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Abstract
[bookmark: _Hlk60304881][bookmark: _Hlk60304891][bookmark: OLE_LINK71]Aqueous zinc-ion batteries (ZIBs) are deemed as the idea option for large-scale energy storage systems owing to many alluring merits including low manufacture cost, environmental friendliness, and high operations safety. However, to develop high-performance cathode is still significant for practical application of ZIBs. Herein, Ba0.23V2O5·1.1H2O (BaVO) nanobelts were fabricated as cathode materials of ZIBs by a typical hydrothermal synthesis method. Benefiting from the increased interlayer distance of 1.31 nm by Ba2+ and H2O pre-intercalated, the obtained BaVO nanobelts showed an excellent initial discharge capacity of 378 mAh·g−1 at 0.1 A·g−1, a great rate performance (e.g., 172 mAh·g−1 at 5 A·g−1), and a superior capacity retention (93% after 2000 cycles at 5 A·g−1).
Keywords: aqueous zinc-ion batteries; barium vanadate nanobelts; increased interlayer distance; long cycle life
1. Introduction
[bookmark: _Hlk59892709][bookmark: _Hlk59892597][bookmark: _Hlk60303128][bookmark: _Hlk60303604][bookmark: OLE_LINK65][bookmark: _Hlk60303978][bookmark: OLE_LINK67][bookmark: _Hlk60303543][bookmark: _Hlk59905010][bookmark: OLE_LINK53][bookmark: _Hlk60303396]Lithium-ion batteries (LIBs) have been wildly applied to provide energy for a   variety of devices in recent decades due to their splendid energy/power density and supernormal life span [1–2]. However, the potential applications of such batteries in large-scale energy storage systems are seriously hindered by the shortage of lithium metal resources, exorbitant cost, harsh preparation conditions, and safety hazards [3–5]. Rechargeable aqueous batteries using the aqueous electrolyte with high ionic conductivity, as alternative systems to LIBs, have attracted widespread attention [6–8]. Among these systems, aqueous zinc-ion batteries (ZIBs) triggered more attention not only because they are environmental friendliness, high operations security, and low manufacture cost, but also because they are involved chemistry with a two-electron transfer mechanism [9–10]. Furthermore, zinc metal anode possesses the outstanding merits of great abundance, low redox potential, and excellent theoretical capacity [11–14]. These remarkable advantages make aqueous ZIBs to be a potential energy storage solution for large-scale energy storage systems. Nonetheless, developing admirable performance cathode materials to meet the practical application requirements of ZIBS remains a huge challenge.
[bookmark: _Hlk60082129][bookmark: _Hlk72752152][bookmark: _Hlk60238419][bookmark: _Hlk60306916][bookmark: _Hlk60243454]In recent years, various cathode materials are developed and mainly concentrated on the V-based materials with multiple oxidation states, Prussian blue analogs with open-frame construction, Mn-based materials with high specific energy density, and organic compounds with structural diversity [15–18]. Layered vanadic oxides (V2O5) have been extensively explored as promising cathode materials because they possess a upper voltage and a high-capacity as well as a large interlayer distance providing sufficient space for the Zn2+ intercalation/extraction [15,19–20]. Nevertheless, V2O5 suffers from issues of low diffusion coefficient of Zn2+ and structural deterioration during cycling, leading to poor rate capability and short life span. To ensure fast reversible (de)intercalation of Zn2+ and long cyclic life, a great number of works have been devoted to pre-intercalate large cations (such as Li+, Ag+, Zn2+, Ca2+, Mg2+, Mn2+, etc.) inside the V2O5 layers, which work as sturdy pillars to provide increased interlayer distance and prevent the structural destruction. For instance, Zn0.25V2O5·nH2O [21], Mg0.34V2O5·0.84H2O [22], Na0.33V2O5 [23], as well as K0.23V2O5 [24] were developed and they exhibited excellent electrochemical performances due to the introduction of cations between vanadium oxygen layers. Similarly, the Ba2+ with the larger ionic radius also can act as “pillars” between vanadium oxygen layers. Meanwhile, divalent Ba2+ ions can combine with oxygen atoms forming stronger ionic bonds to bind the layers together in contrast to monovalent alkali cations (such as Li+, Na+, K+), which can effectively prevent structural collapse. Due to these advantages, the Ba2+ intercalated V2O5 cathode material is meaningful to explore and expected to show prominent electrochemical performance in ZIBs. 
[bookmark: _Hlk60304414][bookmark: _Hlk60304458][bookmark: _Hlk60305234][bookmark: OLE_LINK72][bookmark: _Hlk60305595][bookmark: OLE_LINK75][bookmark: _Hlk60305862][bookmark: _Hlk60305966][bookmark: OLE_LINK76][bookmark: _Hlk72679831][bookmark: _Hlk72765174]In this work, we successfully fabricated Ba0.23V2O5·1.1H2O (BaVO) cathode material by a facile hydrothermal method, which exhibits reversible zinc storage and remarkable performance in ZIBs. Pre-intercalating Ba2+ and H2O into the interlayer enhances the framework stability, enlarges interlayer spacing to 1.31 nm, and simultaneously reduces part of V5+ to V4+ on account of the charge compensation, which improves the electrical conductivity and ion diffusion ability of the prepared cathode materials. In conclusion, layered BaVO nanobelts exhibited a high initial discharge capacity of 378 mAh·g−1 at current density of 0.1 A·g−1, an excellent rate capability (e. g., 172 mAh·g−1 at a high current density of 5 A·g−1), and an extraordinary cyclic durability with the capacity only decreased by 7% after 2000 cycles. The excellent performance of the BaVO nanobelts cathode results from the increased interlayer distance by the introduction of Ba2+ and H2O, which enables impressive ion diffusion rate of 0.233×10−8 to 2.97×10−8 cm2·s−1 transcending most of the current hydrated-vanadate-based cathodes in ZIBs.
2. Experimental
2.1. Materials
[bookmark: _Hlk54431169][bookmark: OLE_LINK3][bookmark: OLE_LINK6]Commercial vanadium pentoxide V2O5 (purity ≥ 99.7wt%) was purchased from Saren Chemical Technology Co., Ltd., China. Barium nitrate Ba(NO3)2 (purity ≥ 99.5wt%) was purchased from Xiya Reagent Co., Ltd., China. Hydrogen peroxide H2O2 (30wt%) was obtained from Tianjin Fengchuan Chemical Reagent Science & Technology Co., Ltd., China. Zn foils (purity ≥ 99wt%) were obtained from Sigma-Aldrich, USA. Zn(CF3SO3)2 (purity ≥ 98wt%) was bought from Alfa Aesar, UK. 
[bookmark: _Hlk54803247]2.2. Preparation of BaVO nanobelts
[bookmark: OLE_LINK7][bookmark: OLE_LINK9]In the process of preparing BaVO nanobelts, 0.827 g of Ba(NO3)2 was dispersed into 60 mL deionized water and continuously stirred at room temperature. After that, 4 mL of H2O2 (30wt%) was added drop by drop to 0.304 g of commercial V2O5 under vigorous stirring, initiating a reaction accompanied by oxygen evolution. Then, the mixture was poured into the above Ba(NO3)2 solution with electromagnetic stirring for 1 h, and the color of final mixture turned brown. Subsequently, the mixture was transferred to a reaction kettle, then it was heated to 180°C and maintained at the constant temperature for 24 h. The resultant composition was collected by centrifugation and washed several times with deionized water. Finally, the obtained materials were dried at 80°C for 12 h.
2.3. Material characterization
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk68020795][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: _Hlk68429638]The morphology and elemental information of as-prepared BaVO nanobelts were investigated by the field-emission scanning electron microscopy (SEM, SUPRA 55 SAPPHIRE) equipped with energy dispersive X-ray spectroscopy. Further structural and crystalline characterization were characterized by transmission electron microscope (TEM) using JEM2100F. X-ray diffraction (XRD) was performed to confirm the phase structure of the obtained BaVO nanobelts on a Rigaku D/Max-3A with Co Kα radiation. Fourier transform infrared spectroscopy (FTIR) spectrum from 400 to 3000 cm−1 was recorded by a PerkinElmer FTIR spectrometer. X-ray photoelectron spectroscopy (XPS) was tested to investigate the composition and element valence states of the as-prepared BaVO materials using PerkinElmer PHI 1600 ESCA with a radiation source of Al. The thermogravimetric (TG) analysis from 30 to 600°C under argon atmosphere was collected by the NETZSCH STA 449 F3. The proportion of each element (Ba, V, O) in the as-prepared materials was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 511).
2.4. Electrochemical measurements
ZIBs were assembled with BaVO and zinc foil as the cathode and anode, while 3 M Zn(CF3SO3)2 aqueous solution and filter paper were used as the electrolyte and the separator. The assembly of ZIBs was performed in air. Cyclic voltammetry (CV) curves and electrochemical impedance spectroscopy (EIS) were tested with a CHI660E electrochemical workstation (CHI Instruments). The electrochemical performance of the assembled batteries was performed on the LAND CT2001 battery testing system. In the galvanostatic intermittent titration technique (GITT) experiments, the batteries operated at a current density of 0.2 A·g−1 for 7 min, followed by a relaxation time of 1 h.
3. Results and discussion
[bookmark: _Hlk59694691][bookmark: OLE_LINK49][bookmark: _Hlk60304531][bookmark: OLE_LINK69][bookmark: _Hlk59354469][bookmark: OLE_LINK38][bookmark: _Hlk73290330][bookmark: _Hlk73290449]The preparation of BaVO nanobelts was through a typical hydrothermal synthesis method, and the crystal structure and phase purify of the obtained BaVO nanobelts was confirmed by XRD measurement. As Fig. 1(a) illustrates, all the diffraction peaks of XRD pattern could be indexed by V2O5·3H2O (JCPDS No. 07-0332), and the XRD pattern of BaVO is similar to the previously reported literatures such as Mg0.34V2O5·0.84H2O [22], Mn0.15V2O5·nH2O [25] and Al–VOH [26]. A little amount of V2O5 was also indexed and may be attributed to an incomplete reaction. The strongest peak locating at 2θ of ~6.75° corresponds to a large interlayer distance of 1.31 nm, which is much larger than the parent material of V2O5·3H2O (VOH). It is obvious that the introduction of Ba2+ and H2O together increases the interlayer distance of V2O5 and keeps the integrality of VOH structure [22]. Such a large spacing would provide feasible access for the insertion/extraction of Zn2+, which is helpful to improve the electrochemical performance of cathode materials. The FTIR spectrum characterization of the BaVO nanobelts is exhibited in Fig. 1(b). A series of absorption peaks appear at 812, 1002, 1408, and 1622 cm−1, which are caused by various vibration modes of V–O–V, V=O and H–O–H, respectively, in agreement with previous reports [27–28].
[image: ]
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Fig. 1.  (a) XRD pattern and (b) FTIR spectrum of the BaVO nanobelt.
[bookmark: _Hlk59371420]To further prove the intercalation of Ba2+ and confirm the oxidation state of vanadium in the BaVO nanobelts, XPS test was performed. Fig. 2(a) exhibits the full scan spectrum, and elements V, O, and Ba are present, confirming the successful introduction of Ba in the sample of the BaVO nanobelts. After peak fitting, a strong peak and a small shoulder peak in the V 2p3/2 spectrum appear and the peak positions are at 517.4 and 524.9 eV, assigning to V5+ and V4+, respectively. In the V 2p1/2 spectrum, the peaks at 516.1 and 523.3 eV are ascribed to V5+ and V4+ (Fig. 2(b)) [29–31]. A small amount of vanadium is reduced due to charge compensation after pre-intercalating Ba2+. The co-existence of V4+ and V5+ could make the cathode material higher electronic conductivity and excellent electrochemical reactivity according to the previous report [32]. The Ba 3d5/2 and Ba 3d3/2 spectrum located at 780.2 and 795.6 eV assign to Ba2+, further confirming the successful intercalation of Ba2+ (Fig. 2(c)) [33]. In the O 1s spectrum (Fig. 2(d)), the O peak is fitted into three sub-peaks, whose binding energies are at 530.2, 531.1, and 532.6 eV assigned to lattice oxygen bonding with vanadium (O2+), material surface adsorbed oxygen species (OH−), and inserted H2O molecules, respectively [33–35].
[image: ]
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: _Hlk57640730][bookmark: _Hlk57648976]Fig. 2.  XPS survey spectrum of the BaVO nanobelts: (a) full scan spectrum; high resolution of (b) V 2p spectrum, (c) Ba 3d spectrum, and (d) O 1s spectrum.
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: _Hlk59098329][bookmark: _Hlk60235932][bookmark: OLE_LINK68]In order to detect the amount of structural water molecules, thermogravimetric (TG) analysis was further conducted (Fig. 3). The weight losses of samples are due to the vaporization of surface adsorption water (less than 100°C) and lattice water (100–400°C). The elemental compositions were characterized by ICP-OES (Table 1), the mole ratio of Ba and V in BaVO is about 1:8.67. According to the TG analysis and ICP-OES results, the stoichiometric formula of Ba0.23V2O5·1.1H2O is confirmed.
Table 1. Elemental analysis of Ba and V in BaVO
	Element
	Mass content / (mg·kg−1)
	Amount of substance / (mmol·kg−1)

	Barium (Ba)
	124359.3
	907.7321

	Vanadium (V)
	401088.9
	7864.4882



[image: ]
Fig. 3.  TG result of the BaVO nanobelts.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK18][bookmark: OLE_LINK19]The morphology and elemental information of as-prepared BaVO nanobelts are characterized through SEM, TEM, and energy dispersive spectroscopy (EDS) analyses (Fig. 4). The BaVO nanobelts with high aspect ratio display a flat ribbon shape with several micrometers in length and 50–100 nm in width, as demonstrated in the SEM and TEM images (Figs. 4(a) and 4(c)). Notably, Barium element is validated again by the corresponding elemental mappings and EDS spectrum in Fig. 4(b), which further confirmed the successful synthesis of BaVO nanobelts and the homogeneous distribution of O, V, and Ba elements in the nanobelts. In addition, the polycrystalline property of the BaVO cathode material could be confirmed by selected area electron diffraction (SAED) diagram displayed in Fig. 4(d). 
[image: ]
[bookmark: _Hlk71564792][bookmark: _Hlk71564768][bookmark: OLE_LINK27][bookmark: OLE_LINK28]Fig. 4. Structural and morphological characterization of BaVO nanobelts: (a) SEM image; (b) corresponding elemental mappings and EDS spectrum; (c) TEM image; (d) SAED image.
[bookmark: _Hlk59111795][bookmark: OLE_LINK30][bookmark: _Hlk60305793][bookmark: OLE_LINK26][bookmark: OLE_LINK29][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: _Hlk68287117][bookmark: _Hlk67988074][bookmark: _Hlk67987633]The electrochemical property of the pristine VOH and BaVO nanobelts is measured in ZIBs. Fig. 5(a) demonstrates the excellent rate capability of the BaVO nanobelts cathode, e.g., 378, 331, 297, 268, 228, 202, 185, and 170 mAh·g−1 at 0.1, 0.2, 0.5, 1, 2, 3, 4, and 5 A·g−1, correspondingly. It is much better than the unintercalated material of VOH. When the current density decreases from 5 to 0.1 A·g−1, the capacity recovers to 355 mAh·g−1, suggesting great electrochemical reversibility and excellent structural stability. On the basis of the charge/discharge profiles at different current densities (Fig. 5(b)), two typical voltage plateaus associated with Zn2+ insertion and extraction into BaVO are clearly observed in the discharge or charge curves. The Ragone plots in Fig. 5(c) show the energy vs. power densities comparing the BaVO cathode with previous ZIBs cathodes. As can be seen from the Ragone plots, when the power density is 40 W·kg−1, the energy density can reach 217 Wh·kg−1 for BaVO cathode. Even at an ultrahigh power density of about 1997 W·kg−1, the energy density can reach a very appreciable value of 96 Wh·kg−1. Obviously, the performance of BaVO cathode is better than those of reported vanadium composite cathodes used in ZIBs, such as Zn3V2O7(OH)2 [36], NH4V4O10 [37], VS2 [38], Na3V2(PO4)3 [39], Ag0.33V2O5 [40], and LiV3O8 [41].
[image: ]
Fig. 5.  (a) Rate capability and (b) corresponding charge/discharge profiles of BaVO with various current densities; (c) Ragone plots of the BaVO nanobelts comparing with other materials reported in the related literatures.
[bookmark: OLE_LINK15][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: _Hlk72748804][bookmark: _Hlk60260293][bookmark: OLE_LINK73][bookmark: _Hlk79573170][bookmark: _Hlk72764236][bookmark: _Hlk72764883][bookmark: _Hlk59695149][bookmark: OLE_LINK50][bookmark: _Hlk59476669]The cycling performance of the assembled ZIBs under various current densities was also evaluated to further demonstrate the effect of the Ba2+ and intermolecular water. As explicitly shown in Fig. 6(a), the BaVO cathode delivers a high initial capacity of 271 mAh·g−1 at current density of 1 A·g−1 and the capacity retention rate is close to 100% after 100 cycles, which is superior compared with that of the pristine VOH cathode (209 mAh·g−1, 86%). Fig. 6(b) shows curves of the corresponding differential capacitances (dQ/dV) at the selected cycles. The two pairs of broad peaks produced by the insertion–extraction reaction have good overlap and little offset. This result demonstrated the high reversibility of the BaVO cathode. Even at 5 A·g−1 (Fig. 6(c)), the BaVO cathode remains a stable capacity of 172 mAh·g−1 after 2000 repetitive cycles (only 7% reduction). The average coulombic efficiency is generally stable around 100%, which effectively manifests that the BaVO cathode has the great reversibility in the long-term charge–discharge tests. In a sharp contrast, the pristine VOH cathode only showed a capacity retention of 62%. These results demonstrated that the intercalation of Ba2+ and H2O not only enhances the reversibility, but also increases the framework stability.
[image: ]
Fig. 6.  (a) Cycle performance of BaVO nanobelt electrode at the current density of 1 A·g−1 for 100 cycles; (b) corresponding dQ/dV curves of the selected cycles at 1 A·g−1; (c) cycle performance of BaVO nanobelt electrode at 5 A·g−1 for 2000 cycles.
[bookmark: _Hlk66191919][bookmark: _Hlk59467439][bookmark: OLE_LINK43][bookmark: OLE_LINK46][bookmark: _Hlk72680408][bookmark: _Hlk72680112][bookmark: _Hlk59476802][bookmark: _Hlk60304845]EIS was performed to analyze the impedance of BaVO cathode before cycling. Fig. 7 presents the Nyquist plot and the corresponding equivalent circuit. Thereinto, the charge transfer resistance (R2) of batteries represents the diameter of the semicircle at the high frequency region of the Nyquist plot [42–43]. The calculated R2 value of the BaVO electrode before cycling is 128.3 Ω and lower than the previous materials such as K0.23V2O5 [24], Ni0.25V2O5·nH2O [27], LixV2O5·nH2O [44], which indicates the enhanced conductivity.
[image: ]
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK32][bookmark: _Hlk79578419]Fig. 7.  Nyquist impedance plot of ZIBs based on BaVO with frequency range from 100 kHz to 100 mHz. (Z′: real component of impedance; Z″: imaginary component of impedance; R1: ohmic resistance; R2: charge transfer resistance; CPE1: nonideal double-layer capacitance; W1: Warburg impedance.).
[bookmark: _Hlk59544081][bookmark: OLE_LINK60][bookmark: _Hlk59533861][bookmark: OLE_LINK48][bookmark: _Hlk59906058][bookmark: OLE_LINK66]The electrochemical kinetics of the BaVO electrode was investigated by cyclic voltammograms method. The similar shapes CV curves of the BaVO cathode tested at different scan rates (0.1–1.0 mV·s−1) with a voltage window (0.3–1.6 V) are exhibited in Fig. 8(a). There are two pairs of diverse reduction/oxidation peaks at around 0.46/0.75 V and 0.85/1.1 V, suggesting that the intercalation/extraction processes of Zn2+ consist of two step reactions [30,45]. Meanwhile, it can be seen that the reduction/oxidation peaks are the same as the charge/discharge plateaus (Fig. 5(b)). In theory, there is a relationship between the peak current (i) and scan rate (v), which can be described by the equation [31,36]:

or                          
[bookmark: OLE_LINK58][bookmark: OLE_LINK59]where a and b refer to parameters, and the b value can be calculated by linear fitting of the peak current at different scan rates. When b value is 0.5, the capacity is determined by the diffusion-controlled process. The b value is 1.0, suggesting the surface-controlled capacitive process determined. As shown in Fig. 8(b), the calculated b-values of peaks Ⅰ–Ⅳ are 0.64, 0.89, 0.77 and 0.85, respectively, which imply that the capacitive and diffusion-controlled processes simultaneously influence the electrochemical kinetics of the BaVO cathode [46]. Moreover, the contribution percentages of capacitive and diffusion-controlled processes at diverse scanning rates are calculated and given in Fig. 8(c). In the scanning rate range of 0.1–1 mV·s−1, the ratios of capacitive contribution gradually increase from 58% to 82%, revealing that the corresponding redox reactions are dominated by the surface reaction rate instead of the ion diffusion speed [38,47–48].
[image: ]
[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: _Hlk59559082][bookmark: OLE_LINK61]Fig. 8.  (a) CV curves of the ZIBs based on the BaVO cathode at various scan rates; (b) b-values corresponding to the four peaks of CV curves during cycling in (a); (c) corresponding pseudo-capacitive contributions at disparate scan rates.
[bookmark: _Hlk59559845][bookmark: OLE_LINK62][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: _Hlk60259567]To investigate more insight into the diffusion kinetics of the BaVO cathode, GITT is executed to calculate the diffusion coefficient of Zn2+ (DZn). The GITT curves of BaVO electrode are shown in Fig. 9(a). The curves are in accordance with the previously mentioned constant current charge–discharge profiles (Fig. 5(b)). The calculated DZn values are 0.233 × 10−8–2.97 × 10−8 cm2·s−1 during the discharge process and 0.396 × 10−8–2.06 × 10−8 cm2·s−1 during the charge process (Fig. 9(b)), which are comparable to the other previous V-based ZIBs cathodes [24,42].
[image: ]
Fig. 9. (a) Charge/discharge GITT curves at 0.2 A·g−1 and (b) diffusion coefficient of Zn2+ for the BaVO cathode.
4. Conclusion
[bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK63][bookmark: OLE_LINK64]In summary, The BaVO nanobelts were successfully fabricated by a typical hydrothermal synthesis method and employed as the cathode for ZIBs. On account of the intercalation of Ba2+ and H2O as pillars, the BaVO cathode possesses relatively large interlayer spacing and the highly stable structure. Consequently, the BaVO electrode delivers a high capacity of 378 mAh·g−1 at 0.1 A·g−1, long-term cyclic stability, high-capacity retention rate (only 7% reduction for 2000 cycles even at 5 A·g−1), and excellent rate performance. The superior electrochemical performance of BaVO cathode indicates that aqueous ZIBs based on the BaVO cathode has a wide potential application for the large-scale energy storage.
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