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Abstract \In this work, nickel/T-Nb2O5 nanoparticles

encapsulated in mesoporous carbon nanofibers (denoted as Ni/

T-Nb2O5@CNFs) are successfully prepared through a simple

electrospinning route and succedent heating treatment. The

presence of Ni in carbon nanofibers is beneficial for enhancing

the electronic conductivity and the initial Coulombic effi-

ciency. Ni/T-Nb2O5 nanoparticles are homogeneously incor-

porated in carbon nanofibers to form a nanocomposite system,

which provides effective buffering during the lithiation/

delithiation process for cycling stability. The Ni/T-

Nb2O5@CNFs show high surface area (26.321 m2�g-1) and

mesoporous microstructure, resulting in higher capacity and

excellent rate performance. The Ni/T-Nb2O5@CNFs exhibit a

remarkable capacity of 437 mAh�g-1 at a current density of

0.5 A�g-1 after 230 cycles and a capacity of 173 mAh�g-1 at a

current density up to 10.0 A�g-1 after 1400 cycles. This work

indicates that nickel/T-Nb2O5 nanoparticles encapsulated in

carbon nanofibers can be a promising candidate for anode

material in high-power LIBs.
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1 Introduction

Lithium-ion batteries (LIBs) have been widely used as

energy storage devices due to their high energy density,

low cost, environmental friendliness and long life cycle [1].

However, the energy density of LIBs is seriously limited

due to the low theoretical capacity of graphite anodes

(372 mAh�g-1) [2, 3]. To address the problems, many

efforts have been made to explore suitable anode electrode

candidates for LIBs. Transition metal oxides such as Co3O4

[4], NiO [5] and CuO [6] have been extensively researched

as anode materials due to their high availability, low cost,

high theoretical capacity and their high oxidation states.

Unfortunately, most of the oxides usually produce a huge

volume change during the Li? insertion and extraction

process, which leads to a rapid reduction in capacity.

Additionally, Nb2O5 has received considerable attention as

an electrode material for LIBs due to its advantageous

properties, including its low but safe voltage window,

multiple redox couples (Nb5?/Nb4?, Nb4?/Nb3?) and low

volume expansion caused by the intercalation reaction.

This material exists in many crystal structures, which

depend on annealing temperature and show different

charge-storage abilities, including monoclinic (H-Nb2O5,

1100 �C), tetragonal (M-Nb2O5, 1000 �C), orthorhombic

(T-Nb2O5, 600–800 �C) and pseudo-hexagonal (TT-

Nb2O5, 500 �C) [7]. Among these structures, T-Nb2O5, one

of the most stable structures, has been revealed to possess

excellent electrochemical behaviors with ‘‘intercalation

pseudocapacitance’’ [8], especially showing a high capac-

ity and prominent long-cycle stability for LIBs [9, 10].

Compared with Li4Ti5O12, T-Nb2O5 exhibits a lower

working potential, ranging from 1.0 to 1.5 V, and a higher

theoretical capacity of 200 mAh�g-1 [11]. Importantly,

Nb2O5 has a sloped charge/discharge curve and does not

have a flat voltage unlike Li4Ti5O12 [12]. Moreover, an

interplanar lattice spacing of 0.39 nm indexed to the (001)

plane exists in T-Nb2O5, which is larger than the diameter
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of the Li ion (0.152 nm), resulting in a faster diffusion

pathway and lower energy barrier for Li? transport and

faster charge transfer compared with other active metal

oxides [13]. Nevertheless, the poor electronic conductivity

and low theoretical capacity of T-Nb2O5 significantly limit

its charge/discharge performance [14].

Many research efforts have been devoted to overcoming

these inherent disadvantages of T-Nb2O5 for improving the

cycle and rate performance of LIBs. A universal method is

to prepare T-Nb2O5 with different nanostructures to

increase the surface area of electrodes and shorten the ion

diffusion path, such as nanofibers and nanotubes [15, 16].

Other popular strategies are to fabricate carbon-based

nanocomposites wrapped in a conductive surface coating

or to fabricate porous structures to achieve high capacity,

long life cycle and moderate rate capacity [15]. Addition-

ally, the doping or substitution of various elements into the

crystal lattice of electrode materials can significantly

improve the conductivity and stability of electrode mate-

rials, further improving their electrochemical performance

[17–20]. Recently, electrospinning has become an effective

technique to fabricate fibrous carbon-based composites

with diameters ranging from a few nanometers to

micrometers for use in LIBs, due to its low price and

simplicity [21]. Nanofibers obtained using electrospinning

can significantly increase the surface areas of active

materials and increase the electrical contact between

material and electrolyte [22, 23]. As a result, excellent

electrochemical performance can be obtained by uniformly

dispersing metal oxide nanoparticles in carbon nanofibers

(CNFs) [24].

In this work, nickel/T-Nb2O5 nanoparticles encapsulated

in mesoporous carbon nanofibers (denoted as Ni/T-

Nb2O5@CNFs) are prepared through a simple electro-

spinning route and succedent annealing treatment for use in

LIBs. To the best of our knowledge, few previous studies

on Ni/T-Nb2O5@CNFs have been reported. The presence

of Ni in carbon nanofibers is beneficial as it provides more

active sites for Li-ion diffusion, which enhances the elec-

tronic conductivity and improves the initial Coulombic

efficiency [25, 26]. In this study, Ni/T-Nb2O5 nanoparticles

are homogeneously incorporated in carbon nanofibers, thus

forming a nanocomposite system. The carbon nanofibers

not only serve as a conductive network to increase the

conductivity of the T-Nb2O5, but also provide effective

buffering for T-Nb2O5 during the lithiation/delithiation

process, which is beneficial to Li-ion storage and cycling

stability [27]. The results demonstrate that the nanocom-

posite system has a remarkable discharge capacity of up to

173 mAh�g-1 at a current density of 10.0 A�g-1 after 1400

cycles. This work demonstrates that nickel/T-Nb2O5

nanoparticles encapsulated in carbon nanofibers could be a

promising candidate for anode material in high-power

LIBs.

2 Experimental

2.1 Preparation of Ni/T-Nb2O5@CNFs nanostructure

by electrospinning

All chemicals were applied directly without any purification.

Firstly, 0.2841 g niobium oxalate (C10H5NbO20) (Shanghai

SUNHO, Shanghai, China) and 0.0650 g nickel acetate

tetrahydrate (C4H14NiO8) (Aladdin Industrial Corporation,

Shanghai, China) were dissolved in 5 ml N,N-dimethylfor-

mamide (DMF) under magnetic stirring for 3 h at 70 �C.
Secondly, 0.5819 g polyvinylpyrrolidone (PVP; relative

molecular mass of Mw = 1,3000,000; Aladdin Industrial

Corporation) was dissolved in the above solution and vigor-

ously stirred for 12 h at room temperature. Electrospinning

was conducted under the following conditions: flow rate of

0.4 ml�h-1; a distance of 25 cm between the collector and the

tip of the needle (25 gauge); and an applied voltage of 15 kV.

The as-spun fibers were calcined at 650 �C for 2.5 h with a

ramping rate of 2 �C�min-1 under argon flow. For compar-

ison, simple nanofibers without nickel were prepared in the

same condition. The electrospinning process for CNFs is

shown graphically in Fig. 1.

2.2 Characterization of materials

The crystal structure of calcined materials was analyzed by

X-ray diffractometer (XRD, Rigaku D/Max 2500, Rigaku

Corporation, Tokyo, Japan) using Cu Ka radiation

(k = 0.15406 nm). The morphology and structure of the

materials were observed using a Nova NanoSEM 230 field

emission scanning electron microscope (FESEM, FEI

Company, Hillsboro, OR, USA) and a JEM-2100F high-

resolution transmission electron microscope (HRTEM,

JEOL Ltd., Tokyo, Japan). Additionally, the materials were

analyzed using thermogravimetric analysis (TGA, WRT-

11, Beiguang Hongyuan Instrument Co., LTD, China)

under flowing air at a heating rate of 10 �C�min-1 to a final

temperature of 800 �C. To measure the surface area of the

Fig. 1 Schematic illustration on electrospinning process
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CNFs, Brunauer–Emmett–Teller (BET) analysis was con-

ducted using a TriStar II 3020 device (Micromeritics

Instrument Corporation, Norcross, GA, USA). The pore

size distribution was determined using the Barrett–Joyner–

Halenda (BJH) method. An iCAP 7400 inductively coupled

plasma optical emission spectrometer (ICP-OES, Thermo

Fisher Scientific, Waltham, MA, USA) was used to analyze

the elemental content of the materials.

2.3 Cell assembly and electrochemical cell testing

Working electrodes were prepared using 80% active materi-

als, 10% acetylene black and 10% polyvinylidene fluoride

(PVDF) in N-methylpyrrolidone (NMP). The resulting slur-

ries were cast onto a Cu foil with quality ranging from 0.35 to

0.50 mg�cm-1 and then dried at 120 �C for 12 h in a vacuum.

Then, the resulting film was cut into disks with a diameter of

14 mm. The electrochemical properties were determined

using coin cells which were assembled as GR2016 coin-type

half-cells in an argon-filled glove box (M.BRAUN INERT-

GAS-SYSTEME GMBH, Garching, Germany; O2 and

H2O\0.1 9 10-6) with Li metal as the counter electrode.

The electrolyte was 1 mol�L-1 LiPF6 in ethylene carbonate/

ethyl methyl carbonate/propylene carbonate(EC/EMC/PC,

20/65/5 by volume) solvent and vinylene carbonate/lithium

bis(fluorosulfonyl)imide (VC/LiFSI, 1.5/3, by volume) as an

additive agent, and a porous polypropylene membrane (Cel-

gard 2500, Guangdong JiuMei New Material Co., Ltd.) was

used as the separator. The galvanostatic charge/discharge

behaviors of cells were determined using a LANHE

CT2001A battery testing system (Wuhan LAND Electronics

Co., Wuhan, China) between 0.01 and 3.00 V at 30 �C.
Cyclic voltammetry (CV) was measured using an Arbin

LBT21024 battery testing system (Arbin Instruments, College

Station, TX, USA). Electrochemical impedance spectroscopy

(EIS) tests were carried out with Nyquist plots using a ZIVE

SP1 battery testing device (WonATech Co., Ltd., Seoul,

Korea) in order to measure the internal resistance of coin cells

at frequencies of 0.01–100.00 kHz.

3 Results and discussion

XRD patterns of the as-prepared Ni/T-Nb2O5@CNFs are

shown in Fig. 2a. The sharp diffraction peaks at 22.6�,
28.4�, 36.6� and 46.2� were ascribed to the (001), (180),

(181) and (002) diffraction peaks of the T-Nb2O5 phase

(JCPDS No. 071-0336) (lattice constants: a = 0.6175 nm,

b = 2.9175 nm, c = 0.3930 nm), which is the same as that

previously reported [28]. Additionally, two obvious peaks

located at 44.5� and 51.8� ascribe to the (111) and (200),

which belong to the metallic nickel (JCPD No. 04-0850),

and no diffraction peaks of NiO were observed [29, 30].

TGA results of the as-spun precursor are shown in Fig. 2b.

The decomposition of the precursor into Ni/T-

Nb2O5@CNFs was carried out at 800 �C in air at a heating

rate of 10 �C�min-1. The first weight loss of 12.5% before

300 �C is ascribed to the elimination of adsorbed water in

the sample. When the temperature exceeds 300 �C, the rate
of weight loss increases, and a weight loss of 47.4% occurs

between 300 and 583 �C due to the oxidation of carbon. A

weight loss observed between 583 and 630 �C is due to a

phase transformation from Nb2O5�H2O to Nb2O5 [31],

which results from the disappearance of crystalline water.

Based on this result, the carbon content of the precursor

can be estimated to be about 47.4 wt%, which is similar to

a previously reported result [32]. The results of the ele-

mental analysis by ICP-OES show that Ni and Nb contents

are 6.21 wt% and 7.72 wt%, respectively, corresponding

from metallic nickel and Nb2O5. To quantitatively examine

the surface and porosity of the Ni/T-Nb2O5@CNFs,

nitrogen adsorption–desorption measurements were con-

ducted. The results are shown in Fig. 2c. It can be seen that

the Ni/T-Nb2O5@CNFs have a high surface area of

26.321 m2�g-1, which is about six times that of

T-Nb2O5CNFs (3.8 m2�g-1) [33]. The corresponding pore

size distribution is shown in Fig. 2d. As can be seen, the

pore size ranged from 3 to 7 nm. The characteristics of the

N2 adsorption curve suggest that the average pore size of

3.8 nm corresponds to a mesoporous structure in the

nanoscale interconnecting walls. Such mesoporous sites

also allow better penetration of electrolyte, facilitating Li-

ion diffusion [33].

The morphology of the precursor and the Ni/T-

Nb2O5@CNFs was characterized via FESEM, as shown in

Fig. 3a, b. These images indicate typical electrospun

nanofibers with a diameter of about 100 nm. No obvious

pore structure can be observed in the nanofibers. In Fig. 3c,

TEM image shows that metallic nickel particles (white

agglomerations) are evenly distributed in the nanofibers.

HRTEM images and corresponding fast Fourier transform

(FFT) pattern (Fig. 3d) further evidence the (001) plane

and (180) plane for the orthorhombic phase of Nb2O5,

respectively, corresponding to two lattice spacings of about

0.39 and 0.31 nm, which is consistent with XRD results.

To further investigate the component distribution of Ni/T-

Nb2O5@CNFs, elemental mapping was performed. The

results shown in Fig. 3f–j prove the presence and uniform

distribution of C, N, Ni, Nb and O.

The electrochemical performance of Ni/T-

Nb2O5@CNFs and T-Nb2O5@CNFs in Li-ion half-cells

was investigated. Figure 4a shows the results of the initial

three-cycle CV curves at a scan rate of 0.1 mV�s-1 for the

potential range of 0.01–3.00 V. From CV profiles, the

redox reactions and phase changes during charge/discharge

process can be inferred. The anodic and cathodic currents
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resulting from Li-ion insertion and extraction processes can

be described as follows [34]:

xLiþ þ x e� þ Nb2O5 $ LixNb2O5 ð1Þ

The inserted Li ion has a maximum x value of 2 (mole

fraction) for crystalline Nb2O5 [33]. In the negative scan

process, the broad peak region from 1.0 to 1.5 V reflects

the formation of solid electrolyte interphase (SEI) at the

electrode–electrolyte interface and irreversible Li-ion

intercalation. The small peaks in the second and third cycle

at 1.78 and 1.55 V, respectively, correspond to the reduc-

tion reaction of Nb5?/Nb4? couples [35]. Moreover, the

broad peaks in the first cycle at 1.43 and 1.25 V, respec-

tively, are due to the reduction reaction of Nb4?/Nb3?

couples [36]. In the positive scan process, the broad peak

ranging from 0.75 to 1.50 V can be ascribed to the oxi-

dation reaction of Nb3?/Nb4? and Nb4?/Nb5? couple,

suggesting Li-ion de-intercalation from Nb2O5. Previous

authors attributed the peak at 2.8 V to the reaction between

Li-ion and copper oxide layer current collector [37].

Figure 4b shows the charge/discharge curve of the Ni/T-

Nb2O5@CNFs at a current density of 0.2 A�g-1 in the first

cycle in the voltage range of 0.01–3.00 V versus Li?/Li.

The charge/discharge curve shows that potential changes

proceeding is well matched with CV shapes, with an initial

charge capacity and discharge capacity of 980.42 and

642.7 mAh�g-1, respectively, revealing an initial

Coulombic efficiency (CE) of 65.71%. This low CE is

attributed to the formation of SEI with the decomposition

of electrolyte and the irreversible capacity of the electrode

[33]. Meanwhile, the large pore volume increases the

number of ion storage sites and access for electrolyte

penetration. A comparison of the discharge capacity of the

Ni/T-Nb2O5@CNFs with those of nickel-free CNFs at

different current densities is shown in Fig. 4c. It can be

seen that Ni/T-Nb2O5@CNFs had better electrochemical

performance at higher current densities. At a current den-

sity of 10.0 A�g-1, Ni/T-Nb2O5@CNFs exhibited a

capacity of 227 mAh�g-1, while nickel-free

T-Nb2O5@CNFs exhibited a capacity of about

50 mAh�g-1. Therefore, the Ni/T-Nb2O5@CNFs have a

superior rate performance than nickel-free

T-Nb2O5@CNFs T-Nb2O5. Figure 4d shows a schematic

diagram of nickel uniformly dispersed in nanofibers, indi-

cating that the addition of nickel increases the electron

transfer. Figure 4e displays the long-term cycling

Fig. 2 a XRD patterns of as-prepared Ni/T-Nb2O5@CNFs, b TGA curves of Ni/T-Nb2O5@CNFs, c nitrogen adsorption–desorption isotherms

for Ni/T-Nb2O5@CNFs, d pore size distribution of Ni/T-Nb2O5@CNFs
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Fig. 3 a, b SEM images of precursor and as-prepared Ni/T-Nb2O5@CNFs, c HRTEM image of Ni/T-Nb2O5@CNFs, d crystal plane labeling of

Ni/T-Nb2O5@CNFs, e selected area of Ni/T-Nb2O5@CNFs used in elemental mapping images in following panels; elemental mapping images

of Ni/T-Nb2O5@CNFs: f C, g N, h Ni, i Nb and j O
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performance of Ni/T-Nb2O5@C NFs electrode at

10.0 A�g-1, and it exhibits a reversible charge capacity of

about 173 mAh�g-1 after 1400 cycles and shows a rever-

sible capacity of 437 mAh�g-1 after 230 cycles at

0.5 A�g-1. (Detailed explanation shows in inset of Fig. 4e.)

In order to investigate the pseudocapacitive feature of

Ni/T-Nb2O5@CNFs, CV was measured at different sweep

rates from 0.1 to 5.0 mV�s-1 in the voltage range of 0.01–

3.00 V (Fig. 5a). In general, the electrochemical specific

capacity can be separated into three parts: (1) pseudoca-

pacitance, (2) non-Faradaic contribution from the double-

layer effect and (3) the Faradaic contribution from the Li-

ion intercalation process. The change in the peak current (I)

and the scan rate (v) corresponds to a different storage

process [38]:

Fig. 4 a First three cycles of CV profiles of Ni/T-Nb2O5@CNFs at a scan rate of 0.1 mV�s-1, b galvanostatic charge/discharge curves for the

first cycles, c rate capacity of Ni/T-Nb2O5@CNFs and T-Nb2O5@CNFs at different current densities, d graphical illustration of how nickel

improves electronic transmission and Li-ion charge transport, e capacity retention characteristics of Ni/T-Nb2O5@CNFs for 1400 cycles at a

current density of 10 A�g-1
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I ¼ avb ð2Þ

I ¼ k1 þ k2v
1=2 ð3Þ

where a and b are adjustable parameters, and k1 can be

determined from the slope by plotting v1/2 against i/v1/2.

The b value can be used to qualitatively distinguish the

proportion of the surface redox capacitive part and diffu-

sion intercalation part. When the value of b is about 0.5, it

indicates that the Li-ion intercalation process plays a

leading role in materials, whereas when the value of b is

near 1, it indicates that the capacitive process caused by

surface effects. Figure 5b demonstrates that the values of

b are 0.72 and 0.49 for anodic and cathodic peaks,

respectively, at sweep rates in the range of

0.1–5.0 mV�s-1. Figure 5c shows the diffusion current and

separation of the capacitive current in the Ni/T-

Nb2O5@CNFs at a scan rate of 5 mV�s-1. It indicates that

a high proportion of the capacity of Ni/T-Nb2O5@CNFs is

provided by the surface redox mechanism, signifying that a

higher discharge capacity arises on the surface of the

CNFs. Figure 5d shows the calculated contribution of

pseudocapacitive charge to the capacitive process with

sweep rate changing; the pseudocapacitive contribution

increases from 21.42% to 68.85% as the sweep rate

increases from 0.1 to 5.0 mV�s-1. Furthermore, the

explanations for the outstanding electrochemical perfor-

mances of the Ni-doped T-Nb2O5@CNFs for LIBs include:

(1) The idiographic nanostructure created by electrospin-

ning can shorten Li-ion and electron diffusion routes,

which allows rapid charge transport, and the high surface

area provides more reactive sites during the cycles; and (2)

the introduction of metallic nickel provides a conductive

network, which increases electron transport.

Figure 6a shows EIS curves of Ni/T-Nb2O5@CNFs,

T-Nb2O5@CNFs and Ni/T-Nb2O5@CNFs after 1400

cycles. The curve has a semicircular shape in the high-

frequency region, corresponding to the resistance to charge

transfer in the surface of the active material, and presents

an inclined line in the low-frequency region, which indi-

cates the diffusion of Li ions in the electrode. And it can be

Fig. 5 Results of kinetic analysis of Li? intercalation behavior of Ni/T-Nb2O5@CNFs: a CV curves of Ni/T-Nb2O5@CNFs at different scan

rates, b relationship between lgI (where I is current) and lgv (where v is sweep rate) used to determine values of b, c separation between

capacitive current and diffusion current in Ni/T-Nb2O5@CNFs at a scan rate of 5 mV�s-1, d pseudocapacitive contribution ratio of Ni/T-

Nb2O5@CNFs at different scan rates
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seen that the charge transfer resistance of Ni/T-

Nb2O5@CNFs is much lower than that of the pure

T-Nb2O5@CNFs. Additionally, no morphological collapse

was observed after 1400 cycles, as shown in Fig. 6b, which

reveals the long cycling stability of Ni/T-Nb2O5@CNFs

(Fig. 5e).

Table 1 summarizes previous reports of the electro-

chemical behaviors of Nb2O5-based anode material for

LIBs. Nano-Nb2O5 powder delivered a long cycling sta-

bility, maintaining a capacity of 143 mAh�g-1 at 0.5 A�g-1

after 800 cycles [10]; however, the capacity was only

43 mAh�g-1 at 10.0 A�g-1 after 800 cycles, showing a

poor rate performance. The Ni/T-Nb2O5@CNFs con-

structed in the present study exhibited a higher capacity,

higher rate capability and higher cycling stability compared

with the results reported in Table 1 [1, 8, 14, 28, 39].

4 Conclusion

In summary, we have successfully fabricated Ni/T-

Nb2O5@CNFs by electrospinning and calcination. The Ni/

T-Nb2O5@CNFs have a high surface area (26.321 m2�g-1)

and have nano-mesoporous sites, where Li ion and electron

transport can take place, which is critical for the pseudo-

capacitive behavior of the CNFs. The Ni/T-Nb2O5@CNFs

exhibit outstanding cycling stability and rate performance

(a capacity of 173 mAh�g-1 after 1400 cycles at a current

density of 10.0 A�g-1). We show that the Ni metal particles

are dispersed evenly in the CNFs, which improves the

conductivity of the electrode materials. We believe this

work will open a new avenue for the design and application

of advanced electrode materials for high rate performance

and high conductivity.
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