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Abstract
Nano-solid spherical Nb2O5/nitrogen-doped carbon (NC) composite is obtained by the hydrothermal method followed by a 
calcination procedure. The Nb2O5/NC composite exhibits good rate performance and sustainable cyclic stability (144 mAh 
g−1 at 1000 mAh g−1 upon 2000 charge–discharge cycles) as an anode material in Na-ion batteries (SIBs). The excellent 
performance of the Nb2O5/NC composite is attributed to its unique nanosphere structure, in which Nb2O5 nanocrystals 
embedded in porous NC matrix can restrain agglomeration of Nb2O5 nanocrystals and ensure electrolyte accessibility, and 
the NC matrix can provide effective active sites and increase ions/electrons transfer. This work offers a new method to fab-
ricate nano-solid spherical Nb2O5/NC composite with good Na+ storage property, which can be extended for synthesizing 
other metal oxide/NC composite as SIB anode.

Introduction

As an effective energy storage device, LIBs are exten-
sively used in 3C digital products and new energy auto-
mobile [1–4]. However, lithium resources are limited, 
which limits the application of LIBs in massive scale 
energy storage [5]. Therefore, it is urgent to develop 
another energy storage device to replace LIBs, which 
can be applied in the large-scale energy storage [6, 7]. 
In recent years, sodium-ion batteries (SIBs) with similar 

chemical properties for LIBs have attracted the atten-
tion of the majority of scientific researchers due to their 
abundant resources, low cost, and environmental friendli-
ness [8–11]. However, compared with the ionic radius of 
lithium ion (r = 0.076 nm), the ionic radius of sodium ion 
(r = 0.113 nm) is at least 35% larger [5, 12], which leads 
to the problem of volume effect, so it is necessary to seek 
more efficient electrode materials.

As an intercalation anode material [13], Nb2O5 has a 
theoretical specific capacity (200 mAh g−1) with low-
volume expansion, high-rate capability resulting from 
a pseudocapacitive Li/Na storage mechanism. How-
ever, Nb2O5 is a semiconductor (with a band gap rang-
ing from 3.2 to 4 eV) with poor electrical conductivity 
(≈3.4 × 10−6 S cm−1 at 300 K) [14]. In order to solve 
the problem of low electrical conductivity, construct-
ing Nb2O5/C composites is proved to be an effective 
method [15]. Particularly, Nb2O5/C nanostructures as 
electrode materials can cut down the diffusion separa-
tion of ions, enhance the electrical conductivity, and 
ultimately improve their electrochemical performance 
[16]. For example, Kim et al. [17] synthesized an ordered 
mesoporous Nb2O5/C composite structure, which dis-
played a invertible capacity of 175mAh g−1 and splen-
did cycle stability for SIBs. Mai et  al. [18] proposed 
an effective method to establish three typical carbon-
constrained Nb2O5 (TT-Nb2O5@C, T-Nb2O5@C, and 
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H-Nb2O5) nanoparticles through mismatched coordina-
tion reactions in a solvothermal process. It was found 
that the obtained T-Nb2O5@C nanoparticles exhibited 
better performance than TT-Nb2O5@C and H-Nb2O5@C 
nanoparticles. Vicentini et al. [19] reported a method 
for preparing nanostructured porous electrodes by elec-
trospraying niobium pentoxide nanoparticles on wound 
multi-walled carbon nanotubes. This method not only can 
improve electrical conductivity and chemical stability 
of the niobium pentoxide, but also avoid reassociation 
and deactivation of Nb2O5 nanoparticles. In addition, 
Yuan et  al. [20] synthesized a unique pomegranate-
like Nb2O5@NC material by hydrothermal method and 
nitrogen-doped carbon coating process, which exhibited 
excellent cycle stability for Na-ion batteries anode. The 
above electrochemical results of Nb2O5/C nanocompos-
ites show that Nb2O5/C composites with different struc-
tures and morphologies have an impact on their electro-
chemical properties. Therefore, it is worth continuing 
to seek a simple method for designing and synthesiz-
ing Nb2O5/C composites to obtain anode materials with 
excellent sodium storage properties [21, 22].

Therefore, for the first time, we designed the nano-solid 
spherical Nb2O5/NC composite by a simple hydrothermal 
method followed by a simple calcination process. For Na 
storage, the Nb2O5/NC composite possesses the advantages 
of Nb2O5 nanocrystals embedded in porous NC matrix 
restraining agglomeration of Nb2O5 nanocrystals and ensur-
ing electrolyte accessibility and the NC matrix providing 
effective active sites and increasing ions/electrons transfer. 
As anode material in SIBs, the Nb2O5/NC composite elec-
trode exhibits excellent rate performance and cyclic stability 
(144 mAh g−1 at 1000mAh g−1 after 2000 cycles).

Experimental

Synthesis of Nb2O5/NC composites

Two hundred mg of niobium oxalate hydrate was dissolved 
in 20 mL of absolute ethanol to get solution 1 and 200 mg 
of dopamine hydrochloride was dissolved in 20 mL of 
deionized water to form solution 2. The mixed solutions 
were obtained by mixing solutions 1 and 2 with stirring 
for 1 h. Whereafter, the mixed solution was put into Tef-
lon lined stainless steel autoclave and reacted at 180 °C 
for 12 h. The obtained Nb-polydopamine precursor was 
washed with distilled water and absolute ethanol and dried 
at 60 °C for 12 h. The Nb-polydopamine precursor was put 
into a tube furnace, heated to 600 °C at 3 °C/min, and kept 
for 2 h under Ar atmosphere for obtaining the Nb2O5/NC 
composite material.

Material characterization

The crystal phase and chemical composition of Nb2O5/
NC composites were detected by XRD (DX2700) and XPS 
(Escalab250Xi), respectively. The morphology and structure 
of Nb2O5/NC composites were determined by SEM (SU8010, 
Hitachi) and TEM (JEOL JEM-3000F), respectively. The 
weight ratio of Nb2O5 in the Nb2O5/NC composites was 
tested by thermogravimetric analysis (TGA, TA-209F3). The 
BET surface area of Nb2O5/NC composites was measured by 
Quadrachrome Adsorption Instrument.

Electrochemical measurements

The electrochemical performance of Nb2O5/NC compos-
ites was tested employing a CR2032 coin cell battery. 
The active material, carbon black, and sodium alginate 
(dissolved in water) in a ratio of 7:2:1 were mixed in the 
an agate bowl. And then the slurry was coated on the 
copper foil and dried at 80 °C overnight. These half-
cells were assembled in a glove box which was filled 
with argon as the working gas. Sodium sheet was used 
as the counter electrode, and 1 M NaClO4 EC/PC (1:1) 
solution with 10% FEC was used as the electrolyte. Con-
stant current charge/discharge tests were performed using 
a NEWARE battery tester (voltage range at room tem-
perature was 0.01–3.0 V). Cyclic voltammetry (CV) and 
electrochemical impedance spectra (EIS) were obtained 
using versatile multichannel potentiostat (VMP3). The 
voltage window of cyclic voltammetry was 0.01–3.0 V 
(relative to Na/Na+), the frequency range of electrochem-
ical impedance was 200 mHz to 200 kHz, and the AC 
signal amplitude was 0.5 mV.

Results and discussion

The precursors were annealed under argon and air atmos-
pheres to obtain Nb2O5/NC composite and pure Nb2O5. 
The crystalline structure of Nb2O5/NC composite was char-
acterized by X-ray diffraction (XRD) as shown in Fig. 1. 
Figure 1a exhibited the XRD pattern of the Nb2O5/NC 
composite. It is easy to discover that all the diffraction 
peaks are corresponded to hexagonal Nb2O5 (JCPDS card 
No.7–61). As shown in Fig. 1b, all the diffraction peaks 
for pure Nb2O5 are also corresponded to hexagonal Nb2O5 
(JCPDS card No.7–61). Figure 1c is the TGA diagram of 
the Nb2O5/NC composite. It can be seen from the figure 
that the mass loss of the Nb2O5/NC composite is 27.5% 
at 750 °C, and then the mass remains unchanged, indicat-
ing that the mass of Nb2O5 in the Nb2O5/NC composite is 
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72.5%. Figure 2 shows the BET characterization of Nb2O5/
NC composites. It is obvious that the specific surface area 
of the material is 46.1 m2 g−1 (Fig. 2a). The pore sizes 
of the Nb2O5/NC composite (Fig. 2b) were mainly repre-
sented at 4.202, 17.5, and 21 nm. The special mesoporous 
architecture can ensure enough contact area between elec-
trodes and electrolyte.

The elemental composition analysis of Nb2O5/NC com-
posites was carried out by XPS. The Nb 3d spectrum of 
the Nb2O5/NC composite with two signal peaks at 207.15 
and 209.2 eV is shown in Fig. 2c, which were in tune with 
Nb 3d5/2 and Nb 3d3/2, respectively. Figure 2d is the C 
1 s spectrum of the Nb2O5/NC composite, in which sig-
nal peak at 284.8 and 286.2 eV corresponds to C–C and 
C-O, respectively. Figure 2e shows the O 1 s spectrum 
of the Nb2O5/NC composite, whose signal peak at 530.5, 
530.7, and 532.3 eV conform to Nb–O, C-O, and C = O, 
respectively [20, 23]. Figure 2f is the N 1 s spectrum of the 
Nb2O5/NC composite, in which two signal peaks at 398.6 
and 400.6 eV correspond to pyridine-N and pyrrole-N, 
respectively [24].

The morphologies of the Nb precursor, Nb2O5/NC com-
posites, and pure Nb2O5 have been characterized by SEM. 
As shown in Fig. S1a, b, the Nb precursor shows nano-
solid spherical morphology with diameter of 400–600 nm. 
After annealing treatments, it can be seen from Fig. 3a the 
Nb2O5/NC composites remain nano-solid spherical mor-
phology. As displayed in the Fig. S1c, d, the pure Nb2O5 
also keeps the nano-solid spherical morphology. Energy 
dispersive system (EDS) mapping of Nb2O5/NC compos-
ites (Fig. 3c) proves that carbon (C), oxygen (O), niobium 
(Nb), and nitrogen (N) are uniformly distributed in the 
surface of the material. The microstructure of the Nb2O5/
NC composites is researched by TEM. As depicted by 
TEM observation in Fig. 4b, lots of Nb2O5 nanocrystals 
( 5–10 nm) were embedded in carbon matrix. As shown 
in the HRTEM image (Fig. 4c), it can be found that the 
interplanar spacing of 0.312 nm corresponds to the (100) 
plane of Nb2O5. Figure 4d shows EDS mapping images of 

Nb2O5/NC composites under transmission electron micro-
scope. It can be observed that the C, O, Nb, and N are uni-
formly distributed within Nb2O5/NC composites, implying 
the Nb2O5 nanocrystals are uniformly distributed in the NC 
matrix. Thus, it can be proved that the Nb2O5/NC compos-
ite has been successfully prepared.

The electrochemical performance of the Nb2O5/NC 
composite as the anode of SIBs was tested by cyclic vol-
tammogram (CV) and galvanostatic cycling and elec-
trochemical impedance measurements. Figure 5a shows 
the first five CV curves of the Nb2O5/NC composite at 
0.2 mV s−1. The first curve shows two irreversible reduc-
tive peaks at 1.0 and 0.24 V, but they disappear in the 
subsequent curve, which can be attributed to the forma-
tion of the SEI film, the irreversible Na-ion insertion in 
the surface groups of carbon as well as organic electrolyte 
decomposition [25, 26]. The latter four cyclic voltamme-
try curves basically overlap, indicating that the Nb2O5/
NC composite exhibits reversibility and stable cycling. 
Figure 5b shows the first three charge–discharge curves 
at 1000 mAh g−1. The initial charge–discharge capacities 
are 32 mAh g−1 and 108 mAh g−1, respectively, and the 
coulombic efficiency is 30%. The low coulombic efficiency 
of the Nb2O5/NC composite can be ascribed to SEI film 
formation and the irreversible Na-ion insertion in the 
surface groups of carbon as well as organic electrolyte 
decomposition [27]. When the battery is cycled to the 10th 
time, the charge and discharge capacities are 65 mAh g−1 
and 67 mAh g−1, respectively, and the coulomb efficiency 
reaches 97% (as shown in Fig. 5c), and the subsequent 
coulomb efficiency remains 97% and the foregoing, indi-
cating that the Nb2O5/NC composite shows good revers-
ible properties. Figure 5c shows the cycling performance 
of the Nb2O5/NC composite. After 2000 cycles at a current 
density of 1000 mA g−1, the specific capacity of the bat-
tery is 144 mAh g−1 and the charge–discharge efficiency 
remains around 100%. Figure 5d shows the rate perfor-
mance of Nb2O5/NC composite and Nb2O5. As shown in 
Fig. 5d, the specific capacity of Nb2O5/NC composite is 

Fig. 1   a XRD of Nb2O5/NC 
composites; b XRD of pure 
Nb2O5; c TGA analysis of 
Nb2O5/NC composites



2340	 Journal of Solid State Electrochemistry (2023) 27:2337–2345

1 3

Fig. 2   a N2 adsorption–desorption isotherm curve of Nb2O5/NC composites; b pore size distribution of Nb2O5/NC composites; c, d, e, f XPS 
spectra of c Nb 3d, d C 1 s, e O 1 s, and f N 1 s region for the Nb2O5/NC composites
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much higher than that of Nb2O5. The battery capacity of 
Nb2O5/NC composite is 210, 182, 146, 112, 78, and 31 
mAh g−1 at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1, respec-
tively. When the current density recovers to 0.1 A g−1, 
the battery capacity also recovers to 210 mAh−1. It can 
be seen that the Nb2O5/NC composite material exhibits 
excellent rate capability.

The EIS measurement of Nb2O5/NC composites is 
performed for investigating the electrochemical kinetics. 
As shown in the Fig. 6a, b, the Nyquist plots of Nb2O5/
NC and pure Nb2O5 contain arcs at high frequency and 
straight lines at low frequency, in which the semicircle 
corresponds to high-frequency region and the diagonal 
corresponds to low-frequency region. The diameter of 
the semicircle represents the charge transfer impedance; 
the larger the diameter of the semicircle means the larger 
the impedance. And the slope of the oblique line repre-
sents the ion diffusion impedance. The equivalent circuit 
diagram of Nb2O5/NC is shown in Fig. 6a, in which R1 
and R2 correspond to solution resistance and transfer 

resistance, respectively. By contrast, it can be seen from 
Fig. 6a, b that the transfer resistance of Nb2O5/NC is less 
than that of Nb2O5 after 5 cycles and 20 cycles.

Furthermore, the Na+ diffusion coefficients for the Nb2O5/
NC and pure Nb2O5 electrodes were calculated according to 
formulas (1) and (2) [28–31]:

In the low-frequency region of the electrochemical 
impedance spectrum, the data were selected with Z’ 
as the vertical coordinate and w−1/2 as the horizontal 
coordinate to plot, and the slope was obtained after fit-
ting (Fig. 6c). And then according to formula (2), get 
the diffusion coefficient (DNa+). The diffusion coef-
ficient (DNa+) of Nb2O5/NC composite is 1.57 × 10−13 
cm2 S−1 and 7.55 × 10−13 cm2 S−1 after 5 and 20 cycles, 

(1)Z
� = R + �

�
�
−1∕2

(2)D =
R
2
T
2

2n4F4�2
�
A2c2

Fig. 3   a, b SEM images of 
Nb2O5/NC composites; c, c1–c4 
EDS mapping of Nb2O5/NC 
composites
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respectively, exceeding those for Nb2O5/C electrode 
(7.18 × 10−15 cm2 S−1 and 2.76 × 10−13 cm2 S−1 after 5 
and 20 cycles).

To further explore the reaction kinetics of Nb2O5/
NC composites, we performed CV tests on Nb2O5/NC 
composites at different scan rates (from 0.2 mV s−1 to 
1.0 mV s−1). As shown in Fig. 7a, an obvious peak shape 
appears from 0.4 mV s−1, and the peak shape becomes 
sharper with the increase of the scan rate, that is, the 
faster the scan rate, the more serious the polarization. 
The b value is an important basis to judge the electro-
chemical reaction behavior of the diffusion-controlled 
process and pseudocapacitive behavior. When the b value 
is close to 0.5, it indicates that the diffusion behavior 
dominates the electrochemical reaction, and when the b 
value is close to 1.0, it indicates the pseudocapacitive 
contribution behavior [32]. The b value can be calculated 
according to the equation log i = blog v + log a. As shown 
in Fig. 7b, the b values of the anodic peak 1 and cathodic 

peak 2 of the Nb2O5/NC composite electrode are corre-
sponding to 0.9938 and 1.0292, which indicates that the 
redox process of the Nb2O5/NC composite electrode is a 
pseudocapacitive contribution behavior. The capacitive 
contribution can be calculated by the following equa-
tion: i (V) = k1v + k2v1/2, where k1v and k2v1/2 represent 
the capacitive and diffusion capacities, respectively [8, 
33]. Figure 7c is the CV map at 0.1 mVs−1. It can be seen 
that the pseudocapacitive contribution behavior occu-
pies 84.59% when the scan rate is 1 mVs−1. Figure 6d 
shows the pseudocapacitive contribution ratio at scan 
rates of 0.2 mV s−1, 0.4 mV s−1, 0.6 mV s−1, 0.8 mV s−1, 
and 1.0 mV s−1, which correspond to 70.98%, 74.60%, 
78.88%, 82.15%, and 84.59%. It is obvious that as the 
scan rate increases, the pseudocapacitance contribution 
also increases. This means that the capacity of Nb2O5/NC 
composites at high scan rates is mainly related to pseudo-
capacitance, which provides a good proof for the superior 
rate capability of Nb2O5/NC composite electrodes.

Fig. 4   a, b TEM image of Nb2O5/NC composites, c HRTEM image of Nb2O5/NC composites. d EDS mapping of Nb2O5/NC composite under 
transmission electron microscope
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Fig. 5   a Cyclic voltammetry 
of Nb2O5/NC composites at 
0.2 mV s−1 in SIBs; b charge 
and discharge curve of Nb2O5/
NC composites at 1 A g−1 in 
SIBs; c cyclic performance of 
Nb2O5/NC composites and pure 
Nb2O5 at 1 A g−1 in SIBs; d rate 
capability of Nb2O5/NC com-
posites and pure Nb2O5 in SIBs

Fig. 6   a, b Electrochemical 
impedance test diagram of 
Nb2O5/NC composites and pure 
Nb2O5 in SIBs. (inset: equiva-
lent electrical circuit for the 
fitting). c Plot of Zre with w−1/2 
in the low-frequency range for 
the electrodes made of Nb2O5/
NC composites and Nb2O5 
composites
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Conclusion

In summary, a nano-solid spherical Nb2O5/NC composite 
was obtained by a single hydrothermal method followed 
by a calcination procedure. When Nb2O5/NC composite 
applied to the anode material of SIBs, it exhibited excel-
lent cycling stability and rate capacity. The excellent per-
formance of the Nb2O5/NC composite is ascribed to its 
unique nanosphere structure, in which Nb2O5 nanocrystals 
embedded in porous NC matrix can restrain agglomeration 
of Nb2O5 nanocrystals and ensure electrolyte accessibil-
ity, and the NC matrix can provide effective active sites 
and increase ions/electrons transfer. This study provides 
a rational approach for constructing high-performance 
Nb2O5-based electrodes as sodium-ion anodes with prom-
ising applications in large-scale energy storage.
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