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Abstract

:

Al-air batteries are regarded as potential power source for flexible and wearable devices. However, the traditional cathodes of Al-air batteries are easy to be broken after continuous bending. This is why few Al-air batteries have been tested under the state of dynamic bending so far. Herein, carbon nanofibers incorporated with Mn3O4 catalyst have been prepared as bending-resistant cathodes through direct electrospinning. The cathode assembled in Al-air battery showed excellent electrochemical and mechanical stability. A high specific capacity of 1021 mAh/cm2 was achieved after bending 1000 times, which is 81.7% of that in platform state. This work will facilitate the progress of using Al-air battery in flexible electronics.
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1. Introduction


Flexible and wearable electronic devices have enjoyed rapid development in recent years [1,2,3]. The wearable devices may be placed on wrists as pulse sensors for health monitoring [4], or on legs as muscle sensors [5] for rehabilitation exercises. The supplied power sources should remain stable during the dynamic bending caused by muscle contractions. As the next-generation energy storage devices, Al-air batteries are attracting great interest owing to their high theoretical electrochemical equivalent, environmental friendliness and good safety [6,7,8,9,10] Air cathode is an essential and vulnerable part of the Al-air battery. The traditional preparation of cathodes requires physical deposition of all ingredients onto current collectors by drop-casting or spraying-coating [11,12,13]. However, this kind of cathodes are easy to damage during the process of repeated bending, which would make them impractical for flexible electronic devices.



To address this problem, electrospinning has been explored as a novel method to prepare flexible cathodes [14,15,16,17,18]. Carbon nanofibers (CNFs) could be prepared through electrospinning followed by heat treatment. Catalysts are added on the surface of CNFs by physical adsorption or chemical growth [13,14,18,19,20]. Zhang et al. [6] presented a brief introduction to the recent development of flexible air cathodes for metal-air batteries. Wang et al. [16]. fabricated cathodes by electrospinning CNFs and employed iron carbide as catalyst for flexible Al−air batteries. Cao et al. [21] reported the preparation of CNFs covered with Co9S8 nanoparticles as cathodes for Al-air batteries. However, most studies mainly focused on the electrochemical performance of Al-air batteries under static state. Zhong et al. [22] presented a flexible Zn-air battery and tested the electrochemical performance under dynamic stretching conditions. Han et al. [17] studied the discharge characteristics of Zn-air batteries under static bending state with different bending angles. To the best of our knowledge, few studies have focused on the electrochemical performance of Al-air batteries under dynamic bending state, which is really important to their application in flexible and wearable devices.



In this work, we propose an innovate bending-resistant cathode for Al-air battery prepared by direct electrospinning. Manganese materials are served as catalyst. Instead of the conventional chemical post-treatment, wet-milling is introduced to solve the problem of insoluble manganese dioxide particles. All cathode materials are mixed uniformly and electrospun all-in-one step. Flexible Al-air batteries are assembled with the as-fabricated cathode. The as-fabricated cathodes possess the advantages of high porosity and large specific surface area, which would contribute the oxygen diffusion from outside and benefit the performance of batteries [15,23,24]. The electrochemical performance of the Al-air battery has been studied under the static and dynamic bending states of platform. The results showed that the Al-air batteries have perfect electrochemical performance and excellent mechanical flexibility. The cathodes have good resistance to continuous bending. The current study is of great significance for the applications of Al-air batteries in flexible and wearable electronic devices.




2. Materials and Methods


2.1. Materials


All materials in this study were of analytical grade and used as received without further treatment. Polyacrylonitrile (PAN, Mw = 150000 g/mol) and N,N-dimethylformamide solution (DMF, AR, 99.5%) were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China). MnO2 particles were purchased from Kejing Co., Ltd. (Shenyang, China). Zirconia balls were obtained from Nikkato Co., Ltd. (Osaka, Japan).




2.2. Preparation of Air Cathmodes


MnO2 nanoparticles were prepared using a rotation/revolution mixer (NP-100, Thinky Co., Ltd., Tokyo, Japan) equipped with cooling unit. 7 mL DMF, 4 g MnO2 and 10 g zirconia balls with a diameter of 0.1 mm were put into the vessel of mixer. MnO2 suspension was nanosized by 3-step wet-milling with pulverizing conditions as illustrated in Figure 1a: the first step (pulverization process), 2000 rpm for 2 min and chill for 5 min. This process was repeated for 5 times. The second step (dispersion process), 500 rpm for 2 min after addition of 3 mL DMF. The third step (separation process), remove the 0.1 mm-diameter zirconia balls from the suspension. The precursor solution for electrospinning was prepared by dissolving 1 g PAN in the above suspension. To obtain a homogeneously mixed solution for electrospinning technique, magnetic stirring was applied for 6 h at 60 °C.



Then, the precursor solution was electrospun via a single-capillary electrospinning apparatus. The tip-collector distance, applied voltage and flow rate were fixed at 15 cm, 17 kV and 1.2 mL/h, respectively. The electrospun fibers were collected on a rotating drum covered with nickel foam. The obtained fibers were dried in ambient air for 24 h and then hot-pressed with 200 Mpa at 230 °C for 30 min. The films were carbonized at 900 °C for 1 h in argon atmosphere with a heating rate of 5 °C/min. The fabrication procedure of the cathodes is shown in Figure 1a.




2.3. Characterization


The morphological structure of the electrospun films was investigated through SEM (Su-8010, Hitachi Co., Ltd., Tokyo, Japan). The crystalline structures of the samples were characterized using an X-ray diffraction (XRD) instrument (Bruker D8 Advance, Bruker Corp., Billerica, MA, USA) with a Cu kα radiation of 0.1541 nm as an X-ray source. Raman spectra were measured using an Invia Raman Microscope (Invia Microscope Co., Ltd., Renishaw, U.K.). X-ray photoelectron spectra (XPS) of the samples were conducted using ESCALAB 250Xi (Thermo Fisher Scientific, CA, USA) instrument. Nitrogen adsorption–desorption analysis was carried out by using Smart Sorb 92/93 surface area analyzer.



Solid Al-air batteries were assembled with the sandwich type as schematically illustrated in Figure 1b. The solid-state polymer alkaline gel electrolyte was prepared according to a previous report [25]. A 4 × 3 cm aluminum foil was served as the metal anode. The constant current discharges were carried out using a battery testing system (CT2001A, LAND Electronics Co., Ltd., Wuhan, China). Electrochemical impedance spectroscopy (EIS) measurements were tested by an electrochemical workstation (RST5000, Shiruisi Co., Ltd., Zhengzhou, China) with an AC amplitude of 10 mV and frequency from 0.01 Hz to 100 kHz. The activity of the catalysts towards the oxygen reduction (ORR) was evaluated by linear sweep voltammetry (LSV) from 1.0 to 0.2 V vs. RHE at a scan rate of 5 mV/s and 1600 rpm in a O2-saturated 0.1 M KOH solution. The reference electrode and counter electrode were Hg/HgO and platinum wire.





3. Results


3.1. Characterization of the Cathodes


PAN and MnO2 were co-electrospun to form nanofibers. After heat treatment, Mn3O4 were obtained and encapsulated in CNFs. The direct contact between the active material and the current collector was favorable for electron transport and the kinetics were improved [6]. The electrospun films before heat treatment exhibited a smooth surface and nearly straight fiber morphology with uniform diameters of ~400 nm as shown in Figure 2a. After heat treated (hot-pressed and carbonization), the surface of the sample became a little rougher due to the decomposition of organic components of PAN [26], but it retained well-defined fibrous morphology with a diameter of ~250 nm as shown in Figure 2b.



The crystal structure of Mn3O4 was confirmed by XRD patterns in Figure 2c. Peaks at 2θ = 41° and 2θ = 56° were ascribed to the residue presence of manganese oxide coming from the hot-press process. A sharp peak at 2θ = 26.4 indicated a graphitic structure of CNF within the samples [27]. The other characteristic diffraction peaks observed in the pattern of the nanofibers represent the reflections of Mn3O4. Raman spectrum was recorded, and the corresponding result is shown in Figure 2d. The Raman peaks centering around 1365 and 1584 cm−1 can be ascribed to the D and G bands of carbon, respectively. The D band corresponds to the defects or disorder of carbon, while the G band is indicative of ordered carbon [28,29]. The ratio of ID/IG is 0.85, indicating that there are few defects in the crystalline structure [30]. The peak at 651 cm−1 is characteristic of the Mn-O vibrational mode, proving that the Mn3O4 nanoparticles were successfully doped in the CNFs [31]. Element mappings (Figure 2e–h) in a single nanofiber further show that most Mn and O are uniformly distributed in the nanofibers.



XPS measurements were conducted to investigate the chemical composition as well as the bonding state of the Mn3O4/CNFs. The overall XPS spectrum of the Mn3O4/CNFs composite reveals the coexistence of the elements Mn, O and C clearly in Figure 3a. The narrow-scan XPS spectra of Mn 2p, O 1s and C 1s after Gaussian fitting are shown in Figure 3b–d, respectively. Two obvious peaks in Mn 2p spectra are located at 641.2 and 652 eV, which are attributed to the characteristic Mn 2p3/2 and Mn 2p1/2 spin-orbit states of Mn3O4. The splitting width of 11.7 eV is in good agreement with those reported for Mn3O4 [32]. The O 1s XPS spectra exhibit two peaks at 529.8 and 531.5 eV, corresponding to the Mn-O-Mn bond in the oxide and Mn-O-H hydroxide [33]. The C 1s has only one intensive peak at 284.5 eV due to C-C sp2 bonding for all the materials [34]. The isotherms of N2 adsorption-desorption for the Mn3O4/CNFs are shown in Figure 3e. The adsorption-desorption isotherm curve of the composites can be classified as a type-IV curve with hysteresis loop of 0.3–1.0 p/p0, suggesting the porous structure of the as-fabricated Mn3O4/CNFs. The Brunauer–Emmett-Teller (BET) surface area is measured to be about 42.5 m2/g. The pore-size distribution (the inset of Figure 3e) of the Mn3O4/CNFs centers at ~7.9 nm. The three-dimensional network structure of the as-fabricated air cathode is shown in Figure 3f from a mesoscopic view.




3.2. Electrochemical characterization of Al-Air batteries


Figure 4 shows the rate discharge performance of Al-air batteries at various current densities (from 0.1 to 3.0 mA/cm2). The voltage plateaus are stable at 1.72 to 1.08 V with increasing current densities, suggesting that the Al-air batteries exhibit a good stability over a wide range of discharge currents. Discharge curves of Al-air battery at 2.0 mA/cm2 are given in Figure 4b. The specific capacity is calculated as 1273 mAh/cm2, which is closed to the value (1287.3 mAh/cm2) reported in the previous work of flexible Al-air battery [16].



To further investigate the mechanical flexibility, the Al-air batteries are intentionally bended with different angles as shown in Figure 5a. Figure 5b shows the rate discharge performance of the batteries at different bending angles (platform, 60, 90, 120 and 150°). The discharge voltage remains almost unchanged at bending angles of 120 and 150°. While the discharge voltage plateaus decrease obviously at high current densities when decreasing the bending angle to 90 and 60°, which is similar to the study reviewed by Liu et al. [6]. For instance, the discharge voltage is 1.01 V at the state of 60° bending at a current density of 3.0 mA/cm2. There is about 12% more decrease than that in platform state (1.15V). In order to study the effects of bending angles on the discharge property, EIS measurements were performed at different conditions. The Nyquist plots as shown in Figure 5c consist of two semicircles in the high and low frequency regions, which can be fitted to the given equivalent circuit model. The circuit consists of five elements: solution resistance (Rs), resistance at the electrode/electrolyte interface (Rint), resistance of the charge transfers during the electrochemical process (Rct) and constant phase elements associated with the capacitances arising at the electrode/electrolyte interface (Qint and Qdl). The resistance components are summarized in Table 1. Remarkably lower resistance values are seen for batteries at flat state compared with that of the batteries at different bending state. The low value Rint for the flat state is associated with the fully contact between the electrolyte and electrode. The intimate contact support providing a facile electron pathway, and leading to a faster reaction. In contrast, the bending area of the battery in a bending state will bear a certain bending tension, which will cause slight displacement at the electrode/electrolyte interface in other areas and increase the contact resistance. Reducing the bending angle is equivalent to reducing the bending radius, which would increase the bending tension and cause more displacement [35]. This explains why the contact resistance increases as the bending angle decreases. As shown in Figure 5c, Al-air battery exhibits the smallest resistance Rint and Rct at platform state, suggesting that the bending state relatively decreased the conductivity of the batteries. A similar phenomenon was also found in the study of Peng [17] for flexible Zn-air battery.



The impedance spectra of Al-air batteries as a function of time are plotted in Figure 6 at static bending state. Take 120° bending as an example; the EIS behavior of the system can be characterized by a high frequencies capacitive loop related to the charge transfer process owing to the dissolution of Al anode and a second capacitive loop at low frequencies due to the growth of side reaction products [36]. The diameter of the capacitance loops is increased as a function of time. Al(OH)3 is the main side reaction product during the electrochemical reaction. Since Al3+ ions are thermodynamically unstable, Al(OH)3 are formed when Al comes into contact with alkaline electrolyte. The generated Al(OH)3 are difficult to dissolve in the solid electrolyte and will accumulate at the interface between the electrolyte and anode. For this reason, the charge transfers and inter resistance increase as a function of time. The electrochemical performance of the solid Al-air batteries decreased as the reaction proceeds. Effective control of Al corrosion in alkaline electrolyte is very important for flexible Al-air batteries.



Figure 7a shows the discharge curves of the Al-air batteries under continuously dynamic bending (90 and 120°) state. The batteries complete a bending in the span of 10 s. The voltage plateaus decreased obviously at 90° bending, and this might be attributed to the loose contact between the electrodes and electrolyte. As can be seen from the inset in Figure 7a, the variation of the voltage during the bending is closely related to the bending frequency. The peak and valley values of the voltage appeared when the batteries were at the state of platform and 120° bending; we thought that there may be a slight separation between the electrodes and electrolyte. Figure 7b demonstrates the continuous discharge of the Al-air battery at 2 mA/cm2 under 120° dynamic bending state. The discharging time is 5.29 h, and the corresponding specific capacities is 1021 mAh/cm2, which is 81.7% of that under platform state. After continuous bending for 1000 times, the air cathode is not broken in a macroscopic view as shown in Figure 7c. We observed the bending area of the air cathode with SEM in Figure 7d, and no cracks are detected in the three-dimensional network structure. It proves that the cathode is resistant to the repeated bending.



In order to evaluate the behavior of the catalysts in ORR before and after bending for 1000 times, the electrochemical performance of the air cathodes towards the ORR are investigated by half-cell testing at a rotation rate of 1600 rpm. As can be seen from Figure 8a and Table 2, the electrode before bending exhibits high electrocatalytic activity toward ORR with a comparable onset potential of 0.92 V to that of commercial 20% Pt/C (0.95 V), along with a higher limiting current density of 5.52 mA/cm2 than that of Pt/C (4.49 mA/cm2), indicating the promising ORR properties. By contrast, the sample after bending for 1000 times exhibits the lower activity with the ORR onset potential of 0.83 V, while the low activity of the cathode could be attributed to the hydroxide precipitate. The hydroxide precipitate is formed during the electrochemical reaction and is difficult to dissolve in the solid electrolyte. The hydroxide precipitate decreases the specific surface areas and reduces the active sites’ exposure [37]. The galvanodynamic discharge curves and the corresponding power densities of the Al-air battery are further studied after 120° bending for 1000 times as shown in Figure 8b. The maximum power density of the battery is 56.5 mW/cm2 after bending for 1000 times, slightly lower than that without bending test (75.5 mW/cm2). The excellent performance could be attributed to the interconnected open-pore microstructure of cathode and the encapsulated catalyst; the free space between constituent fibers can attenuate the bending stress effectively without damaging the fibers [38].





4. Conclusions


In summary, bending-resistant cathodes have been successfully developed by direct electrospinning for highly flexible Al-air batteries. The results showed that the electrochemical performance is slightly affected by the bending state, and this could be attributed to the higher internal resistance due to the separation between the electrodes and electrolyte during the bending. The battery can be discharged over 1.2 V under 2 mA/cm2 at dynamic bending state, and the specific capacity could reach up to 1021 mAh/cm2. The assembled Al-air batteries with the bending-resistant cathodes exhibit excellent electrochemical and mechanical performance. This study has great potential for the application of Al-air batteries in wearable energy-storage devices.







Author Contributions


Conceptualization, C.Z.; methodology, Y.Z.; formal analysis, Q.C.; Z.Z.; investigation, Y.L. and Y.W.; writing—original draft preparation, Y.Y.; writing—review and editing, Y.Y. and C.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by National Natural Science Foundation of China (No. 11802102 and 51775242) and by the Zhejiang Provincial Natural Science Foundation (No. LQ20E040007 and LY19A020006).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Yin, Y.; Cui, Y.; Li, Y.; Xing, Y.; Li, M. Thermal management of flexible wearable electronic devices integrated with human skin considering clothing effect. Appl. Therm. Eng. 2018, 144, 504–511. [Google Scholar] [CrossRef]

	



Lee, S.P.; Ha, G.; Wright, D.E.; Ma, Y.; Sen-Gupta, E.; Haubrich, N.R.; Branche, P.C.; Li, W.; Huppert, G.L.; Johnson, M.; et al. Highly flexible, wearable, and disposable cardiac biosensors for remote and ambulatory monitoring. npj Digit. Med. 2018, 1. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.W.; Lee, Y.; Park, J.; Kim, S.; Chae, H.; Ko, H.; Kim, J.J. A triple-mode flexible E-skin sensor interface for multi-purpose wearable applications. Sensors (Switzerland) 2018, 18, 78. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, Z.; Zhang, T. Flexible Sensing Electronics for Wearable/Attachable Health Monitoring. Small 2017, 13, 1–19. [Google Scholar] [CrossRef]

	



Chen, D.; Pei, Q. Electronic Muscles and Skins: A Review of Soft Sensors and Actuators. Chem. Rev. 2017, 117, 11239–11268. [Google Scholar] [CrossRef]

	



Liu, Q.; Chang, Z.; Li, Z.; Zhang, X. Flexible Metal-Air Batteries: Progress, Challenges, and Perspectives. Small Methods 2018, 2, 1700231. [Google Scholar] [CrossRef]

	



Chen, L.D.; Nørskov, J.K.; Luntz, A.C. Al-air batteries: Fundamental thermodynamic limitations from first-principles theory. J. Phys. Chem. Lett. 2015, 6, 175–179. [Google Scholar] [CrossRef]

	



Li, J.; Zhou, N.; Song, J.; Fu, L.; Yan, J.; Tang, Y.; Wang, H. Cu-MOF-Derived Cu/Cu2O Nanoparticles and CuNxCy Species to Boost Oxygen Reduction Activity of Ketjenblack Carbon in Al-Air Battery. ACS Sustain. Chem. Eng. 2018, 6, 413–421. [Google Scholar] [CrossRef]

	



Zuo, Y.; Yu, Y.; Zuo, C.; Ning, C.; Liu, H.; Gu, Z.; Cao, Q.; Shen, C. Low-Temperature Performance of Al-air Batteries. Energies 2019, 12, 612. [Google Scholar] [CrossRef]

	



Clark, S.; Latz, A.; Horstmann, B. A review of model-based design tools for metal-air batteries. Batteries 2018, 4, 5. [Google Scholar] [CrossRef]

	



Pletcher, D.; Li, X.; Price, S.W.T.; Russell, A.E.; Sönmez, T.; Thompson, S.J. Comparison of the Spinels Co3O4 and NiCo2O4 as Bifunctional Oxygen Catalysts in Alkaline Media. Electrochim. Acta 2016, 188, 286–293. [Google Scholar] [CrossRef]

	



McKerracher, R.D.; Alegre, C.; Baglio, V.; Aricò, A.S.; Ponce De León, C.; Mornaghini, F.; Rodlert, M.; Walsh, F.C. A nanostructured bifunctional Pd/C gas-diffusion electrode for metal-air batteries. Electrochim. Acta 2015, 174, 508–515. [Google Scholar] [CrossRef]

	



Cai, X.; Lai, L.; Lin, J.; Shen, Z. Recent advances in air electrodes for Zn-air batteries: Electrocatalysis and structural design. Mater. Horizons 2017, 4, 945–976. [Google Scholar] [CrossRef]

	



Bui, H.T.; Kim, D.Y.; Kim, D.W.; Suk, J.; Kang, Y. Carbon nanofiber@platinum by a coaxial electrospinning and their improved electrochemical performance as a Li−O2 battery cathode. Carbon N. Y. 2018, 130, 94–104. [Google Scholar] [CrossRef]

	



Alegre, C.; Busacca, C.; Di Blasi, O.; Antonucci, V.; Aricò, A.S.; Di Blasi, A.; Baglio, V. A combination of CoO and Co nanoparticles supported on electrospun carbon nanofibers as highly stable air electrodes. J. Power Sources 2017, 364, 101–109. [Google Scholar] [CrossRef]

	



Ma, Y.; Sumboja, A.; Zang, W.; Yin, S.; Wang, S.; Pennycook, S.J.; Kou, Z.; Liu, Z.; Li, X.; Wang, J. Flexible and Wearable All-Solid-State Al-Air Battery Based on Iron Carbide Encapsulated in Electrospun Porous Carbon Nanofibers. ACS Appl. Mater. Interfaces 2019, 11, 1988–1995. [Google Scholar] [CrossRef]

	



Peng, S.; Han, X.; Li, L.; Chou, S.; Ji, D.; Huang, H.; Du, Y.; Liu, J.; Ramakrishna, S. Electronic and Defective Engineering of Electrospun CaMnO3 Nanotubes for Enhanced Oxygen Electrocatalysis in Rechargeable Zinc–Air Batteries. Adv. Energy Mater. 2018, 8, 1–11. [Google Scholar] [CrossRef]

	



Meng, F.L.; Liu, K.H.; Zhang, Y.; Shi, M.M.; Zhang, X.B.; Yan, J.M.; Jiang, Q. Recent Advances toward the Rational Design of Efficient Bifunctional Air Electrodes for Rechargeable Zn–Air Batteries. Small 2018, 14, 1–20. [Google Scholar] [CrossRef]

	



Wu, H.; Sun, W.; Shen, J.; Lu, C.; Wang, Y.; Wang, Z.; Sun, K. Improved structural design of single- and double-wall MnCo2O4 nanotube cathodes for long-life Li-O2 batteries. Nanoscale 2018, 10, 13149–13158. [Google Scholar] [CrossRef]

	



Di Blasi, A.; Busaccaa, C.; Di Blasia, O.; Briguglio, N.; Squadrito, G.; Antonuccia, V. Synthesis of flexible electrodes based on electrospun carbon nanofibers with Mn3O4 nanoparticles for vanadium redox flow battery application. Appl. Energy 2017, 190, 165–171. [Google Scholar] [CrossRef]

	



Cao, Y.; Lu, H.; Xu, B.; Yang, W.; Hong, Q. Nitrogen/sulfur dual-doped porous carbon nanofibers with Co9S8 nanoparticles encapsulated by graphitic shells: A highly active stable free-standing air electrode for rechargeable non-aqueous Li-O2 batteries and primary alkaline Al-air batteries. Chem. Eng. J. 2019, 378, 122247. [Google Scholar] [CrossRef]

	



Qu, S.; Song, Z.; Liu, J.; Li, Y.; Kou, Y.; Ma, C.; Han, X.; Deng, Y.; Zhao, N.; Hu, W.; et al. Electrochemical approach to prepare integrated air electrodes for highly stretchable zinc-air battery array with tunable output voltage and current for wearable electronics. Nano Energy 2017, 39, 101–110. [Google Scholar] [CrossRef]

	



Zhi, M.; Manivannan, A.; Meng, F.; Wu, N. Highly conductive electrospun carbon nanofiber/MnO2 coaxial nano-cables for high energy and power density supercapacitors. J. Power Sources 2012, 208, 345–353. [Google Scholar] [CrossRef]

	



Park, G.S.; Lee, J.S.; Kim, S.T.; Park, S.; Cho, J. Porous nitrogen doped carbon fiber with churros morphology derived from electrospun bicomponent polymer as highly efficient electrocatalyst for Zn-air batteries. J. Power Sources 2013, 243, 267–273. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zuo, C.; Liu, Z.; Yu, Y.; Zuo, Y.; Song, Y. All-solid-state Al-air batteries with polymer alkaline gel electrolyte. J. Power Sources 2014, 251, 470–475. [Google Scholar] [CrossRef]

	



Yu, Y.; Gu, L.; Wang, C.; Dhanabalan, A.; Van Aken, P.A.; Maier, J. Encapsulation of Sn@carbon nanoparticles in bamboo-like hollow carbon nanofibers as an anode material in lithium-based batteries. Angew. Chemie - Int. Ed. 2009, 48, 6485–6489. [Google Scholar] [CrossRef]

	



Li, W.; Zeng, L.; Yang, Z.; Gu, L.; Wang, J.; Liu, X.; Cheng, J.; Yu, Y. Free-standing and binder-free sodium-ion electrodes with ultralong cycle life and high rate performance based on porous carbon nanofibers. Nanoscale 2014, 6, 693–698. [Google Scholar] [CrossRef]

	



Jiang, H.; Hu, Y.; Guo, S.; Yan, C.; Lee, P.S.; Li, C. Rational design of MnO/carbon nanopeapods with internal void space for high-rate and long-life li-ion batteries. ACS Nano 2014, 8, 6038–6046. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhu, L.; Yang, X.; Shao, E.; Deng, X.; Liu, N.; Wu, M. Facile synthesis of three-dimensional Mn3O4 hierarchical microstructures and their application in the degradation of methylene blue. J. Mater. Chem. A 2015, 3, 2934–2941. [Google Scholar] [CrossRef]

	



Xia, Y.; Xiao, Z.; Dou, X.; Huang, H.; Lu, X.; Yan, R.; Gan, Y.; Zhu, W.; Tu, J.; Zhang, W.; et al. Green and facile fabrication of hollow porous MnO/C microspheres from microalgaes for lithium-ion batteries. ACS Nano 2013, 7, 7083–7092. [Google Scholar] [CrossRef]

	



Wang, J.G.; Jin, D.; Zhou, R.; Li, X.; Liu, X.R.; Shen, C.; Xie, K.; Li, B.; Kang, F.; Wei, B. Highly Flexible Graphene/Mn3O4 Nanocomposite Membrane as Advanced Anodes for Li-Ion Batteries. ACS Nano 2016, 10, 6227–6234. [Google Scholar] [CrossRef] [PubMed]

	



Duan, J.; Zheng, Y.; Chen, S.; Tang, Y.; Jaroniec, M.; Qiao, S. Mesoporous hybrid material composed of Mn3O4 nanoparticles on nitrogen-doped graphene for highly efficient oxygen reduction reaction. Chem. Commun. 2013, 49, 7705–7707. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, Y.; Ma, Z.; Deng, Y.; Song, X.; Zuo, X.; Xiao, X.; Nan, J. Sandwich-like Mn3O4/carbon nanofragment composites with a higher capacity than commercial graphite and hierarchical voltage plateaus for lithium ion batteries. Electrochim. Acta 2017, 245, 448–455. [Google Scholar] [CrossRef]

	



Lee, J.W.; Hall, A.S.; Kim, J.D.; Mallouk, T.E. A facile and template-free hydrothermal synthesis of Mn3O4 nanorods on graphene sheets for supercapacitor electrodes with long cycle stability. Chem. Mater. 2012, 24, 1158–1164. [Google Scholar] [CrossRef]

	



Garner, S.; Glaesemann, S.; Li, X. Ultra-slim flexible glass for roll-to-roll electronic device fabrication. Appl. Phys. A Mater. Sci. Process. 2014, 116, 403–407. [Google Scholar] [CrossRef]

	



Emregül, K.C.; Aksüt, A.A. The behavior of aluminum in alkaline media. Corros. Sci. 2000, 42, 2051–2067. [Google Scholar] [CrossRef]

	



Suntivich, J.; May, K.J.; Gasteiger, H.A.; Goodenough, J.B.; Shao-Horn, Y. A perovskite oxide optimized for oxygen evolution catalysis from molecular orbital principles. Science. 2011, 334, 1383–1385. [Google Scholar] [CrossRef]

	



Cheng, Y.; Huang, L.; Xiao, X.; Yao, B.; Yuan, L.; Li, T.; Hu, Z.; Wang, B.; Wan, J.; Zhou, J. Flexible and cross-linked N-doped carbon nanofiber network for high performance freestanding supercapacitor electrode. Nano Energy 2015, 15, 66–74. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 00216 g001 550] 





Figure 1. (a) Schematic illustration of the fabrication of air cathodes by directly electrospinning. (b) Sandwich structure of the Al-air battery. 
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Figure 2. SEM images of the electrospun fibers before (a) and after (b) heat treatment. (c) XRD patterns of the nanofibers on cathodes. (d) Raman spectra of Mn3O4/CNFs. (e–h) Element mappings of Mn3O4/CNFs. 
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Figure 3. XPS spectra: (a) wide-scan and narrow-scan at (b) C 1s region, (c) Mn 2p region, and (d) O 1s region for the as-prepared Mn3O4/CNFs. (e) N2 adsorption/desorption isotherm of the Mn3O4/CNFs sample and their pore size distribution curve (inserted). (f) SEM photographs of the Mn3O4/CNFs. 
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Figure 4. (a) Rate discharge curves of Al-air battery at flat state. (b) Galvanostatic discharge curve of Al-air battery at 2 mA/cm2 with flat state. 
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Figure 5. (a) Al-air batteries at different bending angles. (b) Rate discharge profiles and (c) EIS plots for Al-air batteries at different bending angles. 
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Figure 6. Impedance spectra presented in Nyquist plots of Al-air batteries as a function of time. 
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Figure 7. (a) Rate discharge profiles at dynamic bending state. (b) Galvanostatic discharge curve at 2 mA/cm2 under 120° dynamic bending, and the inset is the device for dynamic bending test. Photograph (c) and SEM (d) of the main bending area of the Al-air battery after bending for 1000 times. 
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Figure 8. (a) ORR polarization curves of the air cathodes and (b) discharging voltage/power density profiles before and after bending for 1000 times. 
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Table 1. The resistance values of the equivalent circuit elements based on EIS measurements of Al-air batteries.
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	Element
	Flat
	150°
	120°
	90°
	60°





	Rint (Ω)
	0.56
	0.62
	0.75
	0.87
	0.98



	Rct (Ω)
	2.64
	2.95
	3.12
	4.63
	5.21
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Table 2. ORR activities and kinetics for different catalysts.
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	Catalyst
	Onset Potential

(V vs. RHE)
	Limiting Current Density @1600 rpm

(mA/cm2)
	Electron Transfer Number (n)





	Mn3O4 nanoparticles

(before bending)
	0.92
	5.52
	4.1



	Mn3O4 nanoparticles

(after bending for 1000 times)
	0.83
	5.26
	3.6



	Pt/C
	0.95
	4.49
	4.0











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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