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Abstract: Hexagonal porous Nb2O5 was synthesized for the first time via a facile solid-state reaction. The structure and 
electrochemical properties have been optimized through tuning heating temperature. X-ray diffraction results indicate 
that pseudo hexagonal Nb2O5 (TT-Nb2O5) and orthorhombic Nb2O5 have been synthesized at different temperatures. 
Hexagonal sheet and porous structure of Nb2O5 were characterized by scanning electron microscopy and 
N2-adsorption-desorption isotherms. The as-prepared TT-Nb2O5 (heated at 600 °C) shows the best performance with a 
remarkable charge capacity of 178 mA∙h/g at 0.2C, which is higher than that of T-Nb2O5. Even at 20C, TT-Nb2O5 offers 
unprecedented rate capability up to 86 mA∙h/g. The high rate capacity is due to pseudocapacitive Li+ intercalation 
mechanism of TT-Nb2O5. The reported results demonstrate that Nb2O5 with good crystal structure and high specific 
surface area is a powerful composite design for high-rate and safe anode materials. 
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1 Introduction 
 

Lithium ion batteries (LIBs) have been widely 
applied for electric vehicles (EV) and portable 
electronic products due to their high energy density 
and long cycle life [1−6]. However, the low 
insertion voltage and poor rate performance of 
commercial graphite anode will cause formation of 
Li dendrite at high current density, which is difficult 
to meet the growing demands for EV with high 
security [7−9]. Among all the anode materials, 
Li4Ti5O12 has been considered successful anode for 
its suitable working voltage and excellent cycle 
performance [10−12]. Operating voltage between 

1.0 and 2.0 V can suppress the generation of SEI 
layer and lithium dendrites. But the maximum 
capacity of Li4Ti5O12 is only 175 mA∙h/g. Nb2O5 
attracts particular attention because of its higher 
theoretical specific capacity (~200 mA∙h/g) and 
excellent rate performance at suitable operating 
voltage [13, 14]. 

Nb2O5 has been synthesized with many crystal 
structures by controlling annealing temperature, 
such as pseudo hexagonal Nb2O5 (TT-Nb2O5), 
orthorhombic Nb2O5 (T-Nb2O5), tetragonal Nb2O5 
(M-Nb2O5), and monoclinic Nb2O5 (H-Nb2O5) [15]. 
Nb2O5 with different crystal structures shows 
different lithium storage performances. In previous 
r e p o r t s  [ 1 6 ] ,  T - N b 2 O 5  e x h i b i t s  t h e  b e s t 
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development of nanomaterials, TT-Nb2O5 with high 
specific surface area can also show the high 
capacity and rate performance [17, 18]. It was 
found that the rapid pseudocapacitive charge 
storage mechanism plays an essential role in 
retaining the energy density and rate performance 
of TT-Nb2O5 [19]. Therefore, the electrochemical 
performance of Nb2O5 is not only determined by the 
crystal structures, but also influenced by the 
specific surface area. Nb2O5 with different 
nanostructure or porous structure has been prepared 
for LIBs [20−22]. However, there is no systematic 
research on the electrochemical performance of 
Nb2O5 with different crystal structures and specific 
surface area. Moreover, the traditional solvothermal 
or hydrothermal methods are too complex to 
precisely control the synthesis process [23, 24]. 
Hence, it is necessary to synthesize Nb2O5 with 
different crystal structures and specific surface area 
by a practical method. 

In this paper, the micron-sized porous 
hexagonal sheets TT-Nb2O5 and T-Nb2O5 were first 
synthesized with hexagonal NbSe2 as rare material 
by facile solid-state reaction. The specific surface 
area of TT-Nb2O5 sheets was higher than that of 
T-Nb2O5, which could deliver higher capacity and 
better cycling performance at large current density    
(86 mA∙h/g at 20C). Furthermore, high ratio of the 
intercalation pesudocapacitance of TT-Nb2O5 has 
been demonstrated as a dominant contribution to 
the excellent rate capability. 
 
2 Material and methods 
 
2.1 Synthesis 

The porous flake Nb2O5 was synthesized 
through a solid-state reaction and the synthesis 
schematic process is shown in Figure 1. The 
starting materials niobium and selenium powders 
were weighed according to the molar ratio (Se 
excess 4%). After ball-milling for 8 h, the mixture 
was conveyed to a crucible and calcined at 700 °C 
for 2 h in Ar atmosphere for the preparation of the 
hexagonal NbSe2 sheet. Finally, the porous flake 
Nb2O5 was obtained by annealing of as-prepared 
solid product at 400, 500, 600 and 700 °C for 2 h in 
air, and the as-prepared Nb2O5 samples were 
marked as NbO4, NbO5, NbO6 and NbO7, 
respectively. 

2.2 Characterization 
The crystal structure of as-prepared Nb2O5 was 

characterized by X-ray powder diffraction (XRD) 
on the Ultima IV with Cu Kα radiation in the 2θ 
range of 10º−70º. The morphology and the element 
mapping of the samples were collected on FEI 
Nova Nano 450 SEM. Transmission electron 
microscopy (TEM) images were performed with 
FEI Tecnai F20 with acceleration voltage of 200 kV. 
X-ray photoelectron spectroscopy (XPS) data were 
also collected by PHI-5000 versaprobe for further 
analysis. 
 

 
Figure 1 Synthesis schematic process of hexagonal 

porous sheet Nb2O5 

 
2.3 Electrochemistry testing 

The porous sheet Nb2O5 was ground with 
acetylene black and polyvinylidene fluoride in a 
mass ratio of 7꞉2꞉1 and then dispersed into 
1-methyl-2-pyrrolidinone to mix evenly. The slurry 
was passed onto the copper foils. After being dried 
in vacuum at 80 °C for 24 h, the electrode was 
punched into disks with diameter of 12 mm. The 
mass loading of the active materials was about 1.2 
mg/cm2. CR2025 cells were assembled in the 
argon-filled glove box. 1 mol/L LiPF6 in diethyl 
carbonate (DMC)/ethylene carbonate (EC) (1꞉1 
volume ratio) was used as the electrolyte. Celgard 
2500 polypropylene separator was selected as the 
separator and the pure lithium metal was the 
counterpart electrode. The galvanostatic discharge/ 
charge of the half cells was examined by 
NEWWARE battery testing system at 25 °C in the 
voltage range of 1−3 V (vs Li+/Li). The cyclic 
voltammetry (CV) tests and electrochemical 
impedance spectroscopy (EIS) results were 
collected on CHI660D electrochemical workstation. 
 
3 Results and discussion 
 
3.1 Structure and morphology characterization 

Figure 2(a) shows the XRD patterns of the 
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Nb2O5 calcined at various temperatures ranging 
from 400 to 700 °C. The peaks of NbO4, NbO5 and 
NbO6 accord well with the standard data of 
pseudohexagonal structure Nb2O5 (TT-Nb2O5, 
PDF#28-0317). The XRD peaks (001), (100) and 
(101) with the increase of calcination temperature 
become more and more stronger, which indicates 
that the higher crystalline nature of samples [25]. 
When the temperature reaches 700 °C, the 
diffraction peaks of NbO7 sample could be indexed 
to the typical orthorhombic Nb2O5 (T-Nb2O5, 
PDF#27-1003). When the annealing temperature 
reaches 700 °C, the crystal structure of Nb2O5 has 
changed from TT-Nb2O5 to T-Nb2O5. The crystallite 
size of the Nb2O5 sheets was calculated by the 
Scherrer equation. The crystallite sizes of the NbO4, 
NbO5, NbO6 and NbO7 were 28.6, 35.3, 38.4 and 
52.7 nm, respectively. Low calcination temperature 
causes small crystal size and poor crystallinity, 
which weakens intensity peaks of NbO4 and NbO5 
samples [26]. The intensity of the peak for (001) 

was stronger than the (100) peak demonstrating that 
the samples oriented-grow at high temperature. 

The XPS spectrum of NbO6 and the 
components of Nb 3d and O 1s are shown in 
Figures 2(b-d). Figure 2(c) exhibits that the binding 
energies at 207.4 and 210.2 eV are consistent with 
the binding energy for the standard Nb5+ in Nb2O5 
[27]. As shown in Figure 2(d), the peak appearing at 
529.6 eV reveals that the valence of O is −2 in 
NbO6, and the peak centered at about 533 eV is 
associated with the surface oxygen [28]. XPS 
characterization results indicate that the Nb4+ in 
NbSe2 is converted to Nb5+ during calcination, 
corresponding to the formation of Nb2O5. 

The morphologies and nanostructures of the 
NbSe2 and Nb2O5 sheets are observed by HRSEM. 
As shown in Figure 3, all the samples show 
hexagonal sheet structure. The raw material NbSe2 
(Figures 3(i), (j)) shows good hexagonal sheet and 
flat surface morphology. The pores of Nb2O5 sheets 

 

 
Figure 2 XRD patterns of Nb2O5 calcined at different temperatures (a) and XPS spectrum of wide survey of NbO6 (b), 

Nb 3d spectrum (c) and O 1s spectrum (d) 
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Figure 3 SEM images of NbO4 (a, b), NbO5 (c, d), NbO6 (e, f), NbO7 (g, h), NbSe2 (i, j) and EDS elemental mapping 

images of NbO6 and NbO7 (k, l) 

 
is due to the volatilization of selenium during 
calcination in air. The reaction equation can be 
expressed as:  
4NbSe2+5O2=2Nb2O5+8Se                 (1)  

As temperature increases, the faster speed of 
volatilization leads to more pores on the sample 
surface. When temperature reaches 600 °C, small 
cracks appear on the sample surface. Figure 3(k) 
and Figure 3(l) display mapping images of NbO6 
and NbO7. The single color Nb, O and the mixing 
color images display homogeneous element 
distribution in the samples. There is no selenium 
residue in the samples, suggesting that the 
as-prepared samples are pure Nb2O5. The NbO6 
(Figure 4(a)) and NbO7 (Figure 4(b)) show regular 
hexagonal sheet, which are in good agreement with 
SEM results. Furthermore, the lattice fringes of 

NbO6 and NbO7 can be measured from the HRTEM 
images, indicating the presence of a well-defined 
crystal structure. Figures 4(c) and (d) show clear 
lattice fringes with d-spacing of 0.32 nm for NbO6 
and 0.38 nm for NbO7, which are well matched to 
the interplanar spacings of (100) plane of TT-Nb2O5 
(PDF#28-0317) and (001) plane of T-Nb2O5 

(PDF#27-1003), respectively [29]. 
Figure 5 displays the N2-adsorption-desorption 

isotherms of all samples and the results are listed in 
Table 1. NbO4 exhibits the largest specific surface 
area of 26.043 m2/g. As the calcination temperature 
raises, the mean pore diameter of Nb2O5 sheets 
gradually increases, leading to a decrease of 
mesopores, which in turn leads to the decrease of 
specific surface area. The mean pore diameter of 
Nb2O5 sheets (Table 1) indicates that mesopores 
(2−50 nm) are predominantly present in Nb2O5  
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Figure 4 TEM and HRTEM images of NbO6 (a, c) and NbO7 (b, d) 

 
Table 1 Specific surface area and average pore diameter 

Sample 
Specific surface 

area/(m2∙g−1) 
Mean pore diameter/nm 

NbO4 26.043 7.9001 

NbO5 20.369 12.626 

NbO6 12.083 21.676 

NbO7 8.788 24.267 

 
sheets. Figure 5(e) indicates the schematic diagram 
of mesopore mechanism. The electrolyte can 
penetrate into mesoporous and facilitate the 
diffusion of lithium ions. 
 
3.2 Electrochemical characterization 

Figure 6 shows the initial two cyclic 
voltammetry (CV) curves of the NbO4, NbO5, NbO6 
and NbO7. All the anodic peaks appear at about  
1.8 V, which arise from the variation from Nb3+ to 
Nb5+ during Li-ion de-insertion [30]. For NbO4, 
NbO5 and NbO6, the broad cathodic peak appearing 
at about 1.75 V can be observed, corresponding to 
the reduction of Nb5+ after lithiation. Compared 
with the first and second CV curves, the cathodic 
and anodic peaks almost overlapped, indicating the 
good reversibility of Li storage properties. In the 
negative scan process for NbO7, two reduction 
peaks are located at around 1.8 and 1.5 V, 
corresponding to the reaction of Nb5+/Nb4+ and 
Nb4+/Nb3+ [31, 32]. 

The initial charge and discharge profiles at 
0.2C are plotted in Figure 7(a). The NbO4 delivers a 
high discharge capacity of 251 mA∙h/g, but a low 
charge capacity of 126 mA∙h/g. With the increase of 
calcining temperature, the charge capacity of NbO5, 
NbO6 and NbO7 increases to 134, 178 and 168 
mA∙h/g, respectively. NbO6 sample shows the 
highest charge capacity. Initial coulombic 
efficiencies of NbO4, NbO5, NbO6 and NbO7 are 
50%, 57%, 68%, 83%, respectively. The low initial 
coulombic efficiency is highly related to the poor 
reversibility of the conversion reaction [33]. Figures 
7(b) and (c) present the cycling performance of four 
samples at current density of 0.2C and 1C, 
respectively. NbO6 electrode delivers the highest 
charge capacity of 178 mA∙h/g after 50 cycles at 
0.2C, with capacity retention rate of 100%. 
Contrastively, NbO4, NbO5 and NbO7 exhibit 
charge capacity of 115, 117 and 162 mA∙h/g, 
corresponding to capacity retention ratios of 88%, 
91% and 95%, respectively. At current density of 
1C, the charge capacity of NbO6 is 158 mA∙h/g 
after 200 cycles, with a high capacity retention rate 
of 95% (Figure 7(c)). The excellent cycle 
performance of NbO6 can be attributed to its high 
crystallinity (TT-Nb2O5). Although the NbO7 owns 
another crystal structure (T-Nb2O5), it exhibits 
greater charge capacity (168 mA∙h/g) and cycle  
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Figure 5 N2-adsorption-desorption isotherms of NbO4 (a), NbO5 (b), NbO6 (c), NbO7 (d) and schematic diagram of 

mesopore mechanism (e) 

 
stability (capacity retention of 92% over 200 cycles 
at 1C) than NbO4 and NbO5 samples. Figure 7(d) 
compares the rate capability of all four electrodes at 
the rate of 0.2C to 20C. NbO6 still exhibited the 
highest capacities at various rates. When the current 
density increased to 20C, the charge capacity of 
NbO6 decreased to 86 mA∙h/g. Ultra-stable rate 
characteristics of the NbO6 sample in this work 
were compared with other Nb2O5 materials in 

previously reported (Figure 7(e)). The results 
suggest that rate performance of NbO6 in this work 
was outstanding. 

The mechanism of the better performance of 
TT-Nb2O5 (NbO6) was studied based on 
pseudocapacitive effect. CV tests were carried out 
at various scan rates to quantitatively determine the 
pseudocapacitive effect. As depicted in Figures 8(a) 
and (b), all the CV curves show similar shapes with  
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Figure 6 Cyclic voltammograms recorded for NbO4 (a), NbO5 (b), NbO6 (c), NbO7 (d) at a scan rate of 0.1 mV/s in 

voltage range of 1.0−3.0 V 

 
almost no peak separations during anodic and 
cathodic process. Therefore, it can be indicated that 
the obtained materials present well capacity 
retention at higher sweep rates. The bump shape of 
the CV curves exhibited typical pseudocapacitive 
Li+ intercalation mechanism [34]. The 
electrochemical kinetics data can be analyzed by 
the CV curves following a power law [35]: 
 
i=avb                                   (2) 
 
where i is the peak current of each CV curve, v is 
the sweep rate and a, b are adjustable values. When 
b is 0.5, it means a diffusion-controlled process 
ascribed to Li+ intercalation and transportation. 
When b is 1, it represents that the current is surface- 
controlled [36]. In order to determine the b-value, 
the power law can be transferred as: 
 
lgi=blgv+lga                             (3) 
 

By plotting lgi vs lgv corresponding to anodic 
and cathodic peak current from 0.1 to 5 mV/s, the 

b-value can be obtained from the slope after linear 
fitting. As seen, the b-values of anodic and cathodic 
peaks of NbO6 and NbO7 are 0.97/1.09 and 
0.79/0.90, respectively, showing that the current is 
almost surface-controlled. In order to determine the 
respective current contribution from capacitive 
effect and diffusion-controlled process, equation (2) 
can be rewritten as [37]:  
i=k1v+k2v1/2                           (4)  
where k1v is capacitive current and k2v1/2 is diffusion 
current. Both k1 and k2 can be determined from the 
slope and intercept of the linear relationship of i/v1/2 
and v1/2. The CV curves of NbO6 and NbO7 at 5 
mV/s are shown in Figures 8(c) and (d), in which 
the capacitive current (k1v, blue area) is separated 
from the total current. In addition, the charge 
storage contributed by capacitive current and 
diffusion current at other scan rates is calculated as 
shown in Figures 8(e) and (f). The ratio of 
capacitive contribution for NbO6 increases from 
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54% to 89%, which is higher than that of NbO7 
(from 37% to 80%). The greater b value for NbO6 
(0.97) than NbO7 (0.79) demonstrates the faster 
surface-controlled kinetics. The higher ratio of 
capacitive contribution responses for better rate 
performance. 

EIS measurement was conducted to further 
investigate the electrochemical kinetics of Nb2O5 
electrodes (Figure 9). The fresh cells were kept at 

1.6 V after 2 cycles at 0.2C. Nyquist plots of all 
four samples consist of arcs at high frequency and 
straight lines at low frequency, which is 
corresponding to the charge-transfer resistance (Rct) 
at the electrode/electrolyte interface and the 
Warburg impedance (Zw) arising from the Li+ 
diffusion in the bulk lattice, respectively [38, 39]. 
The electrolyte resistance (Rs) can be obtained from 
the intercept of the semicircle on the X-axis. The 

Figure 7 Initial charge−discharge curves at 

0.2C (a), cycling performance (b, c), rate 

performance (d) and comparison on 

electrochemical performance of all Nb2O5- 

based anode materials (e) 
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Figure 8 CV curves of NbO6 (a) and NbO7 (b) at various sweep rates (v) from 0.1 to 5.0 mV/s (Insets: b values 

determined by the power law (lgi=blgv+lga); Separation of the surface capacitive current (k1v, shadow area) and 

diffusion currents (k2 v1/2, blank area) at 5.0 mV/s of NbO6 (c), NbO7 (d) and pseudocapacitive contribution ratio in the 

total intercalated charge as a function of sweep rates during CV processes for NbO6 (e) and NbO7 (f) 

 
equivalent circuit based on above is inset in Figure 
9 [40, 41]. As listed in Table 2, the fitted Rct values 
are 130.8, 109.9, 65.3 and 65.6 Ω for NbO4, NbO5, 
NbO6 and NbO7 electrodes, respectively. The lowest 
Rct of NbO6 means the lowest charge transfer 
resistance and better electrical conductivity, leading 
to its higher capacity and cycling performance. 

Table 2 Impedance parameters of equipment 

Temperature/°C Rs/Ω Rct/Ω 

400 2.31 130.8 

500 2.03 109.9 

600 1.01 65.3 

700 1.25 69.6 
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Figure 9 Nyquist plots and equivalent circuit of all four 

electrodes 

 
4 Conclusions 
 

In summary, a novel hexagonal porous 
TT-Nb2O5 sheet has been successfully synthesized 
for the first time by facile solid stated reaction for 
LIBs anode. Reaction temperature has important 
influence on the structure and electrochemical 
performance of Nb2O5. Nb2O5 with high 
crystallization and small specific surface area was 
prepared at high temperature. TT-Nb2O5 
synthesized at 600 °C exhibits the best 
electrochemical performance. A reversible capacity 
of 178 mA∙h/g can be retained after 50 cycles at 
0.2C. When cycling at 20C, the charge capacity of 
TT-Nb2O5 can still deliver 86 mA∙h/g. The largest 
capacity and lower charge transfer resistance of 
TT-Nb2O5 were due to its favorable crystal structure. 
High ratio of the intercalation pesudocapacitance 
makes the TT-Nb2O5 electrode have more excellent 
rate performance than T-Nb2O5. The present results 
emphasize that Nb2O5 with high crystallization and 
large specific surface area is a very promising 
anode material. 
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中文导读 
 

六方多孔 TT-Nb2O5微米片的固相制备与储锂性能 
 
摘要：本文通过固相反应首次合成了一种六方多孔 Nb2O5材料。通过优化热处理温度调节 Nb2O5材料

的结构和电化学性能。XRD 结果表明，在不同温度下可以合成伪六方晶系与正交晶系 Nb2O5；SEM
结果表明，所合成的 Nb2O5材料具有正六边形貌与多孔结构。将该材料用作锂离子电池负极材料时，

在 600 ℃制备的伪六方结构 Nb2O5(TT-Nb2O5)表现出最优的电化学性能。0.2C 电流密度下，其可逆比

容量为 178 mA∙h/g；当电流密度提高到 20C 时，可逆比容量仍有 86 mA∙h/g。优异的电化学性能得益

于 Nb2O5的赝电容式锂离子嵌入机制，通过晶体结构与比表面积调控显著提高 Nb2O5的综合电化学性

能。 
 
关键词：锂离子电池；五氧化二铌；六方多孔；电化学性能 


