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Abstract

:

LiFePO4 is one of the industrial, scalable cathode materials in lithium-ion battery production, due to its cost-effectiveness and environmental friendliness. However, the electrochemical performance of LiFePO4 in high current rate operation is still limited, due to its poor ionic- and electron-conductive properties. In this study, a zeolitic imidazolate framework (ZIF-8) and multiwalled carbon nanotubes (MWCNT) modified LiFePO4/C (LFP) composite cathode materials were developed and investigated in detail. The ZIF-8 and MWCNT can be used as ionic- and electron-conductive materials, respectively. The surface modification of LFP by ZIF-8 and MWCNT was carried out through in situ wet chemical and mechanical alloy coating. The as-synthesized materials were scrutinized via various characterization methods, such as XRD, SEM, EDX, etc., to determine the material microstructure, morphology, phase, chemical composition, etc. The uniform and stable spherical morphology of LFP composites was obtained when the ZIF-8 coating was processed by the agitator [A], instead of the magnetic stirrer [MS], condition. It was found that the (optimum of) 2 wt.% ZIF-8@LFP [A]/MWCNT composite cathode material exhibited outstanding improvement in high-rate performance; it maintained the discharge capacities of 125 mAh g−1 at 1C, 110 mAh g−1 at 3C, 103 mAh g−1 at 5C, and 91 mAh g−1 at 10C. Better cycling stability with capacity retention of 75.82% at 1C for 100 cycles, as compared to other electrodes prepared in this study, was also revealed. These excellent results were mainly obtained because of the improvement of lithium-ion transport properties, less polarization effect, and interfacial impedance of the LFP composite cathode materials derived from the synergistic effect of both ZIF-8 and MWCNT coating materials.
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1. Introduction


LiFePO4, a cathode material with an olivine structure, is a competitive cathode material for commercialization in lithium-ion batteries, due to its high redox potential of Fe2+/Fe3+ (3.45 V vs. Li/Li+), stable structure, and the theoretical capacity reaches to 170 mAh g−1. Comparatively, the longer cycle life, environmentally benign nature, safety, and stability make LiFePO4 a lucrative choice for the automobile industry. Although LiFePO4 itself has various limitations, such as self-discharging, low lithium-ion diffusion coefficient (ca. 10−14–10−16 cm2 s−1), and low intrinsic electronic conductivity (ca. 10−9–10−10 S cm−1) [1,2,3,4], numerous methods, including particle size reduction, composite formation, incorporation of dopants and functionalization, altering particle morphology, suitable encapsulation of active materials, and modification of electrolytes, have been explored and studied to overcome those limitations in LiFePO4 [3,4,5,6,7]. Specifically, surface modification strategies on LiFePO4 cathode materials have played an essential role in enhancing the electrochemical performance by improving its lithium-ion diffusivity or electron conductivity [3,8,9,10].



Surface modification mainly plays a prominent role in preventing LiFePO4 particles from directly contacting the electrolytes and reducing Fe dissolution. It is also considered a potential method not only involved in protecting the LiFePO4 from the HF attack, but also enabling both electron- and ion-conducting channels to enhance the electrochemical performance [11]. A dual conductivity-based surface modification has been explored and provided a stable and better conductive interface in LiFePO4-based LIBs by reducing the interfacial resistance and balancing the charge transfer properties. For instance, Li1.4Al0.4Ti1.6(PO4)3 (LATP) and graphene nanosheets (GNS) hybrid layers can significantly improve both the ion-/electron-conducting properties of LiFePO4 and deliver high discharge capacity of 130 mAh g−1 at a current rate of 10C [12]. The dual conductivity nature can also be achieved by fluorine-doped carbon coating on LiFePO4, which can efficiently promote the ion/electron transfer and enhance the rate capability [3]. A hybrid conductive layer modification based on LATP@C to the LiFePO4 performs intense activity at a high current rate of up to 60C [13]. Hence, the surface modification of LiFePO4 with a dual conductive layer, is a promising strategy for improving the cathode materials’ sustainability in high-rate performance.



In recent years, metal-organic frameworks (MOFs) have experienced unprecedented interest, due to their multifunctionality and versatility. Some unique structural properties, including tunable porosity, uniform pore structure, and structural uniformity at an atomic level, have been attracted and utilized in gas and liquid adsorption, gas storage, sensing, battery, and supercapacitor applications [14,15,16,17,18,19]. Zeolitic imidazolate frameworks (ZIF) fall under the subcategory of MOFs that comprise tetrahedrally coordinated transition metal ions (such as cobalt, copper, iron, and zinc) bridged by imidazolates [20]. Many potential applications for various ZIF materials have been envisioned, since it displays tunable porosity, high surface area, multiple functionalities, and thermal and chemical stability [21]. Zeolitic imidazolate framework-8 (ZIF-8) consists of metallic zinc and ligands forming 2-methylimidazole coordinated in a framework structure. The metal-imidazole-metal angle exhibits structural similarity to the 145° Si-O-Si angle and, thus, makes them isomorphic [22]. Many ZIF topologies have been discovered; undoubtedly, more are coming. As a result of the vigorous porosity, thermal resistance, and stability of chemical reactions, ZIFs are considered for a vast array of applications. Li et al. developed a ZIF-8-modified LiNi1/3Co1/3Mn1/3O2 (NCM333) cathode material for lithium-ion battery application [23]. The deposition of ZIF-8 occurs only on the surface and is not embedded into the host lattice. The results demonstrate that the ZIF-8-modified NCM333 exhibits high discharge capacity and retention relative to the unmodified NCM333 for 200 cycles. Xu et al. synthesized mesoporous carbon derived from ZIF-8, which can improve both the ion-/electron-conductive properties of LiFePO4 and high rate cycling performances with the retention of 99.9% after 60 cycles at 10C rate [24]. Xu et al. also prepared a LiFePO4 composite cathode based on the surface modification of a metallic-zinc-containing graphitic carbon coating layer (about 10 nm) that was derived from the pyrolysis of ZIF-8 material [25]. The LiFePO4@CZIF-8 cathode displayed a high discharge specific energy of 141.7 mAh g−1 after the completion of 200 cycles at 5C with 99% capacity retention. The above results reveal that the existence of micro/mesoporosity in ZIF-8 and its derived carbon materials facilitates high electrolyte permeability and Li+ ion diffusivity by shortening the path length of mass and charge transport, thus enhancing the electrochemical performances.



The state-of-the-art explores that incorporating multiple conductive carbon modification strategies on the cathode materials has exhibited higher rate capability and better electrochemical cycling stability at room temperature [10,26,27,28]. The conductive carbon adopts the role of a complex wiring channel that interconnects the LiFePO4 particles—implementing carbon nanotubes (CNTs) and GNS as carbon source permits the entire LiFePO4 electrode to be composed of a conductive 3D network [29,30,31]. Adversely, the electrical conductivity may be poor, due to the absence of proper contact of the individual LiFePO4 particle surface with the carbon source. Moreover, the arbitrary incorporation of CNTs, due to their poor dispersibility in solution, may lead to inefficient utilization of its conductive network. Therefore, the cathode materials have been mixed externally by a dry-coating process, which includes hand mixing in mortar, solid-state ball milling, and mechanical alloy coating strategies [5,32,33]. Sharmila et al. prepared LiMnPO4@MWCNT material by the simple solid-state method via grinding by mortar and pestle [34]. The porosity and interconnecting channels of nanotubes promoted ion diffusion and improved the electrode/electrolyte interface, thus providing better electrochemical results. Our recent reports demonstrated that the dry-coating of LATP contained porous carbon additives (dual conductive coating layer) on high voltage cathode materials, i.e., Ni-rich LiNi0.8Co0.1Mn0.1O2 (4.3 V vs. Li/Li+) and LiFe1/3Mn1/3Co1/3PO4/C (5.0 V vs. Li/Li+) by a mechanical alloy method [32,35]. Both the cathodes exhibited a better rate capability and cyclability at a high current rate, due to their improved ionic conductivity and interfacial resistance.



In this work, we demonstrate a dual conductive (ion/electron) surface modification strategy based on ZIF-8 coating by an in situ solution process and multiwalled carbon nanotube (MWCNT) coating by a mechanical alloy dry-coating method to develop a LiFePO4/C (LFP/C) composite cathode material. Here, the in situ ZIF-8 coating can efficiently regulate the Li+ ion transport to the LFP particles. At the same time, the MWCNT fillers can help cause more uniform electron conduction throughout the adjacent secondary LFP particles. A magnetic stirring method initially optimized the amount (1, 2, 3, and 4 wt.%) of ZIF-8 coating. Further, we have compared the optimum ZIF-8 (2 wt.%) coating based on the magnetic stirring method with the agitating method. On the other hand, adding MWCNT in the mechanical alloy process is more beneficial for increasing the electron conductivity properties of the 2 wt.% ZIF-8@LFP cathode materials, due to the highly conductive one-dimensional nanostructure of MWCNT. Galvanostatic charge/discharge tests were implemented at various C–rates within the voltage range of 2.0–3.8 V (vs Li/Li+). Our results found that the integration of conductive carbon filler (2 wt.% MWCNT) and the 2 wt.% ZIF-8 on LFP significantly increased the electron and lithium-ion conductivity, thus improving the high rate discharge capacity of 103 mAh g−1 (5C) and 91 mAh g−1 (10C), which is far better than the previous report regarding LFP coated with micro/mesoporous carbon derived from ZIF-8. The Coulombic efficiency and capacity retention also benefit from this modification. Hence, the modification of commercial LFP with an in situ coating of 2 wt.% ZIF-8 and 2 wt.% MWCNT makes it a suitable approach for new LFP cathode materials in lithium-ion batteries.




2. Experimental Section


2.1. Preparation of ZIF-8


Zinc nitrate hexahydrate (Sigma-Aldrich chemicals, Taipei, Taiwan) and 2-methylimidazole (2-MeIm; Sigma-Aldrich chemicals, Taipei, Taiwan) were mixed in ethanol at the molar ratio of 1:8. The resultant mixture was stirred continuously for 24 h using a magnetic stirrer to form the ZIF-8 particles. After centrifugation at 9000 rpm for 15 min, the supernatant was discarded, and the white pellet left at the bottom was collected and dried overnight at 80 °C to obtain the ZIF-8 particles. Morphology studies confirmed the formation of the preferred ZIF-8 particles. Additionally, it must be noted that the yield percentage of the resultant ZIF-8 was only roughly 25% of the total amount of zinc nitrate hexahydrate used initially. This result is crucial to guarantee the different weight compositions of the ZIF-8 deposited on LFP, in order to determine the optimal ZIF-8 content.




2.2. Preparation of ZIF-8-Modified LFP Composite by a Magnetic Stirrer Method


Commercially available LiFePO4/C cathode material (5005 product, Formosa Materials, Taipei, Taiwan) was modified by surface-deposition of ZIF-8 dodecahedron nanoparticles. In brief, 5 g of commercial LFP powder was added into 70 mL ethanol-containing beaker; then, the mixture was ultrasonicated for 30 min to obtain a uniform dispersion by the ultrasonic cleaner DC300Hz (Delta Ultrasonic Co. Ltd., New Taipei City, Taiwan). Following this, the synthesis of the ZIF-8 particles was carried out using the molar ratio of 1:8 (Zinc nitrate hexahydrate: 2-MeIm), as mentioned above, under the magnetic stirring condition at about 350 rpm. A suspension of ethanolic 2-MeIm (7.03 mmol) was slowly added to the LFP/ethanol solution by a peristaltic pump setup with the constant stirring condition for 24 h. Then, ethanolic zinc nitrate hexahydrate (~0.88 mmol) solution was added using the same technique mentioned above and kept constant stirring for 24 h. The residue was collected after centrifugation and washed with ethanol three times. Finally, the ZIF-8@LFP composite was received after drying at 80 °C in a hot air oven. The different ZIF-8@LFP samples were prepared in this work by varying the deposition amount of ZIF-8 by 1, 2, 3, and 4 wt.%, named as 1 wt.% of ZIF-8, 2 wt.% of ZIF-8, 4 wt.% of ZIF-8, and 4 wt.% of ZIF-8, respectively. A detailed information about various amount of ZIF-8 coating can be found in the Supporting Information, see Table S1.




2.3. Preparation of 2 wt.% ZIF-8@LFP Composite by an Agitator Method


The optimum of 2 wt.% ZIF-8@LFP composite cathode material was also prepared by an agitator (DC Motor; New Lab Instruments Co. Ltd., New Taipei City, Taiwan) technique. A four-blade paddle was used as the agitator, rotated at a speed of about 450 rpm. A total of 5 g LFP in 70 mL ethanol was treated by ultrasonication for 30 min and followed by 24 h agitation to form a uniform suspension. The surface coating of 2 wt.% ZIF-8 on LFP was carried out under similar conditions mentioned in Section 2.2. Finally, the obtained composite product was referred to as 2 wt.% ZIF-8@LFP [A].




2.4. Preparation of 2 wt.% ZIF-8@LFP/MWCNT Composite by a Dry-Coating Method


After the preparation of 2 wt.%ZIF-8@LFP [A], based on the experimental condition mentioned in the Section 2.2 and Section 2.3, the dry-coating was performed using 2 wt.% MWCNT in mechanofusion apparatus (Hosokawa micron corporation, Tokyo, Japan). The mechanofusion milling was conducted at the rotation speed of 4500 rpm for 1 min, with five intervals [35].




2.5. Instrumentation


Scanning electron microscopy (SEM) was used to analyze the surface morphology of the synthesized materials by JSM-IT200 (JEOL Inc, Pleasanton, CA, USA). Elemental analysis was also carried out with Oxford Xplore 30 EDS (Oxford Instruments, Beaverton, OR, USA). Phase purity of the materials was studied by X-ray diffraction (XRD) analyzer (BRUKER D2 PHASER, Karlsruhe, Germany) at 40 kV and 50 mA, with Cu-Kα (λ = 0.1534 nm). Micro-Raman spectroscopy (Confocal micro Renishaw, Gloucestershire, UK) with 632 nm He–Ne was also performed. Charge/discharge tester (Arbin BT-2043, 0.1 A, Charger, ALT Inc, East Lyme, CT, USA). Electrochemical analysis workstation PGSTAT302N (Metrohm Autolab B. V., Houten, The Netherlands).




2.6. Electrode Fabrication and Measurements


The commercial LFP or as-modified composite LFP powders were used as the active material. The slurry composition is maintained with the ratio of 8:1:1 (wt.%) by the active material: polyvinylidene fluoride (PVDF): Super P, respectively. In slurry preparation, 2 g of the active material is sieved with the help of a sieving mesh (0.044 µm). The fine powder, thus, obtained is incorporated with a suitable amount of Super P by a mortar and pestle. The powders are then baked in a 120 °C oven for 1 h to remove any traces of moisture. A mixture of PVDF and N-methyl-2-pyrrolidone (NMP) is combined in a stirrer and stirred at 150 rpm for 30 min. Active material and Super P are slowly added along with additional suitable amounts of NMP (if required). The mixture is stirred at 450 rpm for 3 h, with a subsequent stirring for 1 h at 110 rpm. After mixing, the slurry is coated on a current aluminum collector smoothly attached to a clean glass plate. The universal applicator is used at a wet film thickness of 200 µm for this. The glass plate with the coated slurry is placed in a 60 °C oven overnight to remove any redundant organic solvent (NMP). The as-prepared electrode was roll-pressed and cut into a circular disc with a diameter of 13 mm, and then used as the cathode to assemble the CR2032 coin cell. The active material loading achieved was approximately 2–3 mg cm−2. The 2032-type coin cell fabricated using the as-prepared LFP electrode as the cathode, and pure lithium metal disc (diameter 1.6 cm; thickness 450 µm) was used as the anode, while a polyethylene membrane (PE; thickness 16 µm; Asahi Kasei, Tokyo, Japan) acted as the separator. The electrolyte used was a 1 M solution of LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1, v/v). The actual fabrication of all the parts mentioned above took place inside a glove box (MBraun LABstar, Garching, Germany) with an argon atmosphere, which had the operating conditions of H2O < 0.5 ppm; O2 < 0.5 ppm. After the coin cells were assembled, they were stored idle for around 24 h to ensure the electrolyte was imbibed well into the electrode. Electrochemical impedance spectroscopy (EIS) measurement was observed in an electrochemical data testing setup (PGSTAT302N; Metrohm Autolab B. V., Utrecht, The Netherlands) at a frequency spanning 1 MHz to 0.01 Hz and at an amplitude of 0.01 VRMS.





3. Results and Discussion


3.1. Material Characterization


Preliminary experiments were conducted to prepare nano-sized ZIF-8 particles. Figure S1A,B displays SEM and XRD results to confirm the formation of ZIF-8, indicating the uniform dodecahedron nanoparticles (ca. 300 nm) with a high crystalline phase. The characteristic XRD peaks of ZIF-8, as shown in Figure S1B, for the planes (002), (112), (022), (013), (222), (114), (233), (134), and (044), were observed at 2θ of 10.79°, 13.12°, 15.14°,16.91°, 18.49°, 22.56°, 24.94°, 27.13°, and 30.02°, which is in good agreement with the previous literature [36]. The XRD patterns of LFP-coated ZIF-8 samples are also shown in Figure S2. To determine the optimal percentage composition of ZIF-8 on LFP, various amounts of 1, 2, 3, and 4 wt.% for ZIF-8 coating were conducted. The XRD patterns of Figure S2 curves (a)–(d) show a clear increment in the characteristic peak of (112) plane of pristine ZIF-8 upon increasing the coating amount of ZIF-8 from 1 wt.% to 4 wt.%. This signifies the successful synthesis of ZIF-8 on the LFP materials. In addition, the SEM images of Figure 1A,B show the morphology of the bare LFP and 2 wt.% ZIF-8-modified LFP microsphere powders, respectively. The results revealed that the in situ growth method could form a uniform deposition of ZIF-8 nanoparticles on the LFP microsphere powders. However, it forms agglomerated ZIF-8 particles on the LFP surface, instead of uniform distribution, when increasing the content to 3 wt.% and 4 wt.%. This can possibly increase the path length of Li+ ion transport to the LFP lattice, which may affect the discharge capacity. Therefore, the results suggest that the 2 wt.% ZIF-8 coating is the optimum for improving the electrochemical performance.



Figure 1C,D also shows the SEM images of the 2 wt.% ZIF-8@LFP [A] samples prepared through an agitator. This method was preferred, in order to maintain the LFP microsphere morphology without any damage. The 2 wt.% ZIF-8@LFP [MS] samples prepared via a magnetic stirring method delivered severely broken particles distributed on their LFP composite mixture, which is clearly depicted in Figure 1B and Figure S3A–D. However, the 2 wt.% ZIF-8@LFP [A] samples show more uniform microsphere morphology, similar to the bare LFP. Furthermore, the LFP composite samples were further dry-coated with MWCNTs via mechanofusion treatment. Figure 1E,F reveals the incorporation of MWCNT additives on the 2 wt.% ZIF-8@LFP [A] samples. It is further confirmed with the TEM analysis. Figure S3A,B shows the clear surface of LFP with the coating of amorphous carbon layer; however, Figure S3C,D shows the attachment of ZIF-8 and MWCNT to the carbon layer-coated LFP surface. Hence, the above morphological study indicating that the successful modification of ZIF-8 and MWCNT on the LFP materials.



Figure 2 shows the EDX analysis to evaluate the element distribution in 2 wt.% ZIF-8@LFP [A]/MWCNT composite material. Figure 2A represents the EDX spectra of the 2 wt.% ZIF-8@LFP [A]/MWCNT sample, and its corresponding elemental mapping results can be seen in Figure 2B. The EDX mapping result of the elements, including iron (Fe), phosphorus (P), oxygen (O), zinc (Zn), nitrogen (N), and carbon (C), was shown in Figure 2C–H, respectively. The deposition of ZIF-8 on the LFP composite was confirmed by the presence of the zinc and nitrogen elements with significant amount. Similarly, LFP was dry-coated with the MWCNT fillers, and the number of carbons increased. Therefore, the intention of preparing an active material with a sufficient conductive carbon content to achieve better electrical conductivity has been fulfilled. Thus, an overall electrochemical performance improvement can be expected.



Figure 3A shows the comparison of XRD patterns of the pure ZIF-8 (a), bare LFP (b), 2 wt.% ZIF-8@LFP [A] (c), and 2 wt.% ZIF-8@LFP [A]/MWCNT (d) samples. Figure 3A curve (a) displays the typical crystal planes of ZIF-8, which are mentioned above. The prominent peak of the pure ZIF-8 (112) plane is exhibited on the XRD pattern of 2 wt.% ZIF-8@LFP [A] (c), which is not observed in the bare LFP sample (b). The intensity of LFP crystal planes is significantly reduced after ZIF-8 deposition, resulting from the surface modification of LFP with ZIF-8. Although, the intensity of LFP crystal planes is further decreased after dry-coating 2 wt.% of MWCNT on 2 wt.% ZIF-8@LFP [A], which is clearly seen at the peak position range of 40°–65°. Additionally, the major peak position of LFP was slightly shifted to a higher angle, about 0.2°. In comparison of the above LFP samples, it can also be observed that most of the characteristic peaks of LFP remain the same. Still, the characteristic peak (112) plane of pure ZIF-8 loses its prominence, which the presence of MWCNT may cause.



Figure 3B depicts the micro-Raman spectroscopy of pure ZIF-8 (a), bare LFP (b), 2 wt.% ZIF-8@LFP [A] (c), and 2 wt.% ZIF-8@LFP [A]/MWCNT (d). As seen in the spectra, two strong peaks are observed for each spectrum (except pure ZIF-8) at the position of approximately 1340 and 1595 cm−1, which can be assigned to the D-band (disorder band) and the G-band (graphitic band), respectively [37]. Second-order weak bands were also observed at around 2665 and 2897 cm−1, ascribed to the 2D and D+G bands, respectively, which confirms the presence of highly ordered degree of carbon material [38]. The characteristic peak of PO43− at around 950 cm−1 appears slightly, due to the screening effect of the MWCNTs. The peak intensity ratio of D-band and G-band (ID/IG) exhibits an inversely proportional relationship to the degree of graphitization of carbon [39]. The results are summarized in Table S2. The reduction in the (ID/IG) ratio suggests that the amount of the disordered carbon (sp3 carbon) is lower than that of graphitic carbon (sp2 carbon), thus increasing the graphitization degree. Additionally, the high degree of graphitization indicates higher electronic conductivity of carbon; thus, better electrochemical properties can be achieved.



XPS analyses were performed to confirm the surface elements chemical binding of the LFP composite (2 wt.% ZIF-8@LFP [A]/MWCNT) cathode materials. Figure 4 displays the elemental survey spectrum and deconvolution spectra of their corresponding elements. As seen in Figure 4A, the LFP composite cathode shows the elements of Li, P, C, N, O, Fe, and Zn, whereas the bare LFP contains only the elements of Li, P, C, O, and Fe. The peak intensities of the C 1 s (~285 eV) and O 1s (~531 eV) peaks in the LFP composite increased and decreased, respectively, compared to the bare LFP. This phenomenon is clearly observed in the deconvolution spectra of the C 1 s (Figure 4B), O 1s (Figure S5A,B). The peak intensities were also decreased in the peaks of Fe 2p (Figure S5C,D), P 2p (Figure S5E,F), and Li 1s (Figure S5G,H). It is revealed that the surface of LFP particles shows significant modification.



In addition, the C 1s peak of LFP composite shows the high intensity C=C peak at 284.5 eV, with some minor peaks at 285.7, 286.6, and 290.8 eV, attributed to the binding of C-O/C-N, C=O/C=N, and p-p *, respectively [40,41]. The appearance of the p-p * peak reveals the presence of highly ordered graphitic carbon in the composite samples. Additionally, the N 1s and Zn 2p peaks were only exhibited in the LFP composite, not in the bare LFP (Figure 4C). The N 1s peak of LFP composite shows two peaks at 398.5 and 400.1 eV for the Zn-N/C=N and N-H bonds in ZIF-8, respectively [42,43]. The Zn LMM peak at 497.9 eV also revealed the Zn-N bond formation [44]. The deconvolution of Zn 2p (Figure 4D) displays the spin-orbit-splitting of 2p3/2 and 2p1/2 at the binding energies of 1021.7 and 1044.9 eV, which reveals the existence of Zn element with +2 oxidation state [42,45]. Hence, the above results confirm the surface modification of LFP by MWCNT and ZIF-8.




3.2. Electrochemical Performance


The electrochemical performance of the bare LFP and modified LFP composites was investigated using CR2023 coin-type cells under the potential range of 2.0–3.8 V (Li/Li+). Commercial LFP was treated with different weight percentages (1, 2, 3, and 4 wt.%) of ZIF-8 nanoparticles by using the magnetic stirrer method to obtain the desired enhancement of the modified LFP cathode material. The optimal weight percentage of ZIF-8 deposited LFP was determined after electrochemical tests. Galvanostatic charge/discharge tests were performed at a charge/discharge current rate of 0.1C/0.1C, based on the bare LFP, 1 wt.% ZIF-8@LFP [MS], 2 wt.% ZIF-8@LFP [MS], 3 wt.% ZIF-8@LFP [MS], and 4 wt.% ZIF-8@LFP [MS] electrodes, corresponding to the initial cycle results, which are shown in Figure S6 curves (a)–(e), and all collected data are summarized in Table S3. The observed results indicate that the discharge capacity of the 2 wt.% ZIF-8@LFP [MS] electrode (146 mAh g−1) is higher than those of the bare LFP (143 mAh g−1), 1 wt.% ZIF-8@LFP [MS] (145 mAh g−1), 3 wt.% ZIF-8@LFP [MS] (142 mAh g−1), and 4 wt.% ZIF-8@LFP [MS] electrodes (136 mAh g−1). From Table S3, our ZIF-8-modified LFP electrodes exhibit higher Coulombic efficiency (CE%) than the bare LFP electrode, which confirms the impact of the ZIF-8 coating. It significantly improved the discharge capacities and the CE% values. On the contrary, the discharge capacities decrease, while increasing the deposition amount of ZIF-8 over 2 wt.%. It may be mainly due to the aggregation of ZIF-8 particles, which may hinder the Li+ ion transport to the LFP cathode materials. Therefore, we have chosen the 2 wt.% ZIF-8 formulation for LFP modification in further experiments.



Figure 5A further shows the comparison data of the initial charge–discharge cycle of the bare LFP (a), 2 wt.% ZIF-8@LFP [MS], 2 wt.% ZIF-8@LFP [A], and 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes at 0.1C rate. All the samples exhibit a horizontal voltage plateau at 3.50 and 3.45 V during the charge–discharge process, indicating the extraction and insertion of Li+ ions between FePO4 and LiFePO4. As seen in Figure 5A, the discharge capacity of the 2 wt.% ZIF-8@LFP [A] (149 mAh g−1) electrode exhibits much higher results than those of the bare LFP (143 mAh g−1) and 2 wt.% ZIF-8@LFP [MS] electrodes (146 mAh g−1). This is due to the more compact and stable microstructure of LFP microsphere composite with the ion-conductive ZIF-8 coating, as compared to the loose microstructure particles in 2 wt.% ZIF-8@LFP [MS]. However, the discharge capacity of the 2 wt.% ZIF-8@LFP [A]/MWCNT electrode (142 mAh g−1) is slightly lower than that of the other electrodes. On the contrary, the voltage polarizations at the charge–discharge plateaus were significantly reduced at the 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes, which is due to the incorporation of highly electron-conductive MWCNT additives via the fast and energy-saving dry-coating process after in situ growth of ZIF-8 on LFP. As you can see in Figure 5B (the enlarged view of Figure 5A between the specific discharge capacity range of 20–80 mAh g−1), the overpotential of the polarization window increased in the order of 72 mV < 96 mV < 136 mV for the bare LFP < 2 wt.% ZIF-8@LFP [MS] < 2 wt.% ZIF-8@LFP [A] electrodes. The overpotential was increased, while introducing the ZIF-8 coating. This is mainly due to the poor electron-conductive nature of the ZIF-8 materials. On the other hand, it can facilitate more Li+ ion transport to increase the discharge capacity. This dry-coating of MWCNT can solve the limitation of electron-conductive properties of ZIF-8-modified LFP. The overpotential of 2 wt.% ZIF-8@LFP [A]/MWCNT electrode (61 mV) shows less value, as compared to the bare LFP, 2 wt.% ZIF-8@LFP [MS], and 2 wt.% ZIF-8@LFP [A] electrodes. The lesser polarization behavior is mainly due to the incorporation of MWCNT, thus improving the electron transfer kinetics of the 2 wt.% ZIF-8@LFP [A]/MWCNT composite cathode [31,46,47]. It is more beneficial to enhance the LFP cathode materials’ rate capability in lithium-ion batteries.



The long-term cycling stability tests of the as-prepared LFP electrodes were conducted at the voltage range of 2.0–3.8 V at two different current rates, such as 0.1C/0.1C for 30 cycles and 1C/1C for 100 cycles. Figure 6A shows the cycling profile for the (a) bare LFP, (b) 2 wt.% ZIF-8@LFP [MS], (c) 2 wt.% ZIF-8@LFP [A], and (d) 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes, which performed at 0.1C rate for 30 cycles, and their corresponding charge–discharge cycles are shown in Figure S7A–D. It was seen clearly that the capacity retention of the as-prepared LFP electrodes, such as the bare LFP, 2 wt.% ZIF-8@LFP [MS], 2 wt.% ZIF-8@LFP [A], and 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes, had gradually improved to 88.31%, 89.34%, 90.90%, and 92.92%; the CE% were about 98.28%, 98.52%, 99.44%, and 99.58%, respectively. Furthermore, the long-term cyclability of those LFP electrodes at 1C/1C rate is also displayed in Figure 6B. Stable charge–discharge long-term cycling and less voltage polarization behavior were observed on 2 wt.% ZIF-8@LFP [A]/MWCNT electrode (Figure 7D), as compared to bare LFP, 2 wt.% ZIF-8@LFP [MS], and 2 wt.% ZIF-8@LFP [A] electrodes (Figure 7A–C). The initial discharge capacity of 2 wt.% ZIF-8@LFP [A]/MWCNT electrode at the first cycle was around 114.65 mAh g−1, which is considerably lower than that of 2 wt.% ZIF-8@LFP [A] electrode, while being close to bare LFP electrode. However, it was found that the discharge capacity did not degrade much after 100 cycles at a 1C rate. Meanwhile, the CR% and CE% values of 2 wt.% ZIF-8@LFP [A]/MWCNT electrode were significantly improved to around 75.82% and 98.95%, rather than about 65.31% and 98.08% for the bare LFP, about 69.30% and 98.40% for 2 wt.% ZIF-8@LFP [MS], and about 73.83% and 98.55% for 2 wt.% ZIF-8@LFP [A], respectively. Our results indicated that the gradual increase of CR% is due to the presence of the ZIF-8 particles on the stable structure of LFP composite materials. The stability in CE% curve of 2 wt.% ZIF-8@LFP [A]/MWCNT electrode is much more stable than those of the other LFP electrodes, where the CE curves were unstable. In addition, the voltage fading is an important factor for investigating the cyclability of the cathode materials, rather than the capacity fading [48]. Figure S8 shows the average discharge voltage and voltage efficiency profile of the (a) bare LFP, (b) 2 wt.% ZIF-8@LFP [MS], (c) 2 wt.% ZIF-8@LFP [A], and (d) 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes. The voltage polarization (ΔE) effects of these above-mentioned electrodes are about 489, 542, 466, and 439 mV, respectively. The average voltage efficiencies of these electrodes are also calculated to 86.32%, 84.91%, 86.88%, and 87.59%, respectively. These results indicate that the voltage fading is clearly suppressed by the incorporation of ZIF-8 and MWCNT to the LFP cathode materials. However, the severe fading can be obtained due to the cracking or breakage of the secondary particles on the electrode surface. The specific energy density of these half-cells is calculated from the average voltage of the 100th cycle, based on the active cathode material weight, and we compared the results. The specific energy densities of the bare LFP, 2 wt.% ZIF-8@LFP [MS], 2 wt.% ZIF-8@LFP [A], and 2 wt.% ZIF-8@LFP [A]/MWCNT half-cells are about 212, 223, 238, and 242 Wh kg−1, respectively. The energy efficiencies of these half-cells are about 76.77%, 77.59, 77.66%, and 78.62%, respectively. Based on the above results, it is clear that the 2 wt.% ZIF-8@LFP [A]/MWCNT delivers better performance than the other electrodes.



The post-mortem analysis of the SEM images is further verified, in that the 2 wt.% ZIF-8@LFP [A]/MWCNT electrode did not show many cracks on the surface before (Figure S9A) and after (Figure S9B) cycling at a 1C rate, compared to the bare LFP (Figure S9C,D). Additionally, the crystal structure (from XRD pattern, Figure S10A,B) and the elemental composition (from EDX analysis, Figure S11A,B) of the 2 wt.% ZIF-8@LFP [A]/MWCNT electrode did not show any significant differences after long cycles. Our results suggest that this novel strategy, based on ZIF-8 deposition and MWCNT dry-coating, offers both ionic and electronic conductivity enhancement, respectively, and facilitates the stable electrode fabrication for the LFP cathode material.



Figure 8A demonstrates the rate performance of the bare LFP (a), 2 wt.% ZIF-8@LFP [MS] (b), 2 wt.% ZIF-8@LFP [A] (c), and 2 wt.% ZIF-8@LFP [A]/MWCNT (d) electrodes at various current rates, i.e., 0.2C–10C rates, and the corresponding charge–discharge profiles can be found in Figure S12A–D. The obtained discharge capacities at 0.2C, 0.5C, 1C, 3C, 5C, and 10C for the bare LFP electrode are 127, 123, 116, 103, 93, and 74 mAh g−1, respectively; for 2 wt.% ZIF-8@LFP [MS], they are 129, 125, 118, 105, 95, and 75 mAh g−1, respectively; for 2 wt.% ZIF-8@LFP [A], they are 133, 126, 120, 105, 96, and 80 mAh g−1, respectively; for 2 wt.% ZIF-8@LFP [A]/MWCNT, they are 137, 131, 125, 110, 103, and 91 mAh g−1, respectively. Our results indicated that 2 wt.% ZIF-8 modification at LFP cathode material significantly improved the high-rate capacity, compared to the unmodified LFP cathode material. After the 10C rate, the capacity retention (CR%) for bare LFP had been estimated to be 54.78%, while maintaining an average coulombic efficiency (CE%) of 94.82%. On the contrary, the CR% of 2 wt.% ZIF-8@LFP [MS] and 2 wt.% ZIF-8@LFP [A] electrodes are approximately 57.30% and 61.23%, while maintaining CE% of 96.77% and 97.98%, respectively. Furthermore, the 2 wt.% ZIF-8@LFP [A]/MWCNT electrode exhibits more rate capability than the other three electrodes, showing very high discharge capacities in all C-rates, especially at 5C (ca. 103 mAh g−1) and 10C (ca. 91 mAh g−1). It is more comparable to the high-rate capacities of 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes with the previous reports (see Table 1) [13,24,25,47,49,50]. The average CE% increases to around 98.88%, and the capacity retention reaches 66.60%. It is mainly due to the synergistic effect of ZIF-8 and MWCNT dual-coating on the LFP material. Both provide highly ionic and electron-conductive environments to improve high-rate performance.



An electrochemical impedance spectroscopy (EIS) was implemented to study the reaction kinetics and the interfacial electrochemical trends of the as-prepared LFP electrodes. Nyquist plots were observed before (Figure S13A,B) and after (Figure 8B,C) the completion of high-rate cycling (about 18 cycles) at 0.2C to 10C rates of the as-fabricated electrodes, such as the bare LFP (a), 2 wt.% ZIF-8@LFP [MS] (b), 2 wt.% ZIF-8@LFP [A] (c), and 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes (d). From the Nyquist plots, the electrode impedances, including bulk resistance (Rb), charge transfer resistance (Rct), and total resistance (RT = Rb + Rct), can be estimated from the high-frequency semicircle region. In contrast, the Li+ ion diffusion coefficient (DLi+) values were obtained from the low-frequency linear region. All these Nyquist plots are fitted by using the equivalent circuit mentioned in the inset of Figure 8B, which contains the elements, including Rb, Rct, constant phase element (CPE), and Warburg impedance (W) [51,52]. Table 2 shows that the RT value of 2 wt.% ZIF-8@LFP [A]/MWCNT electrode markedly reduced to 21.89 W, while the bare LFP was ca. 407.77 W. After the 10C rate, the Rct value of 2 wt.% ZIF-8@LFP [A]/MWCNT electrode falls to 15.09 W, rather than the bare LFP electrode of 401.21 W. This reveals the improved electronic conductivity of the LFP composite materials, which enables its sustainability in high-rate operation. On the other hand, the uniform ZIF-8 coating on the LFP microspheres composite further markedly improved the Li+ ion transfer properties. The DLi+ values of all the as-prepared LFP electrodes were calculated by the below Equation (1) [7]:


       D      Li  +    =    R 2   T 2    2  A 2   n 4   F 4   C 2   σ 2     



(1)




where R is the gas constant (9.314 J mol−1 K−1), T is the absolute temperature (298 K), A is the surface area of the electrode (1.33 cm2), n is the number of electrons per molecule during the redox reaction (n = 1 for the redox reaction of Fe3+/Fe2+), F is the Faraday constant (96,500 C mol−1), C is the concentration of lithium-ions (7.69 × 10−3 mol cm−3), and σ is the Warburg impedance factor. The σ values can be obtained from the slope of the linear relation of Zre versus ω−1/2, based on the following Equation (2) [30]:


   Z  r e   =  R b  +  R  c t   + σ  ω  − 1 / 2    



(2)







Based on the obtained σ values, the DLi+ values were calculated before and after the high-rate cycling operation of the electrodes. The results are clearly summarized in Table 2. The DLi+ values are significantly increased after the high-rate charging-discharging conditions; this is due to the activation of Li+ ion conduction channels after a few cycles. Our results show that the improvement of DLi+ values in the electrodes are based on the following order: bare LFP < 2 wt.% ZIF-8@LFP [MS] < 2 wt.% ZIF-8@LFP [A] < 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes. The lowest impedance and highest DLi+ values indicated the low voltage polarization and high lithium transfer effect on the ZIF-8- and MWCNT-modified LFP composite cathodes, respectively, and enhanced the high-rate electrochemical performance of the lithium-ion batteries.



The above results concluded that adding MWCNT via the mechanical alloy process is more beneficial for increasing the electron conductivity properties of 2 wt.% ZIF-8@LFP cathode materials, due to the highly conductive one-dimensional (1D) nanostructure of MWCNT. In chemical techniques, the MWCNT can be floated in the solution, due to the high surface area and nanofiber structure. Meanwhile, the ZIF-8 can also be deposited on the MWCNT, instead of growing on LFP particles. Hence, there is a possibility of reducing the electron-conductive nature of the MWCNT, when it is functionalized by ZIF-8 (poor electron conductor). Therefore, we have introduced MWCNT in a post-synthesis method. The mechanical alloy method helps microstructure of cathode materials to be well-attached with carbon nanostructured materials, due to the effective and fast milling of multicomponent.



In addition, the 1D fibrous structure MWCNT can deliver high electron conduction for long distances, rather than the zero-dimensional (0D) and two-dimensional (2D) carbon materials. Hence, the cathode materials are electronically connected by this 1D conductive carbon, rather than the 0D carbon. The high electron conductivity may also be affected while using the 2D conductive materials, due to the severe agglomeration or aggregation properties. Therefore, we prefer MWCNT for increasing the electron conductivity properties of the LFP cathode materials, thus improving the high-rate capacity in LIBs application. Furthermore, our proposed ZIF-8 coating method is a more facile, low-cost, and environmentally-friendly approach. The addition of MWCNT by mechanical alloy technology is also a less time-consuming and hazardous chemical-free process. So, the combination of both methods mentioned above is a suitable strategy for developing a composite cathode material with both electron/ions conducting properties for large-scale applications.





4. Conclusions


The ZIF-8 and MWCNT co-modified LFP composite material was prepared by using wet- and dry-coating methods. The optimum of 2 wt.% ZIF-8 coating exhibited superior electrochemical properties. The ZIF-8 nanoparticles uniformly deposited on LFP by an agitator method exhibit improved electrochemical Li+ insertion/desertion kinetics, due to stabilizing the microstructure and increasing the Li+ diffusion transport (ZIF8 immobilizing PF6− anions at the interface of electrode/electrolyte). Most importantly, the integration of the 1D conductive MWCNT on ZIF-8@LFP composite becomes an electron/ion transport frame network throughout the LFP cathode material. The successful incorporation of MWCNT in the 2 wt.% ZIF-8@LFP/MWCNT composite electrode manifests in the form of an elevated high-rate discharge capacity of 91.82 mAh g−1 at 10C rate. According to our proposed modification strategy, reduced voltage polarization and improved lithium-ion diffusion coefficient values have been observed. Therefore, our half-cell test results achieved higher Coulombic efficiency, high-rate capacities, and capacity retention. Thus, the as-synthesized 2 wt.% ZIF-8@LFP/MWCNT composite is an effective active cathode material for high-rate lithium-ion battery applications.
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Figure 1. SEM images of the (A) bare LFP, (B) 2 wt.% ZIF-8@LFP [MS], (C,D) 2 wt.% ZIF-8@LFP [A], and (E,F) 2 wt.% ZIF-8@LFP [A]/MWCNT samples. 
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Figure 2. (A) EDX spectral analysis of the 2 wt.% ZIF-8@LFP [A]/MWCNT composite. (B) EDX mapping results of the 2 wt.% ZIF-8@LFP [A]/MWCNT sample and its corresponding elements of (C) iron, (D) phosphorus, (E) oxygen, (F) zinc, (G) nitrogen, and (H) carbon. 
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Figure 3. (A) XRD patterns of the pure ZIF-8 (a), bare LFP (b), 2 wt.% ZIF-8@LFP [A] (c), and 2 wt.% ZIF-8@LFP [A]/MWCNT (d) samples. (B) Micro-Raman spectra of the pure ZIF-8 (a), bare LFP (b), 2 wt.% ZIF-8@LFP [A] (c), and 2 wt.% ZIF-8@LFP [A]/MWCNT (d) samples. 
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Figure 4. (A) Full survey spectra of the bare LFP and LFP composite (2% ZIF-8@LFP [A]/MWCNT). The deconvolution spectra of (B) C 1s, (C) N 1s, and (D) Zn 2p peaks of the bare LFP and LFP composite (2% ZIF-8@LFP [A]/MWCNT). 
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Figure 5. (A) First charge–discharge cycles of the bare LFP (a), 2 wt.% ZIF-8@LFP [MS], 2 wt.% ZIF-8@LFP [A], and 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes at 0.1C/0.1C. (B) The estimation of voltage polarization from the magnified view at the selected area of Figure 4A. 
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Figure 6. Cycle stability curves of the (a) bare LFP, (b) 2 wt.% ZIF-8@LFP [MS], (c) 2 wt.% ZIF-8@LFP [A] and (d) 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes at 0.1C/0.1C rate for 30 cycles (A), and at 1C/1C rate for 100 cycles (B). 
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Figure 7. Charge–discharge curves of (A) bare LFP, (B) 2 wt.% ZIF-8@LFP [MS], (C) 2 wt.% ZIF-8@LFP [A], and (D) 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes at 1C/1C rate for 100 cycles. 
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Figure 8. (A) High-rate profiles of the (a) bare LFP, (b) 2 wt.% ZIF-8@LFP [MS], (c) 2 wt.% ZIF-8@LFP [A], and (d) 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes at various current rates of 0.2C, 0.5C, 1C, 3C, 5C, and 10C. (B) Nyquist plots of the (a) bare LFP, (b) 2 wt.% ZIF-8@LFP [MS], (c) 2 wt.% ZIF-8@LFP [A], and (d) 2 wt.% ZIF-8@LFP [A]/MWCNT electrodes after high-rate (ca. 0.2C–10C). (C) The magnified view of Figure 4B. (D) The linear dependence of Z’ versus w−1/2 for after high rate (ca. 0.2C–10C) cycles. 
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Table 1. Comparison of the high-rate performances 2 wt.% ZIF-8@LFP [A]/MWCNT composite cathode with previous reports.
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Composite Cathodes

	
High-Rate Capacity (mAh g−1)

	
References




	
1C

	
3C

	
5C

	
10C






	
LFP@CZIF-8

	
142

	
-

	
92

	
59

	
[24]




	
LFP@CZIF-8

	
115

	
-

	
40

	
12

	
[25]




	
LFP@C-LATP

	
140

	
-

	
129

	
115

	
[13]




	
LFP/MWCNT

	
106

	
86

	
78

	
65

	
[47]




	
LFP@C-LALZO

	
110

	
-

	
70

	
-

	
[49]




	
LFP@C-VC

	
135

	
110

	
98

	
-

	
[50]




	
2 wt.% ZIF-8@LFP [A]/MWCNT

	
125

	
110

	
103

	
91

	
This work








Abbreviations: LFP—LiFePO4; CZIF-8—ZIF-8 derived carbon; LATP–Li1.3Al0.3Ti1.7(PO4)3; MWCNT—Multiwalled carbon nanotubes; LALZO—Al-doped Li7-3xAlxLa3Zr2O12; VC—Vitamin C.
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Table 2. Summary of the impedance parameters of the electrodes before and after high-rate performances.
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Parameters

	
Rb

(Ω)

	
Rct

(Ω)

	
RT (Ω)

(RT = Rb + Rct)

	
DLi+

(cm2 s−1)




	
Sample

	




	

	
Before

	
After

	
Before

	
After

	
Before

	
After

	
Before

	
After






	
Bare LFP

	
4.18

	
6.56

	
426.49

	
401.21

	
430.67

	
407.77

	
2.22 × 10−14

	
3.40 × 10−14




	
2 wt.% ZIF-8@LFP [MS]

	
6.51

	
7.69

	
181.10

	
82.38

	
205.86

	
90.07

	
6.92 × 10−15

	
5.51 × 10−14




	
2 wt.% ZIF-8@LFP [A]

	
4.10

	
6.98

	
274.10

	
120.65

	
278.20

	
127.63

	
1.72 × 10−14

	
6.73 × 10−14




	
2 wt.% ZIF-8@LFP [A]/MWCNT

	
3.85

	
6.82

	
193.00

	
15.09

	
196.85

	
21.89

	
8.41 × 10−15

	
9.85 × 10−14
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