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Abstract

:

Ammonium vanadium oxide (NH4V4O10) is a promising layered cathode for aqueous zinc-ion batteries owing to its high specific capacity (>300 mA h g−1). However, the structural instability causes serious cycling degradation through irreversible insertion/extraction of NH4+. Herein, a new potassium ammonium vanadate Kx(NH4)1−xV4O10 (named KNVO) is successfully synthesized by a one-step hydrothermal method. The inserted of K+ can act as structural pillars, connect the adjacent layers closer and partially reduce the de-insertion of NH4+. Due to the multi-functional of K+, the prepared KNVO presents a high specific discharge capacity of 432 mA h g−1 at a current density of 0.4 A g−1, long cycle stability (2000 cycles, 94.2%) as well as impressive rate performance (200 mA h g−1 at 8 A g−1).
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1. Introduction


In recent years, aqueous zinc ion batteries (AZIBs) are considered as promising candidates for grid-scale energy storage because of their low cost, high operational safety, and environmentally friendly [1,2,3]. Cathode materials are related to the operating voltage, cycling stability, and rate performance in AZIBs. Therefore, developed high-performance cathode materials have become a breakthrough point in the large-scale application of AZIBs. Previously, various cathode materials have been developed in AZIBs including vanadium-based materials [4,5,6], manganese-based compounds [7,8,9], Prussian blue analogues [10,11], and organic compounds [12,13,14,15], and others. Among these reported cathode materials, vanadium-based materials with high capacity (>300 mA h g−1), various oxidation states (V5+, V4+, and V3+), and several coordination polyhedra (VO4, VO5, and VO6), are widely studied in AZIBs [16]. Among these reported vanadium-based materials. For instance, layer-type V2O5 [17] and its derivative NH4V4O10 [18] tunnel-type VO2, [19], 3D open framework-type Na3V2(PO4)3 [20], etc. It is worth noting that the layered type NH4V4O10 (NVO) has a high specific capacity due to the high oxidation of V. NH4+ has a large ion radius and small mass, corresponding to large bi-layered NVO interlayer spacing for facile ion intercalation and storage. Therefore, it has faster ionic transfer dynamics and higher energy density to some extent in comparison with V2O5. But some areas still need to be improved for it. Firstly, the electrostatic interaction of NH4+ and V-O layer is weak while the force between Zn2+ and the host materials is strong. The inserted Zn2+ inevitably extrudes NH4+ [21], leading to structural deformations and forming large migration barriers for the diffusion of Zn2+, further resulting in poor cycling stability [22,23,24] and limited rate performance. In addition, the electrochemical performance of NVO is affected by the inherently low electrical conductivity [25]. Heretofore, many strategies have been reported to solve these problems. For instance, inserting cations or water molecules between layers [26,27,28,29], composing nanomaterials [30], coating conductive materials [21], and others.



Among the above strategies, it has been confirmed that the cations (such as single cations [31] or dual ions) accesses interlayer is an effective strategy. For example, K1.1V3O8 was reported as high-performance AZIBs cathode, which exhibits high specific capacity (386 mA h g−1), long cycle performance (>1000 cycles), and excellent rate performance [32]. Feng et al. reported that the insertion of K+ greatly improves the electrochemical performance of MgV2O5·nH2O [33]. Such impressive performance was mainly attributed to the following: (1) K+ has a low diffusion energy barrier and high lattice energy barrier, it could support and stabilize the crystal structure. (2) Metal ions bonded with oxygen atoms bring about strong ionic bonds, thus K+ can make the connection between V-O layers closer and stabilize the structure of the material. (3) The insertion of K+ can improve the electrical conductivity of the material. To take advantage of these features, herein, we report on a synthesis of K+ pre-inserted NH4V4O10 bi-layered type Kx(NH4)1−xV4O10 material (named KNVO) via a facile one-step hydrothermal method, and show its outstanding electrochemical performance as a new cathode for AZIBs. K+ was selected to be pre-inserted into the NVO layer because of their smaller radius of K+ (1.33 Å) in comparison with NH4+ (1.43 Å), and K+ bonded with oxygen brings about strong ionic bonds, thus K+ can make the connection between V-O layers closer and stabilize the structure of the material. NH4+ has a multistage tetrahedron structure, when K+ is embedded, the force between K+ and structure O made the layer spacing reduced. The positive ions interaction between K+ and NH4+ causes the direction of hydrogen in NH4+ to change, and the reduced layer spacing causes the distance between H and structure O shortened, which not only could promote hydrogen bond formation of N-H…O, but also maintain this interaction force. So the inserted K+ partially prevents ammonium de-insertion from KNVO. The hydrogen bond interaction between host O and NH4+ facilitates the diffusion kinetics and maintains the integrity of the structure. Benefited by them, the prepared KNVO presents a higher specific capacity of 432 mA h g−1 (0.4 A g−1), longer cycle stability (2000 cycles, 94.2%) as well as more impressive rate performance.




2. Experimental


2.1. The Synthesis of KNVO


The KNVO was synthesized via a simple hydrothermal method. In a typical procedure, 10.0 mmol oxalic acid and 5.0 mmol ammonium metavanadate was dissolved in 30 mL deionized water, and then 2.5 mmol potassium nitrate was added into the solution under stirring at room temperature for 2 h. After that, the mixture solution was transferred into a 50 mL Teflon-lined stainless autoclave, sealed, and kept at 180 °C for 18 h. The product was filtered, washed with a great deal of deionized water and ethyl alcohol, and lastly dried at 60 °C for 12 h.




2.2. The Synthesis of NVO


In a simple hydrothermal method, 2.74 mmol ammonium metavanadate was dissolved in 40 mL deionized water under stirring at room temperature for 10 min, and then 2.50 mmol oxalic acid was added into the solution under stirring at room temperature for 0.5 h. Lastly, the mixture solution was transferred into a 50 mL Teflon-lined stainless autoclave, sealed, and kept at 180 °C for 3 h. The product was filtered, washed with a great deal of deionized water and ethyl alcohol, and lastly dried at 60 °C for 12 h.





3. Results and Discussion


The crystalline phases of the NVO (JCPDF No. 31-0075) and KNVO samples are examined by using X-ray diffraction (XRD) and the results are shown in Figure 1a. The XRD patterns of NVO and KNVO are indexed to a monoclinic NVO phase with a space group of C2/m and no characteristic peaks of impurities are detected. Besides, the strong peak at 8.7° of NVO corresponds to the (001) plane with an interlayer spacing of 10.1 Å. When K+ is added into NVO, the (001) peak slightly shifts toward a higher degree (9.3°), indicating the shrinkage of interplanar spacing. According to the reported literature, it could be attributed to the stronger electrostatic interaction between K+ and O2− [34] and the small ion radius of K ions (133 pm of K+ and 143 pm of NH4+). Figure 1b appears the Crystal structural illustration of KNVO, the monoclinic phase of it with a space group of C2/m and there are two ions (K+ and NH4+) embedded between the layers. The Fourier transform infrared (FT-IR) spectrum of KNVO is shown in Figure 1c. The peak at 971 cm−1 is a typical stretching of V=O bonds. The peak at 758 cm−1 is the vibrations of V-O-V chains, and the peak at about 501 cm−1 belongs to the bending vibrations of V-O [35,36,37]. Besides, the peaks situated at 1409 and 3161 cm−1 are ascribed to the bending and stretching vibration of N-H bonds, respectively [35]. The (FT-IR) spectrum of NVO is presented in Figure S1, all the other peaks correspond well except for the N-H bond. Compared with NVO, the N-H bond of KNVO is offset to a high wave number, which means that the insertion of K+ has some effect at NH4+. Figure S2 presents the Raman spectra of KNVO, the peak at 261 cm−1 belongs to the K-O bond [34], proving the K-O ion bond exists. The X-ray photoelectron spectroscopy (XPS) in Figure 1d. The V 2p3/2 in the NVO has two peaks at 515.75 eV and 517.45 eV, corresponding to V4+ and V5+ [38,39]. The V 2p3/2 in the KNVO also has two peaks at 515.75 eV and 517.48 eV. The peaks of V4+ and V5+ in NVO and KNVO are not shift, which indicated the insertion of K+ only replaced part of NH4+ and not changed the valence of V. In addition, the V4+ and V5+ in NVO and KNVO coexist with an approximate ratio of 1:3, proving the average valence state of 4.75, which can provide a high theoretical specific capacity. The morphology and microstructure of KNVO are characterized by scanning electron microscope (SEM) and transmission electron microscopy (TEM). The SEM image (Figure 1e,f) shows that the prepared sample is rounded clusters by stacking petal sheets structure with a particle size of ~1 μm. As shown in Figure 1g, the TEM image of KNH4V4O10 shows the details of the rounded clusters, which are composed of stacked sheets. In Figure 1h and Figure S3 the high-resolution TEM (HRTEM) image shows clear lattice fringes and the regular spacing is 0.95 nm, corresponding well to the d (001) spacing from the XRD pattern in Figure 1a. As is shown in Figure 1i, the energy-dispersive spectroscopy (EDS) elemental mapping images show that the K, N, V, and O elements are uniformly distributed in KNVO nanoparticles, and the K 2p XPS spectrum of KNVO exhibits two peaks (Figure S4), which can be ascribed to K 2p1/2 (295.2 eV) and K 2p3/2 (292.4 eV) [40], manifesting the successful insertion of K+ into NVO. Figure S5 shows the high-resolution O 1s spectrum of KNVO in pristine, discharged to 0.2 V, and charged to 1.6 V, respectively. It indicates that the peaks at 529.5, and 530.4 eV, correspond to V-O and O-H bonds [41], respectively. It is of great benefit to the improvement of KNVO electrochemical performance.



In order to evaluate the electrochemical performance of the material after doping into K+, the aqueous zinc-ions battery consisting of Zn-metal anode, 3 mol L−1 Zn(CF3SO3)2 electrolyte, and glass fiber separator is fabricated and shown in Figure 2a. Figure 2b shows the first five cyclic voltammetry (CV) curves of the Zn//KNVO battery at a scan rate of 0.5 m V s−1 and the voltage is between 0.2 and 1.6 V (vs. Zn2+/Zn). There are two obvious pairs of reduction/oxidation peaks at 0.49/0.75 and 0.91/1.11 V (vs. Zn2+/Zn), proving the multiple insertion/extraction processes of ion storage in KNVO. In addition, the small redox peaks at 1.35 V could be possibly assigned to the NH4+ (de)-intercalation [29]. And these redox peaks correspond well to the voltages of the charging/discharging platform, as shown in Figure 2d, and at a current density of 0.4 A g−1, from the 1st to the 50th, the specific discharge capacity gradually increases from 313 mA h g−1 to 400 mA h g−1. It is discovered that the first CV curve displays some variations compared to the latter. Moreover, apart from the first discharge curve, the rest discharge and charge curves are overlapping, indicating the nature of the high reversibility of Zn2+ storage. For the Zn//KNVO battery, Figure 2c shows the rate performance of the KNVO and NVO electrodes, respectively. The NVO battery presents a poor rate performance, which mainly results from irreversible de-insertion of NH4+. By contrast, the discharge-specific capacities of KNVO are 432, 400, 346, 300, and 215 mA h g−1 at current densities of 0.2, 0.5, 1, 2, and 5 A g−1, respectively, rooted in more impressive rate performance. Even at a high current density of 8 A g−1, it also exhibits an excellent discharge capacity of 200 mA h g−1. This suggests that the insertion of K+ made KNVO a faster Zn2+ storage ability. In addition, the specific capacity can go back to 430 mA h g−1 when the current density returns to 0.2 A g−1, further indicating good reversibility. In addition, the KNVO electrode shows good cycling stability at a low current of 0.4 A g−1. As displayed in Figure 2e, the KNVO electrode shows a high reversible capacity of 405 mA h g−1 after the activation process, and a high capacity retention ratio of 92.1% is obtained after 100 cycles. However, from the 1st to the 15th, the specific discharge capacity decreases fast for the Zn//NVO battery. It is even more regrettable that its capacity retention only has 50% after 50 cycles, which indicates the KNVO material possesses a more stable crystal structure due to the introduction of K+ cations. Furthermore, the KNVO electrode exhibits good long cycling performance, as shown in Figure 2f. After the initial 90 cycles, the capacity of KNVO increases to a maximum capacity of 350 mA h g−1 at a high current density of 5 A g−1 due to the activation process. After 2000 cycles, a high specific capacity of 306 mA h g−1 can be maintained, the capacity retention is calculated to be 94.2%. For comparison, the NVO electrode exhibits lower specific capacity and poor long cyclic performance. In summary, the electrochemical performance of NVO was improved remarkably by the insertion of K+. Owing to its high capacity, high-rate performance, and long cycling performance, the KNVO electrode is a promising cathode in AZIBs. Table S1 compares the voltage, specific capacity, and capacity retention of KNVO with the other reported cathodes. KNVO delivers high capacity, high-rate performance, and long cycling performance.



To further understand the electrochemical kinetics of the KNVO cathode, CV tests at different scan rates from 0.2 to 0.8 mV s−1 are carried out (Figure 3a). As an increase in the scan rate, the relationship between the current i (mA) and the scan rate ν (mV s−1) is shown in the following equation [42]:


   i = a   ν b   



(1)







In the above equation, a and b are variable parameters and i is the peak current at the scan rate of ν. Thus, the b value can be obtained by calculating the slope of log(i) and log(ν), which could evaluate the electrochemical behavior of the battery. Once the b-value is close to 0.5, it indicates a semi-infinite linear diffusion process derived from a battery-type interaction. If the b-value is close to 1.0, it illustrates that the capacity is contributed by the capacitive-type behavior. In Figure 3b, the fitting results show that the slopes of four redox peaks are 0.65, 0.88, 0.81, and 0.71, respectively, indicating that it is a capacitive-limited process. It implies that KNVO displays mainly capacitor-like kinetics, which can be ascribed to the surface pseudocapacitance, resulting in remarkable rate performance. Following the calculated b values, the current can be divided into capacitive-controlling (k1ν) and diffusion-controlling (k2ν1/2) contributions followed by the equations [43]:


i = k1ν + k2ν1/2



(2)






i/ν1/2 = k1ν1/2 + k2



(3)







As shown in Figure 3c, the capacitance occupied about 71.9% of the total capacity of the batteries at 0.2 mV s−1. The percentage of the two sections is shown in Figure 3d, with the increase of scan rates from 0.2 to 0.8 mV s−1, the capacitive contribution ratio grows from 71.9% to 90.5%, revealing that the pseudocapacitive contribution is dominant, which is in favor of high-rate performances [43,44,45]. In addition, the galvanostatic intermittent titration technique (GITT) is used to investigate the Zn2+ diffusion coefficient of the KNVO electrode. The Zn2+ diffusivity (D(Zn2+)) can be calculated using the following equation [42]:


  D =   4  L 2    π τ      (    Δ  E s    Δ  E t     )   2   








where τ is the relaxation time. ΔEs is the steady-state voltage change after the current pulse. ΔEt is the voltage change (V) during the relaxation process. L is ion diffusion length (cm), which is approximately equal to the thickness of the electrode. The calculated results are presented in Figure S6, and the diffusion coefficient of Zn2+ in the KNVO cathode ranges from 3.22 × 10−9 to 2.27 × 10−7 cm2 s−1, indicating the fast ion diffusion kinetics of KNVO.



The ex situ XRD pattern is shown in Figure 4a, hereon, we further study the charge storage mechanism during charge/discharge progress. Compared with the original electrode, new diffraction peaks located at 6.7°, 18.1°, and 26.4° appear and increase when the electrode was further discharged to 0.5V and gradually increased, according to previous reports, which can be indexed to the ZnxOTfy (OH)2x−y·nH2O (ZTFH) [46,47,48], and the SEM image of it is shown in Figure S7b. The ZTFH is generated by the reaction of OH- with Zn(CF3SO3)2 and H2O. The OH- ions come from the dissociation of water, and the same amount of H+ is generated at the same time, which is inserted into the KNVO electrode. KNVO electrode follows the co-insertion of H+ and Zn2+ mechanism, as well as NaV3O8 [48]. The H+ in the electrolyte is embedded in the cathode material during the discharged progress, leading to an increased pH on the surface of the cathode, so the electrolyte generates a by-product ZTFH on the surface of the cathode, and the peak of the ZTFH gradually disappears during the charged progress, which proved a reversible phase transition process. The SEM images of KNVO in the initial (Figure S7a), fully discharged (Figure S7b), and fully charged (Figure S7c) state also indicated the reversible (de-)insertion of H+ and Zn2+. At the same time, in the enlarged XRD pattern, the diffraction peak of the (001) plane shifts slightly to lower angles at the discharged state of 0.9 V, indicating the insertion of larger radii Zn2+. When fully discharged to 0.5 V, the diffraction peak of the (001) reflection shifts slightly to higher angles, indicating a smaller layer spacing. The decrease in lattice spacing is probably ascribed to an increased electrostatic interaction between bilayers and intercalation Zn2+. After charging to 1.6 V, the reflection returns to its original position because of the extraction of Zn2+, proving the reversible structure of the KNVO electrode during the Zn ions insertion/de-insertion progress, which is in keeping with Figure S8a,b, they showed the HRTEM of KNVO in fully discharged and charged state, respectively. In the discharged state, the lattice spacing became 0.85 nm because of the insertion of Zn2+, and the interaction force between Zn2+ and the structure O made the layer spacing reduced. When fully charged, the layer spacing became larger at 0.94 nm due to the removal of zinc ions. Table S2 shows the element distribution of KNVO in a fully discharged and charged state, respectively. In the discharged state, due to the intercalation of Zn2+, the atomic percentage of Zn2+ is more than the charged state. The peak at 43.6°, 50.8°, and 74.6° compounds to the stainless steel net. To further investigate the other effect of chemically inserted K+ cations into NVO. Figure 4c and Figure S9 show N1s ex situ XPS spectra of KNVO and NVO at a different state, respectively. For the N1s XPS spectrum of NVO (Figure S9), the peak at 401.4 eV is NH4+. The N 1s (Figure 4c) in the KNVO could be resolved into two peaks at 399.6 and 401.4 eV, corresponding to NH4+ and N-H…O hydrogen bond [49]. Thus, by contrast, figures (Figure 4c and Figure S10), the insertion of K+ could promote hydrogen bond formation of N-H…O and maintain this interaction force. This can be attributed to the that NH4+ has a multistage tetrahedron structure, when K+ is embedded, the force between K+ and structure O and due to the smaller radius of K+ (1.33 Å) in comparison with NH4+ (1.43 Å) made the layer spacing reduced (shown in Figure 1a). The positive ions interaction between K+ and NH4+ causes the direction of hydrogen in NH4+ to change, and the reduced layer spacing causes the distance between H and structure O shortened, which not only could promote hydrogen bond formation of N-H…O, but also maintain this interaction force. So the inserted K+ partially prevents ammonium de-insertion from KNVO. The hydrogen bond interaction between host O and NH4+ facilitates the diffusion kinetics and maintains the integrity of the structure. Figure 4d shows the Zn 2p XPS spectrum of KNVO in initial, fully discharged, and fully charged states, respectively. No signal of the zinc element can be detected in the pristine state. However, two strong peaks of Zn 2p1/2 (1045.3 eV) and Zn 2p3/2 (1022.1 eV) appear, respectively, confirming the successful insertion of Zn ions into the KNVO electrode. However, after being charged to 1.6 V, the intensity of Zn 2p peaks becomes far weaker, demonstrating the de-intercalation of zinc ions from the KNVO electrode. V 2p ex situ XPS spectra are shown in Figure 4e. Compared to the initial state, the intensity of the V5+ peak weakens and V4+ increases after the KNVO electrode is discharged to 0.2 V, indicating the reduction of V5+. After being charged to 1.6 V, the V5+ signal increases, and the V4+ signal decreases. The EDS mapping images are shown in Figure 4f,g, after fully discharged and charged, the K, N, V, and O elements are uniformly distributed in KNVO nanoparticles. In the meantime, Table S2 shows the element distribution and atomic percentage of KNVO in a fully discharged and charged state, respectively. In the discharged state, due to the intercalation of Zn2+, the atomic percentage of Zn2+ is more than the charged state. Besides, the proportion of K, N, V, and O elements in KNVO is stable after fully discharged and charged states, which also indicated the integrity of the structure and the reduction of irreversible NH4+ de-insertion after inserted K+.




4. Conclusions


In summary, we designed and synthesized a KNVO cathode for AZIBs. The chemically inserted K cation into NVO could act as structural pillars. The insertion of K did not change the valence of V, thus keeping the high valence of it, which could maintain the high specific capacity of NVO to some extent. In the meantime, due to the smaller radius of K+ in comparison with NH4+ and K+ bonded with oxygen bringing about strong ionic bonds, K+ can make the connection between V-O layers closer and stabilize the structure of the material, which promotes the hydrogen bond formation of N-H…O and maintains this interaction force. The inserted K+ partially prevents ammonium de-insertion from KNVO, maintaining the integrity of the structure. Benefited by them, it achieves a more impressive rate of performance and cyclability than NVO cathode materials in zinc-ion batteries. In addition, it follows the H+, Zn2+ co-insertion mechanism. Our work reports a dual ions material for zinc ion batteries and provides a design idea for future high-performance cathodes.
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Figure 1. (a) XRD pattern of NVO and KNVO (b) Crystal structural illustration of KNH4V4O10. (c) FTIR spectra of KNVO. (d) V2p XPS spectrum of NVO and KNVO. (e,f) SEM images of KNVO. (g–i) TEM, HRTEM images, and elemental mapping image of KNVO, respectively. 
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Figure 2. (a) Diagrammatic of the aqueous Zn//KNVO battery. (b) The first five cyclic voltammetry (CV) curves of KNVO at 0.5 mV s−1. (c) Rate performance at various currents ranging from 0.5 to 8 A g−1. (d) Charge/discharge profiles at 0.4 A g−1; (e) Cyclic performance at 0.4 A g−1. (f) Cyclic performance at 5 A g−1. 
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Figure 3. (a) CV profiles of KNVO at different scan rates from 0.2 to 0.8 mV s−1. (b) log(i) versus log(ν) curves of cathodic and anodic peaks. (c) Capacitive (pink line) contribution to charge storage at 0.2 mV s−1. (d) Contribution to charge storage at different scans. 
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Figure 4. (a) The ex situ XRD (the enlarged XRD) pattern of KNVO. (b) Crystal structural illustration of KNVO and hydrogen bond formation in KNVO. (c) N1s XPS spectrum of KNVO. (d) Zn 2p XPS spectrum of KNVO in initial, discharged, and charged state, respectively. (e) V2p XPS spectrum of KNVO in initial, discharge, and charge state, respectively. (f,g) SEM image of KNVO in discharge, and charge state, respectively. 
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