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Abstract
Orthorhombic  Nb2O5 (T-Nb2O5) nanocrystal@carbon hybrid spheres were synthesized via the controlled hydrolysis of 
niobium ethoxide, the assembly effect of oleylamine, and subsequent carbonization. The size of the T-Nb2O5 nanocrystals 
was ~ 26.6 nm, and the diameter of the hybrid spheres was 300–400 nm. The contents of T-Nb2O5 and carbon were 87.84% 
and 11.91%, respectively. The hybrid spheres exhibited excellent Li storage performance, including high reversible capac-
ity (447 mAh  g−1 at 0.5 A  g−1/2.5C), good rate capability (186 mAh  g−1 at 5 A  g−1/25C), and excellent cycling stability 
(279 mAh  g−1 after 600 cycles at 1 A  g−1/5C). The capacity decay rate was only 0.06% per cycle. It has been found that the 
electrochemical performance of the hybrid spheres is superior to those of other reported  Nb2O5 composites. Moreover, the 
reaction kinetics of the hybrid spheres are also outstanding. The impedance is low, while the  Li+ diffusion coefficient is high. 
The hybrid spheres maintain good structural integrity after 600 cycles. The superior Li storage performance is associated 
with the unique architecture of the hybrid spheres. The ultrafine size of  Nb2O5 nanocrystals ensures high electrochemical 
activity. The surface carbon and internal carbon of the hybrid spheres not only protect  Nb2O5 but also promote the rapid 
transfer of electrons and  Li+. These results demonstrate that T-Nb2O5 nanocrystal@carbon hybrid spheres are a promising 
candidate material for lithium-ion storage.
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Introduction

With the rapid development of portable electronics, elec-
tric vehicles, and smart grids, higher and higher require-
ments are put forward for lithium-ion batteries (LIBs). 
Unfortunately, graphite, as the dominant commercial 
anode material, has become a serious technical bottleneck 
because of its limited rate performance, low theoretical 
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capacity, and certain safety risks.1–4 It is urgent to develop 
new advanced anode material with high reversible capac-
ity, excellent rate capability, long lifespan, and high 
safety.5–8 As a typical pseudocapacitive material,  Nb2O5 
has attracted much attention due to the fast  Li+ diffusion, 
small volume change (< 3%), high lithiation potential 
(~1.6 V vs. Li/Li+), and high theoretical capacity (200 
mAh  g−1).9–12 In high-rate and high-security applications, 
 Nb2O5 is considered to be one of the most excellent candi-
dates.13 Despite these advantages, the band gap of  Nb2O5 
is relatively wide, ~ 3.2 eV, which leads to a low elec-
tronic conductivity, only 3.4 ×  10−6 S  cm−1, which limits 
its lithium storage performance and hinders its practical 
application.14,15

To overcome the inherent shortcomings of  Nb2O5, numer-
ous strategies have been investigated. One common method 
is nanostructure engineering. Decreasing the particle size 
of  Nb2O5 can shorten the distances of ion diffusion and 
electron transport, and improve the reaction kinetics to a 
certain extent.16,17 So far, many  Nb2O5 nanomaterials, such 
as nanosheets,18 mesoporous microspheres,19 flowers,20 
and nanorod films,21 have been reported. However, pure 
 Nb2O5 nanomaterials tend to aggregate, and the large spe-
cific surface area easily induces serious side reactions and 
poor stability. These limitations compromise the structural 
advantages of  Nb2O5 nanomaterials. Compared with pure 
nanomaterials, the composite of  Nb2O5 with conductive 
materials, such as carbon, is another more attractive strat-
egy. The composite can improve the electronic conductivity 
and cycling durability of  Nb2O5, and avoid the aggregation 
of  Nb2O5 nanomaterials.22–24 In the field of  Nb2O5/carbon 
nanocomposites, much progress has been achieved. For 
example, Yu et al. synthesized  Nb2O5 nanosheets/graphene 
composites, which delivered a reversible capacity of 292 
mAh  g−1 at 1 C after 70 cycles.25 Zhu et al. prepared Al-
doped  Nb2O5/carbon microparticles and obtained a revers-
ible capacity of 267 mAh  g−1 at 2 A  g−1 after 300 cycles.26 
Chen et al. synthesized carbon-coated microsized hexagonal 
TT-Nb2O5 composites and achieved a specific capacity of 
228 mAh  g−1 at 0.2 C.27 Nevertheless,  Nb2O5 nanocompos-
ites still face many challenges. For most  Nb2O5 nanocom-
posites, it is very difficult to control the irreversible side 
reactions because the large surface area of the nanomaterials 
easily results in the constant consumption of electrolytes to 
generate solid electrolyte interface (SEI) film during long-
term charge–discharge cycles, which brings about a decline 
in the capacity of  Nb2O5. Therefore, the rational design of 
the  Nb2O5 nanocomposite structure is crucial. Embedding 
 Nb2O5 nanocrystals into a carbon matrix is a good strategy 
to overcome this problem. However, the strategy is very 
challenging. The difficulty lies in precise control of  Nb2O5 
size and carbon content as well as the rational construction 
of the composite structures.

Here, we have chosen orthorhombic  Nb2O5 (T-Nb2O5) as 
the object. Compared with other crystal structures of  Nb2O5, 
T-Nb2O5 is a typical and unique pseudocapacitive material. 
Li ions can be transported rapidly in two dimensions without 
phase transition during the lithiation/delithiation process.28 
This endows T-Nb2O5 with a satisfactory rate performance 
and specific capacity. A facile assembling strategy was 
developed to construct the hybrid spheres of T-Nb2O5 and 
amorphous carbon (denoted as T-Nb2O5@CS) through the 
controlled hydrolysis of niobium (V) ethoxide, as well as 
the intensive adsorption of oleylamine, followed by a sim-
ple carbonization. This synthesis method can control the 
particle size of  Nb2O5 to a very small nanoscale, avoid the 
direct contact between  Nb2O5 nanocrystals with electrolyte 
to form stable SEI films, and construct high-speed transmis-
sion channels for electrons and  Li+. Benefitting from the 
well-organized composite structure, the resulting T-Nb2O5@
CS has an excellent lithium storage performance. After 600 
cycles at a current density of 1 A  g−1, a reversible capacity 
of 279 mAh  g−1 has been obtained. Even at 5 A  g−1, the 
average discharge capacity was still as high as 186 mAh  g−1. 
This work paves an effective way for the design and synthe-
sis of high-performance  Nb2O5 nanocomposites.

Experimental

Materials Preparation

In a typical synthesis, 0.1 mL of niobium ethoxide was 
injected into a mixed solution of 5 mL of oleylamine and 
60 mL of anhydrous ethanol. Then, the beaker was sealed 
with preservative film and vigorously stirred for 2 h. The 
precipitate was washed with anhydrous ethanol several 
times, and the centrifuged products were dried at 80°C in 
a vacuum oven overnight, and then placed in a quartz tube, 
purged with Ar, and heated to 700°C for 2 h at 2°C  min−1.

Materials Characterizations

X-ray powder diffraction (XRD) patterns were recorded 
with an D8 Advance (Bruker) x-ray diffractometer with a 
Cu Kα ray as the light source (λ = 1.5406 Å). Transmis-
sion electron microscopy (TEM) and high-resolution (HR) 
TEM images were obtained by JEM-2100 (JEOL) electron 
microscope operating at 200 kV. Field-emission scanning 
electron microscopy (SEM) images and elemental mapping 
were collected an S4800 (Hitachi) electron microscope. 
X-ray photoelectron spectroscopy (XPS) measurements were 
conducted on an ESCALAB-MK (VG) with Al Kα radia-
tion (hv = 1486.6 eV) as the x-ray source. Thermogravi-
metric analyses (TGA) were performed in order to study 
the thermal decomposition of the product by a TG209F3 
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(NETZSCH) analyzer with 10°C  min−1 in air flow. Raman 
spectra were recorded using a spectrometer (HR Evolution; 
LabRAM) with 532-nm laser excitation.

Electrochemical Measurements

The electrochemical performances were investigated on 
CR2025 coin cells with T-Nb2O5@CS as the anode, lithium 
foil as the reference/counter electrode, and polypropylene 
film (Celgard 2400) as the separator. An amount of 1 M 
 LiPF6 in diethyl carbonate/ethylene carbonate binary sol-
vents (1:1 by volume) was used as the electrolyte, and 0.2 ml 
of electrolyte was added into each cell. The coin cells were 
assembled in a high-purity argon-filled glovebox. The work-
ing electrodes were prepared by spreading the slurry on Cu 
foils with a diameter of 12 mm. The slurry was composed 
of the active material, polyvinylidene fluoride, and super 
P, with a mass ratio of 80:10:10. The slurry was ground 
in N-methyl-2-pyrrolidinone. The working electrodes were 
dried at 90°C under vacuum. The mass of the active mate-
rial was controlled at ~ 1.0 mg  cm-2. A NEWARE battery 
test system was used to carry out the galvanostatic charge/
discharge and rate performance, using the galvanostatic 
intermittent titration technique (GITT). Cyclic voltammetry 
(CV) curves were recorded between 0.01 V and 3.0 V with 
an electrochemical workstation (PARSTAT 2273). Electro-
chemical impedance spectroscopy (EIS) measurements were 
conducted on the same workstation with a 5-mV AC ampli-
tude. The frequency range was  105–10−2 Hz.

Results and Discussion

The synthetic process of T-Nb2O5@CS is schematically 
illustrated in Fig. 1. First, a small amount of niobium eth-
oxide and a certain amount of oleylamine were dissolved 
in a great deal of anhydrous ethanol to form a homogenous 
solution. The niobium ethoxide was sufficiently diluted, 
which is very conducive to reducing the particle size of 

the hydrolysis product. In addition, the hydrolysis reaction 
of niobium ethoxide was induced by moisture in the air. 
Through controlling the diffusion rate of moisture into the 
beaker, the hydrolysis of the niobium ethoxide was further 
limited. The synergistic effect of the above factors achieved 
the extremely slow hydrolysis of the niobium ethoxide and 
ensured the nanoscale size of the hydrolysis product. Due to 
the strong adsorption and high stickiness of the oleylamine, 
the hydrolysis products could be immediately coated by 
the oleylamine, and further assembled into large hierarchi-
cal spheres. Finally, the oleylamine was decomposed into 
carbon by calcination. The formed carbon can inhibit the 
growth of  Nb2O5 nanocrystals at high temperature, which 
maintains their high activity. The formed carbon also con-
structs conductive frameworks inside the hybrid spheres, 
which remarkably improves the electronic conductivity of 
 Nb2O5.

Figure 2a shows an SEM image of the precursors (hydrol-
ysis product), which are uniform small spheres with smooth 
surfaces with a diameter of 300–400 nm. Several small 
spheres are bonded together by a thin layer of amorphous 
material, oleylamine. This can be demonstrated by the frac-
ture on a small ball. In the TEM image (Fig. 2b), these small 
spheres exhibit a dense and homogenous internal structure. 
The oleylamine between the small spheres is semitranspar-
ent, which differs from the internal dense structure of the 
small spheres. This coincides with the amorphous nature of 
oleylamine. The calcined product (T-Nb2O5@CS) is shown 
in Fig. 2c and d. The uniform and smooth small spheres 
are well retained without any structural deterioration. The 
enlarged local TEM image (Fig. 2e) indicates that a layer of 
amorphous carbon covers the small spheres. The thickness 
of the carbon layer is about several nanometers. It is dif-
ficult to distinguish the internal microstructure of the small 
spheres due to their high density. In the HRTEM image 
(Fig. 2f), the surface of the small sphere presents well-
defined lattice fringes with a D-spacing of 0.39 nm, which is 
well matched by the (001) crystal plane of the orthorhombic 
 Nb2O5 and indicates the high crystallinity of the T-Nb2O5 

Fig. 1  Scheme of the preparation process of T-Nb2O5@CS.
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nanocrystals. Moreover, the very thin amorphous carbon can 
also be clearly seen on the surface. To reveal the spatial dis-
tribution of various elements, EDS elemental mapping was 
performed (Fig. 2g). The distribution regions of Nb and O 
are highly consistent with the small spheres, indicating that 
the  Nb2O5 is evenly distributed inside them. The distribution 
region of carbon is also consistent with the small spheres. 
Note that the signal intensity of carbon is the same as that of 
the surrounding carbon support film. It is impossible that the 
thin carbon on the surface of the small spheres can generate 
such strong carbon signals, which means that there is carbon 
within the spheres. That is, the sphere is a hybrid material 
composed of  Nb2O5 nanoparticles and carbon.

XRD has been performed to characterize the phase 
and crystallinity of the as-synthesized samples. Figure 3a 
shows the XRD pattern of the precursor. There are only a 
few humps, which indicates that the hydrolysis products are 
amorphous. The XRD pattern of the calcined products is dis-
played in Fig. 3b. All the diffraction peaks are well matched 
with the orthorhombic  Nb2O5, according to the standard 
XRD card (JCPDS 30-0873). The (001) diffraction peak 
is the strongest, indicating that the (001) crystal plane is 
dominant. This is favorable for fast intercalation of Li ions 
because the energy barrier of the (001) plane is low and the 

charge transfer is rapid.26 The diffraction peaks are also wid-
ened, implying their small crystal size. Based on the (001) 
diffraction peak, the average crystal size is calculated to be 
26.6 nm using the Scherrer equation (D = kλ/βcosθ), where 
D is the average particle size, k and λ are a constant and the 
x-ray wavelength, respectively, β is the half-height width 
of the diffraction peak, and � is the diffraction angle. The 
particle size of the  Nb2O5 is much smaller than the diam-
eter of the small spheres. This demonstrates that the small 
spheres are assembled by  Nb2O5 nanocrystals, the formation 
of which is attributed to three aspects: (1) the hydrolysis 
of niobium ethoxide is suppressed, and the hydrolysis rate 
is very slow, (2) oleamine has a strong adsorption effect 
on hydrolyzed products, and (3) oleamine-derived carbon 
can suppress the growth of  Nb2O5 at high temperatures. 
Furthermore, the pattern baseline rises in 10–40°. This 
phenomenon results from amorphous carbon. There are no 
diffraction peaks of other materials or impurities, demon-
strating the thoroughness of the hydrolysis and calcination 
reactions. The chemical coordination structures of the final 
product were further characterized by Raman spectroscopy. 
As shown in Fig. 3c, three well-defined peaks are located at 
675  cm−1, 23  cm−1, 3  cm−1 and 127  cm−1, corresponding to 
the symmetrically TO stretching of the Nb–O bond, the T2U 

Fig. 2  (a) SEM and (b) TEM images of the precursor (hydrolysis product), (c) SEM, (d) TEM, (e) local TEM, and (f) HRTEM images of 
T-Nb2O5@CS, (g) SEM image and corresponding EDS element mappings of T-Nb2O5@CS.
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bending of the Nb–O–Nb bond, and the overall vibration 
of the octahedra in T-Nb2O5, respectively.29 The two peaks 
at 1340  cm−1 and 1590  cm−1 are associated with  sp2-type 
defect/disordered carbon in a 2D hexagonal lattice (D-band) 
and  sp3-type graphitic carbon (G-band). This verifies that 
oleamine is decomposed to carbon. The intensity ratio 
(ID/IG) was ~ 1.01. Moreover, the area of the D-band is also 
larger. It is believed that disordered/defective structures are 
dominant in the carbon matrix. That is, oleamine-derived 
carbon is amorphous. Note that the Raman peaks of carbon 
are much lower than those of  Nb2O5, indicating that, in the 
hybrid spheres, amorphous carbon is the minor phase.

Under flowing air, TGA of T-Nb2O5@CS was carried 
out from 25°C to 800°C, and the resulting TGA curve is 
displayed in Fig. 3d. In the temperature range of 25–250°C, 

a negligible weight loss appears of about 0.25%, which 
is due to the evaporation of physically adsorbed water. A 
significant weight loss takes place at 250–600°C, which 
is attributed to the combustion of carbon to generate  CO2. 
The weight is stable above 600°C, and the residual mass is 
 Nb2O5. According to the TGA data, it can be concluded that 
the contents of  Nb2O5 and carbon are 87.84% and 11.91%, 
respectively. The TEM image shows that carbon on the sur-
face of the hybrid spheres is very thin. It cannot account for 
11.91%, so it is believed that most of the carbon is within 
the hybrid spheres.

The XPS spectra were studied to figure out the surface 
composition and elementary valence states of T-Nb2O5@CS. 
The XPS survey spectrum (Fig. 3e) verifies the existence 
of the Nb, O, and C elements. The high-resolution Nb 3d 

(a) (b) (c)

(d) (e) (f)

(g) (h)

Fig. 3  XRD patterns of (a) the precursor (hydrolysis product) and (b) 
T-Nb2O5@CS, (c) Raman spectrum of T-Nb2O5@CS, (d) TG curve 
of T-Nb2O5@CS in air atmosphere, (e) XPS survey spectrum of 

T-Nb2O5@CS, (f) Nb 3d, (g) O 1  s, (h) C 1  s high-resolution XPS 
spectra of T-Nb2O5@CS.
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XPS spectrum (Fig. 3f) exhibits two strong peaks centered 
at 207.2 eV and 209.9 eV. The spin orbit splitting energy 
was 2.7 eV. The two peaks are referred to Nb  3d5/2 and Nb 
 3d3/2. This is well consistent with the typical values of the 
 Nb5+–O bond in  Nb2O5.30 Figure 3g shows the high-reso-
lution O 1s spectrum, in which two peaks are deconvoluted 
at 530.0 eV and 532.4 eV. The former is assigned to lattice 
oxygen (Nb–O) while the latter is related to loosely bonded 
oxygen on the hybrid spheres (C–O).13 The C 1s high-res-
olution spectrum is deconvoluted to two peaks at 284.8 eV 
and 285.9 eV (Fig. 3h), which are associated with C–C and 
C–O bonds, respectively. The material characterization dem-
onstrates that the T-Nb2O5@CS nanocomposite is success-
fully constructed on the basis of the restricted hydrolysis of 
niobium ethoxide and the strong stickiness of oleylamine.

The lithium storage performances were tested on the 
T-Nb2O5@CS half-cells. The first four CV curves were 
recorded at a scan rate of 0.2 mV  s−1 between 0.01 V and 
3.0 V (vs. Li/Li+). As shown in Fig. 4a, the first cathodic 
process exhibits three distinct peaks, centered at 1.26 V, 
0.61 V, and 0.01 V. They are attributed to the insertion of 
 Li+ into  Nb2O5 lattices, the decomposition of the electrolyte 
together with the irreversible formation of SEI films, and 
the insertion of  Li+ into carbon, respectively. In the subse-
quent anodic process, the peak at 0.22 V corresponds to the 
extraction of  Li+ from carbon, the second peak at 0.70 V is 

related to the partial decomposition of the SEI film, and the 
third peak at 1.83 V represents the extraction of  Li+ from 
 Nb2O5. In the 2nd–4th cycles, the cathodic peaks at 1.26 V 
and 0.61 V are coalesced into one peak, the intensity of 
which gradually decreases. The potential of the peak gradu-
ally shifts positively. At the same time, the anodic peak at 
0.70 V also presents a decreasing intensity. These should be 
ascribed to the gradual stabilization of the SEI film. In the 
4th cycle, both the reduction peak and the oxidation peak 
become wide and flat, while the CV curves are almost rec-
tangular. These are typical features of T-Nb2O5 because the 
open framework of T-Nb2O5 enables Li ions to be inserted/
extracted like a pseudocapacitive behavior. The electrochem-
ical reaction of T-Nb2O5 can be described as follows (Eq. 1). 
When x is equal to 2, the theoretical capacity of T-Nb2O5 
is ~ 200 mAh  g−1:

Figure 4b depicts the galvanostatic discharge and charge 
curves of T-Nb2O5@CS in the first three cycles at current 
density of 1 A  g−1. The discharge and charge curves pre-
sent a pair of main plateaux centered at 1.5 V/1.8 V and a 
pair of minor plateaux centered at 0.2 V, corresponding to 
the reversible  Li+ intercalation/deintercalation reactions of 

(1)Nb
2
O

5
+ xLi

+ + xe
−
↔ Li

x
Nb

2
O

5(0 ≤ x ≤ 2)

(a) (b) (c)

(d) (e) (f)

Fig. 4  (a) Cyclic voltammetry (CV) curves of T-Nb2O5@CS at a 
scan rate of 0.2  mV   s−1, (b) galvanostatic charge/discharge curves 
of T-Nb2O5@CS at 1 A  g−1, (c) long-term cycling performance of 
T-Nb2O5@CS at 1 A  g−1, (d) rate capability of T-Nb2O5@CS, (e) gal-

vanostatic charge/discharge curves of T-Nb2O5@CS at different cur-
rent densities, (f) Nyquist plots of T-Nb2O5@CS before cycling and 
after 1, 5, and 10 cycles.
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 Nb2O5 and carbon, respectively. The small potential hys-
teresis between the discharge and charge curves means a 
low electrode polarization, reflecting the high electronic 
conductivity and fast  Li+ diffusion of T-Nb2O5@CS. The 
first discharge capacity is 550 mAh  g−1, and the first charge 
capacity is 448 mAh  g−1. The initial coulomb efficiency 
(CE) was 81.4%. The irreversible formation of the SEI film 
is the main reason for the low initial CE. In the 2nd and 3rd 
cycles, the discharge–charge capacity decreases to 432/427 
mAh  g−1 and 415/413 mAh  g−1, but CE rises to 98.8 % and 
99.5%. After the first cycle, the discharge and charge curves 
basically overlap, suggesting that T-Nb2O5@CS has good 
reversibility and stability.

To clarify the excellent cycling performance of 
T-Nb2O5@CS, the galvanostatic charge–discharge meas-
urements are carried out at 1 A  g−1, as shown in Fig. 4c. In 
the first three cycles, the discharge capacity decreases from 
550 mAh  g−1 to 415 mAh  g−1. In the subsequent cycles, 
the discharge capacity decreases very slowly, exhibiting 
excellent stability. At the 600th cycle, T-Nb2O5-OV@C 
HS still provides a discharge capacity of 279 mAh  g−1. The 
capacity decay rate is only 0.06% per cycle with respect 
to the 2nd discharge. In 600 cycles, the discharge capac-
ity of T-Nb2O5@CS is always higher than the theoretical 
value of  Nb2O5. The additional capacity should be attributed 
to the pseudocapacitive effect of  Nb2O5 and the reversible 
insertion/extraction of  Li+ in the gel-like SEI. CE is above 

99%, except for the first several cycles, which confirms 
high reversibility. Compared with  Nb2O5 anodes previ-
ously reported, the reversible capacity and cycling stabil-
ity of T-Nb2O5@CS are better, as summarized in Table I. 
This convincingly demonstrates the structural superiority 
of T-Nb2O5@CS.

Figure 4d exhibits the rate performance of T-Nb2O5@
CS at various current densities. At 0.5 A  g−1 (2.5C), the 
discharge capacity drops from 571 mAh  g−1 to 417 mAh  g−1. 
Average discharge capacity is 447 mAh  g−1. This demon-
strates high electrochemical activity of T-Nb2O5@CS. This 
mainly benefits from the small size of the  Nb2O5 nanocrys-
tals. When the current density rises to 1 A  g−1 (5 C), 2 A  g−1 
(10 C), 3 A  g−1 (15 C), and 4 A  g−1 (20 C), the average dis-
charge capacity can reach 373 mAh  g−1, 287 mAh  g−1, 243 
mAh  g−1, and 209 mAh  g−1, respectively. Even at a high cur-
rent density of 5 A  g−1 (25C), the average discharge capacity 
can still reach 186 mAh  g−1. The excellent rate capability 
is mainly ascribed to the small size of the  Nb2O5 nanocrys-
tals and the improvement effect of the internal conductive 
carbon network on the electronic conductivity of  Nb2O5. 
Note that, when the current density returns to 0.5 A  g−1, the 
discharge capacity is recovered to 420 mAh  g−1, demonstrat-
ing the outstanding stability and reversibility of T-Nb2O5@
CS. T-Nb2O5@CS is able to withstand continuous high-rate 
charge–discharge reactions without significant degradation. 
The charge–discharge curves of T-Nb2O5@CS at different 

Table I  Summary of the cycling 
performance of  Nb2O5 anodes 
for LIBs

Materials Current density (A 
 g−1)

Specific capacity 
(mAh  g−1)

Cycling num-
ber

Ref

Nb2O5 1 160 300 19
T-Nb2O5-2 0.2 178 100 20
T-Nb2O5 NTs-200 1 200 300 30
(AC@Nb2O5)/CNTs-800 1 200 40 33
N-C@MSC-Nb2O5 1 200 10 34
Nb2O5@CNTs (600℃) 1 200 10 35
PL-Nb2O5 1 90 300 36
NTAH 0.2 180 300 37
T-Nb2O5/CBG-2 0.2 216 100 38
Nb2O5@C 0.1 290 100 23
Nb2O5 1 110 200 24
M-Nb2O5 0.2 160 300 39
NCNTF 1 290 100 40
Nb2O5@rGO (2-1) 1 300 300 41
12% C–Nb2O5 0.2 180 200 27
M-Nb2O5 0.2 162 100 14
ASC/Nb2O5 1 90 300 42
T-Nb2O5/CNTs 0.1 180 300 43
Nb2O5 1 130 300 44
T-Nb2O5@CS 1 308 300 This work

279 600
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current densities are shown in Fig. 4e. Both charge curves 
and discharge curves display well-defined features. Their 
polarization is slight, while the reaction kinetics is rapid.

To analyze the electrochemical kinetics of T-Nb2O5@CS, 
EIS was measured before cycling and after 1 cycle, 5 cycles, 
and 10 cycles (current density is 1 A  g−1). Figure 4f exhibits 
Nyquist plots, the fitting curves, and the equivalent circuit 
mode. RSEI stands for the resistance of the SEI film, corre-
sponding to the depressed semicircle in the high-frequency 
region. Rct is the charge transfer resistance, and is related to 
the depressed semicircle in the medium-frequency region. 
Zw represents the Warburg diffusion impedance, correspond-
ing to an inclined line at the low-frequency region. CPE 
is a constant phase element. RΩ represents the electrolyte 
resistance and contact resistance, equal to the intercept on 
the real axis. After 1 cycle, RΩ is only 7–11 Ω. The low 
RΩ is because the carbon in the hybrid spheres improves 
the electronic conductivity of the composite. The semicir-
cle gradually decreases during the first ten cycles, indicat-
ing a decrease in  Rct. This means that the interface reaction 
kinetics becomes faster. Note that the inclined lines remain 
roughly parallel, that is the  Li+ diffusion is stable. The fit-
ted Rct of T-Nb2O5@CS is 390 Ω before cycling, and then 
decreases to 263.6 Ω at the 1st cycle, and further to 170.2 

Ω at the 5th cycle and 72.8 Ω at the 10th cycle. The above 
results demonstrate that T-Nb2O5@CS has an excellent and 
stable transport ability for electrons and  Li+. Faradaic reac-
tion kinetics is fast, which well explains the superior rate 
capability of T-Nb2O5@CS.

To comprehensively understand the electrochemical reac-
tion properties of T-Nb2O5@CS, a series of CV measure-
ments were performed at different scanning rates (Fig. 5a). 
As the scanning rate increases, the reduction peaks and oxi-
dation peaks become more prominent due to polarization. 
The electrochemical reaction process can be deduced by 
using a power law relationship (Eq. 2) to analyze the peak 
current (I) and scan rate (v):

where I represents the peak current. v is the scan rate. a and 
b stand for two adjustable parameters, corresponding to the 
intercept and slope of the log(i) ~ log(v) plot, b can disclose 
the reaction property, b approaches 1, which means a pseu-
docapacitive behavior-dominated reaction process, and b is 
close to 0.5, which indicates a diffusive behavior-controlled 
reaction process. The log I versus log v plots are shown in 
Fig. 5b. The b values of the two anodic peaks and the one 

(2)i = av
b

(a) (b) (c)

(d) (e) (f)

Fig. 5  (a) CV curves of T-Nb2O5@CS at scan rates from 0.2 mV  s−1 
to 2.0 mV  s−1, (b) relationship between log I versus log v for anodic 
and cathodic peaks, (c) separation of capacitive current and diffusive 
current at a scan rate of 2.0 mV  s−1, (d) column graphs of capacitive 

contribution ratios of T-Nb2O5@CS at different scan rates, (e) GITT 
curves of T-Nb2O5@CS; (f)  Li+ diffusion coefficients of T-Nb2O5@
CS calculated by GITT as a function of potential.
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cathodic peak are 0.98, 0.99, and 0.91, respectively. The 
high b value demonstrates that pseudocapacitive behavior 
dominates the electrochemical reaction of T-Nb2O5@CS. 
Furthermore, Eq. 3 can divide the current response of the 
CV curve into a pseudocapacitive current (k1v) and diffusive 
current (k2v½) to quantify the influence of the two behaviors:

where k1 and k2 are two constants, calculated from the 
slope and intercept of the I/v½ and v½ plot. The CV curve 
at 2  mV−1 with the pseudocapacitive current and the dif-
fusive current is displayed in Fig. 5c. Figure 5d indicates 
that the capacitive contribution accounts for 56.0%, 67.2%, 
70.9%, and 77.7%, when the scanning rate is 0.2 mV  s−1, 
0.5 mV  s−1, 1 mV  s−1, and 2 mV  s−1, respectively. The 
strong pseudocapacitive effect can result in a fast electro-
chemical reaction, which is consistent with the excellent 
rate capability of T-Nb2O5@CS. Usually, the high propor-
tion of the pseudocapacitive effect is derived from the large 
surface area. The hybrid spheres are solid and their surface 
area is limited. Their strong pseudocapacitive effect should 
be attributed to the amorphous carbon within the hybrid 
spheres. It constructs an efficient network to transfer  Li+ 
and electrons, and achieve fast  Li+ insertion/extraction. The 
strong pseudocapacitive effect is also related to the small 
size of  Nb2O5 nanocrystals, which reduces the diffusion 
distance of  Li+.

GITT was carried out to estimate  Li+ diffusion coef-
ficients (DLi) of T-Nb2O5@CS during the lithiation/dis-
charge and de-lithiation/charge processes. GITT was tested 
by charging/discharging at 0.1 A  g−1 for 20 min and then 
relaxation for 130 min. As shown in Fig. 5e, the overpo-
tential is relatively low. DLi was calculated based on Fick’s 
second law of diffusion:

where S is the area of the electrode. mB, MB, Vm represent 
the actual mass, molar mass, and molar volume of the active 

(3)i = k
1
v + k

2
v
1∕2

(4)D
Li

= 4∕�� ×
(

m
B
V
m
∕M

B
S
)2

× (ΔE
s
∕ΔE

�
)

material, respectively, τ stands for the pulse duration time, 
ΔEτ represents the transient voltage change after eliminating 
the IR drop, and ΔEs is the open-circuit voltage change. The 
potential-dependent DLi is shown in Fig. 5f.  DLi ranges from 
 10−11.4 to  10−12.7  cm2  s−1 in the lithiation/discharge stage. 
In the delithiation/charge stage,  DLi ranges from  10−11.5 
to  10−12.6  cm2  s−1. This is higher than the  10−13  cm2  s−1 
of oxygen vacancy-mediated T-Nb2O5,31  10−14  cm2  s−1 of 
the  Nb2O5/carbon submicrostructures,32  10−13  cm2  s−1 of 
C-Nb2O5.27 The fast  Li+ diffusion is consistent with the EIS 
results and rate performance of T-Nb2O5@CS.

To gain insight into the cycling stability of T-Nb2O5@
CS, we disassembled a coin cell after 600 cycles and then 
characterized the working electrode. The SEM image 
(Fig. 6a) and TEM image (Fig. 6b) indicate that, after the 
long-term charge–discharge cycles, the hybrid spheres are 
well retained and no structure collapse is observed, exhib-
iting good structural integrity. The robust hybrid spheres 
convincingly explain the excellent cycling stability of 
T-Nb2O5@CS.

There are several reasons for the improved electro-
chemical performance of T-Nb2O5@CS. First, the well-
designed hydrolysis process and the strong adsorption 
effect of oleylamine greatly limit the hydrolysis rate of 
niobium ethoxide, resulting in very small hydrolysis prod-
ucts. Secondly, the hydrolyzed products are assembled into 
spheres by the oleylamine, which further brings about 
several structure advantages: (1) Oleylamine encapsu-
lates the hydrolyzed products, which effectively limits the 
growth of T-Nb2O5 during hydrolysis and carbonization, 
and ensures the nanocrystal structure of T-Nb2O5, (2) the 
surface of the hybrid spheres is covered with a layer of 
amorphous carbon, which limits irreversible side reactions 
between  Nb2O5 with the electrolyte, and (3) the surface 
carbon and internal carbon of the hybrid spheres construct 
efficient networks for  Li+ and electrons, which results in 
fast electron/Li+ transfer and the outstanding structural 
stability of T-Nb2O5.

Fig. 6  (a) SEM and (b) TEM 
images of T-Nb2O5@CS after 
600 cycles at 1 A  g−1.
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Conclusions

A simple strategy has been designed to construct 
T-Nb2O5@CS hybrid spheres, based on the controlled 
hydrolysis of niobium ethoxide as well as the inten-
sive adsorption of oleylamine. This allows the T-Nb2O5 
nanocrystals and amorphous carbon to be assembled to 
hybrid spheres. T-Nb2O5@CS exhibits excellent cycling 
performance as an anode material for LIBs, delivering a 
specific capacity of 279 mAh  g−1 after 600 cycles at 1 
A  g−1 (5C). Rate performance is also outstanding, sus-
taining an average capacity of 186 mAh  g−1 at 5 A  g−1 
(25C). Moreover, T-Nb2O5@CS also displays low elec-
trochemical impedance, a high  Li+ diffusion coefficient, 
and remarkable capacitive effect in electrochemical reac-
tions. The excellent electrochemical performance is mainly 
attributed to the T-Nb2O5 nanocrystals and carbon hybrid 
structure. The ultrafine size of the leads to high electro-
chemical activity. The surface carbon and internal carbon 
in the hybrid spheres prevent T-Nb2O5 from continuously 
consuming the electrolyte and constructing channel net-
works to transfer electrons and  Li+.
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