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ABSTRACT 16 

Niobium oxides are widely active in the arena of lithium-ion batteries due to their 17 

distinctive structure and rapid charging capability, nevertheless facing the serious 18 

challenge from their inherently low electrical conductivity. Herein, a molten salt 19 

method is proposed to prepare nickel niobate (NiNb2O6) anode materials for lithium-20 

ion batteries, and a carbon coating derived from mesophase pitch is fabricated to 21 

construct NiNb2O6@C composites. Importantly, NiNb2O6@C undergoes spontaneous 22 

electrochemical reconstruction to generate metallic Ni and amorphous Nb2O5 during 23 

the initial charge/discharge cycle. The presence of the outer carbon layer not only serves 24 

as a uniform conductive coating to improve the conductivity and thereby deliver 25 

superior rate performance, but also effectively inhibits the stripping of Ni0 to guarantee 26 

a great cycling stability. The synergistic effects of the dual conductive interfaces, 27 



 

 

 

consisting of the carbon layer and the Mott-Schottky heterojunction between 28 

amorphous Nb2O5 and metallic Ni, culminate in exceptional electrochemical 29 

performance. Specifically, NiNb2O6@C-10% delivers impressive specific capacity of 30 

436.3 mAh g-1 at 0.5 C and conspicuous cycling stability, maintaining 86.3% capacity 31 

retention after 800 cycles at 10 C. This work underscores the substantial potential of 32 

nickel niobate anode materials in advancing the development of next-generation 33 

lithium-ion batteries. 34 
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1. Introduction 39 

Nowadays, with the rapid development of electronic products, electric vehicles and 40 

electrical power grids, efficient energy storage equipment is playing an increasingly 41 

important role. Different electronic products have various requirements for energy 42 

storage devices. For example, portable electronic products demand high theoretical 43 

capacity, mechanical reliability, and high safety of batteries. Electric vehicle batteries 44 

need to satisfy the characteristics of high energy density and rapid rechargeability [1-45 

4]. Lithium-ion batteries (LIBs) have become the most widely used energy storage 46 

devices due to their high energy density, low self-discharge effect, strong security, 47 

portability, and many other advantages. Finding appropriate anode materials is one of 48 

the crucial factors to enhance the properties of LIBs [5-8]. Graphite, as the most widely 49 

commercialized anode material for LIBs, also has unavoidable disadvantages. A case 50 

in point is graphite may form lithium dendrites at low operating voltages, leading to 51 

diaphragm damage and battery short circuit [9, 10]. By contrast, Li4Ti5O12 exhibits high 52 

safety and “zero strain” characteristics, so it has occupied one seat in the anode 53 

materials of LIBs. However, its low theoretical capacity (175 mAh g-1) largely limits 54 

future development [11, 12]. Therefore, it is urgent to explore a convenient, low-cost, 55 

energy-saving, and mass-production preparation method to prepare a new generation 56 



 

 

 

of lithium-ion battery anode materials. 57 

Niobium-based oxides, as a new type of intercalation/deintercalation materials, have 58 

high lithium intercalation potential and high specific capacity due to their multivalent 59 

characteristics [13, 14]. The research of niobium-based oxides provides more choices 60 

for the development of energy storage equipment. Up to now, niobium-based oxides 61 

such as Nb2O5 [15-19], TiNb2O7 [20-24], Ti2Nb10O29 [25-29], Cu2Nb34O87 [30, 31], 62 

have been extensively studied and applied to various energy storage devices.  63 

Recently, a new niobium-based oxide electrode material, nickel niobate (NiNb2O6), 64 

has caught our attention. Its unique crystal structure provides a single type of channels 65 

for Li+ intercalation, which is more conducive to the transportation and storage of 66 

lithium ions. As a results, NiNb2O6 exhibits outstanding rate performance and cycle life 67 

performance. Xia et al. has demonstrated NiNb2O6 as a new high-performance anode 68 

material for lithium-ion batteries, which was synthesized using the traditional solid-69 

state method at 1150 °C [32]. To reduce the cost of energy requirements, Zhang et al. 70 

proposed a mechanically assisted solid-state method, which can prepare pure NiNb2O6 71 

material at 900 °C [33]. Furthermore, hydrothermal methods have also been adopted to 72 

successfully synthesize the nickel niobate anode material, which unfortunately is a 73 

cumbersome process unsuitable for large-scale industrial production [34]. Compared 74 

with the conventional solid-state reaction process, molten salt synthesis is a simple, 75 

highly repeatable, green, and safe preparation method. The reaction environment of 76 

melting at high temperature helps to reduce the kinetic restriction of the reactions, and 77 

promote the diffusion and reactions of reactants. It offers the advantages of low 78 

synthesis temperature, short reaction time, uniform chemical composition, high purity, 79 

small particle sizes and so on [35]. A recent work has successfully prepared submicron 80 

NiNb2O6 particles using the molten salt method at 900 °C [36]. 81 

Unfortunately, the advantages of this preparation method are difficult to 82 

fundamentally solve the inherent low conductivity problem of niobium-based oxides. 83 

Therefore, it is extremely necessary to develop other modification strategies to improve 84 

the conductivity of NiNb2O6, such as carbon coating, introduction of heteroatoms and 85 

establishment special structure [37]. Due to their high conductivity, carbon materials 86 



 

 

 

are usually used to modify oxides and form conductive coating on the surface to 87 

accelerate the rapid transmission of electron/ion between electrode materials. In the 88 

selection of carbon materials, we follow the principles of high conductivity, stable 89 

structure and low cost and so on [38, 39]. Mesophase pitch, a typical carbonaceous 90 

mesophase raw material, has the advantages of high residual carbon yield, high 91 

electrical conductivity, strong processability and easy graphitization, also has a wide 92 

range of sources and low price, therefore it is recognized as an ideal precursor of carbon 93 

coating materials [40].  94 

In addition, an interesting phenomenon is found that divalent metal will undergo 95 

reduction to form zero-valent metal in some niobium-based composite metal oxides. 96 

Zhai et al. proposed mulberry-like Sn2Nb2O7/SnO2 nanoparticles as an anode material 97 

for SIBs, in which a large number of Sn nanodots are reduced and well embedded in an 98 

amorphous NaxNb2O5 substrate after the first cycle [41]. Moreover, Zhang et al. found 99 

a similar phenomenon in NiNb2O6 as an anode material for LIBs [34]. Ni metal is 100 

replaced by Li to form LixNb2O5 after the first charge/discharge cycle, and Ni metal no 101 

longer participated in the subsequent electrochemical reactions. This phenomenon of 102 

metal reduction can play important roles in improving electrical conductivity. Recent 103 

studies have demonstrated that the morphological evolution derived from 104 

electrochemical activation, sintering, and reconstruction during electrochemical 105 

reactions may optimize properties, owing to the formation of defect structures or 106 

heterostructures, the exposure of more active sites and the generation of more ion 107 

diffusion channels.  108 

In this work, we presented a novel approach for fabricating NiNb2O6-based 109 

composites as anode materials for LIBs using the molten salt method, which can 110 

achieve the synthesis of NiNb2O6 at lower temperature and the preparation of 111 

nanomaterial without additional nanocrystallization. A carbon layer derived from 112 

mesophase pitch coated on NiNb2O6 particles enables to enhance the conductivity and 113 

electrochemical properties of the composite. Most importantly, owing to the 114 

electrochemical reconstruction of NiNb2O6 during the initial charge and discharge 115 

process, a unique Mott-Schottky heterostructure composed of amorphous Nb2O5 and 116 



 

 

 

Ni0 metal is constructed. This structure facilitates rapid charge transfer, thereby 117 

enhancing electron transport dynamics during lithium storage. The carbon layer also 118 

acts as a protective barrier for Ni0 metal to inhibit the detachment of Ni0 from the 119 

material surface, further enhancing the electronic conductivity of the material. Owing 120 

to the synergistic effects of carbon layer and Mott-Schottky heterojunction generated 121 

from the electrochemical reconstruction process, the NiNb2O6@C-10% anode exhibits 122 

a striking specific capacity of 436.3 mAh g-1 at 0.5 C, and a desirable capacity retention 123 

of 86.3% after 800 cycles at 10 C. When assembled into a full cell, the capacity can 124 

achieve 85.5 mAh g-1 at 5 C after 500 cycles.  125 

 126 

2. Experimental Section 127 

2.1 Chemicals 128 

Nickel oxide (NiO, AR, 99.9%) and niobium oxide (Nb2O5, AR, 99.9%) were 129 

purchased from Shanghai Macklin Biochemical Co., Ltd. Nickel chloride (NiCl2·xH2O, 130 

AR, 98%) was obtained from Aladdin Biochemical Technology Co., Ltd. Potassium 131 

chloride (KCl, AR, 99.5%), Sodium chloride (NaCl, AR, 99.5%) and ethanol absolute 132 

(C2H6O, AR, 99.7%) were sourced from Sinopharm Chemical Reagent Co., Ltd. All 133 

the reagents were used without any purifications. 134 

2.2 Materials Preparation 135 

2.2.1 Preparation of NiNb2O6  136 

The NiNb2O6 was synthesized using a modified molten salt method. In this process, 137 

nickel oxide (NiO) and niobium oxide (Nb2O5) powders in a molar ratio of 1: 1 were 138 

mixed with an inorganic salt media composed of NaCl, KCl and NiCl2 in a of 0.45: 139 

0.45: 0.1 molar ratio. The weight ratio of metal oxides and inorganic salts was 1: 5. 140 

Subsequently, the mixture with ethanol was stirred for 6 h and dried overnight at 80 °C. 141 

The dried product was placed in a corundum crucible and calcined in a muffle furnace 142 

at 850 °C for 5 h with a heating rate of 10 °C min-1. After calcination, the resulting 143 

yellow NiNb2O6 nanoparticles were thoroughly washed with hot deionized water to 144 



 

 

 

remove any redundant salt. For comparison, NiNb2O6 microparticles (NiNb2O6-M) 145 

were synthesized using a traditional solid-state reaction method, where NiO and Nb2O5 146 

powders with a molar ratio 1: 1 were mixed and calcined in air at 1300 °C for 4 h. 147 

2.2.2 Preparation of NiNb2O6@C composites  148 

mesophase pitch was used as carbon source. NiNb2O6 nanoparticles were mixed with 149 

varying proportions of mesophase pitch (5, 10, 20 wt%). The mixture was ground 150 

adequately and subsequently calcined in a tube furnace with flowing Ar atmosphere at 151 

800 ℃ for 2 h with a heating rate of 10 ℃ min-1. The resulting composites were 152 

designated as NiNb2O6@C-x, where x represents the weight percentage of mesophase 153 

pitch (5, 10 and 20 wt%). 154 

2.3 Materials characterization 155 

The X-ray diffraction (XRD) patterns of NiNb2O6 were acquired using a Bruker D8 156 

diffractometer (Germany) with Cu-Kα radiation (λ=0.15406 nm) over a 2θ range of 5° 157 

to 90°. The chemical compositions and elemental valence states of the samples were 158 

analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, 159 

America). Raman spectroscopy was conducted using a laser Horiba Lab RAM HR 160 

Evolution Raman spectrometer (Japan). The microstructure, elements distribution and 161 

crystal lattice of samples were examined by scanning electron microscopy (SEM, 162 

VEGA-3 from TESCAN Inc, China) equipped with energy dispersive spectroscopy 163 

(EDS) and transmission electron microscope (TEM, JEM-2010 from JEOL Inc, Japan). 164 

The in-situ X-ray diffraction (XRD) experiments were performed with a custom-165 

designed in-situ XRD cell. The electrode material slurry was coated onto the copper 166 

mesh, with beryllium (Be) serving as an X-ray transmissive window. The cell was 167 

subjected to testing within a voltage range of 0.005 V to 3 V at a current density of 0.5 168 

C. 169 

2.4 Electrochemical measurements 170 

The anodes for LIBs were prepared by blending the active material, carbon black as 171 

the conductive agent, and polyvinylidene fluoride (PVDF) as the binder in a mass ratio 172 



 

 

 

of 7:2:1. This mixture was dispersed in 1-Methyl-2-pyrrolidinone (NMP) to form a 173 

homogeneous slurry The slurry was evenly coated onto copper foil and subsequently 174 

dried in a vacuum oven at 60 °C for 12 h. The dried copper foil was cut into small discs 175 

with a diameter of 12 mm, which served as the anode. A lithium tablet was used as the 176 

counter electrode and polypropylene film as the separator. The electrolyte consisted of 177 

1 M LiPF6 dissolved in a solvent mixture of ethylene carbonate (EC) and diethyl 178 

carbonate (DEC) in a voltage ratio of 1:1, with the addition of 5% fluoroethylene 179 

carbonate (FEC). The amount of electrolyte added to each cell was approximately 150 180 

μL. The mass loading of the active material was 1.0~1.5 mg cm−2. The half cells were 181 

assembled in an argon-filled glove box. The assembled batteries were subjected to 182 

galvanostatic discharge/charge tests using the Land battery test system (CT-2001A, 183 

Wuhan, China) at 25 °C, within the voltage range of 0.005~3 V. Cyclic voltammetry 184 

(CV) tests were performed with a CHI660E electrochemical workstation. 185 

Electrochemical impedance spectroscopy (EIS) measurements were also conducted on 186 

the electrochemical workstation, within a frequency range of 10−2~105 Hz. In this work, 187 

the C-rate used was defined as 1C = 236 mAh g-1. 188 

The full cells were assembled using the NiNb2O6@C electrode as the anode, which 189 

underwent prelithiation for five cycles in half cell. This anode was paired with a 190 

commercial LiFePO4 electrode, composed of LiFePO4, Super-P, and polyvinylidene 191 

fluoride (PVDF) in an 8:1:1 ratio. In the full cell assembly, the loading of anode 192 

material was about 1.0~1.3 mg cm-2, with an anode/cathode mass ratio of approximately 193 

1:1.05. The full cells were further assembled following the same procedure as for the 194 

half-cells. 195 

3. Results and discussion 196 

3.1 Preparation and characterization 197 

The X-ray diffraction (XRD) patterns of NiNb2O6 and NiNb2O6@C were recorded (Fig. 198 

1a). The prominent diffraction peaks at 24.66°, 30.50°, 36.35°, 53.97° and 64.83° 199 

correspond to the crystal planes (310), (311), (102), (621) and (332) of NiNb2O6, 200 

respectively. The results indicate that all the distinct diffraction peaks of the NiNb2O6 201 



 

 

 

powders are well matched with the orthorhombic NiNb2O6 (PDF#72-0418), confirming 202 

the successful preparation of NiNb2O6. The XRD characteristic peaks of NiNb2O6 and 203 

NiNb2O6@C have no evident difference, implying that the carbon layer is amorphous 204 

and has no obvious characteristic peak. In addition, NiNb2O6 is reduced to Nb2O5 and 205 

Ni0 when the mesophase pitch reaches 20 wt%, which is attributed to the reducibility 206 

of excess carbon (Fig. S1). For NiNb2O6@C-20%, several obvious diffraction peaks 207 

appear at 14.38°, 24.36°, 26.83°, 28.96°, 29.95°, 33.35°, 35.84°, 47.54° and 50.52°, 208 

corresponding to the crystal planes (002), (2
—

02), (200), (004), (030), (032), (202), (2
—

42) 209 

and (312) of Nb2O5, respectively. All the sharp diffraction peaks align with the standard 210 

card of Nb2O5 (PDF#19-0864). Additionally, three main characteristic peaks at 211 

diffraction angles of 44.49°, 51.87° and 76.34° match the standard card of Ni (PDF#87-212 

0712). Therefore, when the mesophase pitch reaches 20 wt%, NiNb2O6 is reduced to 213 

Nb2O5 and metallic Ni0, attributed to the reducibility of the excess carbon. Notably, 214 

NiCl2 is added as the inorganic salt system on the basis of KCl and NaCl during the 215 

synthesis of NiNb2O6 by the molten salt method. This is because the addition of NiCl2 216 

can effectively promote the reaction (NiO + Nb2O5 = NiNb2O6) to synthesize pure 217 

NiNb2O6. It is confirmed that there are obvious characteristic peaks of Nb2O5 in the 218 

samples without adding NiCl2 (Fig. S2). The XRD pattern of NiNb2O6-M (Fig. S3) 219 

synthesized via traditional solid-state reaction method proves the successful preparation 220 

of pure NiNb2O6, due to the diffraction peaks of NiNb2O6-M can be well indexed with 221 

the orthorhombic NiNb2O6 (PDF#72-0418). The crystal structure of NiNb2O6 belongs 222 

to the orthorhombic system (Fig. 1b). The oxygen atoms surround the niobium and 223 

nickel atoms to form an octahedral structure characterized by shared angles [32, 42]. 224 

Each niobium atom connects with six oxygen atoms, and each nickel atom is also 225 

bonded to six oxygen atoms. As a result, an organized layered arrangement with 226 

prominent channels is established, facilitating the rapid insertion/extraction of Li+ ions. 227 

Benefiting from the distinctive crystal structure of nickel niobate, a solid foundation 228 

has been laid for its subsequent application in LIBs. 229 



 

 

 

 230 

Fig. 1. (a) XRD patterns of NiNb2O6 and NiNb2O6@C. (b) Schematic diagrams of crystal structure 231 

of NiNb2O6. 232 

 233 

The morphology characteristic, particle size, and microstructures of NiNb2O6 and 234 

NiNb2O6@C particles were analyzed by scanning electron microscopy (SEM) and 235 

transmission electron microscopy (TEM). NiNb2O6 exhibits nanometer-sized particles 236 

ranging from 200 to 500 nm (Fig. 2a). The introduction of an appropriate carbon 237 

coating has no significant effect on the morphology and dimension of NiNb2O6@C-10% 238 

(Fig. 2b). In the SEM images of NiNb2O6@C-5% (Fig. S4) and NiNb2O6@C-20% (Fig. 239 

S5), the significant changes in the morphology of NiNb2O6@C-20% are observed, due 240 

to the reduction of NiNb2O6. The SEM image (Fig. S6) depicts the morphology and 241 

particle size of NiNb2O6-M. The particles are about 2-5 μm in length and 0.5-2 μm in 242 

diameter, indicating a larger particle size compared to that of NiNb2O6 prepared by 243 

molten salt method. It is worth mentioning that the NiNb2O6 materials prepared by the 244 

simple molten salt method can achieve nano size without additional nano 245 

miniaturization. The small particle size not only shortens the ion transport path and 246 

promotes faster Li+ transport, but also provides a larger specific surface area and more 247 

active sites. Several researchers have demonstrated by operando isothermal calorimetry 248 

that electrodes made of nanoparticles exhibit smaller instantaneous and time-averaged 249 

irreversible heat generation rates, highlighting smaller resistance loss and greater 250 

conductivity [43]. In consequence, a smaller particle size of the product confers greater 251 

advantages to the preparation method, implying that the molten salt method is superior 252 



 

 

 

to the solid-state sintering method for preparing NiNb2O6. 253 

The elemental mapping images of NiNb2O6@C-10% (Fig. 2c-f) in the rad dotted box 254 

further demonstrates the presence and uniform distribution of Ni, Nb, O, and C 255 

elements. The microstructure of the material was further analyzed by TEM (Fig. S7), 256 

where the high-resolution TEM image reveals distinct lattice spacings of 0.365 nm and 257 

0.293 nm, corresponding respectively to the (310) and (311) crystallographic planes of 258 

NiNb2O6. The TEM (Fig. 2g) and HRTEM images of NiNb2O6@C-10% (Fig. 2h) 259 

depict the apparent lattice spacing of 0.254 nm, aligning with the (002) plane of 260 

NiNb2O6. Notably, a carbon layer derived from mesophase pitch has successfully 261 

coated on the surface of NiNb2O6 at a thickness of 2-5 nm. The selected area electron 262 

diffraction (SAED) pattern (Fig. 2i) demonstrates sharp diffraction spots at the 263 

orientation at [130] zone axis, indicating the orthorhombic phase of single-crystalline 264 

NiNb2O6.  265 

 266 

Fig. 2. SEM images of (a) NiNb2O6, and (b) NiNb2O6@C-10%. (c-f) The elemental mapping images 267 

of Ni, Nb, O, and C in NiNb2O6@C-10%. (g) TEM and (h) HRTEM images and (i) SAED pattern 268 

of NiNb2O6@C-10%. 269 

 270 

The valence states and surface chemistry of NiNb2O6@C-10% powder was revealed 271 

by X-ray photoelectron spectroscopy (XPS). The survey spectra (Fig. 3a) show that Ni, 272 

Nb, O, and C elements coexist in NiNb2O6 and NiNb2O6@C-10%. In the XPS Nb 273 

spectra (Fig. 3c), two characteristic peaks of the Nb 3d5/2 and Nb 3d3/2 orbitals at 206.38 274 



 

 

 

and 209.13 eV are triggered, which are related to the state of Nb5+ [44, 45]. The Ni 2p 275 

spectrum is fitted into Ni 2p3/2 and Ni 2p1/2 peaks at 855.69 and 873.47 eV, respectively, 276 

accompanied by two satellite peaks at 861.45 and 879.61 eV (Fig. 3d) [46, 47]. These 277 

peaks are originated from Ni2+ in nickel niobate, and no additional new phase is 278 

generated [32]. The O 1s spectrum (Fig. 3e) presents two distinct peaks at 529.88 and 279 

532.08 eV, which are relevant to OH- and O-M (M= Nb/Ni) bonds, respectively [48]. 280 

Furthermore, the characteristic peaks at 283.58 and 284.78 eV are ascribed to C 1s (Fig. 281 

S8) [49], underscoring the presence of carbon element in NiNb2O6@C-10%. The 282 

Raman spectrum further confirmed the presence of the carbon layer (Fig. 3b). 283 

Compared with NiNb2O6, NiNb2O6@C-10% appears obvious characteristic peaks at 284 

1340 and 1600 cm-1, which are identified as the disordered carbon (D-band) and 285 

graphitic carbon (G-band), respectively [50]. Other characteristic peaks prior to 1000 286 

cm-1 are highly consistent between the NiNb2O6 and NiNb2O6@C-10%. The sharpest 287 

characteristic peak appearing at 879 cm-1 is associated with Nb-O stretching vibration 288 

in NiNb2O6. Moreover, other peaks at 638, 529, and 483 cm-1 correspond to the 289 

stretching and bending modes of Nb-O, Ni-O, and O-Nb-O, respectively. The peaks 290 

located at lower than 400 cm-1 are related to Nb-Nb stretching and Nb-O-Nb bending 291 

[34]. The results of Raman spectra verify the chemical bonds in NiNb2O6 and bear out 292 

the results of XRD and XPS, which demonstrate the successful preparation of the 293 

NiNb2O6 and the successful introduction of the carbon layer. 294 



 

 

 

 295 

Fig. 3. (a) XPS survey spectra and (b) Raman spectra of NiNb2O6 and NiNb2O6@C. High-resolution 296 

XPS spectra of (c) Nb 3d, (d) Ni 2p, and (e) O 1s of NiNb2O6@C. 297 

 298 

3.2 Electrochemical performance 299 

The electrochemical properties of NiNb2O6 and NiNb2O6@C were evaluated in a 300 

half-cell configuration as anode materials for lithium-ion batteries. The cycle 301 

voltammetry (CV) curves of NiNb2O6@C-10% (Fig. 4a) for the first four cycles are 302 

recorded at a scan rate of 0.2 mV s-1 in a voltage window range between 0.005 and 3.0 303 

V. Easy to see, the CV curve of the first circle is obviously different from others. In the 304 

first sweep, the three cathodic peaks are observed at 1.52 V, 0.95 V and 0.74V, which 305 

can be attributed to the redox couples of Nb5+/Nb4+, Nb4+/Nb3+, and Nb3+/Nb2+, 306 

respectively. In addition, the strong cathodic peak located at 0.19 V are ascribed to two 307 

aspects. First, a portion of Ni2+ in NiNb2O6 decomposed irreversibly into Ni atoms. 308 

Second, the formation of solid electrolyte interface (SEI) film occurred, leading to 309 

irreversible capacity loss. In subsequent cycles, a pair of redox peaks emerged at 310 

1.77/1.54 V, indicative of the redox reactions of Nb5+/Nb4+ [34, 51]. It is worth 311 

mentioning that the redox peaks of the second cycle are shifted relative to the third and 312 

fourth cycles, which is mainly due to the effect of incomplete reaction of the 313 



 

 

 

electrochemical reconstruction process. The third and fourth cycles exhibit a 314 

remarkable consistency, reflecting the excellent reversibility during the cycling process. 315 

Furthermore, the CV curves of NiNb2O6 at 0.2 mV s-1 are shown (Fig. S9). It is notable 316 

that the cathodic peak intensity of NiNb2O6@C at 0.2 V is lower than that of NiNb2O6, 317 

suggesting that the carbon coating has a proper alleviating effect on the formation of 318 

SEI film and the entrapment of lithium ions. 319 

 320 

Fig. 4. (a) CV curves of NiNb2O6@C-10% at 0.2 mV s-1. (b) GCD profiles of NiNb2O6@C-10% at 321 

different current densities. (c) Rate behavior and cycling performance (1 C) of NiNb2O6, 322 

NiNb2O6@C and NiNb2O6-M. (d) Long-term cycling performance of NiNb2O6 and NiNb2O6@C at 323 

10 C. (e) EIS spectra of NiNb2O6 and NiNb2O6@C-10% obtained in a fully charged state with the 324 

equivalent circuit model.  325 

 326 

The galvanostatic charge-discharge (GCD) curves of the NiNb2O6@C-10% at 0.5 C 327 

are presented (Fig. S10). The initial discharge and charge capacities of NiNb2O6@C-328 

10% are 755.21 and 551.09 mAh g-1, respectively. The corresponding initial Coulombic 329 

efficiency (ICE) stands at 72.97%, surpassing other previously reported niobium-based 330 

oxides anodes for LIBs [39, 52, 53]. Moreover, the Coulomb efficiency of the charging 331 

and discharging process at various current densities can reach more than 99%, 332 

demonstrating excellent electrochemical reversibility. The capacity of NiNb2O6@C-10% 333 

attenuates during the initial few cycles and stabilizes after the 5th cycle. Subsequent 334 



 

 

 

cycles exhibit an enhanced Coulombic efficiency, reaching up to 98%. At higher current 335 

densities, the Coulomb efficiency can approach approximately 100%. At a low current 336 

density of 0.5 C, Li+ gradually infiltrate into the NiNb2O6 material. But some lithium 337 

ions are trapped during the extraction process, leaving a certain amount of residual 338 

"dead lithium" within the material lattice after each cycle, resulting in the attenuation 339 

of the capacity in the next cycle. The results are consistent with the CV results. The 340 

GCD curves of NiNb2O6@C-10% are tested (Fig. 4b) at various current density from 341 

0.5 C to 20 C. As the current density increases gradually, the shape of the GCD curves 342 

remains similar, highlighting the exceptional stability and excellent rate performance 343 

of the NiNb2O6@C-10% anode material. On the contrary, the GCD curves of NiNb2O6 344 

(Fig. S11) express more capacity attenuation. The rate performances at different current 345 

densities (Fig. 4c) of NiNb2O6, NiNb2O6-M, and NiNb2O6@C composites are exhibited. 346 

At lower current density (0.5 C and 1 C), the specific capacity of NiNb2O6, 347 

NiNb2O6@C-5%, and NiNb2O6@C-10% have little variance. Nevertheless, as the 348 

current density escalates, a notable enhancement in rate performance becomes evident 349 

specifically in the case of NiNb2O6@C. The principal factor contributing to the 350 

improvement lies in the coating of mesophase pitch on the surface of NiNb2O6, which 351 

enhances the conductivity of the NiNb2O6 and promotes the diffusion kinetics of 352 

lithium-ions. The specific capacities of NiNb2O6@C-5% and NiNb2O6@C-10% are 353 

similar, while excessive carbon (as seen in NiNb2O6@C-20%) induces the reduction of 354 

NiNb2O6 to Nb2O5, resulting in a striking reduction of capacity. Impressively, 355 

NiNb2O6@C-10% displays the exceptional discharge specific capacities of 436.3, 356 

366.2, 329.3, 274.6, 214.8, and 140.6 mAh g-1 at 0.5, 1, 2, 5, 10, and 20 C, respectively. 357 

When returning to 1 C, the specific capacity remains steadfast at 360 mAh g-1, 358 

exhibiting outstanding reversible performance.  359 

The cycle performances of NiNb2O6 and NiNb2O6@C are reflected (Fig. 4d) at 10 360 

C. Under optimal conditions, NiNb2O6@C-10% demonstrates outstanding cycling 361 

performance, sustaining a capacity of 222.9 mAh g-1 even after 800 cycles. Notably, the 362 

capacity retention rate reaches an impressive 86.3%. In contrast, NiNb2O6@C-5% and 363 

NiNb2O6 exhibit lower capacity retentions of only 68.7% and 38.4%, respectively. 364 



 

 

 

Therefore, an appropriate amount of mesophase pitch-derived carbon coating on 365 

NiNb2O6 plays a pivotal role in curbing the volume expansion during the 366 

charge/discharge cycling, thus contributing to the preservation of structural stability and 367 

ultimately leading to exceptional cycling stability. NiNb2O6-M at 10 C (Fig. S12) has a 368 

lower specific capacity (99.6 mAh g-1) but can maintain a relatively consistent cycling 369 

performance, which is attributed to the unique structural characteristics inherent of 370 

nickel niobate itself. Electrochemical impedance spectroscopy (EIS) was employed to 371 

evaluate the diffusion of Li+ in the electrode. The plots of both NiNb2O6 and 372 

NiNb2O6@C-10% (Fig. 4e) encompass a semicircle in the high-frequency region, 373 

corresponding to the charge-transfer resistance (Rct). Simultaneously, an inclined line 374 

is evident in the low-frequency region, indicative of the Warburg impedance (Wo). This 375 

combination of impedance characteristics provides insights into the intricate lithium 376 

ions diffusion processes within the electrode. Both anodes present an identical EIS 377 

equivalent circuit model, encompassing Rs, Rct, double layer capacitance (Cdl), and 378 

Warburg diffusion resistance (Wo). The fitted Rct value for NiNb2O6@C-10% is lower 379 

than that of the NiNb2O6 electrode (44.2 Ω and 58.1 Ω, respectively), suggesting an 380 

accelerated interfacial Li+ transfer and enhanced electrochemical kinetics. This also 381 

underscores the positive effects of carbon coating on the NiNb2O6 material. The 382 

augmentation in electrochemical performance benefits from the improved conductivity 383 

introduced by the carbon layer, which serves to expedite the rate of ion transfer. This 384 

outcome highlights the pivotal role of the carbon coating in promoting efficient Li+ 385 

diffusion across the electrode-electrolyte interface. 386 

To catch deeper insights into the Li+ storage mechanism and reaction kinetics of 387 

NiNb2O6@C-10%, cyclic voltammetry (CV) was tested at different scanning rates (0.2, 388 

0.4, 0.6, 0.8 and 1.0 mV s-1, Fig. 5a). The CV curves unveil dominant reaction peak at 389 

1.85/1.5 V in the charging and discharging process, corresponding to the transformation 390 

from Nb5+ to Nb4+. The CV curves keep similar shapes at different scanning rates, 391 

reinforcing the stability and reversibility of the redox reaction in the NiNb2O6@C-10% 392 

electrode material. The Li+ storage mechanism conforms to the following relationship 393 

formula between the peak current (i) and scan rate (v):  394 



 

 

 

𝑖 = 𝑎𝑣                                                               (1) 395 

where a and b are constants. The dominant behavior of the electrochemical lithium 396 

storage is confirmed by calculating the b value. b equaling 0.5 indicates a process 397 

controlled by diffusion, while b equaling 1 signifies the capacitive behavior. The 398 

calculated b values of peaks 1 and 2 for anodic and cathodic peak (Fig. 5b) are 0.99 399 

and 0.83, respectively, suggesting that the reaction process is primarily controlled by 400 

capacitance as the b values are in close to 1. The ratio of the capacitive and diffusion 401 

control contributions can be further quantified by the following equation: 402 

𝑖 = 𝑘ଵ𝑣 + 𝑘ଶ𝑣.ହ                                                      (2) 403 

where k1v is assigned the pseudocapacitive contribution and k2v0.5 stands for diffusion 404 

control contribution. The calculation results manifest that capacitive contribution is 405 

69.37% at the scan rate of 1 mV s-1 (Fig. 5c), indicative of a pseudocapacitive 406 

dominated process. The corresponding pseudocapacitance contribution ratio of the 407 

capacitance content data from 0.2 to 0.8 mV s-1 gradually increases with rising sweep 408 

rates (Fig. S13). It is demonstrated that this intercalation charge storage process is not 409 

limited by lithium-ion diffusion but by surface processes. Moreover, the proportion of 410 

capacitance contribution and diffusion contribution at different scanning rates is depicts 411 

(Fig. 5d). Notably, the proportion of pseudocapacitance contribution escalates from 412 

50.21% to 69.37% with the increase in scanning rate from 0.2 to 1.0 mV s-1, thereby 413 

elucidating the pronounced disparity in rate performance. 414 

Galvanostatic intermittent titration technique (GITT) was employed to further 415 

analyze the lithium-ion diffusion coefficients during the discharging and charging 416 

process (Fig. S14). GITT measurement was conducted at a current density of 1 C. The 417 

Li+ diffusion coefficient (DLi
+) can be determined by the following equation: 418 

𝐷శ =
4

𝜋𝜏
(
𝑚𝑉

𝑀𝑆
)ଶ(

∆𝐸௦

∆𝐸௧
)ଶ                                           (3) 419 

where mB and MB are the mass and molecular weight of active materials, respectively, 420 

Vm is the molar volume, S stands for the electrode/electrolyte contact area, ΔEs is the 421 

potential change caused by the pulse, and ΔEt is the potential change caused by the 422 

constant current charge. The results demonstrate that the lithium-ion diffusion 423 



 

 

 

coefficients (DLi
+) of the NiNb2O6@C-10% electrode ranges from 1.15×10-12 cm2 s-1 to 424 

2.69×10-14 cm2 s-1 during the discharge process and from 1.18×10-11 cm2 s-1 to 3.35×10-425 

12 cm2 s-1 during the charge process. The improved Li+ diffusion kinetics can be 426 

attributed to the favorable combination of factors, including the shortened Li+ transport 427 

pathway between nanoparticles and the enhanced electrical conductivity facilitated by 428 

the carbon coating. 429 

 430 

Fig. 5. (a) CV curves of NiNb2O6@C-10% at various scan rates from 0.2 to 1.0 mV s-1. (b) Plots of 431 

logarithm current versus logarithm scan rate for NiNb2O6@C-10%. (c) Capacitive content for 432 

NiNb2O6@C-10% at a scan rate of 1.0 mV s-1. (d) Capacitive contribution and diffusion contribution 433 

for NiNb2O6@C-10% at different scan rates. 434 

 435 

3.3 Electrochemical mechanism 436 

To enhance the understanding of the structural and morphological evolution in 437 

NiNb2O6 during insertion and extraction of Li+, comprehensive in-situ XRD and ex-438 

situ analyses were performed on NiNb2O6@C-10%. The in-situ XRD experiment of 439 



 

 

 

NiNb2O6@C-10% anode involved collecting initial discharge/charge curves at a current 440 

density of 0.5 C within the range of 0.005 to 3 V. The in-situ XRD results (Fig. 6a) 441 

show that the characteristic peaks associated with the (310), (311), (102), (621) and 442 

(332) planes for NiNb2O6 (PDF#72-0418) gradually reduce and eventually fade away 443 

during the discharge process. Importantly, these diffraction peaks never recover in the 444 

subsequent charging process. A new and weak diffraction peak appears at 44.4°, which 445 

is attributed to Ni0 (PDF#70-1849). This observed alteration suggests that Ni ions 446 

undergo substitution by Li ions during the lithiation process. It is worth mentioning that 447 

the most prominent peak of NiNb2O6 at 30.50°, corresponding to the (311) plane, 448 

demonstrates a clearly irreversible evolution (Fig. 6b). Following the first 449 

discharge/charge cycle, only the distinctive peaks of Ni0 remain detectable, providing 450 

evidence that the irreversible reaction of NiNb2O6 occurs during the Li+ insertion 451 

process. This further explains the comparatively inferior initial coulombic efficiency. It 452 

is a common occurrence for columbite-type niobates to undergo transformation into 453 

distinct metal oxides. Conversely, lamellar Nb2O5 functions as the host for the 454 

intercalation of lithium ions, ultimately leading to the formation of an amorphous phase 455 

denoted as LixNb2O5 [34]. In the in-situ XRD patterns, the diffraction peaks of Ni are 456 

relatively weak and not distinctly observable. This is due to the electrochemical 457 

reconstructed Ni particles are nanosized, resulting in inherently weak diffraction peaks. 458 

Moreover, the excessively high intensity of the diffraction peaks of Cu, Be, and BeO 459 

overshadow those of Ni and NiNb2O6, where the peaks of Cu, Be and BeO originate 460 

from the Cu foil in the electrode and the in-situ testing device, respectively. This 461 

phenomenon is unavoidable in in-situ XRD testing. In ex-situ XRD tests, we 462 

disassembled the half cells at different testing stages, scraped the active materials from 463 

the Cu foil to eliminate the interference from Cu peaks. Thus, the diffraction peaks with 464 

respect to Ni0 can be observed in the absence of interference from other diffraction 465 

peaks. The discharge/charge curves of NiNb2O6@C-10% during the initial cycle at a 466 

current density of 0.5 C are presented alongside the corresponding ex-situ XRD patterns 467 

at various discharge/charge stages (Fig. 6c). Following the first complete discharge, the 468 

diffraction peaks associated with NiNb2O6 become indiscernible and new peaks of Ni0 469 



 

 

 

(PDF#70-1849) at 44.4° and 51.8° are recorded. Throughout the charging process, only 470 

the peaks of Ni0 exist, and other phases exhibit characteristics of amorphous phase. 471 

Importantly, these results align completely with the in-situ XRD findings, confirming 472 

result consistency.  473 

 474 

Fig. 6. (a) In-situ XRD patterns of NiNb2O6@C-10% with corresponding discharge/charge curves 475 

during the initial cycle within a voltage window of 0.005-3 V at 0.5 C. (b) In-situ XRD patterns of 476 

NiNb2O6@C-10% within the 2θ range of 29.5-30.5°. (c) Ex-situ XRD patterns of NiNb2O6@C-10% 477 

at various voltage stages. 478 

 479 

Ex-situ XPS tests were performed to further provide additional evidence of the 480 

conversion mechanism during the initial cycle. The peaks originated from Nb 3d orbit 481 

(Fig. 7a) at 206.38 and 209.13 eV shift to lower binding energy corresponding to Nb4+ 482 

after discharge down to 0.005 V. Subsequently, these peaks revert to their initial 483 

positions after being charged to 3 V. This observation strongly reveals that the primary 484 

mechanism for lithium storage in NiNb2O6 involves a reversible Nb5+/Nb4+ redox 485 



 

 

 

reaction. Meanwhile, a new signal at 850.1 eV belonging to Ni0 (Fig. 7b) emerges 486 

during discharge process and retains its stability throughout the whole cycle. This 487 

further proves that Ni0 is irreversibly generated during the electrochemical process and 488 

lacks the activity to effectively bind with Li+ [32, 34, 54]. Moreover, the Ni2+ peaks at 489 

855.69 eV split into two peaks after discharge process, which may be ascribe to the 490 

formation of both NiO and LixNiO. Through in-situ and ex-situ characterizations of 491 

XRD and XPS, we have validated the electrochemical reconstruction process involving 492 

the formation of Ni0 and amorphous Nb2O5 phase. The presence of Ni metal can 493 

improve the conductivity of the electrode material. Simultaneously, the lattice of 494 

amorphous Nb2O5 creates defects, thereby further promoting charge transfer. The XRD 495 

patterns of NiNb2O6@C-10% and NiNb2O6 (Fig. 7c) after 800 cycles illustrate the 496 

impact of mesophase pitch-derived carbon in the system. Notably, the characteristic 497 

peak of Ni0 appears at 44.4° in the NiNb2O6@C-10% electrode after cycles. Therefore, 498 

it can be inferred that the surface carbon layer efficiently suppresses the exfoliation of 499 

superficial Ni0. This phenomenon, in turn, bolster the electronic conductivity of active 500 

materials, thereby contributing to the superior rate performance and splendid cycling 501 

stability.  502 

 503 

Fig. 7. (a) Nb 3d and (b) Ni 2p ex-situ XPS spectra of NiNb2O6@C-10% at pristine, discharged to 504 

0.005 V, charged to 3 V in the first cycle. (c) XRD patterns of NiNb2O6@C-10% and NiNb2O6 after 505 

800 cycles. (d) SEM images of NiNb2O6@C-10% before cycling and (e) after the initial charge. (f) 506 



 

 

 

TEM image of NiNb2O6 after the initial charge. 507 

 508 

In order to verify the effect of the carbon layer and Ni0 on Li+ transfer kinetics after 509 

cycling, the EIS curves were recorded (Fig. S16). Due to the presence of carbon layer, 510 

the overall conductivity of the electrode material experiences augmentation. After 800 511 

cycles, two distinct semicircles can be observed on the EIS curves. The semicircle in 512 

the high frequency region is attributed to the interface contact resistance, which is 513 

correlated with the deposition of the interface layer on the electrode. The corresponding 514 

interface contact resistors of NiNb2O6 and NiNb2O6@C are 13.9 Ω and 8.5 Ω, 515 

respectively. The semicircle in the middle frequency region is attributed to the charge 516 

transfer resistance (Rct). The Rct of NiNb2O6@C is significantly lower than that of the 517 

NiNb2O6 electrode (213.3 Ω and 291.1 Ω, respectively), indicating that NiNb2O6@C 518 

has faster electrochemical reaction kinetics and emphasizes the positive effect of carbon 519 

coating. This conclusion is highly consistent with the conclusion of Fig. 4e. 520 

Furthermore, ex-situ SEM and TEM examination were performed to visualize the 521 

morphological structure of the NiNb2O6@C-10% electrode material in various 522 

discharge/charge states. Strikingly, after a full cycle of Li+ intercalation and 523 

deintercalation, the morphology of NiNb2O6@C-10% has no discernible change, 524 

proving its well-reserved structure stability after the irreversible conversion and the 525 

advantageous cycling stability (Fig. 7d, e). Additionally, the phase evolution during the 526 

lithiation/delithiation process was investigated by ex situ TEM after the first cycle (Fig. 527 

7f). The TEM image of NiNb2O6@C displays clear lattice fringes with a spacing of 528 

0.203 nm, aligning with the (111) crystal plane of Ni0, which further proves the 529 

existence of Ni0 and corresponds to the in-situ XRD results. Therefore, after 530 

electrochemical reconstruction, the initial niobate is transformed into metallic Ni and 531 

Nb2O5, thereby building a Mott-Schottky heterostructure. This novel structure featuring 532 

Mott-Schottky heterointerfaces are anticipating to enhance electron transport dynamics 533 

and speed up ion transport during lithium storage. Meanwhile, it is obviously observed 534 

that the carbon layer still remains intact on the surface of the material. It is noteworthy 535 

that the previously smooth particles have turned accidented, which can be ascribed to 536 



 

 

 

the decoration of Ni0 on the surface (Fig. S17a). In contrast to the SEM image of 537 

NiNb2O6 after 800 cycles (Fig. S17b), the morphology of nanoparticles keeps regular, 538 

which is consistent with the aforementioned in-situ XRD results. 539 

 540 

 541 

Fig. 8. (a) Schematic diagram of the reaction process and lithium storage mechanism. (b) Schematic 542 

diagram of the atomic-level structure for spontaneous electrochemical reconstruction after 543 

lithiation/delithiation.  544 

 545 

The proposal schematic diagram of reactions and lithium storage mechanism is 546 

summarized (Fig. 8a). Firstly, NiNb2O6 prepared by molten salt method was modified 547 

with carbon coating to obtain NiNb2O6@C composite material. The carbon layer not 548 

only serves as a conductive network to improve the overall conductivity of the material, 549 



 

 

 

but also regards as a protective barrier for Ni0 to inhibit the detachment of Ni0 from the 550 

material surface. Furthermore, NiNb2O6@C undergoes an intrinsic electrochemical 551 

reconstruction into Ni/Nb2O5@C during the process of lithiation and delithiation, 552 

accompanied by the generation of Mott-Schottky heterojunctions. The Fermi energy 553 

level difference between the metal and the semiconductor is utilized to induce charge 554 

separation at the interface and to accelerate electron transport in the LIBs. Therefore, 555 

the synergistic effects of the dual conductive interfaces, which consists of the carbon 556 

layer and the Mott-Schottky heterojunction between amorphous Nb2O5 and metallic Ni, 557 

contribute to the excellent electrochemical performance.  558 

The atomic-level configuration arises from the spontaneous electrochemical 559 

reconstruction after lithiation/delithiation is illustrated (Fig. 8b). The initial orthogonal 560 

phase of NiNb2O6 is transformed into an amorphous phase of Nb2O5 (A-Nb2O5) and 561 

metallic Ni. The precipitation of Ni0 after electrochemical reconstruction not only 562 

enhances the conductivity of the material to a certain extent, but also constructs a Mott-563 

Schottky heterostructure due to the intimate interacts with the semiconductor Nb2O5. 564 

The amorphous lattice structure of A-Nb2O5 characterized by its disordered atomic 565 

arrangement can enhance the intrinsic conductivity of the material and promote charge 566 

transfer [55, 56]. This is particularly conducive to the reversible redox reaction 567 

between Nb5+ and Nb4+ that takes place during subsequent lithium storage processes. 568 

3.4 Full cell electrochemical performance 569 

To further validate the practical application potential of NiNb2O6@C, we constructed 570 

a full cell by paring the cathode material LiFePO4 and the anode material NiNb2O6@C. 571 

This allowed us to thoroughly assess the electrochemical performance, the schematic 572 

illustration is provided in (Fig. 9a). The GCD curves of the LiFePO4 || NiNb2O6@C 573 

full cell at 0.5 C are presented (Fig. 9b). In the initial stages of the charging and 574 

discharging process, the capacity experiences a gradual increase attributed to the 575 

activation of the electrode material. Subsequently, the capacity stabilizes after the third 576 

cycle. The charge/discharge plots and rate performance of LiFePO4 || NiNb2O6@C at 577 

different current densities are depicted (Fig. 9c, d). The specific capacities are 124.5, 578 



 

 

 

116.8, 108.5, 93.9, 77.8 and 56.8 mAh g-1 at 0.5, 1, 2, 5, 10 and 20 C, respectively. 579 

Remarkably, when returned to 1 C, the specific capacity can reach 113.5 mAh g-1 and 580 

maintain impressive stability. The results reveal that the LiFePO4 || NiNb2O6@C full 581 

cell exhibits an excellent rate performance for fast-charging application. Moreover, the 582 

LiFePO4 || NiNb2O6@C full cell emerges outstanding long cycling life, maintaining the 583 

specific capacity of 85.5 mAh g-1 at 5 C after 500 cycles (Fig. 9e) and a remarkably 584 

coulombic efficiency of 99.65%.  It is noteworthy that the specific capacity increased 585 

initially and remained stable after 30 cycles. This probably due to that the spontaneous 586 

electrochemical reconstruction of NiNb2O6@C anode during the initial charging and 587 

discharging process, resulting in a change in the active composition of the anode. The 588 

generated metallic Ni and amorphous Nb2O5 form a Mott-Schottky heterostructure, 589 

which accelerates electron transport. The electrochemical reconstruction alters the 590 

active composition of the anode, allowing the material to achieve a higher discharge 591 

specific capacity during this activation process and subsequently reach a steady state. 592 

The practical viability of the LiFePO4 || NiNb2O6@C full cell in daily life was assessed 593 

(Fig. 9f), proving that LED lights designed with the “WUST” patterns can be 594 

successfully lit.  595 

 596 

Fig. 9. (a) Schematic illustration of the fast charging/discharging full cell with NiNb2O6@C as the 597 

anode and LiFePO4 as the cathode. (b) GCD cycles of the LiFePO4 || NiNb2O6@C full cell at 0.5 C. 598 

(c) GCD curves of the LiFePO4 || NiNb2O6@C full cell at various rates. (d) Rate performance and 599 



 

 

 

(e) Cycling performance at 5 C of the LiFePO4 || NiNb2O6@C full cell. (f) A photograph of the 600 

LiFePO4 || NiNb2O6@C full cell lighting up the LED plates.  601 

 602 

4. Conclusion 603 

In summary, NiNb2O6 was successfully synthesized through molten salt method as 604 

an anode material for lithium-ion batteries. This approach boasts distinct advantages, 605 

including its simple operation, low calcination temperature (850 °C) and production of 606 

small particle size (200-500 nm). To address the inherent poor electrical conductivity 607 

of the NiNb2O6, we choose to modify a uniform carbon layer derived from mesophase 608 

pitch on the surface of the NiNb2O6 particles. The incorporated carbon layer serves a 609 

dual purpose in enhancing the properties of the composites, which not only establishes 610 

a conductive network to improve the conductivity of the materials, but also functions 611 

as a protective layer to prevent the stripping of the internal materials. During the 612 

charging/discharging process, NiNb2O6@C undergoes spontaneous electrochemical 613 

reconstruction, transforming into metallic Ni and amorphous Nb2O5. The presence of 614 

carbon layer effectively inhibits the stripping of Ni0 on the surface, thus further 615 

enhancing the electronic conductivity of active materials. Furthermore, the interaction 616 

between Ni metal and Nb2O5 semiconductor gives rise to the creation of a Mott-617 

Schottky heterostructure, which accelerates electron transport. The synergistic effects 618 

of the outer carbon layer and the Mott-Schottky heterostructure result in excellent 619 

electrochemical performance. Therefore, this work not only provides a simple synthetic 620 

method to prepare NiNb2O6 for large-scale production, but also designs an optimization 621 

strategy for the development of new generation energy materials.  622 
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