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Abstract

:

Lithium-air batteries (LABs) continue to receive attention as a promising power source because they possess a high theoretical energy density of 3436 Wh L−1. However, the remaining Li2O2 resulting from the irreversible decomposition of Li2O2 during the charge process is one of the key challenges so as to address the deterioration of the cycling performance of LABs. In this study, we propose and report a redox-mediated polymer catalyst (RPC) as a cathode catalyst being composed of LiI and poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) with multi-wall carbon nanotubes (MWCNTs) as the cathode material. In the RPC, iodine molecules are chemically combined with the PVDF-HFP chain. The as-prepared RPC exhibits increased cycling performance by 194% and decreased overpotential by 21.1% at 0.1 mA cm−2 compared to the sample without LiI molecules. Furthermore, these results suggest that the RPC consisting of a polymer chain and redox mediators will be extensively utilized as highly efficient catalysts of LABs.
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1. Introduction


The lithium-air batteries (LABs) continue to be of considerable interest for their potential use as building blocks of energy storage devices that require the high energy density due to their excellent theoretical energy density of 3436 Wh L−1 compared to the lithium-ion batteries (1015 Wh L−1) [1,2,3,4]. However, despite the promising energy storage capabilities and significant progress being made in LABs, further improvements and developments of LABs are needed to satisfy the requirements of industrial applications for successful commercialization. Particularly, the low decomposition rate of Li2O2 occurring during the charge process has been arguably considered as one of the most important challenges so as to address the deterioration of the device performance [5,6,7,8]. In general, when the LABs are ideally operated, the Li2O2 produced during the discharge process accompanied by oxygen reduction reaction (ORR) is completely decomposed during the charging process accompanied by oxygen evolution reaction (OER). Recent studies have recognized that the round-trip efficiency of LABs is closely related to the rate of decomposition of Li2O2 produced during the discharge process [9,10]. It has been reported that catalyst-free LABs exhibit serious performance degradation that arises from low OER activities leading to the failure of efficient decomposition of Li2O2, and hence resulting in fading of the round-trip efficiency [11,12]. Thus, to address issues of the irreversible reactions associated with Li2O2 at the cathode, tremendous efforts have been directed towards the improvement of OER performance by proposing and developing a variety of catalysts. Among various catalysts studied to date, it has been demonstrated that solid-type catalysts based on precious metals and oxides, such as Pt, Au, RuO2, and MnO2, can effectively decompose Li2O2 due to their high OER activity, although the price of high precious metal catalysts and a lack of contact area between the catalyst and Li2O2 are considered limits of solid-type catalysts [13,14,15,16]. Alternatively, it has been also demonstrated that liquid-type catalysts could improve OER performance by adding redox meditators (RMs), such as tetrathiaflvalene (TTF), iron phthalocyanine (FePc) and iodine molecules, into liquid electrolytes [17,18]. The molecular TTF, FePc, and iodine can move and diffuse unrestrictedly within liquid electrolytes, so they can be capable of facilitating favorable reactions by effectively providing the high catalytic active sites, which are a key requirement to solve the significant limitation of the solid-type catalysts suffering from a comparatively low contact area between the Li2O2 and the catalyst. As a result, the liquid-type catalyst would enable to induce high OER performance of LABs even with a small amount of RM contents. However, a crossover phenomenon has been reported to be an issue of the liquid-type catalysts, in which the RMs that pass to the anode cause a side reaction with the Li metal [19,20], because of the unrestricted movement feature of the RMs that they can spread anywhere inside the cell. Thus, even if the solid- and liquid-type catalysts have been extensively investigated and developed, the need for study of more stable and more efficient catalysts still remains.



In this regard, redox-mediated polymer catalysts (RPCs), in which the polymer and RMs are chemically bonded, have been recently proposed and received considerable attention [21]. Such the RPCs can be expected to enable bi-functional materials capable of simultaneously performing the role of catalyst and binder. First, because the RPC represents the properties of polymer, it can be used like a binder by mixing the RPC evenly with multi-wall carbon nanotubes (MWCNTs) as cathode materials. By using the RPC as a binder, the RPC can be uniformly coated throughout the MWCNT, so it has an advantage of maximizing catalytic active sites. The second feature is that the RMs are chemically bonded with a polymer chain. Thus, the movement of RM over to the anode can be prevented, thereby effectively suppressing cross phenomena in the liquid-type catalysts. Consequently, if the performance of RPCs as catalysts could be further improved, the RPC with a clear differentiation from solid-type and liquid-type catalysts is considered to be a potential catalytic material.



Herein, we report a new polymer-based catalytic material candidate consisting of a pair of poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) as a polymer and molecular iodine as a RM (referred as “PH-Iodine RPC”). Compared with the polyvinylidene fluoride (PVDF), the incorporation of HFP groups provide the improved properties of PVDF-HFP better properties, such as higher Li salt solubility, lower crystallinity, greater free volume, and better mechanical strength [22]. Additionally, the iodine in the PH-Iodine RPC sample forms a chemical bond with the fluorine presented at the end of the PVDF chain. Moreover, since the HFP group can provide a relatively large amount of fluorine content, there is a possibility that PVDF-HFP can be used as a polymer to increase the concentration of iodine within the RPC. Therefore, we have identified the possibility of the PH-Iodine RPC as a new catalyst candidate for LABs through structural and electrochemical analysis.



The PH-Iodine RPC was mixed with MWCNTs and then was fabricated as the cathode for the LABs by a spray casting method. The prepared electrodes can evenly coat the surface of MWCNTs with the PH-Iodine RPC sample to maximize the electrochemical active site for electrochemical reactions. The iodine presented inside the PH-Iodine RPC sample can decompose the discharge product Li2O2 through the reaction of Equations (1) and (2) (Figure 1) [23].


RM → RMox + e−           (Electrochemical oxidation)



(1)






Li2O2 + 2RMox → O2 + 2RM + 2Li+ (Chemical reduction)



(2)







To analyze the crystallographic structure and the atomic binding state of the PH-Iodine RPC, X-ray photoelectron spectroscopy (XRD) and X-ray photoelectron spectroscopy (XPS) were conducted. Furthermore, the field-emission scanning electron microscope (FE-SEM) and the energy dispersive X-ray spectroscopy (EDX) were used to verify the morphological analysis of electrode surface and the content of iodine. To compare the electrochemical performance of the synthesized sample, the sample without iodine (Only PH) was synthesized, and the electrochemical analysis of the samples was conducted through a charge-discharge test. As a result of electrochemical analysis, the PH-Iodine RPC sample achieved 235% improvement in cycle characteristics and 9.01% improvement in round-trip efficiency over the Only PH sample.




2. Results and Discussion


In order to investigate structural properties of the samples, the XRD patterns were obtained as shown in Figure 2a. For the Only PH sample, the dominant XRD peaks were observed at 18.4°, 20.3°, and 39.5°, which corresponded to the α-, β-, and γ-phases of the PVDF-HFP, respectively [24]. Compared to the Only PH sample, the PH-Iodine RPC sample exhibited the relative decrease in intensities of the XRD peaks. The crystallinity of the PH-Iodine sample might be reduced because the iodine interferes with interaction between chains of the PVDF-HFP during crystallization. It has been reported that the crystallinity of the polymer can be decrease during crystallization of the polymer, when a polymer is mixed with substances, such as oxides and plasticizers [25]. Accordingly, it is implied that the reduction in crystallinity of the PH-Iodine RPC sample is the result of the well-mixed state of the PVDF-HFP and the iodine within the PH-Iodine RPC sample. To further analyze the uniformity of the PH-Iodine RPC sample, SEM and EDX measurements were carried out as shown in Figure 2c–e, respectively. The SEM image of Figure 2c shows the surface image of the electrode loaded with MWCNTs using the PH-Iodine RPC as a binder on the carbon paper. It can be seen from the EDX analysis results of Figure 2d,e that signals of carbon and iodine on the electrode surface are displaced in the same spot. These results confirmed that the prepared electrodes were uniformly mixed with the MWCNTs and the PH-Iodine RPC. In addition, XPS analysis of the PH-Iodine RPC sample was conducted to identify chemical structure in which the PVDF-HFP and the iodine are chemically bonded. According to the XPS spectra shown in Figure 2b, the PH-Iodine RPC sample consisted of iodide (I−) and iodine (I2). Of the two iodine species, the chemically bonded iodide at the end of the PVDF-HFP chain contributes directly to the decomposition reaction of Li2O2 during the charging process, while the iodine remains physically adsorbed inside the PVDF-HFP chain. The mechanism of the decomposition of Li2O2 based on iodide can be described by the following steps [26]:


3I− → I3− + 2e−       (Electrochemical oxidation)



(3)






I3− + Li2O2 → 2Li+ + O2 + 3I− (Chemical reduction)



(4)







Even so, it is not that iodine does not contribute to the chemical reactions. Note that based on our previously reported result [21], it was revealed that during the cycle, the state of iodine can be changed into the iodide (I−) state by the reduction reaction, contributing to the catalytic reaction.



Figure 3 shows the charge-discharge test performed at a current density of 100 μA cm−2 to evaluate the electrochemical performance of samples. The theoretical voltage of charging and discharging of LABs is known as 2.96 V (vs. Li/Li+). Figure 3a–c show the charge–discharge graph of PH-Iodine RPC and Only PH samples, in which both the samples exhibit a difference between the charge and discharge curve due to the overpotential. In particular, the voltage of the charge curve associated with the OER performance was measured relatively high. However, it is clearly observed that the overpotential of the PH-Iodine RPC sample showed approximately 200 mV lower than the Only PH sample. The reduced overpotential of the PH–Iodine RPC sample indicated that the iodide acted as the OER catalyst. In relation to the mechanism of the RM, in the Figure 3a–c graph, the flat region appeared near 3.45 V for the PH-Iodine RPC sample, which is associated with an electrochemical oxidation reaction in which the iodide (I−) is oxidized to triiodide (I3−) as shown in Equation (3) [27]. Subsequently, the flat region shown at 3.6 V was the reaction in which the generated I3− decomposed Li2O2, producing I− by chemical reduction as shown in Equation (4) [28]. Figure 3d shows a graph of the differential capacity vs. voltage after five cycles of each sample. The differential capacity of the PH–Iodine RPC sample showed sharp peaks at 3.46 V, 3.58 V and 3.78 V, corresponding to the flat regions confirmed in the charging curve. According to the literature [29,30,31], the peak shown at 3.46 V was associated with the electrochemical oxidation reaction of the RM, while the peak shown at 3.58 V was associated with the decomposition reaction of amorphous Li2O2-x. The peak observed at 3.78 V can be interpreted in relation to the reaction in which crystalline Li2O2 was decomposed. On the other hand, the peak of the Only PH sample was observed at 4.0 V, which was relatively higher than that of the PH-Iodine RPC sample, which means the high overpotential identified in the charge–discharge graph. These findings suggest that for the Only PH sample, the accumulation of Li2O2 that had not been sufficiently decomposed during the charging process was accelerated. As a result, the accumulation of Li2O2 inside the cathode could cause a negative effect that gradually increased the overpotential during the cycling process. Figure 3e shows the terminating voltage vs. cycle graph, exhibiting the change in overpotential described above. For the Only PH sample, it can be seen that the charge terminating voltage increased to 4.5 V, which is the cut-off voltage after 36 cycles. The charge terminating voltage at 4.5 V suggests that the decomposition rate of Li2O2 was significantly reduced within the charging process. It can also be seen that the discharge terminating voltage decreased rapidly from the point when the charging termination voltage reached 4.5 V. These results indicate that if the amount of Li2O2 remaining inside the cathode increased above a certain level, this could cause the following serious problems for the LAB’s system. First, there was an undesirable decrease in mass transfer of O2 gas required for a reaction during the discharge process. In general, the chemical reaction rate is closely related to the concentration and mobility of the reactant [32]. As mentioned above, if Li2O2 accumulates to a certain level inside the cathode, the Li2O2 will block the pathway through which the O2 gas would transfer. Thus, the reduced mobility and concentration of O2 gas caused an increase in overpotential during the discharge process. The second is that the electrons were not favorably transferred for the effective Li2O2 generation reaction because the accumulated Li2O2 has non-conductive properties. Thus, this resulted in an increase in overpotential during the discharge process.



On the other hand, the terminating voltage vs. cycle graph of the PH-Iodine RPC sample shows superior ORR characteristics with a high discharge terminating voltage even after 120 cycles. In addition, it is also observed that the charge terminating voltage of the PH-Iodine RPC sample was relatively low. Further, ex-situ FE-SEM image of the electrode surface of each sample measured after five cycles clearly distinguishes the difference between the samples. Compared to the PH-Iodine RPC sample, the Only PH sample showed that the MWCNTs were covered with a significant amount of materials assumed to be Li2O2 after five cycles charging, as shown in Figure 4a–c. The electrochemical analysis and ex-situ FE-SEM image analysis results are consistent with the excellent catalytic activity of the PH-Iodine RPC samples shown in Figure 3. Consequently, the cycle performance of the PH-Iodine RPC sample achieved about 235% higher than those of the Only PH sample (Figure 3f).



The high-rate performance of samples was performed at current densities ranging from 20 to 500 μA cm−2 (Figure 5a,b). At the highest current density of 500 μA cm−2, the charge process of the Only PH sample was urgently terminated, not reaching a specific capacity of 500 μAh cm−2. It is assumed that a serious round-trip efficiency drop has occurred as the overpotential sharply increases at a fairly high current density. Figure 5c shows the calculated round-trip efficiency of samples calculated by the expression below.


Round-trip efficiency = (Discharge energy density/Charge energy density) × 100



(5)







The PH-Iodine RPC sample showed a round-trip efficiency of higher current density than the Only PH sample and a difference of 5.36% at the current density of 500 μA cm−2 (Figure 5c). In addition, the increased overpotential could decrease the energy density, i.e., discharge capacity x voltage, due to the decreased terminating voltage. Therefore, according to Figure 5d, which shows the energy densities of samples, the energy densities of the PH-Iodine RPC sample were measured higher than the energy densities of the Only PH sample at all current densities. It is known that RPC catalysts only affect OER performance. However, excellent OER performance can prevent excessive accumulation of Li2O2 in cathode electrodes because it can facilitate the decomposition of Li2O2. As a result, the enhanced mass transfer of the reactants during the discharge process induces improved energy density.




3. Materials and Methods


3.1. Preparations of Redox-Mediated Polymer Catalyst (RPC)


To prepare RPCs for LABs, 0.5 g of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, average Mw ~400,000, Aldrich, Saint louis, MO, USA) was dissolved in 9.5 g of N-Methyl-2-pyrrolidone (NMP, 99.5%, Samchun, Seoul, Korea) by stirring on a 50 °C hot plate for 12 h. Then 0.5 g of LiI (99%, Aldrich) was added to the mixture and then continued to stir for 24 h.




3.2. Fabrication of Electrodes


The mixture solution of multi-wall carbon nanotubes (MWCNTs, Graphene supermarket, Ronkonkoma, NY, USA, 70 wt.%) as a cathode material, Super P (20 wt.%) as a conductive agent, RPCs (10 wt.%) as a binder and catalyst, and 50 mL of ethanol as solvent was ultrasonically treated for 4 h. Then, the mixture solution was uniformly sprayed on the carbon paper at 80 °C. The prepared electrode was dried for 24 h in a 50 °C oven to remove the remaining ethanol (PH-Iodine). For comparison of samples, a sample using PVDF-HFP instead of RPCs was prepared (Only PH).




3.3. Materials Characterization


To investigate the crystal structure of the samples, an X-ray diffractometer (XRD, Bruker, Massachusetts, MA, USA, D2 Phase system) measurements were carried out at 40 kV and 100 mA with an X-ray source of Cu Kα (λ = 0.15418 nm). The chemical composition and state of the samples were assessed using an X-ray photoelectron spectroscopy (XPS, Thermo VG Scientific, Massachusetts, MA, USA, k-alpha). The surface morphology of the electrodes was examined by a field-emission scanning electron microscope (FE-SEM, Germini 300, ZEISS, Oberkochen, Germany).




3.4. Cell Fabrication and Measurement


The electrochemical cells for the LABs were assembled using the prepared electrode as a cathode, polyethylene (Celgard 2400, Celgard, North Carolina, NC, USA) as a separator, and lithium metal (FMC Corporation, Philadelphia, PA, USA) as an anode. 200 μL of 1M LiTFSI in tetraethylene glycol dimethyl ether (TEGDME, Aldrich) was added as an electrolyte. The fabricated cell was aged for 1 h in an O2 gas-saturated case prior to electrochemical measurments. The cell test was evaluated using a multichannel battery tester (WBCS3000L, Wonatech Co., Seoul, Korea) in the potential range of 2.2–4.5 V vs. Li/Li+ at different current densities from 20 to 500 μA cm−2 at 25 °C.





4. Conclusions


We designed and successfully synthesized PH-Iodine RPCs as a cathode catalyst being composed of iodine and PVDF-HFP with MWCNTs for LABs. We showed that the chemical bonding between iodine molecules and PVDF-HFP prevents the crossover of RMs. Furthermore, we demonstrated that the uniformly dispersed bifunctional PH-Iodine RPC sample can act as both the binder and the catalyst. Compared to the Only PH sample in the absence of molecular iodine, the cycle performance of the PH-Iodine RPC sample achieved about 235% higher than those of the Only PH sample. In addition, as a result of the reduced overpotential due to the favorable structural property of PH-Iodine RPC samples with wide catalytic active sites, the PH-Iodine RPC samples showed a 5.36% improvement in round-trip efficiency compared to the Only PH sample. The role of iodine as a redox mediator in the polymer matrix was revealed based ex-situ XPS characterization. Consequently, it is expected the PH-Iodine RPC sample consisting of iodine and PVDF-HFP will be utilized as a promising catalyst for high-performance LABs.
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Figure 1. Schematic of the redox-mediated polymer catalyst (RPC) as a cathode catalyst for lithium-air batteries (LABs). 
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Figure 2. Structural analysis of the samples. (a) XRD patterns of the samples. (b) XPS spectra of I 3d for the PH-Iodine RPC sample. (c) FE-SEM and (d,e) EDX mapping images of the electrode of the PH-Iodine RPC sample. 
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Figure 3. Electrochemical performance of the samples. Plots of voltage vs. specific capacity measured at 100 μA cm−2 of (a) 5 cycle, (b) 50 cycle and (c) 100 cycle. (d) Plots of differential capacity vs. voltage for the samples. (e) The charge-discharge terminating voltage vs. cycle plot for the samples. (f) Comparison of discharge capacity vs. cycle number for the samples. 
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Figure 4. FE-SEM images of the samples: (a) before cell test, (b) after 5 cycle charging the Only PH sample, (c) after 5 cycle charging the PH-Iodine RPC sample. 
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Figure 5. High-rate performance of the samples. Plots of voltage vs. specific capacity measured at different current densities of (a) Only PH and (b) PH-Iodine RPC samples. (c) Comparison of round-trip efficiency for the samples. (d) Plots of energy density vs. current density for the samples. 
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