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Abstract: By taking tetragonal tungsten bronze (TTB) phase Nb18W16O93 as an example, an improved solid-state 
sintering method at lower temperature of 1000 °C for 36 h was proposed via applying nanoscale raw materials. XRD, 
SEM and XPS confirm that the expected sample was produced. GITT results show that the lithium-ion diffusion 
coefficient of Nb18W16O93 (10−12 cm2/s) is higher than that of the conventional titanium-based anode, ensuring a 
relatively superior electrochemical performance. The lithium-ion diffusion mechanism was thoroughly revealed by 
using density functional theory simulation. There are three diffusion paths in TTB phase, among which the interlayer 
diffusion with the smallest diffusion barrier (0.46 eV) has more advantages than other typical anodes (such as graphite, 
0.56 eV). The relatively smaller lithium-ion diffusion barrier makes TTB phase Nb18W16O93 become a potential high- 
specific-power anode material. 
Key words: lithium-ion battery; niobium tungsten oxide; tetragonal tungsten bronze (TTB) phase; lithium-ion diffusion 
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1 Introduction 
 

With the rising demand for high power and 
fast charging electric equipment, developing high- 
rate lithium-ion batteries is urgent [1]. Graphite is 
one of the tradition anodes, with a high theoretical 
capacity (372 mA·h/g) [2]. When graphite anode 
was charged at a high rate, phase transition    
often occurred, causing volume change. Through 
the accurate multielement chemical substitution 
engineering, XIAO et al [3] inhibited the phase 
transformation during the cycle and prepared    
the cathode with high structural reversibility. 
Regulating phase transition [4] is also a strategy for 
improving anode performance. However, to expand 

the further application of lithium-ion batteries, 
anode materials with higher rates and safety must 
be pursued.  

Niobium tungsten oxides refer to a series of 
Nb2O5−WO3 binary oxides and belong to lithium- 
ion intercalation/deintercalation materials [5]. They 
have a unique 3D-structure lithium-ion transmission 
channel, which is conducive to the rapid spread   
of lithium-ion [6], with remarkable lithium-ion 
diffusion rate and superior rate performance [7,8]. 
Niobium tungsten oxides are mainly divided into 
two structures: Wadsley−Roth phase [9] and 
tetragonal tungsten bronze (TTB) phase [5,7,10−13]. 
As early as 1968, STEPHENSON [14] found 
several niobium tungsten oxides (such as 
Nb18W16O93) that belong to the TTB phase. The  
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TTB phase is composed of pentagonal units 
surrounded by metal oxygen octahedra. The units 
are connected to one another to form a pentagonal 
tunnel, providing a fast channel for lithium-ion 
transmission [15]. However, the performance of 
using TTB phase material as anode for lithium-ion 
batteries is still unclear [16−18]. In 2018, the 
performance of the micron-sized niobium tungsten 
oxide was studied by GRIFFITH et al [19]. The 
traditional nanostructure strategy leads to the 
reduction of volume energy density and safety. 
Instead, the micron-size Nb16W5O55 and 
Nb18W16O93 were found to have excellent rate 
performance and volume energy density [20]. 

More researches were conducted on the 
Wadsley−Roth phase (such as Nb14W3O44), but the 
structure and working mechanism of TTB phase 
remain puzzling. In the existing literature, the 
conditions for preparing niobium tungsten oxide are 
very strict. The preparation of niobium tungsten 
oxide reported by ROTH and WADSLEY [21] 
requires sintering at a temperature between 1300 
and 1400 °C for 24−72 h. The long-term high- 
temperature sintering preparation method consumes 
time and cost, and potential safety hazards exist in 
large-scale production. 

Herein, an improved solid-state sintering 
synthesis method was introduced, and the 
electrochemical performance and lithium-ion 
diffusion kinetic parameters of TTB phase 
Nb18W16O93 were studied. Nano-scale Nb2O5 and 
WO3 were used as raw materials, and Nb18W16O93 
with expected crystal structure was prepared at 
1000 °C which is lower than that in previously- 
reported literature. The phase structure of the 
product was characterized by X-ray diffraction 
(XRD), X-ray photoelectron spectrometer (XPS) 
and scanning electron microscopy (SEM). In 
addition, the as-prepared Nb18W16O93 was used as 
an anode material to assemble a button cell, and its 
electrochemical performance was studied. To obtain 
deep insights into the role of 3D tunnel network of 
Nb18W16O93, rating performance testing and 
theoretical calculation were carried out to reveal the 
internal ion diffusion mechanism. 
 
2 Experimental 
 
2.1 Sample preparation and characterizations 

Nano Nb2O5 and nano WO3 powders with a 

Nb/W stoichiometric ratio of 18:16 were thoroughly 
ground and mixed in a mortar for 10 min. Then, the 
resulting mixture was transferred to a corundum 
porcelain boat, sintered in a muffle furnace at 
1000 °C for 36 h and cooled to room temperature in 
the furnace after heating. In the experiment, the use 
of nano powder as raw material, compared with the 
methods mentioned in the previous literature, 
reduced sintering temperature and time, and saved 
energy. 

The as-prepared products were characterized 
and analyzed by using XRD spectroscopy (Xpert 
Pro MPD), SEM (FEI NANO450), and XPS 
(ESCALAB 250Xi). 

All calculations were performed within    
the framework of the density functional theory,   
as implemented in the Vienna Ab initio    
Software Package (VASP 5.3.5) code within the 
Perdew–Burke–Ernzerhof generalized gradient 
approximation and the projected augmented wave 
method [22−25]. The cut-off energy for the plane 
wave basis set was set to be 450 eV. The Brillouin 
zone of the surface unit cell was sampled by 
Monkhorst–Pack grids for Nb18W16O93 structure 
optimalisation [26]. The Nb18W16O93 structure was 
determined by 1×1×2 Monkhorst−Pack grid.   
The convergence criterion for the electronic self- 
consistent iteration and force were set to be 
10−5 eV and 0.01 eV/Å, respectively. The climbing 
image nudged elastic band [27−29] method was 
used to confirm the transition states with only one 
imaginary frequency along the reaction coordinates. 
 
2.2 Electrochemical tests 

To verify the rating performance and power 
density of Nb18W16O93 anode electrode, the 
prepared product was uniformly mixed with 
conductive carbon black and PVDF according to a 
mass ratio of 8:1:1, and an appropriate amount of 
NMP was added to grind fully and mix into a 
negative electrode slurry with a suitable viscosity. 
The slurry on the copper foil was coated using a 
spatula and dried in a blast drying oven until the 
surface was dry. Then, the copper foil was 
transferred to a vacuum drying oven and vacuum 
dried at 80 °C for 6 h. Finally, the dried negative 
electrode sheet was punched into a disc with 12 mm 
in diameter, which was weighed for later use. 

In a glove box with an argon atmosphere, the 
electrode sheet, separator, electrolyte, lithium sheet, 
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positive and negative battery shells and gaskets 
were assembled into a CR2016 button cell. After 
the assembly was completed, it stood for 12 h   
for electrochemical performance test. The cycle 
performance, galvanostatic intermittent fraction 
technique (GITT), dQ/dV and rate performance were 
carried out using a LAND battery test instrument. 
 
3 Results and discussion 
 
3.1 Morphology and structure 

The prepared material was tested by XRD to 
investigate the crystal structure. Figure 1(a) 
calibrates the XRD diffraction spectrum of 
Nb18W16O93. Figure 1(a) shows that the XRD 
diffraction peaks are sharp, indicating that it has 
good crystallinity. The main diffraction peaks of the 
material are consistent with Nb18W16O93 (JCPDS 
No.75-0561), which are located at 16.244°, 22.588°, 
23.032°, 26.312°, 30.195°, 32.818°, 34.962°, 
38.045°, 47.101° and 53.041° and can be calibrated 
as (160), (001), (021), (290), (430), (460), (291), 
(431), (571) and (730) crystal planes, respectively. 
This structure belongs to the TTB phase structure, 
monoclinic system and Pbam space group. The 
basic unit of the TTB phase is a pentagonal 
structure surrounded by metal oxygen tetrahedrons. 
This pentagonal structure is stacked in a 3D space 
to form a pentagonal channel. Thus, the material 
has an excellent lithium-ion diffusion superiority. 
XRD image analysis shows that the improved 
solid-phase sintering method used in the experiment 
can successfully synthesize Nb18W16O93 at a lower 
temperature. 

In 1968, STEPHENSON [14] studied several 
niobium tungsten oxides (such as Nb18W16O93) with 

a different structure (TTB phase). Figure 1(b) 
shows that this phase is composed of pentagonal 
units surrounded by metal oxygen octahedra. The 
units are connected to one another to form a 
pentagonal tunnel. This structure provides a fast 
channel for lithium-ion diffusion. 

To characterize the element composition and 
valence state of micron Nb18W16O93, an XPS test 
was performed, as shown in Fig. 2. The XPS full 
spectrum of Fig. 2(a) shows that Nb, W and O 
elements coexist in the sample. Figures 2(c, d) 
show the enlarged fine spectra of Nb 3d and W 4f, 
respectively. The two peaks of Nb 3d at 207.17 and 
209.97 eV in Fig. 2(c) can be ascribed to the 
Nb 3d5/2 splitting peak and the Nb 3d3/2 splitting 
peak, respectively, which proves that the Nb 
element in the sample exists in the form of Nb5+. 
The two peaks of W 4f at 35.77 and 37.87 eV in 
Fig. 2(d) can be attributed to the W 4f7/2 splitting 
peak and the W 4f5/2 splitting peak, respectively, 
which proves that the W element in the sample 
exists in the form of W6+. The XPS results further 
confirm that the product belongs to the Nb2O5−WO3 
series of oxides. Figure 2(b) shows that Nb18W16O93 
is agglomerated from approximately 2 μm-long  
and 600 nm-diameter rod-shaped crystal grains  
into secondary particles with a particle size of 
approximately 5 μm. 

 
3.2 Lithium-ion diffusion path 

The first-principle calculations [28,30] were 
conducted to understand the influencing effect of 
the Nb18W16O93 3D open tunnel network in 
improving the lithium-ion diffusion capacity. The 
result in Fig. 3(a) shows that Nb18W16O93 presents  
a layered structure with numerous interconnected 

 

 
Fig. 1 XRD patterns (a) and crystal structure (b) of Nb18W16O93 (The red circles represent the O atoms, the green circles 
stand for Nb atoms and the grey circles stand for W atoms) 
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Fig. 2 XPS pattern (a), SEM image (b), Nb 3d XPS spectra (c) and W 4f XPS spectra (d) of Nb18W16O93 
 

 
Fig. 3 Lithium-ion diffusion path (a), diffusion energy barriers corresponding to different paths (b); start and end points 
of lithium-ion movement in different paths (c) (The red circles represent the O atoms, the green circles stand for Nb 
atoms and the grey circles stand for W atoms) 
 
tunnel structure holes on the surface. The layered 
structure of Nb18W16O93 provides an infinite 
number of lithium diffusion 2D channels, such   
as channels in the a–b crystallographic plane. 
Additional pentagonal channels (along the c axis) 
provide 3D paths for the long-distance diffusion of 
lithium ions. 

Nb18W16O93 has three main lithium-ion 
diffusion channels, namely, interlayer diffusion  
Path I and intralayer diffusion Paths II and III. The 
mobility behavior of lithium ions in different 
transmission paths depends on the diffusion energy 
barrier on the path. In this work, theoretical 
calculations are used to obtain the diffusion barriers 
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of lithium ions on these three diffusion paths. The 
TTB phase is composed of pentagonal units 
surrounded by metal oxygen octahedra, and the 
units are connected to one another to form a 
pentagonal tunnel. Path I is interlayer diffusion, 
starting at Point A and ending at Point B. Lithium 
ions diffuse through the pentagonal tunnel formed 
by the interconnection of the units in the structure. 
The diffusion energy barrier is the smallest      
of the three paths (the minimum energy barrier is 
0.46 eV), indicating that the interlayer diffusion is 
the easiest, because no atoms exist between the 
layers to hinder its motion and the Path I distance is 
short. The two remaining types of diffusion, Paths 
II and III, are intralayer diffusion paths. 

Path II starts at Point B and ends at Point C. 
Path III starts at Point C and ends at Point D. In 
Path II, after passing through the adjacent triangular 
channel, lithium ions travel from Point B to Point C 
that is located in another pentagonal channel. The 
increase in the energy barrier during the diffusion 
process is also the largest because the diffusion path 
of Path II is the longest amongst the three. In Path 
III, lithium ions diffuse to the adjacent triangular 
channel D from Point C. Compared with the 
interlayer diffusion of Path I, Paths II and III are 
more difficult to accomplish. Paths II and III tend to 
avoid the metal oxygen octahedron in the path and 
select the path with the smallest energy barrier for 
diffusion. However, the pentagonal tunnel, which 
plays a decisive role in the diffusion of the TTB 
phase, is more difficult to form. Therefore, 
compared with the Walsey phase, which is 
dominated by quadrilateral channel diffusion, the 
diffusion capacity of the TTB phase is slightly 
inferior. Meanwhile, the interlayer diffusion energy 
barrier is smaller than that in common anode 
materials such as graphite and other anodes, as 
shown in Table 1, which has the potential to exhibit 
excellent lithium transport performance. 
 
Table 1 Comparison of theoretically predicted energy 
barriers for Li+ diffusion between previously reported 
anodes and Nb18W16O93 

Material 
Calculated energy barrier for 

 Li+ diffusion/eV 
Graphite ~0.57 

Li4Ti5O12 [10] 0.48−0.7 

Nb18W16O93 0.46 

3.3 Diffusion dynamics 
The charge and discharge test of the niobium 

tungsten oxide electrode material was carried out. 
The rate performance and cycle performance of 
Nb18W16O93 are shown in Fig. 4. Figure 4(a)  
shows that the first discharge specific capacity of 
Nb18W16O93 is 186.1 mA·h/g at 1C. In terms of  
rate performance, the discharge specific capacity  
of Nb18W16O93 at a current density of 10C is 
86.1 mA·h/g, indicating that the rate performance 
of TTB phase Nb18W16O93 is slightly inferior to the 
Wadsley−Roth phase niobium tungsten oxide 
recorded in the previous literature. As shown in 
Fig. 4(d), after 100 cycles, the capacity can 
maintain at 78.285 mA·h/g. However, due to the 
larger density of W, resulting in a larger relative 
molecular mass of Nb18W16O93, a higher volume 
energy density is finally obtained. 

Based on the above charge and discharge test 
results, Nb18W16O93 as a lithium-ion battery anode 
material has good capacity performance and cycle 
stability, and performs well in high-current charge 
and discharge. 

To explore the redox reversibility and 
electrochemical reaction mechanism of niobium 
tungsten oxide, the charge−discharge curve and 
differential capacitance curve of Nb18W16O93 were 
analyzed, as shown in Fig. 4. Figures 4(b, c) show 
that Nb18W16O93 has multiple reversible reactions in 
the voltage window of 1.0−3.0 V, amongst which a 
pair of redox peaks at 2.10/2.15 V correspond to the 
transition of W6+/W5+, located at the pair of redox 
peaks at 1.69/1.73 V that corresponds to the 
transition of Nb5+/Nb4+. The W6+/W5+ redox peak of 
the material is very sharp, because the composition 
of the material is Nb18W16O93, and the proportion of 
W is larger. 

Based on the above analysis of the differential 
capacitance curve, the charge transfer of the 
Nb18W16O93 material during the charging and 
discharging process was mainly realized by the 
reaction of W6+/W5+ and Nb5+/Nb4+, whereas the 
Wadsley−Roth phase niobium tungsten oxide was 
reported in the previous literature. The charge 
transfer of Nb5+/Nb4+ and Nb4+/Nb3+ was mainly 
realized, which corresponds to the ratio of their Nb 
and W elements. A material with a larger proportion 
of W has a higher proportion of W6+/W5+ reaction. 

Figure 5(a) shows the GITT curve of 
Nb18W16O93 during charging. Figure 5(b) shows the  
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Fig. 4 Rate capabilities (a), galvanostatic discharge−charge curves (b), dQ/dV plots (c), and cycle performance (d) of 
Nb18W16O93 

 

 
Fig. 5 GITT curve (a) and Li+ diffusion coefficient (b) of Nb18W16O93 
 
lithium-ion diffusion coefficient of the TTB phase 
Nb18W16O93 calculated according to the GITT 
formula. It is shown that the lithium-ion diffusion 
coefficients of the two are slightly different, in the 
order of 10−12 cm2/s, and the lithium-ion diffusion 
coefficient changing trends with voltage are very 

similar, which is due to the similar charge and 
discharge voltage platform of the two phases [3]. 
 
4 Conclusions 
 

(1) An improved solid-phase sintering method 
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with lower temperature and less time was used to 
prepare TTB phase Nb18W16O93. The XRD and XPS 
results confirm that the expected product is 
produced. The electrochemical test results show 
that Nb18W16O93 has excellent capacity and rate 
performance. The GITT test results verify that the 
lithium-ion diffusion coefficient of Nb18W16O93 is 
about in the order of 10−12 cm2/s, higher than that of 
the traditional titanium-based anode materials. 

(2) Theoretical calculations were carried out to 
understand the mechanism of the different diffusion 
paths of lithium ions inside the TTB phase. The 
results show that the diffusion energy barrier of 
different paths of Nb18W16O93 is small (0.46 eV), 
which is more beneficial to the lithium ions 
diffusion. Thus, with excellent electrochemical 
performance and considerable ions diffusion 
kinetics, TTB phase Nb18W16O93 is a promising 
anode material for further research and applications. 
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摘  要：使用改进的固态烧结方法(1000 ℃, 36 h)成功合成四方钨青铜(TTB)相 Nb18W16O93，并通过 XRD，SEM
和 XPS 对其进行表征与分析。GITT 结果表明，Nb18W16O93(10−12cm2/s)的锂离子扩散系数高于传统的 Ti 基负极。

使用密度泛函理论模拟计算揭示锂离子的扩散机制。TTB 相有 3 种扩散路径，其中扩散能垒最小的层间扩散

(0.46 eV)比其他典型负极(例如，石墨 0.56 eV)更具有优势，使 TTB 相 Nb18W16O93 成为潜在的高特定功率阳极    
材料。 
关键词：锂离子电池；铌钨氧化物；四方钨青铜相；锂离子扩散机制；扩散路径 
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