni:Co), changes from flower-like nanosheets (1:0) to nanosheets (1:1), nanospheres enclosed in nanoplates (1:2), highly porous 1D nanorods (1:4) and nanoparticles (0:1) is noticed. Interestingly, the Ni-Co LDHs (1:4) with 1D nanorods exhibited excellent electrochemical performances regardless of their average specific surface area than the ratio of 1:2. It was deduced that the broad pore size distribution (2 to 15 nm) in the former sample compared with other metal ratios reduces the charge transfer resistance and promotes the movement of electrolyte. In contrast with this finding, Kulkarni et al. (2013) demonstrated nanoflakes morphology for all Ni-Co LDHs (1:0, 0.75:0.25, 0.5:0.5, 0.4:0.6, 0.25:0.75, and 0:1), however, they showed variation in flakes size, pore size/distribution and the number of layers. The authors claimed that the amount of nickel in the layer is the deciding factor for the morphology of LDHs. They support their arguments with a wettability study where the LDHs with high nickel contents showed superhydrophilic characteristics. Regardless of the detailed explanation given in this study, the authors missed to address the importance of cobalt in the LDHs, and how does it influence the morphology of LDHs.


Table 2. Summary of preparation condition, morphology, and specific capacitance of Ni-Co LDHs as supercapacitor electrode.
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The metal ion ratios also influence the crystallinity and phases of LDHs. Sun et al. (2013) have studied that when Ni-Co ratio (which varies from 0 to 1) was lowered than 0.5, mixed phases of nickel hydroxide hydrate and cobalt carbonate hydroxide were more obvious in the LDHs. Moreover, the XRD peak intensities also weaken with the decrement of nickel to cobalt ratio exhibiting the poor crystallinity of LDHs. In another study on Ni-Co metal ion ratios of 0, 0.3, 0.6,1, 3 and 1 revealed contrary crystallinity results (Kulkarni et al., 2013), in which decrease of metal ion ratios leads to sharp and intense peaks of hydrotalcite phase, showing the good crystallinity of the LDHs.



Reaction Temperature

Unlike the carbon-based materials which are very stable in any temperatures, LDHs are very delicate and sensitive, making the selection of temperature in the synthesis of LDHs is very crucial. There is no fixed value of temperature for the formation of LDHs. The selection of temperature varies with a few factors namely synthesis method, aging time, type of metal cation and metal cation ratio etc. In most cases, even the same synthesis method was applied, and different temperatures was used. For instance, Hu et al. (2009) and Zhao et al. (2015) have prepared Ni-Co LDHs with flower-like nanosheets via co-precipitation method at room temperature. While, a few other studies reported similar findings at a temperature of 55°C (Li et al., 2016c) and 140°C (Qin et al., 2019) using the same method. The selection of temperature also depends on methods. Mostly, solvothermal and hydrothermal methods use higher reaction temperatures compared to the co-precipitation method. In the formation of LDHs, former methods are more preferable due to uniform and homogenous particle size compared to co-precipitation. Moreover, these methods produced LDHs with larger particle size with high crystallinity. The reason is that the reactants are exposed to thermal treatment at pressurized conditions. In a study conducted by Oh et al. (2002), the author reported that increasing the reaction temperature in the range of 100 to 180°C via hydrothermal method yielded LDHs with a larger particle size varying from 115 to 350 nm. The authors have also manifested that differences in the temperature have profound effect on the crystallinity of the LDHs as shown by the reflection intensity in the XRD. However, it is worth to note that at high temperature (>300°C), the structure of LDHs tend to collapse (Li et al., 2012a).




CARBON MATERIALS

In the past decades, carbon materials are designed with LDHs to deliver high specific capacitance, specific energy, specific power and remarkable stability. Looking into the history, the word “carbon” is originated from the Latin word “Carbo” defining coal is now taking the world by storm. Carbon is found abundantly on the earth and almost all the living and non-living things on earth are made up of carbon. In the scientific world, carbon has been the most captivating material since the introduction of graphite and diamond; the allotropes to the world. Basically, it consists only of carbon atoms, but they have intriguing physical and chemical properties due to its remarkable electronic structures to adapt sp, sp2, and sp3 configurations. There are other several carbon allotropes such as fullerenes, carbon quantum dots, onion-like carbon, graphene-family nanomaterials (GFN), and so forth. The existence of carbon materials in different dimensional and forms made it stand out from other materials.

Generally, carbon materials can be classified according to their dimensionality; zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanostructured materials. These materials have their unique characteristics that distinguish them from one to another. Briefly, the 0D carbon nanostructures are defined as particles with spherical-like shapes and their sizes are normally in nanometric range. The 0D nanostructured can be further classified into solid, hollow and core-shell nanostructured. The solid 0D carbon nanostructures (e.g., porous carbon) are famous for their variety pore size distributions; macroporous (>50 nm), mesoporous (2–50 nm), and microporous (<2 nm) materials. On the other hand, the volume density and high surface area-to-volume ratio are the merits of the hollow 0D nanostructures (Lai et al., 2012). Additionally, by controlling the inner and outer diameter, the features of the hollow shell such as thickness and surface porosity can also be tailored according to the needs. Whereas, the uniqueness of core-shell lies in the versatility of the core-shell which can be made of different materials as core or shell and tunability of the properties by varying the shape, size, morphologies and constituent of core-shell. The core-shell 0D carbon nanostructures are often referred to as a spherical-shaped core carbon coated with a carbon shell. The core-shells can also be fabricated in the form of mesoporous nanostructures. It is also feasible to fabricate carbon nanostructures with multiple particles of core coated with a sole shell or vice versa. A hollow carbon shell with a hollow core or with a removable core is another form of core-shell nanostructures (Feng et al., 2018). Fullerenes, onion-like carbon, carbon quantum dots, graphene quantum dots, and carbon nanoparticles are examples of 0D carbon nanostructures.

Whereas, fibers or wire-like shaped nanostructures are categorized as 1D carbon materials such as carbon nanotubes, carbon nanohorns, carbon nanofibers, carbon nanowires and so forth. The 1D carbon nanostructures have a high surface area-to-volume ratio and two-dimension restraints that give superior chemical and physical properties (Weng et al., 2014). Additionally, due to their unique geometrics, the 1D carbon nanostructures have remarkable electron and ion transport pathways. This will promote better electrochemical properties and the ability to endure the volume changes and adapts to the mechanical strain. The 1D nanostructures can be assorted into three groups; (a) relative ratio between length-to-diameter is <10 (e.g., carbon nanorods), (b) relative ratio between length-to-diameter is more than 10 (e.g., carbon nanowires) (Li et al., 2019b) and (c) structure with hollow walls (e.g., carbon nanotubes) (Pan et al., 2018).

The 2D carbon nanostructures are defined as materials with two dimensions beyond the nanometric ranges (Tiwari et al., 2012). Interestingly, the 2D materials are in a layered shape resembling a planar sheet. The GFN including graphene, few-layered graphene (FLG), graphene oxide (GO) and reduced graphene oxide (rGO) are examples of 2D carbon nanostructures. These materials are known for their extraordinary conductivity and mechanical strength making them a suitable candidate for supercapacitors. For supercapacitor applications, the higher surface area to volume ratio makes GFN the most desirable materials. As an outstanding electrode, GFN predominantly graphene has a remarkably high theoretical surface area up to >2,500 m2/g (Singh, 2016). Yet, a propensity for self-agglomeration due to the existence of strong van der Waal forces between the graphene sheets is the main hurdle to generate graphene-based electrodes (Wang and Liu, 2011). The 2D graphene is the building block for 3D graphite. Basically, the 3D carbon nanostructures are made of low-dimensional building blocks and carbon foam and mesoporous carbon are the most explored 3D nanostructures. They have a high surface area and large electrode-electrolyte interface which provides efficient ion pathways (Tiwari et al., 2012; Zhi et al., 2013) as supercapacitor electrodes. Other than foams and mesoporous materials, activated carbon, carbon aerogels, nanopillars, nanoflowers, and nanocoils are also under the category of 3D nanostructures.

Even though the above-mentioned carbon materials possess fascinating properties, it is still a challenging endeavor for researchers to produce high-performance carbon materials as electrodes for supercapacitors. The collaboration of carbon materials with pseudocapacitive materials is a route to augment the electrochemical properties for supercapacitors. In this article, we will focus on the carbon materials combined with LDHs as electrode materials for supercapacitors and Table 3 compares the properties of carbon materials, LDHs and carbon-LDHs composites as electrode materials for supercapacitors.


Table 3. Comparison of carbon materials, LDHs and carbon-LDHs composites as electrode materials for supercapacitors.
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Ni-Based LDHS Combining With Carbon-Based Materials

In this section, Ni-based LDHs composite combined with carbon materials as electrodes for supercapacitors will be discussed. Li et al. (2015a) in-situ grown Ni-Al LDHs nanosheets on the carbon nanotubes pre-coated by the alumina (γ-Al2O3) showed decent improvement in term of capacitive performances. The use of γ-Al2O3 is very crucial in this study as a source of Al for the formation of LDHs. γ-Al2O3 has better dissolution than commonly used AlOOH (Li et al., 2012b). The author studied the asymmetrical configuration of this composite with activated carbon as the negative electrode and discovered a specific capacitance of 115 F g−1 with a specific energy of 52 Wh kg−1 at a current density of 1 A g−1. He deduced that the introduction of carbon nanotubes is responsible for the exquisite performances shown by this composite, where carbon nanotubes (i) hinder the restacking of LDHs during synthesis, (ii) bridge the interfacial contact, and (iii) provide a conductive surface for uniform growth of nanosheets.

While, Li et al. (2014) have developed Ni-Al LDHs/rGO composite and compared the electrochemical performance of the same composite that reduced thermally and reduced via microwave irradiation. It has been shown that the former has the highest specific capacitance of 1,208 F g−1 at 8 A g−1 and able to retain the value to 1,518 F g−1 at 1 A g−1 (about 80%). The thermal treatment is responsible for creating pores for the ion movement to the interior of the composite. This highly porous composite also displayed an excellent life cycle with above 80% over 2,000 cycles. Another similar work has been reported by Yulian et al. (2013), where Ni-Al LDHs nanoflakes anchored in-situ on activated graphene nanosheets. This hybrid composite has a BET surface area of 3,026 m2 g−1 and showed a maximum specific capacitance of 1,173 F g−1 at a current density of 1 F g−1. Gao et al. (2011) have also fabricated Ni-Al LDHs/graphene nanosheets via the hydrothermal method. The obtained composite displayed a high specific capacitance of 781.5 F g−1 at 5 mV s−1 and excellent cycling retention in a three-electrode configuration. While, Yang et al. (2013) have included graphene nanosheets and carbon nanotubes with Ni-Al LDHs via one-step ethanol solvothermal method. The obtained 3D flower-like composite was able to overcome the limitations of 2D graphene nanosheets i.e. aggregation, low surface area and deteriorations of ion movements. In this study, the role of graphene nanosheets was expected to be as a conductive scaffold to build a 3D nanostructure. More importantly, the composite revealed to possess 1,869 F g−1 at 1 A g−1 with superior cycling stability over 1,000 cycles.

Comparative study on sandwich-like Ni-Mn LDHs/rGO, Ni-Mn LDHs/carbon black, turbostratic-structured Ni-Mn LDHs/carbon nantotubes and ternary Ni-Mn LDHs/carbon nanotubes/rGO (Figure 7) were carried out by Li et al. (2016b). Electrochemical study in 2 M KOH revealed ternary Ni-Mn LDHs/carbon nanotubes/rGO has higher specific capacitance (1,268 F g−1 at 1 A g−1) and superior cycle life (79% over 2,000 cycles) than other hybrid composites. This is due to the addition of rGO and carbon nanotubes where, (i) LDHs anchored firmly on the rGO, thus preventing restacking of LDHs nanosheets, (ii) carbon nanotubes provides conductive scaffold, hence increasing the conductivity of the composite, and (iii) the co-dispersed carbon nanotubes and rGO open a conductive network pathway for the ions.


[image: Figure 7]
FIGURE 7. SEM images of (a) Ni-Mn LDHs/rGO, (b) Ni-Mn LDHs/carbon nanotubes, (c) Ni-Mn LDHs/carbon black, and (d) Ni-Mn LDHs/carbon nanotubes/rGO (Li et al., 2016b).




Co-based LDHs Combining With Carbon-Based Materials

Great efforts have been committed to study Co-based LDHs composite combined with carbon materials as electrodes for supercapacitors. For example, honeycomb-like Co-Fe LDHs were in-situ deposited on the multi-layer graphene to be for energy storage devices. They showed a high specific capacitance of 882.5 F g−1 at 1 A g−1. However, the composite only able to withstand 39% of its initial capacitance value over 2,000 cycles due to the detachment and dissolution of active material during the charge-discharge process (Xu et al., 2018).

Co-Al LDHs have also found its potential in energy storage applications. The Co-Al LDHs/rGO composite was prepared by the co-precipitation method, which formed nanosheets grown perpendicularly on the rGO layer. The composite has lesser agglomeration compared to pure LDHs with serious agglomeration (Figures 8a,b). The BET surface area was found to be 47.6 m2 g−1 compared to that pure LDHs (24.0 m2 g−1) (Figures 8c,d). In an asymmetrical configuration, this composite as the positive electrode and activated carbon as the negative electrode was able to operate at a wide potential window (0 to 1.75 V), which results in enhanced specific energy (35.5 Wh kg−1) and specific power (8.75 W kg−1) (Figure 8e). Moreover, the asymmetrical assembly displayed excellent capacitance (90% retention) after 6,000 cycles (Figure 8f) (Zhang et al., 2013).


[image: Figure 8]
FIGURE 8. SEM images of (a) LDHs, (b) low-magnification of rGO/LDHs, (c) nitrogen adsorption and desorption isotherm loops of LDHs and rGO/LDHs composite, (d) pore size distribution of LDHs and rGO/LDHs, (e) Ragone plots of LDHs//AC, rGO/LDHs//AC asymmetric ECs, and AC//AC symmetric EC, and (f) Cycle stability of LDHs//AC and rGO/LDHs//AC ECs during charge–discharge test at a current density of 4 A g−1 (Zhang et al., 2013).


In another study, Zhang et al. (2012) have demonstrated for the first time the fabrication of graphene nanosheets combined with Co-Al LDHs using the one-pot refluxing method. A 3D conductive network made of hexagonal flakes can be observed for this composite. The hexagonal flakes of Co-Al LDHs are covered on the surface of graphene nanosheets, preventing the re-stacking of graphene and giving rise to the surface area (23.4 m2 g–1) of the composite.



Ni-Co LDHs Combining With Carbon-Based Materials

Despite the endless effort of researchers to produce high performance Ni-Co LDHs electrode material with controlled morphologies, optimized particle sizes, enhanced surface area and broad pore size distribution, the main drawbacks including poor stability and low electrical conductivity have a profound effect on its practicability. In light of this, fabrication of composite materials, specifically the introduction of carbonaceous materials with Ni-Co LDHs could provide the right solution for this conundrum. The uniqueness and significant benefits of this combination are listed as follows (Xu et al., 2006; Li et al., 2016a; Wang et al., 2018a):

a) The severe aggregation of Ni-Co LDHs can be avoided. The charged surface of LDHs often aggregates by forming particles or irregular clusters with size ranges from 1 to 10 μm, thereby resulted in an unstable colloidal solution, which causes a serious impact on its electrochemical performances.

b) The electrical conductivity of the composite can be improved significantly by preventing the agglomeration of LDHs. Thus, electron transfer and rate of diffusion during the oxidation-reduction process will be facilitated.

c) Carbon-based materials provide large ion accessible surface areas with enhanced active sites facilitating efficient access of ions from the electrolytes and eventually shorten the ion diffusion pathway.

d) Importantly, the mechanical stability of the composite will be improved significantly. As known to all, carbon-based materials have extraordinary mechanical stability. In this instance, carbon-based materials will act as a backbone or scaffold to minimize the volume expansion of LDHs.

Thus, the introduction of carbon-based materials with Ni-Co LDHs have a considerable impact on the electrochemical performances of the composite. The studies conducted on the Ni-Co LDHs with carbon-based materials are quite encouraging (Table 4).


Table 4. Summary of nanocomposites containing carbon-based materials with Ni2+/Co2+ LDHs.
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Most of the materials from carbon-based materials exhibit high surface area and good electrical conductivity. Due to these features, Ni-Co LDHs often introduced with graphene-based materials to improve the electrochemical properties of the composites. For example, Wang et al. (2019a) have directly fabricated Ni-Co LDHs/rGO grown on carbon cloth (CC) using a simple one-pot hydrothermal method. The Ni-Co LDHs uniformly grow on the CC forming hydrangea petal-like structure with 2D sheet-like morphology. While the rGO grew between the LDHs sheets were greatly improved the specific surface area of the composite. It was used directly as a binder-free electrode in a symmetrical supercapacitor. The as-prepared composite obtained specific capacitance of 151.46 F g−1 at a current density of 2.5 A g−1 and prominent cycling stability of 85.6% after 3,000 cycles at 5 A g−1. The author claimed that the hydrangea petal-like morphology of the Ni-Co LDHs/rGO/CC with large interlayer spacing facilitates the transport of ions between the composite and electrolyte and shorten the ion diffusion pathway endowing the electrode with a specific energy of 30.29 Wh kg−1 at a specific power of 1,500 W kg−1. Importantly, after the continuous 3,000 cycling process, the structure of the composite does not undergo any destruction indicating the importance of the rGO in the Ni-Co LDHs and its role as the backbone for LDHs.

In another attempt to produce a binder-free supercapacitor electrode, Yang et al. (2019) developed a hierarchical Ni-Co LDH/rGO on nickel foam via a solvothermal process. The composite has various merits : (i) upon the addition of rGO in the Ni-Co LDHs the interlayer spacing increases drastically promoting the rapid movement of ions and electrons across the sheets; (ii) As the rGO sufficiently decorated within the LDHs, the agglomeration of the composite can be hindered, thereby improves the electrolyte transport to the inner part of the composite; and (iii) the flower-like structure with mesopores on the 2D interconnected nickel foam avoid the formation of “dead volume” which encourage the more active sites to involve in the electrochemical reaction, thus decreases the internal resistance of the composite. The produced asymmetrical supercapacitor device based on Ni-Co LDH/rGO/nickel foam delivered a specific capacitance of 105.62 F g−1 at 0.5 A g−1 and remarkable specific energy of 40.5 Wh kg−1 and a maximum specific power of 4,631 W kg−1.

Another similar composite, Ni-Co LDHs/rGO was prepared via one-pot microwave-assisted synthesis (Kim et al., 2016). It was found that the reaction time, temperature, type of solvent, surfactant and precursor have a profound influence on the size, shape, pore size distribution and crystallinity of Ni-Co LDHs. The different molar ratios of nickel and cobalt also showed a significant effect on the morphology and electrochemical behavior of the composite. Among the different nickel/cobalt ratios, the 2:1 ratio shows the best capacitive performances in a three-electrode system such as the highest specific capacitance (1,622 F g−1 at 5 mV s−1) and good cycling stability (80% retention over 5,000 cycles). The improved electrochemical performances of this composite not only originate from the bimetallic hydroxides, but rGO also played an important role in enhancing the overall specific surface area of the composites. In addition, the authors also revealed the influence of nickel and cobalt where nickel controlled the capacitive performance of the composite, while cobalt in maintaining the rate capability of the composite. Likewise, Yan et al. (2014) also reported that the addition of graphene resulted in a high specific surface area of 408.5 m2 g−1 with a pore diameter of 4.75 nm. It also revealed that the basal spacing of the composites increases to 0.86 nm compared to the pristine Ni-Co LDHs, which demonstrated a high specific capacitance 1,980 F g−1 at 1 A g−1 in a three-electrode system.

Similar findings also were reported by Shahrokhian et al. (2018) in the preparation of electrode material made of Ni-Co LDHs electrodeposited on rGO/nickel foam with excellent supercapacitive performances. In this study, the effect of surfactant cetyltrimethylammonium bromide (CTAB) on the morphology also has been described in detail. The addition of CTAB showed variation in terms of the thickness of Ni-Co LDHs on the rGO/nickel foam. Ni-Co LDHs with CTAB forms thinner nanosheets compared to hydroxides without CTAB. Moreover, CTAB prevents the formation of bubbles at the solution-electrode interface, thus allowing a uniform formation of Ni-Co LDHs with high porosity on the rGO/nickel foam. In asymmetric assembly, the composite showed good capacitive behavior with a specific energy of 68 Wh kg−1 at a specific power of 1,070 W kg−1. The author claimed that the direct deposition of a highly porous thin layer Ni-Co LDHs on highly conductive rGO helps in enhancing the performances.

Li's group (Li et al., 2020) has developed a novel multi-layered Ni-Co LDHs|rGO|Ni-Co LDHs|rGO composite through inkjet printing and electrodeposition method. They employed rGO ink on the nickel foam to form a conductive layer for the electrodeposition of Ni-Co LDHs. Then, the process was continued to form the multi-layered composite. It has been deduced that rGO thin layer on nickel foam not only acts as a conductive scaffold but also provides an excellent charge transfer path in the composite. Moreover, as a conductive scaffold, rGO is also important in forming homogenous nanoflakes of LDHs with good adherence, which are also observed by Guo et al. (2019a). A high energy density of 84.9 Wh kg−1 with a maximum power density of 424 W kg−1 is achieved by assembling an asymmetrical supercapacitor using this multi-layered Ni-Co LDHs|rGO as the positive electrode and activated carbon as the negative electrode. A similar strategy was also reported by Li et al. (2019a) who have introduced conductive silver nanoparticles (Ag NP) on top of the rGO layer coated on carbon cloth before electrodepositing LDHs. The benefit of Ag NP is to promote conductivity of the composite as Ag NP is known for its high conductivity and excellent chemical stability. This nanocomposite has a high capacity value of 173 mA hg−1 at 1 A g−1. The asymmetrical configuration of this nanocomposite delivered a maximum energy density of 76 Wh kg−1 at a power density of 480 W kg−1.

With the idea of increasing the capacitive behavior of Ni-Co LDHs/rGO based system, the third transition metal, Al was included (He et al., 2015). The unique nanoflakes structure of Ni-Co-Al LDHs were grown uniformly on the 3D rGO nanosheets created intact contact between the hydroxides and rGO, and subsequently provides better ion movements. The hydroxides may undergo aggregation. However, upon the addition of rGO, such a phenomenon was avoided, resulting in better utilization of both rGO and LDHs in the composites. A study on the content of rGO nanosheets in the composites revealed that the presence of rGO is highly important to increase the specific surface area with desirable pore size distribution generating improved ion transport to the intrinsic space. In a separate study conducted by Xu et al. (2014) showed the influence of the cobalt on the electrochemical performances of Ni-Co LDHs/rGO. At optimized cobalt content of 17%, the composite was able to reach a remarkable specific capacitance of 1,902 F g−1 at 1 A g−1 in a three-electrode system (Figure 9). Both studies disclosed that the synergy between LDHs and rGO promotes electron transport, thus enhance the electrochemical performances. Another work reported by Long et al. (2019) which also used rGO incorporated with Ni-Co LDHs via magnetic stirring. The Ni-Co LDHs/rGO composite with uniform and loose nanostructure exhibited a high specific capacitance of 1,703 F g−1 at 0.5 A g−1. The incorporation of rGO greatly helps in preventing aggregation of the Ni-Co hydroxides and, thus improves the supercapacitive performance of the composite. The composite was then tested as a device with activated carbon as the negative electrode. The supercapacitor device demonstrated specific energy as high as 47.1 Wh kg−1 and specific power of 399.9 W kg−1 (Figure 10).


[image: Figure 9]
FIGURE 9. (A) Schematic illustration for the shape conversion from rGO/NiAl-LDHs to the rGO/CoAl-LDHs composite, (B) Relationship between the specific capacitance and the doped Co content in rGO/Ni1−xCoxAl-LDHs, and (C) The cycling performance and corresponding Coulombic efficiency of rGO/Ni0.83Co0.17Al-LDHs at a current density of 10 A g−1. The inset is the first 20 charge-discharge curves (Xu et al., 2014).
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FIGURE 10. Ragone plot summarizing specific energy and specific power of some of the reported literature on Ni-Co LDHs combining with carbon-based materials.


Instead of using rGO, another work reported on Ni-Co LDHs coated on nitrogen-doped graphene via a simple microwave-assisted hydrothermal process. Two significant improvements were noticed, (a) the good hydrophilicity nature of N-doped graphene serves as good nucleation sites for Ni-Co LDHs growth and (b) N-doped graphene with high conductivity provides large surface area improving the capacitive performance of the composite. The as-prepared composite as a positive electrode and activated carbon as a negative electrode delivers specific energy of 31.2 Wh kg−1 at a specific power of 354 W kg−1 and extraordinary cycling stability of 83% retention over 10,000 cycles.

In another attempt, Li et al. (2015b) have reported a one-step chemical bath deposition of Ni-Co LDHs nanoflakes uniformly coated on highly porous carbon nanotubes. The functionalized carbon nanotubes acted as a nucleation site for the growth of gauze-like Ni-Co LDHs nanoflakes. The author in this study varied the content of cobalt in the LDHs and found that the rate capabilities increase with the content of cobalt. Three reasons can explain this behavior; (1) the formation of highly conductive CoOOH during oxidation/reduction process, (2) Expansion of interlayer spacing and conductivity due to the presence of intercalated anions and (3) carbon nanotubes as the core in the composite ease the electron transfer in the composite whilst minimizing electrochemical polarization. This hybrid structure shows a maximum specific capacitance of 701 F g−1 at a current density of 10 A g−1 and a long life span.




SUMMARY AND PERSPECTIVES

In summary, two-dimensional layered double hydroxides, particularly nickel-cobalt layered double hydroxides (Ni-Co LDHs) and their composite with carbon materials have prompted profound research attentions. Benefitting from their unique layered structure, multiple oxidation states of Ni2+/Ni3+ and Co2+/Co3+/Co4+, exchangeability of interlayer anions and tunability of metal ion ratios, Ni-Co LDHs have gained incredible demand in the field of the supercapacitor. pH and metal ion ratio are the two most prominent factors to be considered to produce LDHs with good crystallinity and phase with desirable morphology. These factors also influence the electrochemical behavior of Ni-Co LDHs and Ni-Co LDHs/carbon-based supercapacitors. The incorporation of carbon-based material into Ni-Co LDHs can help to prevent severe aggregation of Ni-Co LDHs and enhance the supercapacitive performance of the composite due to their high surface area, high conductivity and excellent mechanical strength.

Although there are some encouraging results have been reported on Ni-Co LDHs and Ni-Co LDHs/carbon-based supercapacitors, the development of these electrodes for practical use is still in the early stage. Therefore, substantial measures and action need to be taken to promote the supercapacitor performances of these electrodes, including:

a) Detailed studies on the effects of layered structures, multiple oxidation states, exchangeability of interlayer anions, tunability of metal ion ratio and interlayer spacing of Ni-Co LDHs on the charge storage behavior are much needed. A lot of theoretical understanding of Ni-Co LDHs has been reported, however, advanced and detailed studies on the behavior and charge storage mechanism with respect to the mentioned factors are yet to be found.

b) Knowledge of widening the interlayer spacing of the Ni-Co LDHs are appreciated. Interlayer spacing plays a pivotal role in determining the capacitive behavior of supercapacitors, whereby the larger spacing facilitating the ions intercalation and de-intercalation. Compositing Ni-Co LDHs with carbon-based materials indeed reduces mechanical stress and improves capacitive behavior. However, its impact on interlayer spacing should be explored. It also will be helpful in prolonging the life span of LDHs.
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Spinel lithium manganese oxide (LiMn2O4) based Li-ion battery (LIB) is attractive for hybrid/full electric vehicles because of its abundant resources and easy preparation. However, operation under an elevated temperature could cause severe capacity fading of the spinel cathodes. In this work, 1, 3-propane sultone (PS) is investigated as an electrolyte additive for improving the cyclability of the LiMn2O4/graphite LIB at elevated temperature. The charge and discharge measurement proves that PS can significantly enhance the cyclability of 053048-type LiMn2O4/graphite pouch cell at 60°C. Compared to the cell without additive, the capacity retention of the cell using electrolyte with 5% PS increases from 52 to 71% after 180 cycles. The improved cyclability is attributable to the modification of the solid electrolyte interface (SEI) on both positive and negative sides of the LiMn2O4/graphite cell by PS, which effectively prevents anode and cathode from structural breakdown and inhibits the electrolyte decomposition.

Keywords: 1, 3-propane sultone, solid electrolyte interphase, graphite anode, spinel cathode, lithium ion battery


INTRODUCTION

Li-ion battery (LIB) is successfully applied in portable electronic equipment and is scaled up for hybrid/full electric vehicles and grid storage for renewable energy sources (Cheng et al., 2017; Yu et al., 2020). Spinel lithium manganese oxide (LiMn2O4) is an ideal material for LIB owing to its superior properties, such as low cost, high operating voltage, good safety, and low toxicity. However, LiMn2O4 is not widely utilized in LIB commercialization due to its poor cycling performance, especially at high temperature over 55°C (Huang et al., 2018; Hai et al., 2019). Generally, the poor cycling performance is arised from the irreversible crystal phase transition (Jahn–Teller distortion) and oxygen deficiency (Xie et al., 2019), and more importantly, manganese (Mn) ion dissolving into the electrolyte and subsequently deposited on the graphite anode, which degrades the solid electrolyte interphase (SEI) on the electrode surface or deteriorates the graphite structure (Ryou et al., 2010; Liao et al., 2017; Flamme et al., 2020).

Many methods were reported to effectively improve the electrochemical performance of the LiMn2O4 cells, such as element partial substitutions (Ding et al., 2011; Piao et al., 2018) and surface coatings (Cao et al., 2018; Li et al., 2018; Zhang et al., 2018). However, alternatives and surface coatings usually cause reversible capacity loss and involve high cost manufacture. The use of surface film-forming electrolyte additive is an effective and facile method to enhance the electrochemical behavior of lithium ion battery. This method cannot only modify the SEI layers on electrodes and prevent the dissolution/deposition of transition metal, but also can inhibit the electrolyte decomposition during the cycling.

Various SEI-film forming additives have been used for enhancing the high temperature stability of the LiMn2O4-based cells, including sulfur-containing compounds such as methylene methanedisulfonate (Zuo et al., 2014), prop-1-ene-1, 3-sultone (Li Y. et al., 2013), P-toluenesulfonyl isocyanate (Wang et al., 2015), 3, 3′–sulfonyldipropionitrile (Huang et al., 2015), and butyl sultone (Xu et al., 2007). The sulfur-containing substances generated from the additives decomposition can deactivate many catalysts (Czekaj et al., 2011). It helps to build protective surface film on the electrode and suppress decomposition of the electrolyte, which leads to the improved performance of the cell. 1, 3-propane sultone (PS) is one of the most used additives in LIBs (Guo et al., 2008). It has been used as an electrolyte additive in LiMn2O4-based battery to improve the thermal storage performance. The improvement can be ascribed to its suppression of solvent co-intercalating into graphite anode (Xu et al., 2009).

Although PS has been applied as suppress propylene carbonate (PC) co-intercalation co-solvent and additive to improve the thermal storage performance in LiMn2O4/graphite cell, the behavior of PS on the cathode reactions, modification of the anode SEI, and thermal cyclability of the cell have not been clearly investigated. Herein, we present a study focused on morphology and structure of the cathode and anode SEI films by using PS as an electrolyte additive in LiMn2O4/graphite cell. The effect of PS on the cell cyclability at high operating temperature was investigated and the morphologies and chemical compositions of the surface films of the cycled electrodes were also presented.



EXPERIMENTAL

The LiMn2O4 electrode was prepared by coating a mixture of 90 wt.% LiMn2O4 (Hunan Reshine New Material Co., Ltd.), 5 wt.% of super-p (MMM carbon, Belgium), and 5 wt.% of polyvinylidene difluoride (PVDF, Shanghai Ofluorine Chemical Technology Co., Ltd.) binder on an aluminum current collect (thickness was 16 um). The active material loading of the LiMn2O4 electrode was 340 g m–2 and the thickness was about 179 um. The graphite electrode was obtained by coating a mixture 95 wt.% of graphite (BTR Battery Materials Co., Ltd.), 1 wt.% of super-p, 2 wt.% carboxymethyl cellulose, and 2 wt.% of styrene butadiene rubber in deionized water on a copper foil (thickness was 8 um). The graphite material loading of the electrode was 155 g m–2 and the thickness was about 165 um. The full cells (053048-type) were assembled in an argon-filled dry glove box (Mbraun Unilab MB20, water and oxygen contents were lower than 0.1 ppm) with the LiMn2O4 electrode as positive electrodes (P) and graphite electrode as negative electrodes (N). The loading weight of the active material for LiMn2O4/graphite cells was controlled to the specific capacity of N/P = 1.15 (the specific capacity of N and P were 340 and 135 mA h g–1 for graphite and LiMn2O4, respectively). The design capacity of the punch cell was 500 mAh. The separator was a Celgard 2400 membrane. The electrolyte was composed of 1.0 M LiPF6 - ethylene carbonate (EC) / ethyl methyl carbonate (EMC) with the volume ratio of 1:2 (Guangzhou Tinci Materials Technology Co. Ltd, China). 1, 3-propane sultone (PS) was purchased from Aladdin (purity: >99%). The amount of electrolyte used in the pouch cell was controlled to 2.8 g Ah–1.

The electrochemical performance test of the full cell was performed using CT-4008-5V6A-S1 test system (NEWARE, Shenzhen, China) between 2.75 and 4.20 V at room temperature and 60°C, respectively. Five cells were tested with each electrolyte and the reported charge/discharge results are the average values of top three cells. The thickness of cells was tested by a micrometer caliper (Cal PRO IP67, SYLVAC, Swiss). The formula for calculating the swell value of the LiMn2O4/graphite battery is as follows:
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where T0 and T are the thickness of the LiMn2O4/graphite cell before and after 180 cycles at 60°C, respectively.

The internal resistance of cells was measured by resistance meter (HK3561, Meifu, Shenzhen) when the cells cooled down to the room temperature. The formula for calculating the internal resistance rate of the LiMn2O4/graphite battery is as follows:

Internal resistance rate (%) = (R-R0)/R0 × 100.

where R0 and R are the internal resistance of the LiMn2O4/graphite cell before and after 180 cycles at 60°C, respectively.

Conductivity of the electrolyte solutions was measured using a Model DDS-307 conductometer (Shanghai Precision Scientific Instrument Co., Ltd., China). The linear sweep voltammetry (LSV) was performed in Li/Pt cell on Solartron-1408 instrument (England) at a scan rate of 0.2 mV s–1 in voltage range of open circuit potential to 5.0 V (vs. Li+/Li). Cyclic voltammetry of Li/graphite cell was performed on Solartron-1470 instrument (England) in the potential range of 0.01–2.5 V (vs. Li+/Li) at a scanning rate of 0.2 mV s–1. The diameter and the thickness of Li disk were 15.6 and 0.2 mm, respectively. The graphite and LiMn2O4 electrodes were disassembled from the full cells and washed with dimethyl carbonate solvent 3 times to remove residual electrolytes. The rinsed electrodes were kept in an antechamber of the glovebox to remove the solvent before conducting surface characterization. The morphology and structure of the electrodes were obtained by a scanning electron microscope (SEM, JEOL JSM-6380) and a transmission electron microscope (TEM, JEOL JEM-2100HR). X-ray diffractometer (XRD, Rigaku Ultima IV, Japan) was used to investigate the crystal structure of the electrode. The chemical composition on the surface of the electrodes was analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD) with Al Ka line (hυ = 1486.6 eV) as a radiation exciting source. X-ray analysis area for the surface was ~500 × 500 um. Pressure in the analytical chamber during spectral acquisition was less than 5 × 10–9 Torr. Pass energy for survey and detail spectra (to calculate composition) was 80 eV. The take-off angle (the angle between the sample normal and the input axis of the energy analyzer) was 0°, and the input lens was operated in hybrid mode (0° take-off angle = around 100 Å sampling depth). The binding energy was calibrated based on the C 1s level at 284.3 eV (C-C).



RESULTS AND DISCUSSION

Figure 1 depicts the cycling behavior of LiMn2O4/graphite pouch full-cells without and with variable concentrations of 1, 3-propane sultone (PS) at room temperature at a current of 500 mA. As shown in Figure 1A, the reversible capacity of the LiMn2O4/graphite cell without additive is only 430 mAh in the first cycle, which indicates a large amount of irreversible lithium consumption during charging owing to the decomposition of electrolyte on the anode surface. When PS additive is applied in the electrolyte, the discharge capacities increased. The first cycle capacity of the cells with 3, 5, and 7 wt.% PS addition in the electrolyte are 474, 497, and 467 mAh, respectively. Obviously, when the concentration of PS is 5 wt.%, a most effective SEI film was formed on the electrodes. The SEI film cannot only suppress the electrolyte decomposition but also can benefit the lithium insertion/de-insertion during the cycling. However, the discharge capacity decreased when the PS concentration is higher than 5 wt.%. This phenomenon suggests that excess PS might lead to the formation of a thicker SEI film on the electrode which would hinder the transport of Li+ in the cells.


[image: image]

FIGURE 1. Cyclic stability (A) and corresponding capacity retention (B) of LiMn2O4/graphite cells using the electrolyte without (Base), with 3, 5, and with 7 wt.% PS. Charge-discharge rate was 1.0 C in the potential range of 2.75–4.20 V at 25°C.


Figure 2 shows the cycling performances of LiMn2O4/graphite cells using the electrolyte without and with various concentrations of PS at 60°C. Before the cycling at high temperature, all the cells were cycling for three times under room temperature at 1C (500 mA). In the cell with additive-free electrolyte, the capacity fading becomes severe during the cycling, as shown in Figure 2A. The reversible capacity of the cell using the electrolyte without additive displays about 48% capacity loss at the 180th cycle (Figure 2B). At high temperature (60°C), the decomposition of the electrolyte becomes severe and the LiMn2O4 suffer destruction, result in the dissolution of Mn ions from spinel into the electrolyte. The Mn ions in the electrolyte can deposit on the graphite side and further catalyze the electrolyte decomposition when the cell was charging, leading to poor cycling performance (Li Y. et al., 2013). In case of the LiMn2O4/graphite cells using PS, the cycling stabilities are much higher than that of the additive-free cell. The discharge capacity retention of the LiMn2O4/graphite in the electrolyte using 3, 5, and 7 wt.% PS are 62, 71, and 64%, respectively. This indicates that an excellent SEI film can be formed on graphite with 5 wt.% PS addition. The electrochemical performance of the cell becomes worse when the content of the additive is further increased, which might be related to the over thickness of the SEI film. These results indicate the contribution of PS to the enhanced stability performance of the LiMn2O4/graphite cells.
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FIGURE 2. Cycling stability (A) and corresponding capacity retention (B) of LiMn2O4/graphite cells using the electrolyte without (Base), with 3, 5, and with 7 wt.% PS. Charge-discharge rate was 1.0 C in the potential range of 2.75–4.20 V at 60°C.


The dimensional change and resistance growth of the cells can further confirm that PS can effectively protect the electrolyte from decomposition. Figure 3 and Table 1 present the thickness change and resistance growth of the cells before and after 180 cycles at 60°C. Under high temperature, the electrolyte decompositions on both anode and cathode become severe during the cycling, which result in gas generation and structural change of the SEI film and consequently increase the thickness and resistance along the electrodes. The swell value of the cells using electrolyte without, with 3, 5, and 7 wt.% PS are 35.8, 21.3, 6.5, and 7.2%, while the internal resistance rate for those cells are 78.5, 46.4, 31.8, and 38.2%, respectively. Apparently, the electrolyte decomposition in the LiMn2O4/graphite cells with PS as electrolyte additive can be significantly suppressed at high temperature.
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FIGURE 3. Swell value and internal resistance rate of LiMn2O4/graphite cells using the electrolyte without (Base) and with variable concentrations of PS after 180 cycles at 60°C.



TABLE 1. Swell value and internal resistance rate of LiMn2O4/graphite cells using different electrolytes before and after 180 cycles at 60°C.

[image: Table 1]The conductivities of electrolyte without and with different contents of PS were investigated at room temperature. Due to the high melting point of PS (30–33°C), the conductivity of the electrolyte is slightly decreased with the increase content of the additive, as shown in Table 2. The conductivity of electrolyte containing 5% PS can reach 8.63 mS cm–1, indicating an insignificant effect on electrolyte conductivity if PS is used within certain limits.


TABLE 2. Conductivities of 1.0 M LiPF6 – EC / EMC (1:2) at different content of PS.

[image: Table 2]The stability of the electrolyte was also evaluated with linear sweep voltammetry (LSV). Figure 4 presents the LSV of Pt in the electrolyte with and without PS. The base electrolyte is decomposed at around 4.7 V (vs. Li+/Li). When adding 5% PS into the electrolyte, oxidation current can be observed at around 4.1 V (vs. Li+/Li). This behavior implies that the preferential oxidation of PS, suggests PS can form the modified surface film on LiMn2O4 compared to the base electrolyte.
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FIGURE 4. LSV of Pt electrode in 1.0 M LiPF6-EC / EMC (1:2) with and without 5% PS. The area of working electrode was 1.0 cm2.


The reduction behavior of the PS on graphite anode was also investigated by cyclic voltammograms (CV). Figure 5 shows the CV of graphite electrodes in 1.0 M LiPF6-EC / EMC (1:2) with and without 5% PS. In the electrolyte without additive, a reduction peak located at around 0.5 V (vs. Li+/Li) can be observed during the first cathodic potential sweep, which is attributed to the reduction of EC in the electrolyte. This reduction peak still appears in the second cycle, although it is smaller than that of the first one, as shown Figure 5A. It means the EC-derived SEI film does not completely suppress the further reduction of electrolyte during the second cycle. In the case of the electrolyte with PS, a small reduction peak at around 0.7 V (vs. Li+/Li) can be observed in the first cycle, and the peak at 0.5 V (vs. Li+/Li) disappears, as shown in Figure 5B. In the second cycle, the reduction peak of PS disappears. These results indicate the preferential reduction of PS and the SEI formed by PS was effective enough to suppress the further decompositions of solvents. It can be noted that the de-intercalation peak of lithium ions swifts to 0.30 V (vs. Li+/Li) in the second cycle, which is lower than that of the base electrolyte (0.37 V vs. Li+/Li). This suggests the SEI formed by PS on the first cycle promotes the reaction at the interface and thus leads to higher capacity of the cell than that of the base one.
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FIGURE 5. Cyclic voltammograms of graphite electrode in 1.0 M LiPF6-EC / EMC (1:2) without (A) and with 5% PS (B). The diameter of graphite electrode was 13.0 mm.


To investigate the effect of PS on the improved cyclability of LiMn2O4/graphite cell at elevated temperature, XRD, SEM, TEM, and XPS measurements were conducted to analyze the morphologies and compositions of the cycled electrode surface films.

The SEM images in Figure 6 show the surface morphology of the pristine and the graphite electrodes after 180 cycles at 60°C using the electrolyte with and without 5 wt.% PS. The flake-like structure graphite particles with clean surface and sharp edges can be clearly observed in the pristine electrode (Figures 6a,d). After cycling in the electrolyte without additive, the electrode surface becomes rough and display a fluffy and thick morphology as shown in Figures 6b,e. It suggests that the electrolyte is decomposed and the graphite structure is destroyed. In contrast, the PS electrode continued to display a smooth surface and almost kept relatively similar to original shape of fresh graphite particles after cycling (Figure 6c). Moreover, the surface of the graphite particles is evenly covered with a dense surface film. This result indicates that a stable and robust SEI could be formed by the addition of PS, which inhibits further electrolyte decomposition and protects the graphite effectively from exfoliation. The development of sulfur-containing interfaces may allow for the use of electrolytes that are otherwise structural unstable anode materials, such as the Si-based and oxide anode (Wu et al., 2019; Fang et al., 2020).
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FIGURE 6. SEM images of pristine graphite anode (a,d) and the anodes cycled in the electrolyte without (b,e), with 5 wt.% PS (c,f).


Figure 7 reveals the SEM and TEM images of the p.ristine LiMn2O4 and the cathodes cycled with and without PS after 180 cycles. As shown in Figures 7a,d, the fresh LiMn2O4 particles present a typical octahedral spinel shape and the surface are smooth and clean. After cycling in the electrolyte without PS, thick and inhomogeneous deposits can be observed on the spinel particle surface (Figures 7b,e), and cracks appear as indicated by the arrow in Figure 7c. By contrast, the deposit on the LiMn2O4 particle with PS additive is uniform and thin. The TEM image (Figure 7f) displays that the thickness of SEI is around 30 nm. Moreover, the morphology of spinel particle maintains well after cycling. These results indicate that Mn dissolution occurs because of the deterioration of the LiMn2O4 structure when the cell operated in the base electrolyte. In case of the application of PS as an additive, a protective SEI film can be formed on the cathode surface. This SEI can protect the LiMn2O4 particles from destruction, inhibits the dissolution of manganese ions from LiMn2O4 and greatly hinders the continuous decomposition of the electrolyte.
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FIGURE 7. SEM and TEM images for pristine LiMn2O4 cathode (a,d) and the cathode that have been cycled without (b,e), with 5 wt.% PS (c,f).


The structural stability of the LiMn2O4 cycling in the electrolyte with PS was characterized by XRD measurements. As shown in Figure 8, all the major diffraction peaks in the pristine electrode and the two cycled LiMn2O4 electrodes can be indexed to the typical spinel structure for the LiMn2O4 (JCPDS No. 35-0782). For the LiMn2O4 cathode cycled with the additive-free electrolyte, the overall intensity of the LiMn2O4 diffraction peaks is weaker than the pristine electrode, confirming that LiMn2O4 suffers structural deterioration. This can be ascribed to the severe transition metal (Mn3+) dissolution from the crystal structure that related to the nature of LiMn2O4 itself (Amatucci et al., 1997; Huang et al., 2018). As shown in Figure 8B, the (111) and (311) XRD peaks of electrode cycled without additive shift to higher angles, indicating the crystal lattice shrinkage (Liu et al., 2009). By contrast, the shifting extent for the LiMn2O4 electrode in the electrolyte with PS is less than that of the electrode without additive, which indicates the SEI formed from PS provides sufficient protection for the crystal structure integrity. This result is in a good agreement with that observed by SEM and TEM. Noted that the shifting still happens while the cell using PS as the electrolyte additive. This might be the reason for the degradation in the cell performance at elevated temperature (as shown in Figure 2).
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FIGURE 8. XRD patterns (A) and the magnified XRD patterns in the 17–37° 2 Theta interval (B) of LiMn2O4 electrodes before and after cycling in the electrolyte with and without 5 wt.% PS.


The ex-situ XPS spectra have been utilized to investigate the surface compositions of graphite and LiMn2O4 electrodes. Figure 9 and Table 3 reveal the XPS spectra results of graphite anodes after 180 cycles at 60°C. In the C 1s and O 1s spectra, C = O (289.4 eV, 531.2 eV) bond corresponds to lithium carbonates and polycarbonates, while C-O (286.1 and 533.2 eV) bond corresponds to ethers and carbonates (Verma et al., 2010; Zhu et al., 2018). The peak of C = O bond in electrode with PS is much stronger than that of the sample without additive, which indicates that the SEI derived from PS contains more C = O functional groups.
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FIGURE 9. XPS spectra of C 1s, O 1s, F 1s, P 2p, Mn 2p, and S 2p for graphite electrodes after 180 cycles at 60°C in base electrolyte and PS-containing electrolyte.



TABLE 3. Element concentrations of the cycled anodes using base electrolyte and PS-containing electrolyte.

[image: Table 3]In F 1s spectra, the signals at 684.3 and 686.1 eV are characteristic of lithium fluoride and LixPOyFz (DedryveÌre et al., 2005), respectively. As for P 2p spectra, the binding energy values around 133.3 eV and 136.0 eV are belong to LixPOyFz and LixPFy (Zheng et al., 2018; Li et al., 2020). These compounds are ascribed to the decomposition products of lithium hexafluorophosphate in the electrolyte. The concentrations of fluorine and phosphorus discernibly decreased in PS-containing electrolyte, as shown in Table 3. Moreover, the anode cycled with PS shows much weaker intensities of lithium fluoride, LixPOyFz and LixPFy than that of with base electrolyte. It suggests the SEI formed by PS can suppress the decomposition of the electrolyte. It can be noted that the Mn 2p spectrum appears in the graphite electrode, which split into 2p3/2 and 2p1/2. The binding energy at 641.1 and 643.1 eV correspond to Mn3+ in Mn2O3 and Mn4+ in MnO2, while the binding energy at 653.3 eV is attributed to Mn 2p1/2 (Liu et al., 2016). It indicates that the manganese ions pass through the membrane and deposited on the anode side. On the contrary, the element manganese is hardly detected on the PS graphite electrode, which means the SEI derived from PS can suppress the deposition on the graphite and inhibit the decomposition of the electrolyte. In S 2p spectra, a broad signal around 168–169 eV can be detected in the PS-containing electrolyte, which correspond to Li2SO3 and ROSO2Li (Ota et al., 2003; Li M. et al., 2013), respectively, and this result also clearly indicates that the decomposition products of PS are introduced into SEI.

Figure 10 presents XPS profile of the LiMn2O4 electrodes in the electrolytes with and without PS after 180 cycles at 60°C, and the related element concentrations are also shown in Table 4. The C 1s spectra for LiMn2O4 cycled in both of the electrolytes mainly contain C from conductive carbon (284.3 eV) and PVDF (285.5 and 290.4 eV) (Verma et al., 2010; Cao et al., 2013), while C-O (285.5 eV), C = O (288.9 eV) and OCO2 (290.1 eV), respectively from ROCO2Li, ROLi and Li2CO3 species that decomposed from the electrolyte (Aurbach et al., 1996). The O1s contains three main peaks for both of the cathodes: MnxOy or LiMn2O4 (529.5 eV), Li2CO3 (531.5 eV), and lithium alkyl carbonates (532.6 eV) (Zuo et al., 2012; Rong et al., 2014). The binding energy at 532 eV in the electrolyte with PS can be related to the decomposition product of PS. The detected peaks at 642.1/643.4 eV and the 653.9 eV correspond to Mn 2p3/2 and Mn 2p1/2. Noted that the Mn signals in Mn 2p and Mn–O in O 1s spectra of the PS-containing electrolyte are stronger than that of the electrolyte without additive, suggesting the thin SEI formed by PS on LiMn2O4 electrode in which more active material can be detected.
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FIGURE 10. XPS spectra of C 1s, O 1s, F 1s, P 2p, Mn 2p, and S 2p for the LiMn2O4 electrodes after 180 cycles at 60°C in base electrolyte and PS-containing electrolyte.



TABLE 4. Element concentrations of the cycled cathodes using base electrolyte and PS-containing electrolyte.

[image: Table 4]The F 1s spectra of Figure 10 reveal three peaks: PVDF (687.5 eV), LixPOyFz (686.4 eV), and lithium fluoride (684.6 eV) (DedryveÌre et al., 2005). The signals at 133.6 and 135.9 eV in P 2p spectra can be characteristic of LixPOyFz and LixPFy (Zheng et al., 2018), which are considered to be the decomposition products of the lithium hexafluorophosphate. The peak intensities of LixPOyFz and LixPFz decreased when the LiMn2O4 cathode cycled using the electrolyte with PS. It indicates that the SEI derived from PS can reduce the decomposition of lithium hexafluorophosphate on the LiMn2O4 surface. For the cathode cycled with PS-containing electrolyte, the peak at around 168–169 eV shows the existence of sulfur-containing species (Li2SO3 and ROSO2Li) (Ota et al., 2003). This result clearly shows the existence of PS decomposition products in the SEI, and this SEI film can protect the structure of LiMn2O4 and the dissolution of manganese from spinel particles and inhibit the decomposition of electrolyte.



CONCLUSION

The cycling stability of LiMn2O4/graphite under elevated temperature can be improved by applying 1, 3-propane sultone (PS) as an electrolyte additive. The enhanced cycling performances are mainly ascribed to the PS-originated solid electrolyte interface (SEI) film on both anode and cathode surface. These SEIs are essential to inhibit the electrolyte decomposition on graphite and LiMn2O4 electrodes, and protect the spinel structure of LiMn2O4 from destruction. Moreover, the SEIs can also suppress the dissolution of manganese ions from the cathode and the deposition on the anode.
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Electrical conductors based on carbons have recently attracted a growing interest due to the prospect of replacing metals. Electrical conductors without metals could represent not only an alternative for traditional wiring, but also a step forward in the progress and advancing of technology. This result can be achieved by combining high electrical conductivity with other properties, that are dexterity, light weight, environmental stability, high strength and flexibility. As the best mechanical properties, high electrical/thermal conductivity of the assembled fibers are all generally associated with low concentration of defects in the fiber backbone and in the individual carbon “building blocks”, a special attention is paid to an empirical relationship between morphology/structure/composition and the electrical properties. In this review, starting from the beginning, from the late 19th century, when the carbon filaments became the lights for urban streets, some of the recent developments in the field of “all-carbon” electrical conductors are discussed. Such conductors can be obtained by assembling nanoscale carbons (i.e., carbon nanotubes, graphene) into macroscopic fibers, yarns and ropes (hereafter fibers). In this perspective, the role played by the chemistry in particular by means of the molecular-level control and doping, is emphasized. This contribution elucidates most recent results in the field, and envisages new potential applications.
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INTRODUCTION

Due to the growing interests about new electrically conductive materials with superior characteristics than the conventional conductors, a detailed knowledge of the electrical properties of carbon-based materials is mandatory. Obviously, the electrical properties are not the only element of evaluation for a possible use of alternative electrical conductors. Other characteristics, including thermal and mechanical properties, chemical and thermal resistance, low weight and density, the heat removal efficiency, and interconnections with traditional wires, reliability and durability, should also be considered.

Many carbon nanomaterials are currently prepared and used as such or are embedded in multiphase materials involving polymers (Haznedar et al., 2013; Cesano and Scarano, 2015; Cesano et al., 2016). However, highly conductive carbon conductors are available in form of assemblies, which contain nanocarbons with a small length/size compared to metal conductors (Fang et al., 2020). The lack of progress in the fabrication of “single domain” continuous carbon nanotube and graphene fibers has offered the motivation for building carbon-based macroscopic assemblies with improved electrical, mechanical, thermal and electrochemical properties (Zhang et al., 2007; Lu et al., 2012, 2017, 2019; Miao, 2013; Mäder et al., 2015; Kou et al., 2017; Dhanabalan et al., 2019; Foroughi and Spinks, 2019; Yang et al., 2020; Yin et al., 2020). In analogy with conventional metal wires, carbon nanotubes and graphene-based conductors have reached electrical properties of their metal counterparts, they possess numerous advantages, such as lower weight, high mechanical properties, sensing properties, resistance to extreme conditions, thermal and electrical conductivities (Cesano et al., 2013; Cravanzola et al., 2013; Cesano and Scarano, 2018; Chowdhury et al., 2019; Harun et al., 2019). On the other hand, metals are present in nature with limited amounts and the need for an advantageous alternative solution would be of great relevance. Under these perspectives, it is important to remark that many reviews concerning the main topic of the carbon-based materials and properties are present and that a certain number of them (Chou et al., 2010; Lu et al., 2012; Cong et al., 2014; Lekawa-Raus et al., 2014b; Li and Pandey, 2015; Li et al., 2015; Xu and Gao, 2015; Kou et al., 2017; Yadav et al., 2017; Xu et al., 2019; Zhang et al., 2019; Zheng et al., 2020) should be nevertheless deemed of a great significance. Along with recent findings, Zheng et al. (2020) have recently demonstrated the ultrafast electro-thermal response (5943 K s–1) of graphene fibers surpassing the record value of carbon nanotubes. The authors have shown the structural engineering of the graphene fiber assembly, where entanglements of individual graphene nanosheets is beneficial to achieve very low density (0.015–0.020 g/cm–3), together with high mechanical strength (c.a. 3.9 MPa), high specific electrical conductivity (SEC) (0.95–1.67 S m2/g) and specific thermal conductivity (STC) (42.3–100 W cm2 K–1 g–1) values, which are comparable to those of metals (SECCu: 6.61 S m2 g–1; STCCu: 0.45 W cm2 K–1 g–1; SECAg: 5.98 S m2 g–1; STCAg: 0.40 W cm2 K–1 g–1). Hills et al. (2019) have recently demonstrated that microprocessors (called 16-bit RV16X-NANO microprocessor handling 32-bit instructions of the RISC-V architecture) made of carbon nanotube FETs on Si wafers can be fabricated. Together with the validation of the microprocessor under working conditions, including instruction fetching, decoding, registering, execution units, and back writing to memory, the authors proposed a manufacturing methodology for manipulation, doping, etching and assembling of carbon nanotubes, for overcoming nanoscale imperfections at macroscopic scales and figuring out industrial standards. At the same time, Afroj et al. (2019) reported the engineering of graphene oxide and graphene flakes by means of the high-speed fiber dyeing technique to coat conventional textiles. The process has the potential to produce tons of conductive graphene-based yarn using existing textile machineries. The authors also shown that the derived textile maintains its conductivity after some washing cycles. Furthermore, a number of recent studies has demonstrated various functions of graphene and carbon nanotube-based yarns, including sensors and biosensors, actuators, energy harvesting and storage devices, catalysis (Foroughi and Spinks, 2019; Jang et al., 2019; Panwar et al., 2019; Wang et al., 2019; Fang et al., 2020). These recent examples, together with the critical investigation of the literature indicate that the scientific background on this subject is, however, plentiful and rapidly rising, but extremely various and it is nearly unattainable to afford a complete description of all the possible applications. For this reason, the purpose of the present review is to provide a selection of insights dedicated to electrical properties of micro-assembled nanocarbon fibers with no metal present (hereafter all-carbon fibers).



THE FIRST DEVELOPED CARBON CONDUCTIVE WIRES

In 1838, Marcellin Jobard was the first who experienced a “glow lamp” based on carbon, a vacuum bulb containing a small strip of carbon used as a conductor of a current, emitting an intense, fixed, and durable light. In the late century, Henry Woodward, Mathew Evans, Joseph W. Swan, Thomas A. Edison and Alessandro Cruto were among the first scientists pioneering on electric lighting. After the first approaches with metal filaments placed outside or inside a vacuum bulb, apart from one another they realized that low cost, high-resistance filaments of about a few hundred ohms were required for reducing the sizes of the electric lamps. Thus, pyrolyzed carbon filaments were identified as the best possible candidate materials and some of whom filed separately patents. Edison and Swan are perhaps the more famous, but not the first inventors of the electric lamp, while the most durable ones were probably obtained by Alessandro Cruto. In this context, besides the higher number of patents, Edison’s contribution has been a series of requirements, characteristics and methods required to fabricate durable electrical lamps. After about 20 years, in 1904, a new revolution appeared in the light bulbs: the tungsten coiled coils in a bulb filled with inert gas soon substituted carbon filaments, due to its brighter light and better durability.



CARBON FIBERS

The fabrication of carbon fibers could be traced back to Joseph Swan, who in 1860 produced for the first time carbon fibers from cellulose filaments for light bulb applications, but the first high-performance carbon fibers were manufactured only one century later (1958) by Union Carbide. Such fibers were fabricated by heating under inert gas at a relatively high temperature rayon fibers until their carbonization. However, the method was demonstrated to be ineffective, because fibers were stiff, with low strength and contained only c.a. 20% of carbon. In the early 1960s, new processes from polyacrylonitrile (PAN) were developed to produce carbon fibers made of more than 99% carbon and in the next years new generation carbon fibers with high-tensile modulus and mechanical strength were obtained by playing with process parameters (very high temperature) and precursor types (i.e., rayon, PAN, pitch). The carbonization at high temperature was optimized to eliminate heteroatoms (N, S, O, H) and to constitute a graphitic structure. PAN is by far the most used precursor of today’s carbon fibers by following several steps (thermal oxidation, carbonization, graphitization and surface treatments) (Figure 1A), while the other precursors, the cellulose type (including Rayon) and pitch (Figures 1B,C), require different process routes. The morphology of a carbon fiber obtained from PAN is SEM imaged in Figure 1D, together with a few models of the crystalline domain arrangements and surface chemistry. Furthermore, depending on the precursor type and process, carbon fibers can be produced with a wide range of properties: when they are subjected to thermal treatments above 1500–2000°C, they exhibit a more ordered arrangements (Figure 1E), possess a very high elastic modulus, higher thermal and electrical conductivities and have a carbon content > 99%. Sometimes they are called graphitic fibers. Fibers obtained at lower temperature contain a lower C amount (93–95%) and possess lower mechanical properties and conductivities. Apart from the foremost use in fiber-reinforced composites, carbon fibers are used in electrode/microelectrodes (i.e., a single carbon fiber), flexible heating applications, whenever a low wear friction on the contact interface is required (e.g., brush contact).
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FIGURE 1. Fabrication steps of carbon fibers from (A) polyacrylonitrile (the most used precursor): oxidation and crosslinking of the PAN fibers, pyrolysis and possibly, the graphitization step occurring at the higher temperatures under inert atmosphere or vacuum conditions; two other conventional precursors of carbon fibers: (B) cellulose and (C) pitch; (D) morphology, structure and surface chemistry of PAN-derived carbon fibers; and (E) evolution of the carbon structure with the increasing temperature from amorphous to crystalline structure (i.e., hexagonal graphite).


Despite their excellent mechanical properties and some peculiarities (PAN-based fibers have a turbostratic structure: contain basal planes slipped out of their alignment, thus exhibiting high tensile strength, while pitch-derived fibers show higher Young’s modulus, high stiffness) and peculiar thermal/electrical conductivities (Chung, 2017), carbon fibers do not represent the end, but the beginning of new classes of fibers. In fact, carbon fibers display a polycrystalline nature (Figures 1D,E), plenty of grain boundaries/defects, close voids and a rough morphology as schematized in the insets of Figure 1D, with consequent limitation in properties when compared to the graphite counterpart. This can be considered a straightforward consequence of the direct pyrolysis of organic precursors.



VAPOR GROWN CARBON NANOFIBERS (VGCFS), MULTI-WALLED- AND SINGLE-WALLED CARBON NANOTUBES (MWCNTS AND SWCNTS)

Since the 1950s, the formation of graphitic filaments from hydrocarbons or CO was observed as deposits, often accidentally, on various substrates inside the tube of furnaces (350–2500°C) (Bacon, 1959). However, the fabrication of carbon fibers and nanofibers became more attractive with the catalytic decomposition of hydrocarbons promoted by metal (i.e., Fe, Ni, Co, alloys) and metal oxide nanoparticles, due to the lower deposition temperature (350–800°C) (Tibbetts, 1985). There are many scientific articles, book chapters and books dedicated to this topic. For an in-depth examination of this subject the reader can refer to the specific literature (Iijima and Ichihashi, 1993; Rodriguez et al., 1995; Ajayan, 1999). Briefly, it is important to recall the fact that three different types of precursors (solid, liquid and gas) are of interest. Solid and liquid carbon precursors are attracting the interest owing to their high availability and low cost, while hydrocarbons are the most popular ones due to the fact that, thanks to their purity, they can be considered as model systems. On this subject, it is commonly accepted that when hydrocarbons are used, the reactions proceed at the exposed surfaces of metal catalyst and carbon nanostructures under formation are shaped by metal nanoparticles (Cesano et al., 2005; Li and Pandey, 2015). The growth mechanism of carbon nanostructures is therefore governed by bulk diffusion, carbon concentration gradients and temperature of reaction (Derbyshire et al., 1975; Iijima et al., 1992; Rodriguez et al., 1995; De Jong and Geus, 2000; Kharlamova, 2017). Depending on the catalyst type, temperature of reaction, metal particle sizes and growth methods, different types of structure can be observed (Li and Pandey, 2015; Kharlamova, 2017) (Figures 2A,B). In this regard, carbon nanotubes (SWCNTs and MWCNTs) can be distinguished from nanofibers by the different stacking of the carbon layers, and the little metal nanoparticles are cut out for the synthesis of SWCNTs, whilst bigger catalyst particles promote the MWCNT/nanofiber formation (De Jong and Geus, 2000). In the same way, large-area graphene films can be obtained by following a bottom-up approach by using a carbon feedstock and a metal catalyst (i.e., mainly Cu, Pt, Co, but also Ni and other metals) and by controlling the hydrocarbon concentration and the cooling rate during graphene growth. The reader may refer to the dedicated literature (Li et al., 2009; Reina et al., 2009). In this manner, the uniformity and the thickness of one- and two- or a few layers can be largely controlled (Lee et al., 2017) (Figure 2C). Deposition at a temperature as low as 300°C has been reported by Vishwakarma et al. (2019) by using a microwave plasma CVD method by adopting ppm CO2 during growth from CH4 for the control over vertical graphene growth, and O3 treatment for increasing transmittance and carrier mobility. On the other hands, 2D graphene family materials (i.e., single-layer or few-layer graphene sheets, graphene oxide and reduced-graphene oxide) with lower quality and smaller lateral sheet dimensions can be obtained by using a top-down approach by following a mechanical or a chemical exfoliation (Harun et al., 2019).
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FIGURE 2. Fabrication scheme of 1D and 2D carbons from molecular precursors (or pre-constituted CNT/graphene structures): (A) carbon nanofibers (CNFs), (B) single-walled and multi-walled carbon nanotubes (SWCNTs, MWCNTs); and (C) 2D carbons obtained from “bottom-up” and “top-down” approaches: graphene, graphene oxide (GO) and reduced graphene oxide (r-GO).




FIBER INTERCONNECTS: VAN DER WAALS INTERACTIONS AND COVALENT BONDING

It is known that mechanical properties, thermal and electrical conductivities of carbon fibers are limited by presence of defects and by the weak interactions among adjacent fibers (Lekawa-Raus et al., 2014b; Fang et al., 2020; Wang et al., 2020). Cesano et al. (2005), Veedu et al. (2006), and Anthony et al. (2018) have shown the interconnection of fibers by means of catalytically grown nanofilaments (carbon nanofibers and carbon nanotubes) by using C2H4 or xylene at 700 and 800°C (Figure 3).
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FIGURE 3. (A) Schematic representation of carbon nanofilaments-interconnected carbon fiber assemblies as obtained by C2H4 catalytic decomposition at 700°C; SEM and AFM images of: (B) the native carbon fibers used as support; In the top and bottom insets of (B) the morphologies of a nickel catalyst nanoparticles supported on carbon fiber and of the wrinkled surface of the native carbon fibres; (C) interconnection and (D) densification of the carbon fiber support by carbon nanofilaments as obtained under static (700 Torr) and dynamic conditions (100 ml/min) after 1h of reaction time; (E) schematic representation of carbon fiber-graphene assemblies as obtained by CH4 thermal decomposition at 700°C; (F) SEM images of the native PAN nanofibers; and (G,H) SEM and TEM images of the graphene-coated carbon fibers. AFM image scalebars are 300 nm. Panels (B–D) adapted from Cesano et al. (2005) with permission from American Chemistry Society. Panels (E–H) adapted from Zeng et al. (2018) with permission from Wiley-VCH.


The authors displayed that the metal nanoparticles (Fe, Ni) go away from the surface of the fibers where they were initially located and move on the tip of the filaments under formation, acting as independent catalytic centers (Cesano et al., 2005). Such catalytic nanoparticles transferred into the structure of the growing nanofilaments, play a big part in the ongoing formation of interconnected CNF entanglement, which connects the adjacent CFs and at later stages the densification of a more compact CNT/CFs composite can be obtained (Figures 3A–D). Recently, Zheng et al. (2020) have shown the 3D assembling of graphene sheets directly grown on carbon fibers by thermal CVD. The carbon nanofibers, previously obtained by electrospinning of PAN fibers, were stabilized (in air) and carbonized at 1100°C (under NH3). The authors observed a remarkable densification of the graphene nanosheets, with the growth time and the filling of the space between composite fibers for prolonged reactions (10h) (Figures 3E–H). In a recent paper, Karakassides et al. (2020) have recently reported the catalyst-free growth of radially aligned graphene nanoflakes on carbon fibers by means of microwave plasma-enhanced chemical vapor deposition (PECVD) process with CH4 and N2 gas mixture under vacuum conditions (total pressure = 15 Torr). Together with a remarkable increment of the mechanical properties, the authors observed that both, electrical conductivity and specific capacitance (Csp), resulted to be improved (from c.a. 160 S/cm to c.a. 257 S/cm and from c.a. 0.27 mF/cm2 to c.a. 0.65 mF/cm2, respectively), due to the reduction of the contact resistance between graphene flakes and carbon fibers.



THE ASSEMBLING OF CNTS AND GRAPHENE TO FORM FIBERS

CNTs and graphene are well known to be used in polymer matrix composite materials (i.e., bulk materials or films), while in some application fields carbon-based polymer fibers find a specific use. In recent papers, Salavagione et al. (2018) and Lu et al. (2019), reviewed potentialities (and limitations) of CNT/polymer and graphene/polymer fibers, respectively. Briefly, the state of the art of polymer-based fiber shows the potential in some fields of application, including the electromagnetic shielding, wearable and smart textiles or as electrodes, but such composite fibers do not nearly reach the thermal and electrical conductivities of metals. The need to go beyond the characteristics of polymer matrix composites has stimulated the development of nanocarbons assembled into fibers, whose interest is particularly significant from the practical point of view, if they go beyond the mechanical properties of carbon fibers and provide thermal and electrical conductivities close to or beyond those of metals (i.e., Cu, Ag). Although the theme of the carbon-based yarn fabrication is much broader than that described here, it can be further examined in some recent dedicated papers (Miao, 2013; Kou et al., 2017; Zhang et al., 2019; Yin et al., 2020). The quality of CNT and graphene fibers depends on a large extent on the fabrication process, by following solid-state or liquid spinning approaches. The spinning techniques take advantage at the molecular level of the polymer science (Cheng and Lee, 2016; Cecone et al., 2018; García-Mateos et al., 2019; Mohammadzadehmoghadam and Dong, 2019).

CNT yarns can be easily obtained from vertically grown CNTs by the direct dry-spinning procedure (Figure 4A) or twisting during spinning taking advantage of the van der Waals forces acting among the vertically grown SWCNTs and/or MWCNTs to arrange them into micro-sized ropes of an unlimited length (Jiang et al., 2002; Li et al., 2004; Zhang et al., 2004, 2005). The resulting structure could be very different depending on the spinning parameters and twisting procedure (if adopted) (Figures 4B–D). Otherwise, the CNT and graphene fiber can be obtained by electrospinning or wet spinning procedures (Figures 4E,F), which confer a peculiar morphology to the fiber (Figure 4G). Post treatments have been found to increase the density and the properties of the fibers.
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FIGURE 4. Macroscopic assembling methods of: (A) CNT fibers from a forest of CNT arrays by spinning; (B–D) SEM images of the CNT ropes after spinning and twisting steps; (E) CNT/graphene fibers by electrospinning and (F) graphene fibers by wet-spinning/coagulation methods; and (G) SEM image of the graphene fiber. Panels (B–D) adapted from Zhang et al. (2007) with permission from Wiley-VCH. Panel (G) reproduced from Zeng et al. (2018) with permission from Wiley-VCH.


A note can be drawn about the comparison between the different preparation methods for CNT fibers. The yarns can be fabricated by the fixed-catalyst CVD, with CNTs directly spun from a floating-catalyst CVD reactor, which is a relatively more simple and clean procedure (i.e., no solvents and acids are needed) or wet-spinning method. The last procedure can provide fibers with the best conductivity (8.5 × 104 S/cm) (Tsentalovich et al., 2017) for CNT fiber probably arising from a doping step, due to the strong acid treatment in the coagulation bath. Below electrical properties of fibers coming from the wet spinning method, the floating-catalyst CVD procedure provides better conductivity, as compared to CNT arrays (Dini et al., 2019). Furthermore, SWCNTs or DWCNTs are by far the best candidates to achieve better fiber performances. The arrangement of nanotubes into aligned CNT arrays yields fibers with much better properties, whilst more entangled arrays give poor characteristics (Kou et al., 2017). Furthermore, the long length and the large aspect ratio of individual nanotubes are known to play a relevant role in achieving good properties. Interestingly, Behabtu et al. (2013) fabricated CNT yarns after dissolving CNTs in chlorosulfonic acid by the wet spinning method, similar to the process commonly used to produce high-performance industrial fibers. Together with electrical properties that will be discussed later, such fibers were tested for mechanical and thermal properties. Briefly, tensile strength (1 GPa) and modulus (120 GPa), were determined together with an elongation at break of 1.4%. The same fibers displayed a thermal conductivity of c.a. 380 W/m K−1. The same authors determined the effect of doping with iodine. As a result, the thermal conductivity was increased by 100% (635 W/m K−1) even after thermal annealing at 600°C. From these, we can conclude that optimal morphology and structure (i.e., alignment of CNTs, high packing density, lack of impurities and defects) are crucial for the final properties of CNT fibers.

As far as graphene fibers are concerned, the two-dimensional structure and crystal domains with finite dimensions dictate a few considerations. First of all, layered structures are very flexible, but their structural organization in a yarn of indefinite length, implies a stacking (Figure 5). A full scale approach to minimize defects from atomic to macroscale levels was attempted by Xu et al. (2016). The authors used large GO liquid crystals and the wet-spinning method with continuous stretching during the process to obtain the ordered orientation of graphene sheets along the axis of fibers. The control over the concentration and nozzle diameter together with the thermal treatment at 3000°C helped to perfect the atomic structure of graphene. The obtained fibers demonstrated a series of record properties, including ultrahigh stiffness (282 GPa), tensile strength (1.45 GPa) high electrical conductivity (8 × 105 S m–1) and ampacity (2.3 × 10 10 A m–2).
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FIGURE 5. Structural models of: defects in GFs from the macroscale to the atomic scale of chemically reduced GO (top panels); high-quality defect-free GFs (bottom panels). Adapted from Xu et al. (2016) with permission from Wiley-VCH.




HIGHLY ELECTRICALLY CONDUCTIVE METAL-LESS CONDUCTORS

Conventional and unconventional materials for electrical wiring are listed in Table 1. In almost all cases, the Drude model of electrical conduction is a good approximation. Among metals, the best conductors have one electron in their outermost shell layer (metal Cu: 2, 8, 18, 1; metal Ag: 2, 8, 18, 18, 1; and Au: 2, 8, 18, 32, 18, 1). It is well known that conventional electrical conductors operating nearly room temperature are commonly based on copper (5.8 × 105 S/cm) or silver (6.4 × 105 S/cm at 25°C). Both metals require only a weak field to strip one electron as compared to other metals or elements. Graphite is a non-metallic material two orders less conductive than metals (2–3 × 103 S/cm). Depending on the precursor type, the preparation process and the heating temperature, carbon fibers exhibit a relatively lower conductivity than graphite. The conductivity at room temperature is, for a fact, found to be unaffected by heating the material up to ≈2500°C, while above this temperature, it increases becoming closer to that of graphite (Tsukamoto et al., 1986).


TABLE 1. Electrical properties at room temperature of CNT/graphene-based fibers, including some reference materials.

[image: Table 1]In principle, an assembled carbon yarn could virtually transport electricity like a ballistic conductor and the behavior could be well interpreted in terms of electrons and holes with the Drude model of electrical conduction (Fujita and Suzuki, 2010). However, fibers made exclusively of the same metallic (armchair) SWCNT type or graphene strips, defect-free and infinitely long, are by now technologically unfeasible. Thess et al. (1996) observed the self-organization of SWCNTs into ropes of 5–20 nm in diameter. The authors measured at room temperature a resistivity of c.a. 10–4 Ω cm (c.a. 104 S/cm), a value that is two orders of magnitude higher than that of single metallic CNTs. The conductivity of individual tubes is often two orders of magnitude larger than their assemblies, thus highlighting the role played by the contact resistances at the interfaces of the single nanotubes (Li et al., 2007). As the overlap of nanoconductors make possible electrical connections and that an infinite number of junctions is present in the fiber, Xu F. et al. (2013) demonstrated that the energy gap introduced by long junctions can be overcome by small voltage (∼0.04 V) across the whole fiber. Lekawa-Raus et al. (2017) calculated that there is a theoretical conductance limit, which depends on the fiber length, and is 5.9 × 1011 S/m, 5.9 × 1013 S/m or 5.9 × 1016 S/m for a 1 cm, 1 m or 1 km long fiber of 10 μm in diameter, constituted by (metallic) (10,10) armchair SWCNTs. Interestingly, the authors have also demonstrated that the conductivity scales inversely proportionally to the CNT diameter for an ideal fiber. Barnett et al. (2019) and Lepak-Kuc et al. (2019) have shown via experimental and theoretical approaches the dependence of the electrical contact resistance at the junction regions between CNTs (SWCNTs and/or MWCNTs) and between CNTs and graphene interfaces by considering morphology, structure (i.e., chirality). Interestingly, it was shown that when there is a large mismatch (i.e., alignment of the 6-member rings within adjacent CNTs) and a large diameter ratio among two intersecting carbon nanotubes, an increased resistance of three orders of magnitude was measured at the junction region (c.a. MΩ compared with c.a. kΩ measured far from the crossing point) (Barnett et al., 2019). The authors also showed that, in agreement with the unit cell dimensions (Meunier et al., 1999), a clear periodic dependence of the resistance on the periodicity of 2–3 Å was obtained. These and other concerns stimulate the realization of macroscopic assembles of nanocarbons to form fibers, even though in reality the availability of infinitely pure and selected “building blocks” still requires development, especially from a practical point of view. Moreover, the overall properties of the assembled fibers are determined in a large extent by composition, morphology and structure (i.e., orientation and type) of their basic units and their interconnection characteristics, which are controlled by the precursor type and preparation procedure (Fang et al., 2020).

The fibers containing carbon nanostructures can have a very wide range of electrical conductivity. In principle, both CNTs and graphene exhibit semimetal characteristics and their conductivities are few-orders of magnitude higher than that of their macroscopic assemblies, which behave as semiconductors (Li et al., 2007; Fang et al., 2020), thus suggesting that the contact resistance at the interface plays a significant role. Commonly, the temperature dependence with electrical properties indicates that the conductivity of all-carbon fibers increases from low to room temperature (semiconducting behavior) (Li et al., 2007; Dini et al., 2019, 2020; Fang et al., 2020), but with lower dependency than carbon counterparts (i.e., graphite, graphite fibers). In graphene and CNT fibers the electron transport properties are dominated by hopping mechanism (Li et al., 2007; Fujita and Suzuki, 2010; Liu et al., 2016). Electrical transport properties, investigated by Dini et al. (2019) in a large range of temperature (3–350 K), indicated that resistivity decreases exponentially below 70 K due to the prevailing intercontact effects among CNTs, while above 70 K the resistivity decreases linearly and the intrinsic CNT resistivity properties prevail. Interestingly, the same authors estimated the resistivity in their CNT bundle to be ∼8 × 10–4 Ω⋅cm (1.25 × 103 S/cm), which was very close to that of CNT yarns (1.1 × 10–3 Ω⋅cm, corresponding to 9.1 × 102 S/cm) at room temperature and they concluded that the CNT bundle resistivity is the limiting factor in the CNT fibers. In the same experiments, it was also observed at room temperature that the electrical transport was not affected by densification of CNT fibers and the contacts between CNTs.

As reported by some authors, properties of carbon ropes made of individual CNTs or graphene sheets, can be increased by the heat treatment. Xin et al. (2019) have precisely determined the effect of thermal heating up to 2850°C for graphene fibers, but the same conclusion can be remarked for CNT fibers (Dini et al., 2020). Wang et al. (2020) reported that when fibers were subjected to Joule heating a significant enhancement of mechanical and electrical properties can be observed. The authors described the increase in properties with the formation of chemical bonding of individual CNTs by means of 1,3,5-tris(2′-bromophenyl) benzene (2TBB) acting as a cross-linking agent. Crosslinking with 2TBB increased the tensile strength of fibers by 47% and enhanced the electrical conductivity by a factor of c.a. 100 (from 160 up to about 10200 S/m) after passing a current through the fiber, with the consequent localized heating at the more resistive CNT junctions. The selective thermal dehalogenation of the organic precursor, for a fact, may lead to the covalent bonding formation. In another recent paper, Hada et al. (2019) reported that the Joule annealing (c.a. 1800°C) of CNT fibers of c.a. 20 μm in diameter, caused the interfacial amorphous carbon phase to be converted into graphene fragments between adjacent CNTs. Liu et al. (2012) described the CO2 laser induced annealing of CNT fibers under vacuum conditions (10–6 Torr). The laser light absorbed from the (black) CNTs, may promote a local heating (Cesano et al., 2013) and similar to a conventional heat treatment, leads to the reduction of defects with the consequent increment of the mechanical and electrical properties.

On the other hands, the addition of graphene flakes within a CNT wire to constitute a hybrid composition has been shown to increase the electrical conductivity, current-carrying capacity (or ampacity, which can be defined as the maximum current in amperes, that a conductor can carry continuously under the conditions of use and without exceeding its temperature rating) and doping properties (Li and Pandey, 2015; Lepak-Kuc et al., 2019). Besides the remarked relevance of the graphene flake characteristics, of the fiber purity and of the solvent properties, the authors explained that graphene flakes constitute effective bridges by means of a theoretical model. Such bridges create Fermi level states inside the CNTs bands, with the consequent increase of current and electrical conductance in the system, while doping can enhance the conductance of the hybrid assembly. The doping of the carbon and the related electrical conductivity is discussed in the next section.

Along with CNT fibers, some important concepts for achieving higher electrical properties can be summarized. Firstly, metallic nanotubes may exhibit ballistic transport, but the defects and impurities (i.e., catalyst and amorphous carbon on the surface) interrupt the electron transport and promote a random scattering with the consequent increase of the contact resistance at the interface between CNTs (Lekawa-Raus et al., 2014b). Secondly, the choice of metallic SWCNTs, DWCNTs or a few walled CNTs together with the annealing at the high temperature (higher than c.a. 2000°C) of the assembled fibers play a significant role in targeting the high conductivity (Wang et al., 2014). Lastly, the control over structure and defects of fibers (i.e., voids, pores, tube misalignment) is necessary to further mitigate the contact resistance (Zhang et al., 2019). Considering the different methods of the CNT fiber preparation, we can conclude that among the best electrical conductivities of CNT yarns are obtained by the wet spinning techniques of SWCNTs and DWCNTs (∼9 × 104 S⋅cm–1) (Tsentalovich et al., 2017). However, in some of these preparations, CNTs are often in the presence of strong acids, raising the doubt that acid doping could be the main responsible for the high fiber conductivity. Along with the other CNT fiber preparation methods, CNT can be directly spun into fibers from floating catalyst CVD or fixed-bed CVD processes and the observed conductivity is of the order of ≈103–104 S⋅cm–1 (Liu et al., 2012; Lekawa-Raus et al., 2014a) with best values when the densification is optimized (e.g., rolling under pressure) (Wang et al., 2014).

As far as graphene fibers are concerned, some important concepts for achieving higher electrical properties can be summarized. Firstly, polymer based-graphene fibers exhibit a limited conductivity. Secondly, the heating temperature as high as ≈2000°C or more is necessary to have a significant effect on the conductivity (Xin et al., 2019). Lastly, due to the polycrystalline nature of the graphene domains and the three-dimensionality of the microfiber backbone, the control over the orientation of graphene sheets and concentration of defects (i.e., from the macroscale to the atomic scale: random wrinkles at the surface, core-shell and along axis inhomogeneities, voids/porosity, sp3-C terminations at the boundaries) is necessary (Xu et al., 2016). Surprisingly, Liu et al. (2017) assembled macroscopic graphene fibers intercalated with Ca (Ca 10 wt%). At very low temperature (∼11 K) the Ca-doped fibers exhibited a superconducting transition.

All the previous considerations are valid with direct current (DC), while for the conductivity in alternating current (AC) other factors should be also considered, because the signal transport through a conductor becomes difficult at the high frequency, due to skin and proximity effects. Skin effect occurs in a conductor at high frequency with a distribution of the current density, leading to a higher resistance. The alternating flux in a conductor, caused by the current of the other near conductors, results an apparent increase in the resistance and is called proximity effect. Theoretically, a single SWCNT should be unaffected by skin effect. It is expected that the tubular nature at the nanoscale of CNTs should mitigate both the skin and proximity effects, thus enabling a high frequency transport superior to typical metals (Lekawa-Raus et al., 2014b, 2017). However, the literature on this subject is still very limited.



THE ROLE OF CHEMISTRY TO INCREASE THE CONDUCTIVITY

In a recent study, Lee J. et al. (2019) reported an optimized method, in which the wet spinning of CNTs in chlorosulfonic acid (CSA) followed by stretching of the fiber in a coagulation bath, allows to rearrange entangled CNTs and to increase the alignment of nanotubes. The authors reported that the highly packed and aligned CNTs confer high mechanical and electrical properties to the fiber (among the record observed for the undoped CNT fibers reported in Table 1). However, the electrical properties of the conductors seem to be limited by the multidomain structure of the assembled CNTs/graphene sheets, which are regularly and continuously aligned and reoriented along the axial direction (Xu and Gao, 2015). Molecular assembly strategies alone (Aboutalebi et al., 2014; Kou et al., 2017) would not allow to surpass the electrical conductivity of metals. On the other hand, it is generally observed that the infiltration with polymers resulted in a significant decrease in electrical conductivity (Lu et al., 2012).


Beyond the Conductivity of Carbon Yarns and Fibers: Doping and Intercalation

The doping paradigm to increase the electrical properties of carbon-based conductors is not new. Since the last century the graphite intercalation compounds (GICs) with halogens, alkali compounds were studied (Hennig, 1952; Ottmers and Rase, 1966). It was found that a remarkable variation of the free-carrier concentration allows the enhancements of the electrical, thermal and magnetic properties of the host material (Dresselhaus and Dresselhaus, 2002). Most of the recent studies on conductors based on doped carbons have examined the case of carbon nanotube fibers, while the literature on graphene fibers appears moderately more limited.

Randeniya et al. (2010) showed that metal nanoparticles (Cu, Au, Pd, Pt) doped CNTs are able to reach metal-like electrical conductivities (2–3 × 105 S cm–1) that are three orders of magnitude higher than the uncoated carbon fiber backbones. According to this, the approach to improve specific conductivity suggests that alkali metals (Li, Na, K) act as n-dopant, while halogen (Cl2, Br2, I2), oxidants (HNO3, SOCl2, H2O2), FeCl3, PtCl4 and MoCl5 as p-dopants (Liu et al., 2016; Liu Y. et al., 2020; Zhang et al., 2019). Other used dopants with molecular structure are H-carbazole (p-dopant) and phosphine derivatives (n-dopants) (Lee T. et al., 2019). A general result of the doping process is the change in the color close to the saturation percentages: pure all-carbon fibers are silver gray (i.e., graphite) or black (i.e., assembled CNTs), while FeCl3- and Br2-doped graphene fibers show dim luster appearance (15% and 10% of doping, respectively), while K-doped fibers evolve from silver gray to bright-golden yellow (26% of doping) (Liu et al., 2016), due to Drude plasma frequency shifting into visible range (Fischer, 2006) together with the increasing concentration of carriers and in analogy with graphite intercalation compounds (Dresselhaus and Dresselhaus, 2002) (i.e., charge transfer into the antibonding π∗-band or from the bonding π-band thus acting as donor or acceptor guests, respectively Clancy et al., 2018). The increased carrier density and the mobility in doped fibers may allow a higher electrical conductivity, which was found to show the same temperature dependency with small variation than pure all-carbon fibers. All these elements imply that the band structure evolves from a two-carrier semimetal model of graphite to one-carrier free-electron-like metal model with the increasing of the dopant concentration (Fischer and Thompson, 1978).

Recent studies suggest that the electrical properties increase with the amount of dopant due to the shifting of the Fermi level, although there is an intrinsic limit of the doping loading (Zhang et al., 2019). Zhao et al. (2011) reported the preparation of I-doped CNT fibers with electrical conductivity as high as 6.7 × 104 S/cm. With the doping with iodine, polyiodide chains are formed. Together with I[image: image] and I[image: image] species, the hole concentration was found to be one order of magnitude higher (from c.a. 1.65 × 1018 cm–3 to 2.90 × 1019 cm–3) (Zhang S. et al., 2017). Together with improved carrier mobilities, a similar increased charge carrier concentrations (holes) (i.e., p-type doping) of 2.69 × 1020 cm–3 and 1.43 × 1020 cm–3 (from 3.96 × 1019 cm–3 of pure graphene) for Br2- and FeCl3-doped graphene, while K-doped graphene showed n-type characteristics (i.e., carrier type: electron) with a much higher carrier concentration (2.07 × 1021cm–3) that is a value closer to the carrier mobility value of metals (c.a. 1022 cm–3), as obtained with Hall effect measurements in a van der Pauw geometry by Liu et al. (2016), Liu Y. et al. (2020). In another paper, Zhang and Fahrenthold (2019) reported the highest doping density with K atoms on the graphene surface as obtained by adding one dopant per two carbon hexagons, thus giving a structure corresponding to KC8 (Zhang and Fahrenthold, 2019), while 15% and 10% are nearly the saturation doping percentages for FeCl3 and Br2, respectively (Liu et al., 2016). Along the dopant series, K and I appear to be the most promising, but they have been also found somehow instable in air and the fiber structure may undergo an immediate degradation by moderate temperature exposures. The preparation of iodine-doped DWCNT cables with electrical resistivity achieving 10–5 Ω⋅cm (6.7 × 104 S/cm) has been reported by Zhao et al. (2011). The authors reported that cables of different diameters ranging from 4 to 45 μm display high current carrying capacity (109–1010 A/cm2), which is of three orders of magnitude larger than those of metals. In the paper, DWCNT yarns with smaller diameter were found to have larger resistivity compared to larger diameter fibers, thus indicating the role played by voids, other defects and skin effects on the conductivity. The electrical conductivity boosted to a metallic level has been observed for doped-graphene and carbon nanotube fibers (Xu and Gao, 2015; Fang et al., 2020). In a recent paper, Lee T. et al. (2019) have shown the fabrication of flexible thermoelectric generators based on CNT fibers. Interestingly, the authors reported that by optimizing the alignment degree of CNTs and doping the nanotubes with H-carbazole and phosphine derivatives (p- and n-dopant, respectively) the carrier mobility increased with an improvement of the power factor of the generator. In another recent paper, Hada et al. (2019) reported the thermoelectric application of Joule annealed CNT yarns undoped and doped with polyethylenimine (PEI). Surprisingly, Joule annealed undoped and PEI doped CNT fibers exhibit remarkable Seebeck coefficients (+ 100 μV/K and −100 μV/K, respectively), which are values close to those of inorganic thermoelectric materials. Furthermore, Joule heating of the CNT yarns after PEI doping (n-dopant) was found to increase the conductivity of the yarns of about three times (105 S/m). Liu Y. et al. (2020) have recently reported the intercalation of graphene films by means of MoCl5. The room temperature conductivity of the film reached the record value for the graphene series of 1.7 × 10–5 S cm–1. Interestingly, the authors reported a significative dependence of the conductivity with the doping amount together with a long-term stability under environmental conditions (> 1 year), thermal (140°C) and chemical resistance against some MoCl5 solvents (acetone, carbon tetrachloride, ethanol and H2O).

In summary, the chemical doping has the potential to improve the thermal and electrical conductivities of CNT and graphene fibers. Notwithstanding the increase observed for doped systems, the electrical conductivity of carbon yarns becomes comparable or higher than that of metal filaments. Another advantage of carbon-based filaments over metallic filaments is that they allow a remarkable chemical resistance. However, the temperature and time stability under working conditions still needs further investigations and improvements.



A-Few Characterization Techniques

3D X-ray tomography (3D XRT) is a non-destructive method, which now offers a spatial resolution down to ∼10 and 50 nm in synchrotron and lab facilities, respectively. The method could be applied to examine structure, porosity, cracks phase distribution, external habit of fibers (Figure 6), thus highlighting also interfaces within the structure of the assembled fiber (Headrick et al., 2018).
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FIGURE 6. Phase contrast X-ray computed tomography images of CNT fiber cross-sections for three type of fibers prepared by twisting (A) thick, (B) thin, or (C) by solution-spinning from coagulation bath. SEM images of the same fibers are reported in the insets. Adapted from Headrick et al. (2018) with permission from Wiley-VCH.


X-ray scattering techniques can provide useful insights of the fiber scaffold and of its components. Although, from X-ray diffraction (XRD) patterns, the structure of CNTs appears close to those of graphitic materials due to their intrinsic nature, 3D XRD analysis can further provide the fiber crystallite sizes along both, longitudinal and transversal directions (Xin et al., 2019). In addition, XRD measurements can be also utilized to study the nature of intercalated compounds (e.g., doping) with the appearance of peaks corresponding to the d-spacings larger than 0.334 nm (002) peak of graphite. For example, Zhou et al. (2017) reported the occurrence of a series of peaks indexed as (00l) with d-spacings of 0.53 nm and of 0.43 nm in K-doped graphene film intercalation compounds. The same (00l) peak series was identified together with a shifting toward lower 2θ values (Liu et al., 2016) (Figure 7A). The same authors reported also interlayer spacings of 0.34 nm and of 0.49 nm for Br2- and FeCl3-doped graphene fibers, respectively. Ca-doped carbon-assembled fibers was reported to show a series of (00l) reflections with d-spacings of 0.45 nm, 0.34 nm, and 0.23 nm indexed as (003), (002), and (006) (Liu et al., 2017). Wide-angle X-ray scattering (WAXS) technique can be informative about the structure and orientation degree along the fiber axis (Xu et al., 2012, 2016; Alemán et al., 2015). Small-angle X-ray scattering (SAXS) was performed by Xu et al. (2012, 2019) to investigate the size and shape confinements in the fiber of the carbon building blocks and optimize the fluid dynamics in the wet-spinning of the graphene fiber fabrication (2D SAXS configuration). Lamellar structural information is of particular interest when GO or liquid crystals are used in presence of nematic, lamellar and chiral compounds (Kumar et al., 2017; Clancy et al., 2018; Fang et al., 2020). This fact is however not surprisingly, due to the familiar concept in polymer science.
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FIGURE 7. (A) XRD patterns of the pure and doped graphene fibers. Raman spectra of: (B) doped graphene fibers in the lower wavenumber region and (C) pure and doped graphene fibers in the higher wavenumber region; (D,E) SEM images of the graphene fibers obtained at different magnification (Scalebars: 20 μm in D and 5 μm in E); (F) XPS spectrum of the Br-doped graphene fibers; and (G–I) Elemental mapping images of iron, chlorine, and potassium doped graphene fibers (Scalebars are 50 μm). Reproduced from Liu et al. (2016) with permission from Wiley-VCH.


Raman spectroscopy is one of the main analytical techniques that provide a detailed picture about chemical structure, phase, crystallinity and molecular interactions, not only of the CNTs and graphene sheets, but also of the final assembled fiber. A detailed description of CNT and graphene Raman features goes beyond the scope of this review and can be found elsewhere (Dresselhaus et al., 2010; Saito et al., 2011; Eckmann et al., 2012; Jain et al., 2017; Groppo et al., 2018). Among all fingerprints, the presence of the D-band at about 1350 cm–1 comes from double resonance Raman effect corresponding to disordered carbon structure, while the G-band (c.a. 1580–1600 cm–1) is associated with stretching modes of the C-C bonds in graphitic materials commonly found in all sp2 carbons. This spectral feature associated with the curvature and appearing similar for nanotubes and graphene, reveals distinct characteristics allowing to distinguish a carbon structure from another one (i.e., multiple peaks in SWCNTs, a strong peak at c.a. 1582 cm–2 in graphene, etc.). A D-band overtone centered at about 2700 cm–1 and called 2D band can be found. The evolution of the 2D/D intensity ratio can be used to determine the number of the stacked graphene layers (Papageorgiou et al., 2017). Furthermore, an additional feature is found in SWCNTs known as radial breathing mode (RBM) of SWCNTs. This fingerprint can also provide a detailed description of the type, structure and diameters of the nanotubes. Interestingly and very recently, Park Y. et al. (2019) reported a reinterpretation of SWCNTs’ Raman fingerprints considering also opened tubular graphene structures (c.a. 2 nm in diameter). The authors associated the observed RBM band with a convolution of “localized RBM” (c.a. 170 cm–1) and RTM (radial–tangential mode) (c.a.190 cm–1), together with the D mode (c.a. 1350 cm–1), originated from the edge defects of graphene and the G– mode (c.a. 1570 cm–1) appearing red shifted from the G+ peak (c.a. 1590 cm–1) and with a different shape (due to a curvature effect). Notably, the alignment of CNT fibers can be assessed by polarized Raman measurements (Kou et al., 2017; Lee J. et al., 2019; Xin et al., 2019; Zhang et al., 2019). An increased IG ——/IGᅩ (G-peak intensity ratio obtained for the polarization parallel to that of the polarization perpendicular to the fiber axis, respectively) is an indication of the increased domain alignment. Raman spectroscopy is also worth of a special mention in the case of doped systems. As a matter of fact, the G band upshift is usually observed in doped CNTs and graphene also when the structural integrity of the structure is preserved. The reason is that G-band position, very sensitive to charge doping, shifts the Fermi level left from the neutrality point (Liu et al., 2016). Liu et al. (2016) have shown a double peaks (c.a. 1616 cm–1 and 1626 cm–1) of the G-band for FeCl3-doped graphene fibers. The author observed a similar G-band upshifting of c.a. 23 cm–1 and 25 cm–1 for K- and Br2-doped graphene fibers, respectively. Liu et al. (2016) showed Raman spectra with upshifted G peaks, together with an additional peak at c.a. 242 cm–1, which corresponds to bromine anions. Additional peaks at 135 cm–1, 174 cm–1, and 286 cm–1 can be found to verify the successful doping with FeCl3 (Liu et al., 2016) (Figures 7B,C). 2D band downshifting can be observed after doping. This fact arises from the not negligible lattice expansion occurred after doping.

Electron microscopies (scanning and transmission electron microscopy: SEM and TEM, respectively) are typically adopted techniques to investigate the morphology, structure and twisting properties of the assembled fibers (Aboutalebi et al., 2014; Zeng et al., 2018). Visual inspections of the fiber backbone, allows to identify multiscale defects, which include rough surface with wrinkles, degree of homogeneity of the structure, presence of larger pores and boundary regions at lower resolution (SEM), crystallinity and defects of CNTs and of graphene sheets, including vacancy defects, dislocation edges, stacking faults, grain boundaries and other features (HR-TEM), as well documented in some papers (Behabtu et al., 2013; Kou et al., 2014, 2017; Liu et al., 2016; Papageorgiou et al., 2017; Zeng et al., 2018; Fang et al., 2020; Yin et al., 2020) (Figures 7D–I). Furthermore, elemental mapping images can demonstrate not only the doping, but also the element distributions along the fiber. Focused ion beam (FIB) milling can be used to cut down a fiber with sections perpendicular and parallel to the axis of the fiber. Such sections can be directly SEM imaged to reveal the yarn structure and correlate changes in morphology and structure with properties (Sears et al., 2010).

X-ray photoelectron spectroscopy (XPS) measurements can be informative of the chemical state, and of the electronic state composition of the elements at the surface of fibers. Together with the characteristic peaks of both graphene and CNTs at 284.5 eV (C–C bonds) and 285.7 eV (C = C bonds), minor peaks at c.a. 286.2 eV, c.a. 287.8 eV, and c.a. 289.0 eV can be observed, due to the presence of C–O, C = O, and O–C = O functional groups, respectively. It is also observed that the intensities of oxygen-reach peaks increased with the oxidation time (Park H. et al., 2019). The incorporation of other dopants into CNT and graphene fibers can be also determined by XPS. The high-resolution spectra indicated C–N sp2 and sp3 bonding at 286.1 eV and 288.2 eV, respectively (Ryu et al., 2015), C–Br at 286.9 eV together with peaks at 257.2 eV, 182.9 eV, and 69.6 eV corresponding to Br 3s, Br 3p, and Br 3d.

Often the assembled fibers contain pores among nanotubes or sheets due to the microcrystalline nature of the carbon building blocks. A porosity would be beneficial for electrochemical and sensing applications (Xu et al., 2012; Cai et al., 2015; Fan et al., 2016; Park H. et al., 2019), but can limit the properties for electrical transport applications (Miao, 2011). For this reason, it would be convenient to investigate the porosity of the fiber by means of sorption techniques. Zeng et al. (2018) have obtained microporous CNFs with variable surface area (from c.a. 850 m2 g–1 to c.a. 7 m2 g–1 depending on the duration of the CVD process), due to the highly defective nature caused by NH3 etching. The authors observed an increase of the electrical conductivity with the densification of the fiber of one order of magnitude.

Contact angle measurements can provide important findings on the fiber-liquid interactions (Zhang L. et al., 2017; Zeng et al., 2018). The non-polar and polar surface energy components can be obtained and other wetting parameters (work of adhesion, spreading coefficient and wetting tension) can be predicted.

In most of the synthesis methods to obtain nanocarbons a material with a large variety of properties is produced. Such material contains also catalyst nanoparticles, amorphous carbon and other side-products. There are several methods to investigate carbon yarns, before/after fiber production and after the doping step. Among all, termogravimetric analysis (TGA) can be used to verify purity and thermal stability of the fibers (Lepak-Kuc et al., 2018; Lee J. et al., 2019). Due to the higher chemical reactivity in air, a decrease in weight in the 250–400°C range may be related to amorphous carbon elimination (i.e., from CNTs). The oxidation of more graphitized structures is, for a fact, expected to occur above 500°C in air. The loading of metal catalyst and of the inorganic supports (Al2O3, SiO2) of the initial carbon materials and/or their presence in the final fibers can be determined. If the fiber is undoped, the residue of the thermal treatment performed in air can be easily associated with the inorganic content of the catalyst and of the metal oxide support. A decrease in the stability of materials with a reduction of the oxidation temperature can be also observed after an acid treatment (e.g., H2SO4, HClO4) of purification or doping. Notice that, in general the strongly oxidized carbon materials are more reactive to the thermal treatments (Cravotto et al., 2011).



FRONTIERS OF THE CURRENT TECHNOLOGY

Behabtu et al. (2013) have demonstrated several applications of CNT fibers. Interestingly, the authors showed a light-emitting diode (LED) suspended and electrically contacted by two CNT fibers (24 nm in diameter) loaded with 30 mA current (6.6 × 103 A/cm2 as a current density). More interestingly, the same authors illustrated a field-emitting device fabricated with a CNT fiber working as a cathode. An emitted current density of 5.8 × 103 A/cm2 was reported (3.6 mA from a CNT fiber with a diameter of 9 μm) at 0.86 V/μm placed at 1 mm from the anode. Surprisingly, Kim et al. (2017) presented an energy harvester, made of two twisted carbon nanotube yarns, which converts electrical from mechanical energy, both torsional and tensile motions, without the need of an external bias voltage. By stretching the coiled yarns 250 W/kg can be generated when cycled up to 30 hertz. These kinds of devices could be used perhaps in the sea to harvest wave energy, as well as with thermally driven artificial muscles to convert temperature fluctuations to electrical energy. In other papers, Uddin et al. (2014) and Yan et al. (2014) have shown a three-dimensional dye-sensitized solar cell (DSSC) wire by using 50 μm diameter CNT yarns as working electrodes. Beside other advantages (flexibility, mechanical resistance, electrically and catalytically active), the authors reported a photovoltaic efficiency from the sunlight raising about the 7.4%.

Koziol and colleagues (Lekawa-Raus et al., 2017) have shown a few prototypes based on CNT fibers (Figure 8), including a small transformer and a DC generator containing CNT rope windings (substituting copper windings of the primary transformer and of a generator rotor, respectively) (Figures 8A,B). The authors found the characteristics of the transformer to be perfectly linear and are not dependent on the material in agreement with the classical theory (Kurzepa et al., 2014) being 10 mA (p–p) applied to the primary winding of the transformer in the frequency range of 1–100 kHz (Figure 8C). The same authors found also a linear dependence of the maximum generated voltage (V) with the angular velocity (RPM, revolutions per minute) in the 1000–5000 rpm range for a shunt generator based on a CNT fiber (Figures 8D–F). It is however expected that both devices were close to their operational limits, but still limited if compared with the copper-based counterparts. A CNT fiber conductors was fabricated to demonstrate the feasibility as a standard electrical wire (Kurzepa et al., 2014). The home-built cable was successfully tested in sending 10 MB s–1 (Figure 8G). Zhao et al. (2011) reported the fabrication and properties of DWCNT twisted rope, used as a conducting cable loaded with 9 watts, 0.15A, 120V of a household bulb (Figures 8H–J) public power.
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FIGURE 8. (A) Photo, (B) characteristics of the primary and of the secondary windings, and (C) electrical performances of the CNT-fiber transformer. (D) Photo, (E) schematics of the circuit, and (F) electrical performances of the CNT-fiber shunt generator. (G) image of the ethernet cable made of CNT wires, (H) scheme, (I) SEM image, and (J) image of an I-doped CNT cables exceeding the specific electrical conductivity of metals. A,D,E,F: reproduced from Lekawa-Raus et al. (2017) with permission from Elsevier. B,C: reproduced from Kurzepa et al. (2014) with permission from Wiley-VCH. Panel (G) adapted from Lekawa-Raus et al. (2014b). Panels (H-J) adapted from Zhao et al. (2011) under the Creative Commons CC BY license.


Liu et al. (2016) reported the preparation of FeCl3-, Br2- and K-doped GFs with excellent electrical conductivity by using a two-zone vapor transport method starting from high-purity GFs. Interestingly, the authors fabricated a graphene fiber-based USB cable, which was tested in reading and writing operation speeds as compared with a conventional USB cable (Figures 9A,B). In the same paper, the long-term durability in electrical properties of one-meter long Br-doped graphene cable (60 μm in diameter) connected with a 9W lamp (220V) was demonstrated (Figures 9C,D). In the test, a stable irradiance intensity of the lamp was obtained (1060 Lux), which was similar to what obtained by copper wires. The potential uses under practical conditions seems to be limited by the stability of doped graphene (i.e., K, FeCl3, Br2, I2) when exposed to air, due to the absorption of oxygen and water (Zhang et al., 2019). For example, a fast modification of the color from yellow to black of the K- and FeCl3-doped was observed after a few minutes in air, indicating an irreversible modification. In general terms, the instability could be verified by comparing electrical performance of doped graphene fibers with spectroscopic methods (UV-Vis, Raman and XPS techniques), which are very sensitive to the change in the optical, electronic, elemental and structure properties (Liu et al., 2016).
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FIGURE 9. (A) Picture of the USB cable fabricated with graphene fibers. (B) Reading/writing performances of the graphene cable as compared with traditional Cu wires. (C,D) picture showing a 9W working lamp (220 V) connected with a one meter long Br-doped graphene cable and the irradiance intensity tested along the time. Reproduced from Liu et al. (2016) with permission from Wiley-VCH.


Though the shielding with metal films, composites and fiber mats is much more popular (Zhou et al., 2017; Ramírez-Herrera et al., 2019), the flexibility and the relatively high electrical conductivity of the assembled fibers make possible shielding characteristics. In fact, by considering the continuously interconnected network realized by the fibers and by the interwoven fibers the application in electromagnetic interference (EMI) shielding is expected, but studies on interference shielding with CNT and graphene yarns are only just beginning and few studies are reported so far. Zeng et al. (2018) fabricated stacked layers with 3D assembled graphene fibers to form thicknesses in the 3.0–26 μm range and measured the EMI shielding properties in the X-band frequency range (8–12 GHz). The authors achieved a record value of shielding effectiveness normalized by density and thickness (SEE/t) of about 60000 dB cm2 g–1, which is higher than that of conventional materials (Cu and Al foils), of CNT/graphene core-shell foams (51000 dB cm2 g–1) (Song et al., 2017) and of Ti3C2Tx MXene film (∼31000 dB cm2 g–1) (Shahzad et al., 2016). The authors ascribed the high shielding with the porous structure and with the continuously interconnected network that generate an expanded interface and high electrical conductivity. In another recent paper Li et al. (2020) have fabricated a wool-coated CNT coiled yarn fabric with good shielding characteristics and washing durability for wearable E-textile applications.

Electrical/thermal conductivities and tensile strength of the assembled carbon fibers compared to those of other materials (metals, commercial PAN and pitch-derived carbon fibers) are compared (Figures 10A–C). It can be seen from this figure that CNT- and graphene fibers may exhibit properties equivalent or superior to those of metals. However, a wide range of values is observed for the assembled carbon fibers. Such data dispersion is largely determined by several factors. First of all, the basic unit type (SWCNT, MWCNT, graphene) and its main characteristics (aspect ratio, diameter, length, local and structural defect content, purity, presence of impurities and eventually amorphous carbon phases) certainly play a key role, at least at the molecular level. In addition, the structure, morphology and characteristics at the interface between building blocks in forming the fiber scaffold, including chemical bonds, presence of voids and structural defects of the fiber, twisting and wrapping properties are definitely decisive to regulate the fiber properties. Moreover, the doping strategy of CNT and graphene fibers has shown to be crucial for boosting the electrical and thermal properties to record values. However, the stability over time and temperature should be deeply verified and improved to have such fibers as a practical alternative to metals (and commercial carbon fibers). Most importantly, CNTs, graphene and graphene derivatives are becoming cheaper and the ability to control their purity and characteristics, as well as the prospect to assemble the fibers in continuous processes according to industrially viable methods, gives the chance to rapid progress in the field, although it is still difficult to replicate the properties of individual CNT and graphene units to macroscopic fibers.
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FIGURE 10. (A) Electrical, (B) thermal conductivities, and (C) tensile strength of CNT- and graphene-fibers (dark green and magenta colors, respectively) as compared to carbon fibers, some metals (brown and blue colors, respectively), and other reference materials.


In conclusion, the carbon-based fiber preparation technology is mature and allows to operate with continuous processes and with industrial equipments, while the fiber doping strategy allows to reach and overcome the electrical/thermal conductivity of metals and with excellent mechanical characteristics. CNTs and graphene are excellent conductors, albeit directionally. At present, they can be used effectively in conductive cables, but not as direct metal replacements. In order to replace traditional cables, there are some issues that need to be deeply investigated, such as stability over time and temperature (in the case of doping). Two final aspects deserve to be mentioned. First of all, the electrical cable insulation, which appears to be relatively simple (Lekawa-Raus et al., 2014a) with polymer coating the carbon cable. Moreover, the connection of CNT and graphene fibers with traditional cables is more difficult and represent a non-secondary standpoint to be solved. In the laboratory practice electrodes and electrical connections are made with Au film, silver, other metals (e.g. In), alloys or carbon paste, but who tried to build interconnections with traditional electronics realized the difficulty of the conventional joints (i.e., soldering, crimping, etc.), which have no durability and are quite inappropriate to the pure carbon assemblies. The topic has not received so far all the attention it deserves and very few studies have been targeted at this issue (Burda et al., 2015; Ebrahimian and Kokabi, 2017; Kim et al., 2018; Milowska et al., 2019; Fu et al., 2020).



SUMMARY AND OUTLOOK

The review summarizes the scientific progress in the field of carbon-based fibers to be used as electrical conductors, from the origin to the most recent findings. From graphite and first developed pyrolyzed fibers to carbon fibers and assembled nanocarbons (carbon nanotubes and graphene sheets) into fibers/yarns/ropes the issue has been progressively renewed to translate the carbon attributes into materials at the frontier. The main addressed theme is about the most recent innovations concerning the doping paradigm of all-carbon fibers/based on carbon nanotubes and/or graphene, emphasizing the role played by the chemistry. Taking advantage of the doping with metal and with non-metal compounds unprecedented electrical properties are observed achieving the metal counterpart values. Along this line, the conductivity record values have been found much higher than those of metals, thus demonstrating the potential to substitute them in some prototypes reported in the recent literature. Moreover, the other advantages provided by all-carbon fibers over conventional metals are manifold, including low weight, environmental and chemical stability, flexibility and mechanical properties. Despite the great advancement in the field, some problems should be addressed, including long-term stability, high-performance electrical properties, scalable and cost-effective production methods and interconnection with traditional cables. CNTs and graphene are excellent conductors, albeit directionally. At present, they can be used effectively in conductive cables, but not as direct metal replacements. We can expect a great development in the next years in particular in the flexible and wearable electronics, such as multifunctional fabrics, power cables, energy harvesting and storage and sensing device fields.
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Perovskite oxides are an important and effective class of mixed oxides which play a significant role in the fields of energy storage and conversion systems. Here we present a series of cobaltite perovskite LaCoO3 particles which have been doped with 0, 5, 10, 20, and 30% of Sr2+ and have been synthesized by a combined sol–gel and molten-salt synthesis procedure, which provides a regular morphology of the particles. These Sr2+-doped LaCoO3 particles have been characterized by powder X-ray diffraction, Raman spectroscopy, infrared spectroscopy, X-ray photoelectron spectroscopy, and scanning electron microscopy. Moreover, these Sr2+ doped LaCoO3 particles have been demonstrated as efficient catalysts for oxygen evolution reaction (OER) based on the measured specific capacitance, total charge, most accessible charge, electrochemically active surface area, and roughness factor using rotating disk and rotating ring-disk electrode techniques. The 30% Sr2+-doped LaCoO3 sample shows enhanced electrocatalytic OER activity in 0.5 M H2SO4 media compared to the LaCoO3 samples doped with 0, 5, 10, and 20% Sr2+. Among all five LaCoO3 samples, the doped LaCoO3 samples demonstrate better OER activity than the undoped sample.

Keywords: LaCoO3, sol-gel, molten-salt synthesis, electrocatalysis, OER, Sr2+-doped


INTRODUCTION

Growing environmental and geopolitical problems have been arising from the shortage of fossil fuel, promoting efforts to develop cheap, ample, and eco-friendly materials for advanced energy conversion and storage systems. In water electrolysis, the overpotential requirement is a serious issue at which oxygen evolution reaction (OER) occurs (Huynh and Meyer, 2007; Yeo and Bell, 2011). Therefore, it is a significant challenge to design active electrocatalysts for water electrolysis to meet the demands of the sustainable energy-powered economy (Loi and Hummelen, 2013). On the other hand, the global use of noble metal oxides like ruthenium and iridium oxides, especially in the field of catalysis, requires us to minimize the use of these noble metal oxides and to introduce new types of materials, e.g., perovskite oxides. Perovskites are fascinating alternatives to noble metals because of their catalytic activity and cost-effectiveness (Gasteiger et al., 2005; Jörissen, 2006; Neburchilov et al., 2010).

Perovskite oxides have the general formula of ABO3, where A is lanthanide, alkaline-earth, or alkaline cations, and B is transition metal cations such as Fe, Mn, Co, Cr, or Ti. Perovskite oxides can be customized with chemical and physical properties due to the exceptional tunability of their structure and composition. They are a type of mixed oxide and are a class of materials that show a remarkable electronic structure, redox behavior, ionic and electronic activity, and thermal stability (Pena and Fierro, 2001; Schaak and Mallouk, 2002; Royer et al., 2014; Zhu et al., 2014). Perovskites with multiple A or B cations of difference sizes and valences have distortion in their crystal structure. Doping of A or B cations of perovskite with elements of Ce, Ba, or Sr creates oxygen vacancies and increases oxygen mobility (Nitadori and Misono, 1985; Nitadori et al., 1986; de la Cruz et al., 2001; Mefford et al., 2014). In perovskites, the cations present on A and B sites play a crucial role in altering its electronic structure and tuning catalytic properties (JO’M et al., 1983; Bockris and Otagawa, 1984; Vojvodic and Nørskov, 2011; Mueller et al., 2015).

Due to their slow reaction kinetics, both OER and oxygen reduction reaction (ORR) need electrocatalysts. Pt and Pt-alloys are the most essential catalysts for ORR while the Ir and Ru-based materials are good OER catalysts (Gupta et al., 2009; Slanac et al., 2012; Cui et al., 2013; Mefford et al., 2016). Many research studies based on perovskites for OER and ORR have been focused on structural and electronic properties of the surface or bulk (Otagawa and Bockris, 1983; Bockris and Otagawa, 1984; Matsumoto and Sato, 1986). Over the past 40 years, La0.8Sr0.2CoO3 has been studied to give different mechanistic theories as an active catalyst for ORR (Meadowcroft, 1970). For example, Hong et al. (2015) summarized the OER activity by showing correlations between the surface and bulk properties of metal oxides and their electrocatalytic activities. This study showed that the substitution of La2+ by Sr2+ to maintain the perovskite structure following the effects of vacancy defects, covalency, and oxygen exchange on the electrode surface during the electrocatalysis of OER. LSCO (LaSrCoO3) electrocatalysis in alkaline media showed good structural stability, electrolytic corrosion resistance, and high activities for ORR and OER (Jasem and Tseung, 1979; Gorlin and Jaramillo, 2010; McCrory et al., 2013).

There are several procedures to synthesize Sr2+-doped LaCoO3, such as solid-state synthesis (Li et al., 2002), sol–gel (Patel and Patel, 2012), chemical vapor deposition (CVD; Armelao et al., 2005), spray-freeze drying (Lee et al., 2006), aqueous gel-casting technique (Cheng et al., 2008), thermal decompositions (Kaituo et al., 2014), precipitation (Singh and Rakesh, 2009), combustion (Luo and Liu, 2007), low pressure plasma synthesis (Rousseau et al., 2007), etc. In terms of morphology control of products, many of these methods are not sufficient, including the solid-state route and sol–gel method. Molten-salt synthesis method is a simple, reliable, eco-friendly, and cost-effective method when compared to the methods mentioned above. To obtain undoped and Sr2+-doped LaCoO3 particles with a controlled and regular morphology, we introduced a new combination of sol-gel and molten-salt synthesis procedure in this work. Furthermore, we studied their catalytic applications of OER.

Specifically, we successfully synthesized uniform LaCoO3 particles with 0, 5, 10, 20, and 30% Sr2+ nominal doping levels using our facile and reliable method. We characterized their composition, morphology, and structure by powder X-ray diffraction (XRD), Raman spectroscopy, infrared spectroscopy, X-ray photoelectron spectroscopy, X-ray energy dispersive spectroscopy, and scanning electron microscopy. More importantly, their electrocatalytic performance for OER in acidic 0.5 M H2SO4 media was investigated systematically using rotating disk and rotating ring-disk electrode techniques in terms of specific capacitance, total charge, most accessible charge, electrochemically active surface area, and roughness factor. The 30% Sr2+-doped LaCoO3 sample showed the highest electrocatalytic OER activity compared to the LaCoO3 samples doped with 0, 5, 10, and 20% Sr2+. Among all five LaCoO3 samples, the doped LaCoO3 samples demonstrate a better OER activity than the undoped sample. Therefore, this study proves that the combined sol–gel and molten-salt synthesis method is a novel and desirable method to prepare LaCoO3 particles with a uniform morphology and enhanced OER activity in acidic media.



EXPERIMENTAL SECTION


Materials and Synthesis

The Sr2+-doped LaCoO3 samples were prepared as follows using the combined sol–gel and molten-salt method synthesis process. Specifically, in a representative synthesis, a stoichiometric amount of La(NO3)3⋅6H2O, Sr(NO3)3 and Co(NO3)2⋅6H2O on a 1 mM scale were added into 10 ml distilled water. After stirring for 2 h at room temperature, polyvinyl alcohol (PVA) aqueous solution (20 wt%) was added. After further stirring, the obtained sol was dried in an oven at 80°C for 2 h, followed by 120°C on a hot plate overnight. During the molten-salt synthesis step, 0.23 g dried gel of each of the five samples was first mixed with 60 mM of NaNO3 + KNO3 mixture (1:1) and then ground together in a mortar and pestle for 20 min (Zuniga et al., 2018). The resulting mixture was transferred into a crucible and kept at 700°C for 6 h with a ramp-up rate of 15° min–1 and cooling-down rate of 10°C min–1. In the final step, the annealed products were washed with deionized water several times and dried in an oven at 60°C overnight. The prepared LaCoO3 samples doped with 0, 5, 10, 20, and 30% Sr2+ were denoted as LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30%, respectively.



Materials Characterization

The samples were characterized by powder XRD on a Rigaku-MiniflexTM II X-ray diffractometer with Cu Kα1 radiation (λ = 0.15406 nm). The XRD data were collected using a scanning mode in the 2θ range from 20° to 80° with a scanning step size of 0.04° and a scanning rate of 4.0° min–1. Raman scattering data was recorded by employing the back-scattering geometries on a Bruker SENTERRA RAMAN microscope with an objective of 20× of an optical microscope. The excitation line (785 nm) of an Ar+ laser beam was focused to a spot size of 5 μm with a laser power of 25 mW. The spectral resolution range used was 3–5 cm–1 with an integration time of 100 s. Infrared spectra were recorded on a Thermal Nicolet Nexus 470 spectrometer. The morphology of the LSCO samples was observed by a field emission scanning electron microscope (SEM, Carl Zeiss Sigma VP FESEM) equipped with a field emission gun operated at 5 kV.



Electrode Preparation and Electrochemical Measurement

Three-electrode electrochemical cell configuration was used (Mohan and Mao, 2018; Mao et al., 2019). The working electrode was the catalyst-coated glassy carbon electrode with an area of 0.5024 cm2; a platinum wire was used as the counter electrode and the Ag/AgCl electrode as the reference electrode. To prepare the working electrode, we first prepared the catalyst ink by dispersing 1 mg of the LSCO catalyst powder as active material in 362 μL water and 57 μL Nafion solution by sonication for 20 min. In the next step, we took 42 μL of the prepared catalyst ink, cast it onto the surface of the glassy carbon electrode which corresponds to 0.38 mg/cm2, and dried it in a vacuum oven overnight. The electrochemical measurements, including cyclic voltammogram (CV) and linear sweep voltammogram (LSV), were performed in 0.5 N H2SO4(aq) electrolyte which was purged with nitrogen gas for 10 min prior to the electrochemical measurements to remove the dissolved air from the electrolyte toward the OER using an Autolab potentiostat/galvanostat (PGSTAT302) with Nova 10.11 software. Current density was evaluated as a function of applied voltage from the range of 0.4–1 V versus the Ag/AgCl at scan rates of 5, 10, 20, 50, 70, and 100 mV/s for CV characterization. Linear sweep voltammogram was done at a scan rate of 5 mV/s for all five catalysts in terms of OER.



RESULTS AND DISCUSSION


Materials Characterization

Figure 1A shows the XRD patterns of the synthesized samples of LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30%. The observed reflections could be perfectly indexed with the peaks of (0 1 2), (1 1 0), (1 0 4), (2 0 2), (0 0 6) (0 2 4), (1 2 2), and (2 1 4) on the basis of tetragonal crystal structure (JCPDS file #251060). The XRD of all five catalysts were found to be crystalline in nature. In addition to XRD data, evidence regarding the chemical composition of the synthesized products was obtained from IR spectra (Figure 1B). The observed FTIR absorption band at ∼603 cm–1 could be assigned to the vibration of the Co–O bond in an octahedral coordination while the band observed at ∼551 cm–1 for La(Sr)–O bond stretching. Furthermore, the vibration of the La–O bond in a dodecahedral coordination was confirmed by the presence of a strong peak at 425 cm–1 (Khalil, 2003; Mahmood et al., 2013; Agilandeswari and Ruban Kumar, 2014).


[image: image]

FIGURE 1. (A) Powder XRD patterns and (B) FTIR spectra of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples. The pattern shown at the bottom of (A) is the standard pattern (JCPDS # 251060) of LCO with a tetragonal crystal structure.


SEM images of the as-synthesized LSCO samples show the formation of submicron globules as first reported for LSCO (Figures 2A–E). We also prepared a LSCO0% sample by direct calcination of the sol-gel precursor (i.e., the dry gel was not treated with the molten-salt process) for comparison. As commonly observed from samples synthesized by the sol–gel process, the obtained LSCO0% product shows an irregular morphology and larger particles (Figure 2F). Therefore, in terms of product morphology, these SEM images confirm that our combined sol–gel and molten-salt synthesis process is better than the conventional sol–gel process.


[image: image]

FIGURE 2. SEM images of the LSCO samples: (A) LSCO0%, (B) LSCO5%, (C) LSCO10%, (D) LSCO20%, and (E) LSCO30% synthesized via the combined sol–gel and molten-salt procedure, and (F) LSCO0% via the conventional sol–gel process with direct calcination.




Electrochemical Characterization

The CV curves of all LSCO catalysts modified as working electrodes (Figure 3A) exhibits a characteristic shape with the presence of the anodic and cathodic peak at a potential range of 0.4–1 V vs reversible hydrogen electrode (RHE), indicating a nonreversible reaction (Mohan and Mao, 2018; Mao et al., 2019). Also, the LSCO30% sample showed the highest current density and the LSCO0% showed the lowest current density among the five samples.


[image: image]

FIGURE 3. (A) CV plots versus RHE of the LSCO-coated electrodes in 0.5 M H2SO4 electrolyte recorded at 50 mV/s and 25°C and normalized to the geometric area of the electrode. Overlay CV plots of the 1st, 5th, 10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, 90th, and 100th cycles of the (B) LSCO0%, (C) LSCO5%, (D) LSCO10%, (E) LSCO20%, and (F) LSCO30% at 0.5 M H2SO4 electrolyte during repetitive potential cycles at 20 mV/s and 25°C.


To find out charge accumulation at the electrode/catalyst interface and to evaluate electrode capacity, capacitance measurements were conducted. The two electrochemical contribution faradic and proton adsorption processes are not integrated at the chosen potential range from 0.4 to 1 V. To avoid faradic contribution, we calculated specific capacitance (C, F/g) here for all LSCO catalysts by integrating the CV curves between 0.4 and 1 V vs RHE at scan rates of 5, 10, 20, 50, 70, and 100 mV/s using Eq. 1:

[image: image]

where γ is the scan rate (V/s), m is the mass in grams of the catalyst deposited on the working electrode, E1 and E2 are limits of potentials of the integration curves, and [image: image] is the integration of the CV curve. From the calculated specific capacitance values tabulated in Table 1, we can see that the capacitance values decrease for all five LSCO catalysts with an increasing scan rate. This observation indicates that the double layer formation is more consistent in a quasi-stationary mode (Sugimoto et al., 2006; Devadas et al., 2011). The diffusion of active species can occur even in miniature pores, thereby all of the active sites of the LSCO samples contribute to the double layer formation. However, at a high scan rate, the charge accumulation occurs only on the active surface sites. The diffusion effect limits the migration of electrolytic ions and causes some active surface areas to be inaccessible for charge storage.


TABLE 1. Calculated specific capacitance of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples at scan rates of 5, 10, 20, 50, 70, and 100 mV/s.

[image: Table 1]The calculated specific capacitance values of the LSCO0% and LSCO5% samples are lower than those obtained for the LSCO10% and LSCO30% samples, while those from the LSCO20% sample showed the highest values. Overall, the specific capacitance values of our LSCO samples are in the order of LSCO20% > LSCO30% > LSCO10% > LSCO5% > LSCO0%. Specific capacitance indicates the stability of the catalysts on the electrode surface or due to morphology change making the catalysts less accessible to charges (Ardizzone et al., 1990). The increase of capacitance can also be correlated to the higher oxidation state of metallic ions in metal oxides (Ardizzone and Trasatti, 1996). Therefore, to improve the charge accumulation, it is important to increase the number of active sites and their accessibilities. For our LSCO samples, the presence of a well-defined morphology and he miniature size of the formed submicron particles refers to the high concentration of active sites at the electrolyte/catalyst interface with a large oxidation state change, and therefore improved capacitive properties (Mohan and Mao, 2018).

Generally, the number of catalyst active sites or active surface areas are considered proportional to voltammetry charges q∗ (Ardizzone et al., 1990; Wu et al., 2011). Calculation of q∗ is determined following Eq. 2 as reported by Audichon et al. (2014), Mohan and Mao (2018), Mao et al. (2019).
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Briefly, q∗ value is the average of anodic and cathodic charges measured between 0.4 and 1 V vs RHE. The calculated q∗ values for the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples are summarized in Table 2.


TABLE 2. Voltammetry charges (q*) of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples at scan rates of 5, 10, 20, 50, 70, and 100 mV/s.

[image: Table 2]Ardizzone and co-workers established two relations as following Eqs 3 and 4 which depend on the basis of diffusion species phenomena at the interface of the electrode/electrolyte depending on the scan rate (Ardizzone et al., 1990).

Following Eqs 3 and 4, the total charges (q∗total) and the most accessible charges (q∗outer) were determined when the scan rate values tend to 0 and ∞, respectively (Cheng et al., 2009).
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where C1 and C2 are constants, v is the scan rate, and q∗ are the average charges calculated for different scan rates included between 5 to 100 mV/s. The q∗total and q∗outer values for crystalline oxides samples are obtained by linear part extrapolations of the curves presented in Figure 4 and are summarized in Table 3.


TABLE 3. Comparison between the total charge, outer charge, and charge accessibility of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples.

[image: Table 3]
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FIGURE 4. Scan rate dependency of voltammetric charges: extrapolations of (A) the total charges (q*total) and (B) the most accessible charges (q*outer) of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples.


The calculated total charges q∗total of the LSCO30% (0.765 mC) and LSCO20% (1.416 mC) samples synthesized by the combined sol–gel and molten-salt process are the lowest compared with the LSCO0% (33.6 mC), LSCO5% (5.47 mC), and LSCO10% (4.68 mC) samples. The supposition established from the capacitance measurements therefore confirms that the number of active sites increases and promotes the charge accumulation properties of the catalyst when the mean crystallite size decreases. The highest value for the most accessible charge q∗outer was obtained for the LSCO20% sample (0.0206 mC), followed by the LSCO10% (0.0156 mC), LSCO30% (0.009 mC), LSCO5% (0.005 mC) samples, and then the LSCO0% sample (0.0026 mC). The synthesized LSCO20% sample has allowed one to obtain a higher number of accessible active sites in the catalytic layer, which is probably due to the higher concentration of active sites on the surface and the stability of the catalyst at the electrode surface. Moreover, from the obtained charge values, the active site’s accessibility was evaluated by the ratio q∗outer/q∗total (Table 2). The highest active site’s accessibility was obtained from the LSCO20% sample (0.0145) and followed by the LSCO30% (0.0128), LSCO10% (0.0033), and LSCO5% (0.00104) samples, whereas the one with the lowest q∗outer/q∗total ratio was measured from the LSCO0% sample (0.000078).



Stability Test

Repetitive CV measurement was achieved to assess these oxide samples’ electrochemical activity and stability (Cheng et al., 2009). As shown in Figure 3, 100 voltammetric cycles were carried out between 0.4 and 1 V vs RHE in 0.5 mol l–1 H2SO4 at 20 mV s–1 with the aim of evaluating these catalysts’ aging during a long-term test through their current density evolution.

For the five LSCO catalyst samples (Figure 3) no modification of the CV shapes appears during the long term 100 cycle test. This observation indicates that no alteration of the particles’ structure, which composed the catalytic layer, occurs during the test. However, the current densities decrease during the first cycles and finally tend to stabilize. The fact that the cathodic and anodic current densities do not evolve drastically and no extra peaks appear reveals a high stability of the obtained LSCO oxide samples after heat treatment under variable transient conditions. The corresponding CVs of the synthesized LSCO samples overlap between the 5th and 10th cycles (Figure 5). The evolution of the current during the test could arise from a slight loss of active sites in the catalytic layer, which could contribute to a small catalytic performance decrease.
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FIGURE 5. (A) Charge (q*) evolution and (B) q*/q*initial ratio of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% electrocatalysts during a stability test measurement.


For different cycles of this stability test, the charge values (q∗) were measured to quantify the active-sites losses and the degradation of the electrocatalytic performances (Figure 5). According to the agreement with the CV observations, the calculated charges decrease in the first activation time (first 5–10 cycles). For the LSCO30%, LSCO20% and LSCO10% samples, the decrease takes place until the 10th cycle whereas for the LSCO5% and LSCO0% catalysts, it is less significant and occurs only for the first five cycles.

As the charges are considered to be proportional to the number of active sites, the q∗/q∗initial ratio as a function of the number of cycles may be used to evaluate the active site losses (Figure 5). The remaining active sites after 50 cycles for the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples are 84, 93, 92, 86, and 92% of the initial charges, respectively. As the CV shapes remain the same along the durability test, the charge ratio evolution could be attributed to the degradation of the catalytic layers, due to a slight erosion of the catalyst at the interface with the electrolyte (Da Silva et al., 1997).



Catalyst Used for OER Measurement

The OER activity of the LSCO samples was evaluated primarily by rotating ring disk electrode voltammetry (RRDE) at a 0.05 mV/s scan rate and 1600 rpm rotation rate. This scan rate is slow enough for steady-state behavior at the electrode surface, and the rotation rate is sufficiently fast to aid in product removal and limit bubble formation from evolved O2 at the electrode surface. As shown in Figure 6A, the horizontal dashed line at 10 mA cm–2 per geometric area is a significant figure of merit for the electroactive catalyst (Weber and Dignam, 1984; Matsumoto and Sato, 1986; Gorlin and Jaramillo, 2010; Walter et al., 2010). To evaluate the electrocatalytic properties of the oxide materials toward the OER as well as their behavior during this reaction, linear sweep voltammetry measurements were performed. For our LSCO samples (Figure 6A), current was first normalized to the geometric surface area of the working electrode to compare the catalytic performance of the LSCO samples as the same masses were deposited on the electrode. It demonstrated that the LSCO20% and LSCO30% samples have better electrocatalytic efficiency for OER than the LSCO0%, LSCO5%, and LSCO10% samples. Specifically, the obtained current densities of the LSCO0%, LSCO5%, LSCO 10%, LSCO20%, and LSCO30% samples are 55.28, 60.29, 60.6, 60.8, and 61.7 mA, respectively. The zoom parts of overpotential (Figure 6B) and disk current (Figure 6C) give a clearer demonstration of the trend.


[image: image]

FIGURE 6. (A) Linear sweep voltammetry on RRDE (rotating ring disc electrode) shows OER activity of the LSCO0%, LSCO5%, LSCO10%, LSCO20% and LSCO30% samples at 5 mV/sec in 0.5M H2SO4. Zoomed parts of (A): (B) potential range and (C) disc current.




Electrochemically Active Surface Area

The electrochemically active surface area (ECSA) of the LSCO samples was estimated from the electrochemical double-layer capacitance of the catalytic surface (Trasatti and Petrii, 1991). The electrochemical capacitance was determined by measuring the non-Faradaic capacitive current associated with double-layer charging from the scan-rate dependence of CVs shown in Figure 3 (Trasatti and Petrii, 1991; Benck et al., 2012; Ouyang et al., 2019; Wang et al., 2020). Ideal catalysts for OER should have low overpotentials, be stable over time, and have high specific activity (or low surface area) (Mahmood et al., 2013). Electrochemically active surface area was calculated based on ECSA = Cdl/Cs where Cdl and Cs are double layer capacitance and specific capacitance, respectively.

The roughness factor (RF) is calculated by dividing the estimated ECSA by the geometric area of the electrode, 0.5024 cm2. Table 4 shows the obtained ECSA and roughness factor values for all five LSCO catalyst samples. Electrochemically active surface area value of the LSCO20% sample is 0.0903 cm2, which is higher than the LSCO10% (0.0717 cm2), LSCO30% (0.791 cm2), LSCO5% (0.0426 cm2), and LSCO0% (0.4538 cm2) samples. Roughness factor values of the LSCO0% (0.0903) and LSCO5% (0.0849) are lower than the LSCO10% (0.1428), LSCO20% (0.1799), and LSCO30% (0.1576) samples.


TABLE 4. Comparison between ECSA and RF values of the LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples.

[image: Table 4]


CONCLUSION

In this paper, we report a combined sol–gel and molten salt synthesis (MSS) procedure to synthesize LSCO0%, LSCO5%, LSCO10%, LSCO20%, and LSCO30% samples. Moreover, we have demonstrated the electrocatalytic comparisons between the LSCO samples as electrode materials in terms of specific capacitance, total charge, and charge accessibility. Cyclic voltammetry and a LSV on rotation ring disk electrode measurements show the enhanced electrocatalytic activity of LSCO. The resulting current density could be a function of both the surface area and the morphology of the LSCO samples used and a combination of both faradaic and non-faradaic procedure.
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Electrode Specific Electrolyte Cyclic ASC ASC Electrolyte Energy, Power ASC device References
material capacitance stability device capacitance densities stability
NigP 306.8 F/gat 1A/lg 3 MKOH 62.7% retention Wu H. et al,,
nanospheres after 5,000 2016
NizP nanorods 799.2F/gat 1A/g 3 MKOH 68.4% retention WuH. etal,
after 5,000 2016
CogP nanorods 284 F/gat1A/g 3 M KOH Chen et al., 2016
NioP/GS 1,912F/g a 2 M KOH 77.1% retention Anetal., 2014
5 mA/cm? after 2,300
Ni2P/rGO 2,266 F/g a 2 M KOH Anetal., 2014
5 mA/cm?
Hexagonal 224 F/gat1.28 1M Nay SOy 75% retention Present Work
copper Alg after 3,000
phosphide (CuzP)
platelets
NioP 843.25 F/g at 1 2 M KOH 96% retention NizP//Fep O3 100 F/gat 0.5 A 2 M KOH with 355Wh kg~ " 96%, 1,000 Wang et al.,
A/g after 1,000 g one piece of 400 W kg~! 2015a
cellulose paper
as the separator
NisP4 801.5F/gat1 2 M KOH 87 % retention NisP4//Fe,O3 88.3F/gat0.5A 2 M KOH with 86%, 1,000 Wang et al.,
Alg after 1,000 g’ one piece of 2015a
cellulose paper
as the separator
Amorphous Ni-P 964 F/g at 4 A/g 2 M KOH 71.4% retention Ni-P//AC 105 F/gat5s 2 mol L=1 KOH 290.2 Wh kg= 84.5% Wang et al.,
after 1,000 mV/s 400 W kg™! 1,000 2015b
CooP 461 F/gat1 A/g 6 M KOH CoyP//graphene 76.8 F/gat 0.4 A 6M 24 Whkg™T, 97%, 6,000 Chen et al., 2016
nanoflowers g’ KOH 300 W kg~!
CugP nanotube 1771 F/g at 1 M H2SO04 CugP//CNT 142.8 F/g at 0.5 M HxSO,4 446 Wh kg™, 81.9% Chen et al., 2017
3.5 mA/cm? 0.75 mA cm~2 17,0457 Wkg™' 5,000
CugP@3DG 849.81 F/g at 1M Nay SO4 95% retention CuzP@3DG//AC 108.78 F/g at PVA KOH gel 8.23Wh kg™’ 82.5%, 5,500 Present Work
1.28 A/g after 3,000 10 mV/s electrolyte 439.6 W/kg
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Material

MnO,/CNT
MnO,/MWCNT
MnO,/CNT sponge
MnO,/MWCNT
MnO2/CNT

MnO/CNT

MnO2/CNT
MWCNT/MO,
y-MnO/ONT
MnO,/CNT

MnO2/CNT

MnO,/CNT

MnO/CNT
MnO,-doped PANVCNT
MnO2/SWCNT/SWCNF
MnOz/electrospun CNT

Electrolyte

0.2M NapSOy
05M Nay SO
1M NapSO;4
1MKCl

1M NapSO;4
0.5M NapSOs
1M NazSO4
1M Na;SO4
0.5M NapSO;
0.5M NapSOs
0.5M NapSO;
0.5M NagSO,
0.1MNapSOs
1M HpS04
0.5M NazSO;
6MKOH

Specific capacitance/F g~

642 (10mVs~")
276 BAg™")
600 (1Ag™")

251(05Ag™")

740 (2mV's™')
798 (6mV's™!)

740 (10mV s~1)

603.88 (10mV's™")

579 (10mVs~")

4429 2mVs)
164 (1Ag™")

4429 2mVs)

290 (10mV s~1)

1,360 (5mV's~")
276 3BAg™")

141.7 GmV )

Rate capability/F g~

370 (100mV's™")
1805 (95A g™
430 (10A ™)

508 (100mV s=1)
659 (50mV s~7)
578 (150mV's™")
405.15 (100mV s~)
422 (150mV's™")
180 (100mV s~)
182 (10Ag™")
250 (100mV ™)
145 (200mV's™")
710 (100mV s~1)
1805 (95A g™
67 (100mV s~)

Stability (cycles)

~70% (1,000)
91.6% (5.000)
~100% (1,000)
97% (1,000)
929 (1,000)
97% (5,000)
99.5% (800)
81% (1,000
87.6% (5,000)
98.9% (1,000)
88.4% (1,000)
>82% (5,000)
91.6% (5,000)
84.9% (1,000)

CNT, carbon nanotube; MWCNT, multi-walled CNT; PANI, polyaniline; SWCNT, single-walled CNT; SWCNF, single-walled carbon nanofiber.
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