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Wadsley-Roth phased niobates with open and interconnected crystallographic shear 

structures are promising anode materials for lithium-ion batteries, while the inherently 

low electrical conductivity still limits their rate-capability. Herein, a novel doped 

Mo1.5W1.5Nb14O44 (MWNO) material is facilely prepared via an ionothermal-synthesis-

assisted doping strategy. The detailed crystal structure of MWNO is characterized by 

neutron powder diffraction and aberration corrected scanning transmission electron 

microscope, unveiling the full occupation of Mo6+-dopant at the t1 tetrahedral site. In 

half-cells, MWNO exhibits enhanced fast-rechargeability (92.1 mAh g-1 at 100 C and 

81.7% capacity retention over 2000 cycles at 10 C). The origin of such improved 

performance is investigated by ultraviolet–visible diffuse reflectance spectroscopy, 

density functional theory (DFT) computation and electrochemical impedance 

spectroscopy, revealing that bandgap narrowing improves the electrical conductivity of 

MWNO. Furthermore, operando X-ray diffraction elucidates that MWNO exhibits a 

typical solid-solution phase conversion-based lithium-ion insertion/extraction 
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mechanism with reversible structural evolution during the electrochemical reaction. 

The boosted lithium-ion diffusivity of MWNO, due to the Mo6+/W6+ doping effect, is 

confirmed by galvanostatic intermittent titration technique and DFT. With the 

simultaneously enhanced electrical conductivity and lithium-ion diffusivity, MWNO 

successfully demonstrates its fast-rechargeability and practicality in the 

LiNi0.5Mn1.5O4-coupled full-cells. Therefore, this work illustrates the potential of 

ionothermal synthesis in energy storage materials and provides a mechanistic 

understanding of doping effect on improving material’s electrochemical performance.

1. Introduction

To resolve the environmental and energy crises caused by the CO2 emission from 

fossil fuel vehicles, lithium-ion batteries (LIBs) have been regarded as the essential 

energy storage devices in electric vehicles (EVs).[1] However, the commonly used 

graphite anode in LIBs, with a theoretical capacity of 372 mAh g-1, cannot meet the 

future requirement of fast-rechargeability on EVs due to the formation of a passivating 

solid-electrolyte interphase (SEI) rooted from the low lithium-ion (Li+) insertion 

potential (~0.1 V vs Li/Li+),[2] which dramatically increases the energy barrier for Li+ 

to cross the SEI layer and causes sluggish electrochemical kinetics, thereby impeding 

the future application of graphite in extreme fast charge LIBs. Another common anode 

material of LIBs is spinel Li4Ti5O12 (LTO). Owing to its high operation voltage of 1.55 

V vs Li/Li+, LTO doesn’t suffer from the SEI issues and exhibits good structural 

stability. However, its low theoretical capacity (175 mAh g-1) deeply plagues the future 

application of high-performance LIBs in EVs.[3] 
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Recently, niobium-based oxides with Wadsley-Roth phase, such as W3Nb14O44 

(WNO) and Mo3Nb14O44 (MNO), both denoted as M3Nb14O44, have attracted great 

attention as promising anode materials for fast-rechargeable LIBs due to their open and 

interconnected structures.[1b, 1c, 2a, 2b, 4] The abundant Nb5+/Nb4+/Nb3+ redox couples with 

high reversibility ensure the high theoretical capacities (374 – 403 mAh g-1).[2a, 2b, 5] In 

addition, the operation voltages of M3Nb14O44 materials are slightly higher than that of 

LTO (around 1.6 V), which are indeed above the formation potential of SEI layer and 

thereby successfully avoid the aforementioned SEI issues, enhancing the safety of LIBs 

during fast-charging. Despite those aforementioned advantages, a facile synthesis 

method with excellent safety that enables nano-scaled MNO materials has never been 

exploited. Since the second half of 2019, a few studies have reported the preparation of 

micron-scaled and/or nano-wired WNO and MNO materials through solution 

combustion and electrospinning routes.[2a, 2b, 6] Specifically, this solution combustion 

method relies on the combustion of all the precursors.[2d] This route with limited 

recyclability and potential hazardous gas emission along with the involved open-flame 

burning can potentially cause environmental and safety concerns.[7] Furthermore, the 

additional high-temperature calcinations after the open-flame burning were still needed 

to improve the material crystallinity, which may add complexity to the synthesis 

process and enlarge the particle size with unfavorable electrochemical kinetics.[2a, 7a] 

The electrospinning route with high-voltage operation not only potentially cause safety 

concerns, but also has high-proficiency requirements due to the optimization of various 

parameters, namely the flow rates of the precursor solutions, the viscosity of the 
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precursor solutions, the surface tension of the precursor solution, the solution 

conductivity, the tip to collector distance, the room humidity and the applied voltage.[8] 

Thereby, it is necessary to develop a facile and efficient method for the synthesis porous 

Wadsley-Roth phased niobium-based oxide materials.

Additionally, to the best of our knowledge, so far, no study has solved the low 

electrical conductivity of those two types of Wadsley-Roth phased M3Nb14O44 

materials due to their inherent insulating properties,[1b] which can significantly restrict 

their rate-capability in LIBs.[9] Although some previous reports suggest that carbon 

coating can alleviate the poor electrical conductivity of some other Wadsley-Roth 

phased niobium-based oxides, the strategy is complicated and its introduced excess 

carbon may reduce the final packing energy density.[10] Therefore, a facile and effective 

synthesis strategy with the concurrent ability to primarily improve the electrical 

conductivity and the Li+ diffusivity (doping induced bandgap narrowing with 

potentially alleviated structural disorder and templating effect induced nano-scale 

crystallites) of M3Nb14O44 material is highly desirable. More importantly, resolving the 

limited understanding of the doping effect on M3Nb14O44 is also essential and 

transferrable for future research and development of other Wadsley-Roth phased 

niobium-based oxides, including the occupational status of the dopant and its influence 

on the bandgap and diffusion path of Li+ ions etc. 

Herein, for the first time, a novel doped MWNO with Wadsley-Roth phase was 

prepared through a facile ionothermal-synthesis-assisted doping strategy (Figure 1), 

which is highly promising and should be considered as a potential candidate for the 
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future material synthesis. This proposed synthesis strategy is mainly based on a well-

established non-hydrolytic sol-gel process with excellent simplicity, safety and 

versatility, utilizing ionic liquids as the porous structural directing templates and the 

solvents at the same time.[11] Moreover, comparing with the conventional soft-template 

and/or hard-template synthesis approaches involving large amount of CO2 emission 

from calcinating the block polymers and/or generating toxic waste from NaOH/HF 

etching the hard templates that cause serious environmental concerns, respectively, this 

proposed strategy provides a novel approach to avoid those aforementioned 

environmental problems because the applied ionic liquid can be easily removed and 

recycled by an organic solvent wash.[12] Specifically, an IL, 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIm][NTf2]), was used as 

the solvent and/or templating agent to dissolve the metal chlorides because of the 

solvent miscibility and templating effects of ILs (the hydrogen bonding between the 

anions of ILs and precursors and the - stacking between the neighboring imidazolium 

rings).[11g] After the mixture being gelled through the non-hydrolytic sol-gel treatment, 

the applied IL was simply extracted and recycled by ethanol wash. Lastly, the obtained 

precursor was calcinated in air to form the desired nanoporous MWNO material with 

Wadsley-Roth phase (more details can be found in the Supporting Information), which 

indeed exhibits superb fast-rechargeability and high specific capacity in LIB half-cells 

and full-cells. Moreover, the atomic-level structural site-specific doping effect on 

MWNO and the origin of its electrochemical performance improvement with the Li+-

storage mechanism are first exploited by several in-depth analyses, including neutron 
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powder diffraction, aberration-corrected scanning transmission electron microscope, 

ultraviolet visible spectroscopy, electrochemical impedance spectroscopy, density-

functional theory computational study, galvanostatic intermittent titration technique 

and operando X-ray diffraction, revealing that the concurrently improved electrical 

conductivity and Li+ diffusivity ensure the excellent electrochemical performance of 

MWNO in LIBs, which is based on the molybdenum and tungsten cation redistribution 

effect in the lattice along with their high similarities from the same periodic table group 

that ensures the structural stability. Therefore, owing to the high similarity and 

transferability of Wadsley-Roth phased niobium-based oxide materials,[1b] this work 

potentially delivers some prospective understanding of the Mo6+/W6+ doping effects for 

future research and development of the site-specific atomic-level structural engineering 

for other high-performance tungsten-molybdenum-based niobate LIB materials at 

different ratios. Additionally, this work demonstrates that the ionothermal-synthesis-

assisted doping strategy may be possibly considered as a preparational candidate for 

the future syntheses of LIB fast-rechargeable anode materials.

2. Results and Discussion

The crystal structure of as-synthesized MWNO material was studied by powder 

X-ray diffraction (XRD) analysis (Figure 2a and Figure S5a). The collected diffraction 

pattern without any hetero-phased peak conforms to the standard XRD pattern of 

tetragonal W3Nb14O44 with space group of I-4 (ICDD # 04-009-3726), possessing 

consecutive edge-sharing MO6 (M = Nb, Mo and/or W) octahedra attached with corner-

sharing MO4 (M = Mo and/or W) tetrahedra, which ensures the excellent structural 
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stability of the crystal.[2a] Consequently, the formed shear ReO3-type block structure 

with A-B-A layers can stabilize and storage the inserted Li+ ions.[2a, 2b] Noticeably, the 

diffraction patterns of MWNO, MNO and WNO indeed appear little shifts (Figure S5a), 

which is ascribed to the successful Mo6+/W6+ doping in the lattice due to their highly 

similar ionic sizes (the crystal ionic radii of Mo6+ and W6+ are 73 and 74 pm, 

respectively).[13] The refined lattice parameters of the three materials are listed in Table 

S1, showing that MWNO has a = b = 20.998(1) Å, c = 3.819(1) Å and  =  =  = 90  

with a unit cell volume (V) of 1683.9 Å3. Additionally, the estimated crystallite size of 

MWNO from the Scherrer equation are 96.4 nm (Table S1). 

To further study the crystal structures of the prepared MWNO, Fourier-transform 

infrared spectroscopy (FTIR) was applied. Figure S5b shows the FTIR spectrum of 

MWNO. Similar to other Wadsley-Roth phased metal oxides such as Nb2O5 and 

FeNb11O29, the typical block-structure phases with abundant metal-oxygen and/or 

metal-oxygen-metal linkages can be clearly observed from the broad bands, which 

cannot be accurately specified due to the high similarities of Nb, Mo and W.[14] The 

bands within range of 1100 to 840 cm-1 are ascribed to the metal-oxygen bonds of MO6 

(M = Mo and/or W) and NbO6 octahedra located in the shear planes.[14-15] As a 

complement to FTIR, Raman spectroscopy was also employed to further verify the 

structural information of the synthesized materials. As shown in Figure 2b, four 

apparent peaks are observed on the Raman spectrum. The two peaks at about 258 and 

631 cm-1 are attributed to the metal-oxygen and metal-oxygen-metal bonds, 

respectively.[2a, 16] The metal-oxygen vibrations of the MO6 (M = Mo and/or W) 

octahedra occurs at 899 cm-1, whereas that of the NbO6 octahedra appears as a sharp 

peak at 989 cm-1.[2a, 17] Based on the above information, the formation of Wadsley-Roth 

phased MWNO material is confirmed. Additionally, inductively coupled plasma atomic 
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emission spectroscopy measurements were performed, revealing that the transition 

metal elemental stoichiometries of MWNO, MNO and WNO are 1.5:1.5:14, 3:14 and 

3:14, respectively.

To investigate the valence states of the elements in the prepared MWNO material, 

X-ray photoelectron spectroscopy (XPS) analysis was conducted. As shown in Figure 

S7, the broad XPS spectrum of MWNO confirms the existences of Mo, W, Nb and O 

elements. Figure 2c presents the high-resolution XPS (HRXPS) spectrum of Mo in the 

MWNO material, which suggests that the two peaks at 232.7 and 235.8 eV are assigned 

to Mo-3d5/2 and Mo-3d3/2, respectively. Noticeably, the splitting of 3.1 eV in the core 

levels uncovers an oxidation state of Mo6+ in the obtained oxide.[2b, 18] As shown in 

Figure 2d, the peaks of W at 35.7 and 37.8 eV with a splitting of 2.1 eV correspond to 

W-4f7/2 and W-4f5/2, indicating a valence state of W6+ in the material.[2a, 19] The Nb 

HRXPS spectrum in Figure 2e shows two peaks centered at 207.2 and 209.9 eV, which 

are respectively attributed to Nb-3d5/2 and Nb-3d3/2, elucidating an oxidation state of 

Nb5+.[12a, 20] Lastly, Figure 2f exhibits a main peak of O-1s and a small peak of hydroxyl 

group at 530.2 and 531.6 eV that are resulted from the oxygen species in the MWNO 

and trace amount of water, respectively.[2a, 21] 

To further understand the Mo6+/W6+ doping effect in the lattice, neutron powder 

diffraction (NPD) experiments were carried out at Oak Ridge National Laboratory 

Spallation Neutron Source. The NPD Rietveld refinements of MWNO and WNO 

patterns are presented in Figure 2g and Figure S12, respectively. The pristine WNO 

belongs to a family of niobium tungsten oxides formed with 4 × 4 ReO3-type blocks 

with edge-sharing octahedra, which extends along c axis and can stabilize the corner-

sharing octahedra framework via reducing the structural distortion caused by the 

inserted Li+ (Figure 1h, Figure S13 and Figure S14).[4a] The ReO3 blocks intersect with 
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each other via the linkage of edge-sharing octahedra and tetrahedra (marked as t1) and 

present a crystallographic shear plane.[22] Of the four octahedral positions (o1 – o4, 

following the notion of Roth et al.),[22a] the o1 is closest to an ideal octahedron whereas 

the octahedra on the edge of the blocks, namely the o2 – o4 sites, are deformed (i.e. 

larger deviation of the O-Nb-O away from 180 °). The 2c position of WNO at (0, ½, ¼) 

is fully occupied with W, whereas the rest of W and Nb randomly distribute at the 

octahedral sites (Figure S14c and Table S2), consistent with previous report.[22a] As 

expected, the size of the t1 tetrahedron site of MWNO is considerably smaller than 

those of the rest of the cation positions, implying the only possible occupation of W or 

Mo. Particularly, the NPD refinement suggests that the Mo has a strong tendency to 

locate at the t1 with a Mo-occupancy of 100%. Although, owing to the highly similar 

coherent scattering lengths of Nb and Mo, the exact occupational statuses of the o1 – 

o4 sites cannot be directly distinguished by neutron scattering, the inspection of the 

Fourier map (Fobs) successfully uncovers that the o1 site has the lowest nuclear density, 

thereby indicating the higher occupancy of W. Moreover, the o2 – o4 sites present 

comparable observed nuclear densities, reflecting the equal restricted site occupancy 

(Table S2). Accordingly, in MWNO, W tends to prefer the center of the ReO3 blocks 

whereas Nb has higher occupancy at the blocks on the edge. Interestingly, as shown in 

Table S3, the Mo6+-dopant indeed leads to a slight increase in transition metal-oxygen 

bond lengths, potentially indicating a less disordered local cation arrangement that may 

benefit the Li+ diffusion kinetics, which also appears in other metal oxide anode 

materials, including Wadsley-Roth phased TiNb2O7, spinel Li4Ti5O12 and rock-salt 

NiO.[9a, 9b, 23] To further confirm the aforementioned observations, several early studies 

were reviewed. In 1965, Roth and Wadsley et. als’ research proposed the equal W 

distribution amongst the o1 – o4 sites in WNO material.[22a] Later, considering 
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electrostatic interactions, Cheetham and Allen suggested that W exhibits the highest 

concentration (about 40%) at the o1 site, at the center of the ReO3 block; noticeably, 

their work also indicated the high W occupancy at o2 site, despite the o2 – o4 sites 

sharing the very similar bonding environment.[24] Fortunately, our NPD refinement is 

in line with a recent computation study, which investigates the energy landscape of a 

full enumeration of cation distribution in WNO and reveals that the system is the most 

stable when W is at the center of the block due to electrostatic repulsion.[1b] In addition, 

it is interesting to note that various WO3 compounds have the corner-sharing octahedra 

motif,[1b, 25] whereas the most commonly encountered H-Nb2O5 contains edge-sharing 

polyhedra;[26] these are consistent with the aforementioned results as well. Therefore, 

to the best of our knowledge and conjecture, the majority of the doped Mo6+ fully 

occupies the t1 site, and the remaining Mo6+-dopant may also likely reside on the o1 – 

o4 sites due to the similar sizes of Mo6+ and W6+.[13]

As a verification, an aberration-corrected scanning transmission electron 

microscope (AC-STEM) was applied to directly observe the Mo6+/W6+ doping effect in 

the MWNO lattice. On the collected high-angle annular dark-field (HAADF) images of 

the atomic arrangements of the obtained MWNO material, the white dots are assigned 

to metal atoms because of their high electron scattering density, and thereby oxygen 

atoms are basically concealed in the dark regions. As shown in Figure 2i, the typical 4 

 4   shear ReO3-type blocks along the [001] crystallographic direction can be clearly 

observed, displaying corner-sharing octahedra with edge-sharing octahedra in a-b plane 

that forms nine ordered tunnels along the c axis in each block, which is identical to the 

a-b plane lattice structure in Figure 2h. Noticeably, the round-like dots in the octahedra 

with bright white color and the cross-like dots in the tetrahedra with faint white color 

are highly distinguishable. Such obvious contrast indicates the doped Mo6+ fully 
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occupies the cross-like tetrahedral sites that are only occupied by W6+ in WNO; thereby 

the round-like dots in the octahedra with bright white color are mainly attributed to the 

Nb5+ and W6+ with possible Mo6+ because of similar proton number (Z) of Nb and Mo 

(Z values of Nb, Mo and W are 41, 42 and 74, respectively, and the corresponding 

average Z of Nb-W and Nb-Mo are 57.5 and 58, which are significantly higher than the 

Z of Mo). Additionally, based on the proposed local lattice structure of the MoO4 

tetrahedron (Figure 2j), a HAADF image simulation was performed on Dr. Probe 

simulation software, which also further confirms the occupation of Mo6+ at the 

tetrahedral sites (Figure 2k). As expected, the aforementioned observation is obviously 

different from the previously reported WNO HAADF images with similar brightness 

and little contrast between the octahedral and tetrahedral sites,[2a, 27] further implying 

the lower electron density of t1 site in MWNO due to the occupation of Mo6+. Therefore, 

the AC-STEM study above is in line with the NPD refinement results, confirming the 

exact lattice structure of MWNO, that is, the majority of the Mo6+-dopant fully occupies 

the t1 site, and the remaining Mo6+ cations may possibly reside on the o1 – o4 sites. In 

addition, as shown in the HAADF image along [100] zone axis (Figure 2l), the structure 

is similar to the b-c plane lattice demonstration in Figure 2j, featuring the typical I-4 

symmetry. The main fringe distance is measured to be 0.470 nm, which corresponds to 

the (420) crystallographic plane. Those pre-mentioned HAADF AC-STEM images 

display highly ordered atomic arrangement. This further confirms that the 

ionothermally prepared MWNO material is well crystallized, potentially benefitting the 

rapid Li+ transport in the MWNO anode.[28] 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) were used to observe the microstructure and morphology of the obtained 

materials. The SEM images in Figure 3a indicates that MWNO has typical secondary 
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structure. Those micrometer-scaled particles are composed of the agglomerated 

MWNO nano-crystallites, which are formed from the templating effect of IL. For 

comparison, the morphology of MNO is similar to that of MWNO (Figure S19a), while 

WNO particles exhibit brick-like structure with a size range of 1 – 1.6 μm (Figure S19e) 

due to the high temperature calcination. The SEM energy dispersive X-ray spectrum 

(EDX) in Figure S20 also indicates the existences of Nb, Mo and/or W and O elements, 

in good agreement with the broad XPS spectrum of MWNO (Figure S7). Additionally, 

the SEM EDX elemental mapping results in Figure S23 confirm the homogenous 

distribution of all elements among the materials. As the TEM image shown in Figure 

3b, the average crystallite size of MWNO material is at nano-scale. In the high-

resolution TEM (HRTEM) image of MWNO (Figure 3c), the estimated d-spacing of 

the main lattice fringe of MWNO is about 0.360 nm, potentially implying the (530) 

crystallographic plane of the tetragonal MWNO lattice. The selected-area electron 

diffraction (SAED) pattern of MWNO in Figure 3d is rhombus-symmetrical, which is 

consistent with the observed I-4 Wadsley-Roth phased crystallographic structure from 

XRD experiment and simultaneously reveals the good single crystalline appearance and 

high crystallinity of the primary MWNO nanocrystallite.[2a, 2b, 18, 29] Moreover, as the 

HAADF scanning TEM (STEM) EDX elemental mapping images displayed in Figure 

3e-i, the even distribution of Mo, W, Nb and O elements along the whole MWNO 

single-crystallite is further confirmed, in good agreement with the aforementioned SEM 

EDX elemental mapping. This confirms that MWNO has identical composition at 

micron-scale and nano-scale, which may benefit the electrochemical stability. 

To reveal the electrochemical performance of the prepared materials in LIBs, half-

cells were assembled with lithium foil as counter electrodes and cycled in the range of 

1.0 – 3.0 V. Figure 4a shows cyclic voltammetry (CV) of MWNO at a scan rate of 0.05 
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mV s-1. During the cathodic process, the two small peaks and the two broad peaks at 

around 2.64, 2.33, 1.40 – 2.14 and 1.13 – 1.40 V are respectively assigned to the 

reductions of Mo6+ to Mo5+, Mo5+ to Mo4+, W6+ to W5+ together with Nb5+ to Nb4+ and 

W5+ to W4+ along with Nb4+ to Nb3+; during the anodic process, the two large peaks and 

the two small peaks at 1.10 – 1.46, 1.46 – 2.13, 2.27 and 2.75 V are attributed to the 

oxidations of W4+ to W5+ together with Nb3+ to Nb4+, W5+ to W6+ along with Nb4+ to 

Nb5+, Mo4+ to Mo5+ and Mo5+ to Mo6+, respectively.[2a, 2b, 4b, 21a, 30] The presences of 

redox active molybdenum and tungsten cations in MWNO further confirms the success 

of our ionothermal-synthesis-assisted doping strategy. Moreover, some small shifts of 

the reduction peaks can be observed after the initial CV cycle, which may be due to the 

Fermi level migration and the MO6 (M = Nb, Mo and/or W) octahedra distortion during 

Li+ insertion.[12a, 21a] Additionally, comparing with MNO and WNO materials (Figure 

S29a and S29d), MWNO exhibits the smallest polarization of 0.05 V. Such 

phenomenon foresees the unhindered electrochemical kinetics of MWNO.[2a] 

Noticeably, the highly overlapped CV curves after the initial cycle reveal the excellent 

electrochemical stability of MWNO.[12a, 31]

Figure 4b displays the galvanostatic discharge/charge profiles of the assembled 

MWNO-based half‐cells at a current rate of 0.1 C (37.6 mA g-1). The initial discharge 

(Li+ insertion) and charge (Li+ extraction) capacities are 284.9 and 270.2 mAh g-1, 

respectively, reflecting a good Coulombic efficiency of 94.7%. An overall voltage 

plateau is observed at 1.63 V, and the reversible capacity is 269.1 mAh g-1. As shown 

in Figure S29c, the initial discharge capacity, charge capacity and calculated Coulombic 

efficiency of MNO are 300.7, 281.6 mAh g-1 and 93.6%, respectively. The measured 

voltage plateau and reversible capacity of MNO are 1.67 V and 283.6 mAh g-1. As 

shown in Figure S29d, the initial discharge and charge capacities of WNO are 261.9 
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and 225.9 mAh g-1, respectively, corresponding to a Coulombic efficiency of 86.3%, 

and the obtained reversible capacity is 227.9 mAh g-1 with an observed voltage plateau 

at 1.57 V. Noticeably, such calculated initial Coulombic efficiencies of MNO and WNO 

are in line with previous studies.[2a, 2b] Additionally, MWNO displays the highest initial 

Coulombic efficiency among the three M3Nb14O44 materials, which is comparable to 

that of the commercial graphite (~90% to 95%), implying its good practicality.[32] 

Moreover, the acquired reversible capacity of MWNO is significantly higher than that 

of LTO,[9c, 12a] further indicating the promising potential of MWNO. In view of the 

above results, MWNO indeed presents desirable theoretical and practical capacities 

because Mo6+ cation has lower atomic weight and smaller ironic radius than those of 

W6+, leading to facile cation redistribution in the lattice and possibly improving its 

structural stability during the Li+ insertion/extraction processes.[9a, 13] 

To exploit the fast-rechargeability of the obtained MWNO material with 

nanostructure feature and Wadsley-Roth phase, different current rates were applied. As 

shown in Figure 4c and Table S4, MWNO exhibits the best rate performance among 

the three materials, with its corresponding galvanostatic discharge/charge profiles 

shown in Figure S30a. It is interesting to note that the conductive C45 carbon black 

contributes a negligible capacity to the MWNO electrode in the voltage range of 1.0 – 

3.0 V (Figure S30b and Figure S30c). Specifically, reversible capacities as high as 

190.9 and 154.5 mAh g-1 are achieved for MWNO at current rates of 20 and 50 C, 

respectively. Noticeably, even at an extremely high charge rate of 100 C, MWNO can 

still deliver a high reversible capacity of 92.0 mAh g-1. More impressively, after fast-

charging at 100 C for 10 cycles, MWNO successfully recovers back to a high reversible 

capacity of 218.1 mAh g-1 at a small returning current rate of 1 C, which is pretty 

comparable to the initial capacity of 219.0 mAh g-1 at 1 C, illustrating the excellent 
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electrochemical reversibility of the MWNO electrode. Noticeably, the rate performance 

of MWNO is highly competitive compared with those of its parent-materials (MNO 

and WNO) in this study and even those of some different materials with different 

structural features from previous work (Table S5). Thereby, such sharp contrast can be 

attributed to the doping effect that may potentially improve the electrical conductivity 

and Li+ diffusivity. 

On the one hand, to probe the electrical conductivity improvement of MWNO due 

to doping, several in-depth experiments and analyses were performed. As shown in 

Figure S3, MWNO has obviously darker color than its parent materials, implying that 

the doping induces bandgap narrowing, which leads to the reflection of visible light 

with energy less than the bandgap energy and the absorption of the remaining visible 

light because the colors of insulative materials with broad bandgap are generally lighter 

than those of conductive materials.[9b] As shown in Figure S31a, the ultraviolet-visible 

absorption spectra are collected by a ultraviolet-visible diffuse reflectance spectrometer 

(UV-vis DRS) to verify the observation above. Noticeably, owing to the formed 

impurity band based on the doping induced charge redistribution, the doped MWNO 

material indeed exhibits a higher absorbance band than MNO and WNO do in the 

visible light region, which is in good agreement with the observed colors of the 

materials discussed above. Displayed in Figure 5a and Figure S31, the estimations of 

band edge and semiconductor type of the three materials are performed through the 

following equation from the Tauc method,

αℎ𝜈 = 𝐴(ℎ𝜈 ― 𝐸𝑔)
𝑛
2                                                  (1)                                                                 

, where α, h, 𝜈, A, Eg and n are the absorption coefficient, the Planck constant, the light 

frequency, the proportionality constant, the bandgap energy and the electron transition 

factor (1 for the direct absorption and 4 for the indirect absorption), respectively.[33] 



17

Figure S31b, S31c and S31e suggest that the three materials may have direct transitions. 

Accordingly, as shown in Figure 5a, the determined bandgap of MWNO is 2.82 eV, 

which is significantly less than those of MNO, WNO and Nb2O5 (3.16, 3.03, and 3.5 

eV, correspondingly), indicating that electrons can be more easily excited from the 

valence band to the conduction band.[34] More importantly, such observation implies 

that MWNO has enhanced electrical conductivity with facile electrochemical kinetics, 

which is attributed to the new crystal structure and narrowed energy bandgap from 

Mo6+/W6+ doping.[9a]

To further understand the doping effect in MWNO, a set of bandgap modelling 

studies based on the density-functional theory (DFT) computational quantum 

mechanical calculation were carried out. As shown in Figure S32a and S32b, the 

valence and conduction bands of MNO and WNO are mainly contributed by O-2p, Nb-

4p/4d and Mo-4p/4d and O-2p, Nb-4p/4d and W-5p/5d, correspondingly. The 

calculated values of bandgaps for MNO and WNO are about 1.9 and 1.8 eV, 

respectively. Interestingly, as revealed by the highly overlapped bands among the Mo-

4p/4d, W-5p/5d, Nb-4p/4d and O-2p in Figure 5b, the co-existences of Mo6+ and W6+ 

cations in MWNO material lead to an enhanced hybridizations of Mo6+ and W6+ in the 

MWNO material due to the formation of strong metal-oxygen bonds in the lattice, [9a] 

consistent with the XRD, FTIR, Raman, NPD and AC-STEM results. As a result, 

MWNO presents a narrowed bandgap of 1.0 eV, obviously smaller than those of the 

parent oxides, which is mainly rooted from the shift of the conduction bands towards 

the Fermi level, corresponding to the n-type doping nature.[9a, 9b] This implies that the 

electrical conductivity of MWNO is dramatically improved as compared with the parent 

MNO and WNO oxides, which facilitates electron transfers and thereby benefits the 

rate-capability. It is interesting to note that the estimated bandgap values are smaller 
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than those from the UV-vis DRS measurements. This phenomenon is mainly attributed 

to the DFT self-interaction error, which thereby triggers an overly delocalized wave 

function.[35] In addition, with the consideration of electron transfer in LIB, a set of one-

electron-doped DFT studies were conducted (Figure 5c and Figure S32c and S32d), 

showing that all the Fermi levels of the electron-doped structures shift toward the 

bottom of conduction bands. Importantly, the conduction bands indeed cross the Fermi 

level, which suggests that the three materials are in metallic states with one doped 

electron. Noticeably, as shown in Table S6, doping electron in the lattices leads to the 

distortion and elongation of the o1 octahedral Mo-O and W-O bonds from 1.95 to 1.98 

Å and from 1.94 to 1.96 Å in MWNO, respectively, which shares similarity with its 

parent materials (the o1 octahedral W-O bond from 1.94 to 1.97 Å in WNO and Mo-O 

bond from 1.95 to 1.98 Å in MNO) and the previous study of TiNb2O7.[35] Furthermore, 

as shown in Figure S33, the Fermi levels of the lithiated LixMWNO (x = 1, 4, 16 and 

26) phases gradually shift to the conduction bands with the increase of inserted Li+, 

leading to that those conduction bands indeed cross the Fermi levels, which are also in 

metallic states. Such observation illustrates that the insertion of Li+ into MWNO 

material can continuously improve the electrical conductivity of the anode material due 

to the increase of electron density around the Fermi levels, being consistent with the 

previous studies of TiNb2O7 and WNO materials.[1b, 35-36] Thereby, these results imply 

that the Li+ diffusion and electron transfer kinetics of the prepared materials may be 

benefitted at the working condition of LIBs.[9a]

Furthermore, the enhancement on electrical conductivity is also verified by an 

electrochemical impedance spectroscopy (EIS) experiment. As shown in Figure 5d and 

Figure S29e the estimated system impedances (Rs) of MWNO, MNO and WNO from 

the fitted intercepts of the curves in the high-frequency regions of the Nyquist plots are 
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3.56, 15.41 and 8.85 Ω, respectively. Considering the same electrolyte being used in 

the cells, the differences among the intrinsic impedances are mainly attributed to the 

differences among the ohmic resistances of the electrodes, confirming the benefit effect 

of Mo6+/W6+ doping on improving the electrical conductivity of the electrodes.[9b] The 

charge transfer impedance (Rct, the fitted diameter of the semicircle in the high-

medium-frequency region) of the MWNO electrode is 41.77 Ω, which is dramatically 

lower than those of the MNO and WNO electrodes (230.2 and 241.5 Ω, respectively), 

suggesting that the MWNO electrode has facile charge transfer kinetics enabled by the 

ionothermal-synthesis-assisted doping strategy (the improved electrical conductivity 

and the IL-templated nanoporous architecture with large surface area).[4b, 37] In the low-

frequency region, the steep linear fitting of MWNO reveals its unhindered solid state 

Li+ diffusion kinetics, which is due to the observed nanoporous structure of MWNO 

and the potentially facilitated Li+ diffusivity via doping.[9a, 9b, 37b, 38] Additionally, the 

three types of anodes present the same EIS equivalent circuit model (Figure S29 f), 

which belongs to a typical Randles circuit, containing Rs, Rct, double layer capacitance 

(Cdl) and Warburg diffusion resistance (Zw). Thereby, based on the aforementioned 

studies and analyses of UV-vis DRS, DFT and EIS, it is confirmed that the Mo6+/W6+ 

doping indeed optimizes the electrical conductivity of MWNO material, facilitating the 

electrochemical kinetics and improving the rate-capability. Additionally, being similar 

to the previous studies of TiNb2O7 and WNO, it is interesting to note that the 

continuously inserted Li+ in the MWNO lattice may also be able to act as dopant to 

further boost the electrical conductivity of MWNO in LIBs (Figure S33).[1b, 35]

On the other hand, to investigate the enhanced Li+ diffusion kinetics and storage 

mechanism of MWNO, galvanostatic intermittent titration technique (GITT), operando 

XRD and computational studies were conducted. Figures 6a and 6b present the typical 
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GITT discharge/charge curve and the detailed discharge steps of the MWNO half-cell, 

respectively. In brief, the rapid potential decreases and increases are mainly due to the 

iR drops; the relatively slow potential decays and potential growths are attributed to the 

galvanostatic discharge current pulse and the relaxation, respectively. The 1 h 

relaxation after 200 s discharge pulse is long enough to allow the MWNO electrode to 

reach the equilibrium statues. The measured GITT profile of the MWNO electrode in 

Figure 6a is different from those of the MNO and WNO electrodes (Figure S34a and 

S34c), implying the different structural variations of the three crystals during the Li+ 

insertion/extraction processes, which is further elucidated by the following operando 

experiments. Accordingly, the Li+ diffusion coefficients are calculated by the following 

equation derived from Fick’s second law,

 𝐷𝐿𝑖+ =  4
𝜋𝜏(𝑛𝑚𝑉𝑚

𝑆 )2(
∆𝐸𝑠

∆E𝑡
)2                                             (2)                                                                       

, where DLi
+, τ, nm, Vm, S, ΔEs and ΔEt are the Li+ diffusion coefficient (m2 s-1), the 

duration of the current pulse (s), the number of mole of MWNO (mol), the molar 

volume of the MWNO (m3 mol-1), the electrode-electrolyte contact area (m2), the 

equilibrium potential change induced by current pulse and the potential variation during 

the constant current pulse (neglecting the iR drop), respectively.[12a] As shown in Figure 

6c and Table S7, the obtained DLi
+ values in the lithiation and delithiation processes 

vary between 3.00  10-18 to 1.47  10-17 m2 s-1 and 3.57  10-17 to 1.56  10-18 m2 s-1, 

corresponding to averages of 7.70  10-18 and 2.01  10-17 m2 s-1, respectively. 

Noticeably, the average DLi
+ value from the lithiation process is less than that from the 

delithiation process, suggesting that lithiation is the rate-limiting step. More 

interestingly, MWNO electrode exhibits significantly higher DLi
+ values than those of 

MNO and WNO (Figure S34b and S34d and Table S7), particularly, MNO with higher 

surface area and smaller crystallite sizes, indicating that the doping strategy can also 



21

facilitate Li+ insertion/extraction in the lattice structure due to the reduced structural 

disorders in the lattice.[9a, 9b, 23] Moreover, the trends of DLi
+ values of MWNO and MNO 

electrodes are different from WNO electrode. Noticeably, unlike WNO exhibiting a 

typical solid-solution phase transition within the voltage range of 1.5 to 1.75 V,[6a] the 

phase transitions of MWNO and MNO occur at around 2.0 V. To further analyze these 

results, a set of operando XRD studies were performed to characterize the Li+ storage 

mechanisms. 

As the operando XRD patterns of MWNO shown in Figure 6d, the diffraction 

peaks continuously shift during the discharge/charge process, which implies the 

shrinkage and/or expansion of the interplanar distance in the lattice, confirming that 

MWNO material has the typical solid-solution phase-transition-based intercalation 

mechanism. Specifically, when the cell is discharged from 3.0 to 2.0 V, the (420), (101), 

(530), (431), (521) and (280) peaks at 18.8, 23.6, 24.7, 31.6, 32.8 and 35.2 °, 

respectively, present lower-angle shifts probably due to the transition from 

Mo1.5W1.5Nb14O44 to Li4Mo1.5W1.5Nb14O44. From 2.0 to 1.40 V, the (420), (530) and 

(280) peaks show high-angle shifts, while the (101), (431) and (521) peaks still exhibit 

lower-angle shifts; noticeably, the intensities of (530) and (280) peaks gradually 

weaken along with the decrease of potential. These may be ascribed to the evolution 

from Li4Mo1.5W1.5Nb14O44 to Li15Mo1.5W1.5Nb14O44. Within a voltage range between 

1.40 to 1.0 V, all the peaks display lower-angle shifts, attributing to the continuous 

lithiation of Li15Mo1.5W1.5Nb14O44 to Li26Mo1.5W1.5Nb14O44. The above observation 

reflects the continuous solid-solution phase evolution from SS1 to two-phase 

coexistence (SS1 + SS2) and then to SS2, consistent with the GITT results in Figure 

6c. Notably, such typical solid-solution phase transition mechanism can also be 

observed in other niobium-based oxide materials with Wadsley–Roth phases, such as 
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MNO, WNO, TiNb2O7, Nb16W5O55, Nb18W16O93 and FeNb11O29.[1c, 2b, 9c, 10a, 12a, 39] 

Additionally, it is interesting to note that the XRD peaks indeed recover to the original 

position after fully charged to 3.0 V, indicating the excellent electrochemical 

reversibility and structural stability of the MWNO material. In view of the operando 

XRD patterns of MWNO, MNO (Figure S35) and WNO (Figure S37), it can be 

conjectured that Mo6+-dopant leads to a raised potential of the two-phase coexistence 

region, which can be also observed in the CV and GITT studies.

To further unveil the Li+ insertion induced structural evolution of MWNO, the 

operando XRD patterns were refined to study the lattice parameters. As shown in Figure 

6e, during the discharge process (Li+ insertion), the lattice parameters a and c and the 

corresponding unit cell volume V present increasing trends within a potential range 

from 3.0 to 2.0 V (0 – 0.7 h), which are well reflected by the discussed low-angle shifts 

above; afterwards, discharging from 2.0 to 1.47 V (0.7 – 4.2 h), a rapidly shrinks while 

c and V continue their expansions, such anisotropic variation corresponding to the 

aforementioned co-existing solid-solution phases, SS1 and SS2; then, a, c and V exhibit 

steady increase until the potential reaching 1.0 V (4.2 – 7.8 h), leading to a V expansion 

of 9.2% (from 1683.9 to 1838.3 Å3), which is close to that of TiNb2O7 (7.2%) and is 

obviously smaller than that of the commercial graphite (13.2%).[9c, 40] Noticeably, the 

anisotropic evolution trends of the lattice parameters share similarities among the 

prepared MWNO, MNO and WNO materials and are in line with the computational 

study from Dr. Andrew J. Morris’s group,[1b] further confirming the typical three-region 

solid-solution phase evolution mechanism. 

Furthermore, a series of DFT quantum mechanical computational studies were 

also performed to obtain in-depth insights of the comprehensive three-dimension Li+ 

diffusion behaviors in the MWNO material. As shown in Figure 6f and 6g, the possible 
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Li+ diffusion paths to adjacent sites on the plane layer (Path Ⅰ, Ⅱ and IV) and path 

between neighboring layers (Path III) are displayed, which present Li+ migration energy 

barriers of 0.17, 0.22, 0.047 and 0.060 eV (Figure 6h-i), respectively. In comparison, 

as shown in Figure S39c-e, the Li+ migration energy barriers of WNO material are 0.13 

eV (Path I), 0.15 eV (Path II) and 0.069 eV (Path III). Obviously, the Li+ diffusion 

energy barrier of the Path IV of MWNO is much less than those of the Path II of MWNO 

and WNO, suggesting that Li+ prefers an off-center site that is closer to the Mo6+ and 

has coordination with the four neighboring bridge O atoms. Moreover, it is interesting 

to note that the energy barriers of Li+ diffusion along the tunnels (Path III, c direction) 

for MWNO and WNO are much less than those other diffusion directions, suggesting 

Li+ is preferred to diffuse through the tunnels. This is in line with the previous studies.[2a, 

27] Additionally, MWNO exhibits a significantly reduced Li+ diffusion energy barrier 

of the Path III, which indicates that the Mo6+/W6+ doping can benefit the Li+ diffusion 

between the layers. Therefore, these results share coherence with the GITT result and 

clearly unravel that Li+ can transport easily and rapidly in MWNO, benefitting its rate-

capacity. 

To further characterize the origin of doping effect on Li+ diffusivity, the electronic 

structures MWNO and WNO were obtained from DFT simulation. As shown in Figure 

S40, the total valance charge of the centered Mo site in MWNO is +2.425, while that 

of the W at the same site in WNO is +2.723. As mentioned in a previous study, such n-

type doping charge redistribution behavior is similar to what happened in the lithiation 

negative-electrode,[1b] which causes the reduction of the covalency between Mo and O 

in MWNO, compared with the covalency between W and O in WNO. This may 

elongate the interatomic distance of the cation-oxygen bond and lead to the swing of 

the oxygen ions, potentially offering some extra space for the Li+ in the lattice.[9a] 
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Indeed, at o1 site, the simulated average bond length of Mo-O in MWNO (1.96 Å) is 

slightly longer than that of the W-O in and WNO (1.94 Å). Thereby, the doping results 

in the expansion of cation-oxygen bond and induces the rearrangement of the lattice 

structure of the MWNO material, which may eventually benefit the Li+ diffusion 

kinetics.

Besides the improved rate-capability of MWNO rooted from the enhanced Li+ 

diffusivity and the improved electrical conductivity, long-term cyclability is another 

key feature of a reliable electrode material. As shown in Figure 4d, MWNO exhibits 

the best cyclic performance with the highest capacity among the three electrode 

materials at a high current rate of 10 C, achieving specific capacities of 125.5 and 111.7 

and 105.5 mAh g-1 in the first, 1500th and 2000th cycles, corresponding to excellent 

capacity retentions of 89.0% and 84.1%, respectively. Moreover, the calculated 

Coulombic efficiency of each cycle is above 99.9%. For MNO and WNO, their specific 

capacities of the first and 1500th cycles are 81.0 and 73.0 mAh g-1 and 98.6 and 79.8 

mAh g-1, corresponding to capacity retentions of 90.1% and 80.1% over 1500 cycles, 

respectively. Such cyclic performance of MWNO is highly competitive compared with 

those of some previously reported materials (Table S5). Noticeably, the capacity 

retentions of MWNO and MNO are much better than that of WNO, which is potentially 

attributed to their nanoporous structures that can provide extra free space to alleviate 

the volume fluctuation due to the repetitive Li+ insertion/extraction processes.[9c, 12a, 21a, 

41] In brief, such aforementioned superb cyclic performance of MWNO is mainly due 

to its excellent structural and electrochemical stabilities. 

To better understand the origin of the achieved cyclability, a set of ex-situ cross-

sectional SEM tests was conducted, and a 2000-cycled MWNO half-cell at the charge 

state was dissembled and analyzed by XRD, SEM, EDX elemental mapping and XPS. 
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The ex-situ cross-sectional SEM images for the pristine, 1.0-V discharged and 3.0-V 

charged MWNO electrodes exhibit comparable electrode thickness and volume (Figure 

S41), which directly confirms that the MWNO porous structure indeed offers free space 

to alleviate the lithiation/delithiation-induced volume fluctuation, in line with previous 

studies on porous electrode active materials.[9c, 12a, 21a, 41] As shown in Figure 7a, the 

uncycled and 2000-cycled MWNO electrodes share similar XRD patterns, indicating 

the excellent crystal structural stability. As expected, the XRD peaks of the cycled 

MWNO electrode indeed exhibit some tiny shifts (Figure 7b), resulted from the 

irreversible volume variation caused by the repetitive Li+ insertion/extraction processes. 

This is further exploited through a Rietveld refinement (Figure S42), which suggests 

that the unit cell is only enlarged by about 0.3% (Table S8). Noticeably, such a slight 

volume expansion reflects the highly reversible Li+ storage performance and confirms 

the excellent crystal structural stability, leading to the above promising cyclability. As 

the SEM images presented in Figure 7c, the morphology of the cycled electrode (I and 

II in Figure 7c) is parallel with that of the uncycled electrode (III and IV in Figure 7c) 

without apparent structure change and obvious SEI layer. Such well-maintained 

structural integrity reflects the good robustness of the MWNO electrode, consistent 

with the above excellent cyclability. Additionally, the SEM EDX elemental mapping 

images of the cycled and uncycled electrodes exhibit homogeneous distributions of all 

the existing elements (Figure S43 and S45). Moreover, as shown in Figure S44 and 

Figure S46, the EDX elemental composition analyses show that the relative Mo:W:Nb 

ratios of the cycled and uncycled electrodes stay around 1.5:1.5:14, which implies the 

desirable electrochemical stability of MWNO material, in line with the pre-mentioned 

XRD study. However, the atomic percentages of C, O and F do exhibit considerable 

changes after the long-term cycling, indicating the existences of side reactions. To 
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further study such phenomenon, XPS was applied. As shown in Figure S47, the broad 

spectra of the cycled and uncycled electrodes both contain Mo, W, Nb, O, C and F, in 

good agreement with the SEM EDX results. As expected, the 2000-cycled and uncycled 

MWNO electrodes indeed present highly similar Mo-3d, W-4f and Nb-3d HRXPS data 

(Figure 7d-f and Figure S48a-c), elucidating the desirable electrochemical stability of 

MWNO material. Comparing Figure 7g with Figure S48d, the C HRXPS spectrum of 

the cycled electrode contains a C=O peak at 286.6 eV and a C-C and/or C-H peak with 

reduced relative intensity at 285.0 eV, which suggests that the decomposition of 

carbonates indeed exists during the cycling.[10c] Such phenomenon is also revealed by 

the O HRXPS spectrum of the cycled MWNO electrode because of the appearance of 

the obvious C=O peak at 532.1 eV (Figure 7h).[12a, 42] Comparing the F HRXPS spectra 

in Figure 7i and Figure S48f, besides the C-F peak from polyvinylidene fluoride binder 

at 687.8 eV, a LiF peak at 685.4 eV is observed after cycling, indicating the degradation 

of lithium hexafluorophosphate in the electrolyte.[12a, 37a, 43] Thereby, the side reactions 

of the electrolyte is confirmed, which may contributes to the gradual capacity decay 

during cycling.

Based on the aforementioned superior electrochemical performance of MWNO, 

full-cells with LiNi0.5Mn1.5O4 (LNMO) cathodes were further assembled and 

investigated in the voltage range of 1.5 – 3.5 V to verity the practicality of MWNO. 

Comparing the electrochemical performance of the full-cells with negative-positive 

(N/P) ratios of 1.0, 0.91 and 0.83 (Figure S50, Figure 8 and Figure S51), although the 

amount of active Li+ from the cathode indeed has some impact on the specific capacity 

and cyclability, the achieved energy densities are similar (199, 195 and 198 Wh kg-1), 

respectively. Noticeably, the cells with a N/P ratio of 0.91 exhibit the most attractive 

performance. Specifically, Figure 8a presents the typical galvanostatic 
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charge/discharge curves of the full-cells at 0.5 C with a voltage plateau at about 3.0 V 

and the obtained reversible discharge specific capacity is 222.0 mAh g-1. Figure 8b 

shows the rate performance of the full-cells, delivering average specific discharge 

capacities of 218.3, 204.9, 190.9 171.8, 145.6 and 83.1 mAh g-1 at current rates of 0.5, 

1, 2, 5, 10 and 20 C, respectively, which is highly competitive with previous reports 

(Table S9). Such rate-capability demonstrates the promising fast-charging potential of 

the full-cells. Noticeably, an average specific capacity of 200.9 mAh g-1 is obtained 

once the current is recovered to 1 C, revealing the excellent electrochemical 

reversibility of the full-cells. Furthermore, cyclic performance at a high current rate of 

10 C was also conducted to investigate the long-term cycling reliability. As shown in 

Figure 8c, the full-cell delivers a specific capacity of 119.7 mAh g-1 in the initial cycle 

and exhibits a reasonable capacity retention of 80.4% over 1000 cycles, which is 

superior to the cells with N/P ratio of 1 and 0.83 (70.4% and 69.1%, respectively). In 

brief, the above LNMO-MWNO full-cell results successfully demonstrate the 

candidacy of MWNO for the future fast-rechargeable LIBs.

In the panoramic view of the above results and analyses, the fundamental reasons 

of the achieved rate-capability and cyclability of MWNO in LIBs can be summarized 

as the following six aspects. Firstly, the well-maintained lattice structure of MWNO 

material is similar to its parent WNO and MNO materials, which shares open and 

interconnected crystallographic shear structure for Li+ storage, presenting its promising 

potential for fast-charging. Secondly, the co-doped Mo6+ and W6+ cations enhance the 

electrical conductivity of the MWNO material via bandgap narrowing, ensuring 

straightforward electron transfer pathways, especially during the insertion of Li+ into 

MWNO lattice.[9b] Thirdly, the Mo6+ and W6+ may mediate the structural disorder in 

the lattice and thereby boost the Li+ diffusion kinetics of MWNO, further benefitting 
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its rate-capability.[1b, 9a] Fourthly, the doped Mo6+ with less atomic weight than W6+ 

enlarges the theoretical and practical capacities. Fifthly, the excellent structural stability 

and electrochemical reversibility of MWNO enable its desirable fast-rechargeability in 

LIBs. Lastly, the ionic liquid templated nanoporous feature of MWNO offers free 

buffering space that can effectively alleviate the volume fluctuation during the 

repetitive Li+ insertion/extraction, ensuring the long-term cyclability. With the 

aforementioned advantages, MWNO achieves favorable electron transfer and 

unhindered Li+ diffusion kinetics during the charge/discharge process, which leads to 

the superb electrochemical performance for the next-generation high-performance LIBs.

3. Conclusion

In summary, we have successfully prepared a novel doped MWNO material with 

Wadsley-Roth phase through an ionothermal-synthesis-assisted doping strategy, which 

is highly facile and safe, fulfilling the requirements of industrialization and 

commercialization. Owing to the open and interconnected crystallographic 

architectures with the concurrently improved electrical conductivity and Li+ diffusivity 

together the nanoporous structure, the prepared MWNO material exhibits a high 

capacity of 92.1 mAh g-1 at 100 C and a desirable capacity retention of 81.7% over 

2000 cycles at 10 C. Such excellent fast-rechargeability in LIBs is attributed to the 

unhindered electrochemical kinetics, demonstrating the promising potential of the 

ionothermal-synthesis-assisted doping strategy in the preparation of high-performance 

energy storage materials. Therefore, this work not only provides an efficient preparation 

strategy to optimize electrode materials for fast-rechargeable LIBs but also establishes 

an in-depth understanding of the doping effect on the Li+ storage mechanism of the 

Wadsley-Roth phased niobium-based oxides. Furthermore, this study may also 
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enlighten the designing of advanced electrode materials for other high-performance 

energy storage devices in the future.

Figure 1. Schematic demonstration of the ionothermal synthesis of Mo1.5W1.5Nb14O44 

material.
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Figure 2. Typical characterization of MWNO material. a) XRD Rietveld refinement. 
b). Raman spectrum. c-f) Mo-3d, W-4f, Nb-3d and O-1s HRXPS spectra, respectively. 
g) NPD Rietveld refinement. h) Structural illustrations of MWNO crystal along c and 
b axes (full-sized image with high pixel-rosolution is avabilbe in Supporting 
Information). The red, green, grey (in the faint-green octehedron) and purple spheres 
correspond to O, Nb, W and Mo atoms, respectively. i) AC-STEM HAADF image 
along zone axis of [001]. The purple cross represents the Mo atom of the MoO4 
tetrahedra in the lattice. j, k) Local structure model of the MoO4 tetrahedral site in 
MWNO lattice and the corresponding simulated AC-STEM HAADF image, 
respectively. l). AC-STEM HAADF image along zone axis of [100]. 
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Figure 3. Electron microscopy studies of MWNO. a-c) SEM, TEM and HRTEM 
images, respectively. d) SAED pattern (from the selected area in b)). e-i) HAADF 
image and its corresponding EDX elemental mapping images.
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Figure 4. Electrochemical performance studies of the assembled half-cells in the 
voltage window of 1.0 – 3.0 V. a) CV curves of MWNO at a scan rate of 0.05 mV s-1. 
b) The initial three galvanostatic discharge/charge profiles of MWNO at 0.1 C. c) Rate 
performance and Coulombic efficiency comparisons at multiple current rates with 
discharge current rate fixed at 1 C (except the discharge/charge profiles at 0.5 C). d) 
Cyclic performance and Coulombic efficiency comparisons at a constant current rate 
of 10 C after aging at 0.1 C for 3 cycles. 
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Figure 5. Comprehensive studies of the bandgap and electrical conductivity of MWNO. 
a) Plot of (h)2 versus h. b and c) Projected density of states of the pristine MWNO 
and one-electron-doped MWNO obtained from the DFT computation, respectively. The 
Fermi level is represented by the gray line at energy of 0 eV. d) EIS Nyquist plot. 
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Figure 6. In-depth Li+ diffusivity and storage mechanism studies of MWNO electrode. 
a-c). GITT discharge/charge curve, its zoomed-in plot and the corresponding Li+ 
insertion/extraction diffusivity plot, respectively. d). Contour plot of the operando XRD 
pattern along with the corresponding voltage profile of the initial discharge/charge 
cycle. e). The evolution of the refined lattice parameters for MWNO unit cell obtained 
from the operando XRD experiment. f and g). Demonstrations of the Li+ diffusion paths. 
The NbO6 and WO6 octahedra are shown in green and gray, respectively, and MO6 
octahedra and MO4 tetrahedra are shown in purple. The blue arrows indicate possible 
Li+ diffusion paths, named as Path I, II, III and IV. The black balls indicate Li+ at the 
initial and final sites for Li+ diffusion. h-k). DFT study of the energy barriers of the Li+ 
diffusion paths along Path I, II, III and IV, respectively.
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Figure 7. Studies of cycling effect on the MWNO electrode. a) XRD patterns of the 
pristine and cycled MWNO electrodes. Copper foil exhibits two sharp diffraction peaks 
at 43.3 and 50.4 , corresponding to the (111) and (200) crystallographic planes, 
respectively. b) Zoomed-in XRD patterns of the pristine and cycled MWNO electrodes. 
c) SEM images of the cycled and pristine MWNO electrodes: I and II — broad view 
and zoomed-in view of the cycled MWNO electrode, respectively; III and IV — broad 
view and zoomed-in view of the pristine MWNO electrode, respectively. d-h) HRXPS 
spectra of Mo, W, Nb, C, O and F elements for the 2000-cycled MWNO electrode, 
respectively.
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Figure 8. Electrochemical performance studies of the LiNi0.5Mn1.5O4-MWNO full-
cells with a N/P ratio of 0.91 in the voltage window of 1.5 – 3.5 V. a). The galvanostatic 
charge/discharge profiles at 0.5 C. b). Rate performance and Coulombic efficiency at 
multiple current rates with discharge current rate fixed at 1 C (except the 
discharge/charge profiles at 0.5 C). c). Cyclic performance and Coulombic efficiency 
at a constant current rate of 10 C.
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A new high-performance nanoporous Mo1.5W1.5Nb14O44 lithium-ion battery anode material is 

facilely prepared by a novel ionothermal-synthesis-assisted doping strategy, which 

concurrently enables the improvement of lithium-ion diffusivity via doping effect and 

templating effect of ionic liquid together with the enhancement of electrical conductivity via 

doping-induced cation redistribution and bandgap narrowing. Therefore, the obtained 

Mo1.5W1.5Nb14O44 exhibits superb fast-rechargeability in half-cells and full-cells.
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