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The morphological optimization of Na3V,(PO4)s (NVP) material has a great significance for improving the
electrochemical performance since NVP suffers from intrinsic low electronic conductivity. For this pur-
pose, a novel 3D NVP nanofiber network is controllably constructed via a facile self-sacrificed template
method. Based on time-dependent experiments, an outside-in morphological evolution mechanism from
microsphere to 3D nanofiber network is proposed. The as-synthesized material exhibits excellent cy-
clability (95.9% capacity retention over 1000 cycles at 10 C) and enhanced high-rate performance
(94mAhg~' at 100 C) for sodium half cell. Notably, when evaluated as full battery (NaTi,(PO4); as
anode) cathode, it also shows outstanding cycling stability (96.9% capacity retention over 300 cycles at
5 C) and superior rate capability (80 mA h g~ ! at 50 C). Such remarkable performance is attributed to the
3D nanofiber network structure, which provides multi-channel ionic diffusion pathway, continuous
electronic conduction, and improved structural integrity. This self-sacrificed template strategy presented
here can inspire new thought in constructing novel nanofiber/nanowire structures and accelerate the

development of high-power sodium-ion batteries.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium ion batteries (LIBs) are regarded as one of the most
promising candidates for highly efficient energy storage devices
owing to its excellent electrochemical performance [1,2]. However,
with the expanding demand for high-performance energy storage
systems, there is a rising concern whether the lithium resource
could support the large-scale application [3]. As sodium is a low-
cost element and shows similar chemical properties to lithium,
sodium-ion batteries (SIBs) have also been investigated as a pro-
mising alternative in future battery technologies [4-8]|. Never-
theless, the rate capability and cyclic ability of SIBs still remain
unsatisfactory due to the big ionic radius of Na* (1.06 A) and large
volume change during Na™ intercalation/deintercalation [9-11].
Therefore, exploring suitable electrode materials with robust
structure and enough lattice interspaces is in the prior con-
sideration before widespread applications.

As a typical material with NASICON (Na* superionic conductor)
structure, NVP has received extensive attention in SIBs owing to
the highly covalent three dimensional open frameworks, which
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provides high ionic conductivity and large interspaces [12-14].
Besides, NVP exhibits two different flat voltage plateaus at around
3.4V and 1.6V, and has been investigated as both half and sym-
metric batteries [15]. However, there is only one Na* can be in-
sertion/deinsertion during cycling at 1.6 V which leads to a low
theoretical capacity (~58 mA hg~1), and the researches with re-
gard to sodium ion full batteries (SIFBs) are far from sufficient for
NVP as well as other materials [16-24]. Li et al. [16] reported a
symmetric NVP battery with the capacity retention of approxi-
mately 80% after 200 cycles at 1 C. Wang et al. [19] reported a new
Nag e[ Lio.22Tip 78]021INasVa(PO4)s SIFBs with a discharge capacity
of 80mAhg~! at 1C. It is clear that the overall electrochemical
performance especially high-rate capability and cycling stability of
NVP based SIFBs is not encouraging. More systematical explora-
tions are urgently needed to improve the rate performance and
cycling stability of NVP based SIFBs.

In addition, the NVP electrodes still suffer from poor electronic
conductivity due to the phosphate components [15-17]. Recently, a
series of methods have been applied to improve the conductivity
and thus the rate capability of NVP, such as hierarchical carbon
coating [25], graphene modification [26,27], and mesoporous
carbon decoration [28]. Nevertheless, the overwhelming majority
of researches have been focused on the carbon coating strategy,
while the morphological and structural construction for NVP ma-
terial, which considered as another effective way for improving its
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Fig. 1. Schematic illustrations of the time-dependent solvothermal reaction: self-sacrificed evolution mechanism from microsphere to nanofiber network.

electronic conductivity and structural stability, is ignored. Among
the various attractive structures, one dimensional (1D) nanoma-
terials which possess large electrode-electrolyte contact area and
short diffusion distance have gained great attention [29-33]. Par-
ticularly, 3D architectures built from 1D nanomaterials, such as
nanofiber network, not only provide large specific surface area for
fast ion diffusion, but also possess improved structural integrity to
avoid agglomeration during charge and discharge [34,35]. How-
ever, so far, the template-free synthesis of NVP nanowire/nanofi-
ber is still a great challenge and rarely reported. Thus, the rational
synthesis of NVP nanofiber network is of great significance.

Herein, we for the first time propose a facile self-sacrificed
route to synthesize 3D NVP nanofiber network, and initially de-
velop a Na3V,(PO4)s—NaTiy(PO4)3 sodium-ion full battery. Based
on time-dependent experiments, a continuous outside-in mor-
phological evolution mechanism from microsphere to 3D nanofi-
ber network is proposed (Fig. 1). When evaluated as half cell
cathode, the as-synthesized NVP exhibits outstanding cyclability
(95.9% capacity retention over 1000 cycles at 10 C) and enhanced
high-rate performance (94 mA h g~ at 100 C). Remarkably, when
evaluated as full battery cathode, it also shows excellent cycling
stability (96.9% capacity retention over 300 cycles at 5 C) and su-
perior rate capability (80 mAh g~! at 50 C). This is attributed to
the combined electrochemical and mechanical advantages of the
3D NVP nanofiber network, which provides fast pathways for Na
ion diffusion, large electrode—electrolyte contact area, excellent
strain adaptation and superior structural integrity.

2. Experimental section
2.1. Material synthesis

Synthesis of Na3V5(PO4)s/C nanofiber network (NVP-F): V,0s,
H,C,04- 2H,0 and NaH,PO4 were analytical grade and purchased
from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
First, V,05 (1 mmol) were added in 30 ml n-dimethylformamide
(DMF) with stirring at 80 °C for 0.5 h. Then, NaH,PO4 (3 mmol),
H,C,04-2H,0 (3 mmol) and 5 ml water were dissolved in above
solution and vigorously stirred for another 0.5 h. After that, the
solution was transferred into a 50 ml Teflon-lined stainless steel
autoclave and kept at 180 °C for 20 h. Then, the products were
collected and the glucose was added in the solution to realize a
molar ratio of NaszV,(PO4)3: glucose=1:1. The solution was then
stirred for 0.5h to get a homogeneous precursor followed by
drying at 70 °C in an air oven. In the end, the NasV,(PO,4); nano-
fiber network was obtained from the precursor via preheating it at
400 °C for 4 h followed by annealing at 700 °C for 8 h in argon
atmosphere with a heating rate of 5 °C min~'.

2.2. Materials characterization

XRD measurement was performed to investigate the crystal-
lographic information using a D8 Advance X-ray diffractometer
with non-monochromated Cu Ko X-ray source. The property of
carbon layer was analyzed with INVIA Raman Spectroscopy. FES-
EM images were collected with a JEOL JSM-7100F at an accelera-
tion voltage of 10 kV. TEM and HRTEM images were recorded with
a JEM-2100F microscope. Raman spectra were obtained using a
Renishaw INVIA micro-Raman spectroscopy system. BET surface
areas were measured using Tristar Il 3020 instrument by nitrogen
adsorption of at 77 K. Carbon content analysis was determined by
Vario EL cube CHNSO elemental analyzer.

2.3. Measurement of electrochemical performance

The electrochemical measurements were tested with 2016 coin
cells assembled in a glove box filled with pure argon gas. For SIBs,
sodium metal was used as the anode, a 1 M solution of NaClO4 in
ethylene carbon (EC)-dimethyl carbonate (DMC) (1: 1 w/w) and
5% FEC was used as the electrolyte, and a Whatman Glass Micro-
fibre Filter (Grade GF/F) was used as the separator. The cathode/
anode was made by dispersing 70 wt% active material, 20 wt%
carbon black, and 10 wt% PVDF in N-methyl pyrrolidone (NMP)
with stirring for 0.5 h. Then, the cathode/anode slurry was coated
uniformly on Al/Cu foil and dried overnight at 70 °C to yield the
working electrodes. The battery was aged for 24 h before test to
ensure full absorption of the electrolyte into the electrodes. The
mass loading of the active material was 1.5-2 mg cm 2. Galvano-
static charge/discharge measurements were performed with a
multichannel battery testing system (LAND CT2001A), where 1 C
equals to 118 mA h g~ ! (theoretical capacity). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were
performed with an electrochemical workstation (Autolab
PGSTAT302N).

3. Results and discussion

The detailed morphologies and structures of the solvothermally
prepared samples were characterized by scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM). The
schematic illustrations combined with time-dependent experi-
ments were carried out to investigate the morphological evolution
mechanism from microflower to 3D nanofiber network structure
(Fig. 1). As shown in Fig. 1(a), the fast nucleation and crystal
growth processes lead to the formation of the original NVP mi-
crospheres with diameter of 3-5 um when the solvothermal time
is 0.5 h. During this process, the DMF serves as an antisolvent and
decreases the solubility of the inorganic salts, creating a facile
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nucleation condition [15,36]. After solvothermal reaction time is
prolonged to 3 h, the surface of microspheres are converted into
nanosheet-assembled microflower via Ostwald ripening. The mi-
croflowers have a diameter of 3-5 um and the nanosheet building
blocks show a thickness of 20-50 nm (Fig. 1(b)) [37,38]. As the
time increased further, the metastable nanosheets on the surface
are served as the self-sacrificed template and dissolve-re-
crystallized into nanofibers (Fig. 1(c)) due to the accessibility to the
reaction medium [39,40]. This may attributed to the electrophilic
and nucleophilic properties of DMF, which served as the source of
intermediates mediating ingredient and create a reaction impetus
to promote the dissolution-recrystallization process [41,42]. Con-
trol experiments (Fig. S1) with pure water or pure DMF as the
solvents were also carried out, and none of them can lead to the
formation of nanofibers. As the reaction time increases to 10 h,
more nanofiber forms followed by the consumption of micro-
flowers, and the microflower structure are embedded in the

—
K}

nanofiber network (Fig. 1(d)). Upon further prolongation of the
reaction time, the dissolution-recrystallization process in the inner
region of microflower structure continues and the nanofiber net-
works become more and more dense. Finally, the entire micro-
flower is evolved into 3D nanofiber network structure as the sol-
vothermal time is increased to 20 h. The resultant nanofibers have
diameters of 20-80 nm and lengths up to several millimeters
(Fig. 1(e)). Notably, the detailed evolution process from micro-
flower to 3D nanofiber network is systematically presented in Fig.
S2.

Significantly, both the nanofiber network (Fig. 2(C)) and mi-
croflower (Fig. S3) are maintained very well even after calcinated
at 700 °C (designated as NVP-F and NVP-M). The accompanying
energy dispersive spectrometry (EDS) element mappings indicate
that Na, P, V, and C are homogeneously distributed in NVP-F. The
well-interconnected network structure of NVP-F can be clearly
observed from TEM images (Fig. 2(d) and S4). The lattice fringes of

Fig. 2. SEM images of NVP-F before (a,b) and after (c) annealing. The accompanying diagram of (c) is the corresponding EDS elemental mapping. TEM (d,e) and HRTEM

(f) images of NVP-F.
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Fig. 3. XRD patterns (a), crystal structure (b), Raman spectrum (c), nitrogen adsorption-desorption isotherm (d) and corresponding pore size distribution (inset) of NVP.

NVP-F (Fig. 2(f)) and NVP-M (Fig. S3d) with d-spacings of around
2.8 and 3.7 A can be clearly observed, correspond to the (211) and
(113) interplanes of NVP, respectively. Notably, a uniform thin
carbon layer of around 4 nm covers the surface of NVP nanofibers
(Fig. 2(f)), which in turn verifies the effectiveness of the carbon
coating strategy.

The X-ray diffraction (XRD) measurements were conducted to
determine the phase structure of NVP-F and NVP-M. The crystal
structures of the samples after solvothermal reaction for 3, 10 and
20 h (Fig. S5) are partially crystallized and cannot form the NVP
phase. After annealing, all the prepared materials are well indexed
to the NASICON structured NVP with a R3c space group (JCPDS
card No. 00-053-0018), which is consistent with previous reports
[43,44]. Moreover, the peak positions and intensities of sample
NVP-F and NVP-M are similar, which suggests that the morphology
does not significantly change the crystal structure and crystallinity
of NVP (Fig. 3(a)). As shown in Fig. 3(b), the NVP structure is es-
tablished on a 3D framework of VOg octahedra sharing all the
corners with PO, tetrahedra. There exist two different Na atoms
which located at Na; (sixfold coordination) and Na, (eightfold
coordination) sites. When Na ions is extracted from NasV,(PO4)s to
form NaV,(PO,)s, only Na ions located at Na, site can be extracted,
and the rest of Na ions still remain at Na; site to maintain the basic
structure [45]. The Raman spectras (Fig. 3(c)) of NVP-F and NVP-M
display two characteristic bands of carbonaceous materials located
at 1337 cm~' (D-band, disorder carbon) and 1587 cm~"' (G-band,
crystalline graphitized carbon). The peak intensity ratio of D to G
band (Ip/Ig) is 1.01 and 1.05 for NVP-F and NVP-M, indicating a
relatively high degree of graphitization [46]. The carbon contents
of NVP-F and NVP-M are 6.5 wt% and 6.7 wt%, respectively, which

were characterized by CHNSO elemental analyzer. The surface area
and pore structure of NVP-F (Fig. 3(d)) and NVP-M (Fig. S6) were
determined through Brunauer-Emmett-Teller (BET) test. The BET
surface area increased from 48.2 to 56.1 m? g~ ! after the mor-
phological evolution from microflower to nanofiber network, in-
dicating the large effective contact area provided by the unique
structure. The main pore-size distribution of NVP-F is around 10-
20 nm, which demonstrates that the 3D nanofiber network
structure indeed produces some voids and interspaces to achieve
stress adaptation. To further investigate the oxidation state of
vanadium in NVP-N, X-ray photoelectron spectrum (XPS) (Fig. S7)
measurement is adopted. The calibrated binding energy of domi-
nant peak locates at 516.88 eV, which corresponds to V3*and no
higher oxidation state is observed [15].

The electrochemical measurements were conducted to in-
vestigate the sodium storage performance in half cell. The cyclic
voltammetry (CV) (Fig. 4(a)) was conducted at a potential window
between 2.3 and 3.9 V versus Na*/Na at a scan rate of 0.1 mV s~ .
As illustrated in the CV profiles, a pair of well-defined redox peaks
appear on both electrodes, corresponding to the reversible trans-
formation of V3*/V** [12,15]. The potential interval between the
cathodic and anodic peaks of NVP-F and NVP-M are 128 mV and
231 mV, respectively, indicating the lower polarization of NVP-F
electrodes. Furthermore, the peak current of NVP-F is obviously
higher than NVP-M, demonstrating the faster kinetics enhanced by
the higher ion/electron conduction [28]. Fig. 4(b) and (c) display
the rate performance and corresponding charge—discharge curves
of NVP-F and NVP-M from 1 C to 100 C. Notably, the reversible
capacity of 113, 110, 108, 102, 98 mAh g~ ! can be obtained for
NVP-F at a current density of 1, 5, 10, 30 and 50 C, respectively.
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Fig. 4. Electrochemical properties of NVP-F and NVP-M as half cell cathodes. (a) The CV curves of NVP-F and NVP-M electrodes at a scan rate of 0.1 mV s~ . (b) Rate capability
of the NVP-F and NVP-M electrodes. (c) Galvanostatic charge-discharge curves of NVP-F at various current rates from 1 C to 100 C (d) The Nyquist plots of the NVP-F and NVP-
M electrodes after three full cycles at 1 C with equivalent circuit inset. (e) Cycling performance of the NVP-F and NVP-M at 10 C.

Obviously, the NVP-F exhibits much higher capacity at each rate
compared with NVP-M and still delivers a specific discharge ca-
pacity of 94 mAhg~! even at 100 C, approximately 83% of the
reversible capacity at 1 C. When the current density comes back to
1 C again, the specific capacity of 113 mAhg~' (95.7% of its the-
oretical capacity) could be recovered for the NVP-F electrode. The
advantages of 3D nanofiber network structure are further verified
via the electrochemical impedance spectroscopy (EIS) comparison
between NVP-F and NVP-M electrodes (Fig. 4(d)). Before the EIS
test, the cells were charged to 3.9 V and then kept for a period of
time to reach a stable state. The charge transfer resistance (R.) of
the NVP-F cathode is 149 £, which is much smaller than that of
NVP-M (610 Q), demonstrating the lower polarization of NVP-F.

The suppression of R further confirms that the 3D network
structure indeed supplies continuous electronic pathway and im-
proves the charge transfer kinetics. Moreover, the slanted line at
low frequency represents the Warburg impedance (Z,), which
indicates the sodium diffusion process within the electrode. Thus,
the larger slope coefficient of NVP-F represents the better sodium
diffusion among the electrodes compared with NVP-M [33,47,48].
The long-term cyclability of NVP-F and NVP-M is further per-
formed in Fig. 4(e). The NVP-F and NVP-M cathodes deliver the
initial specific discharge capacity of 110 and 100mAhg='at10C,
respectively. After 1000 cycles, the capacity retention of NVP-F
electrodes maintain at 95.9%, which is much higher than that of
NVP-M (64.8%). The corresponding charge/discharge curves of
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NVP-F (Fig. S8) at 2, 100, 500 and 1000 cycles show that no ob-
vious polarization and capacities decay are observed, indicating
excellent structural stability. It is clear that the overall electro-
chemical performance of NVP-F is much better than NVP-M, and
the NVP-F exhibits great competitiveness compared with state-of-
art research results [25,26,28].

The sodium-ion full batteries based on NVP-F, NaTiy(PO4)3
(NTP) and electrolyte (NVPII1 M NaClO4/EC+DMC+FECINTP) are
also fabricated. The detailed electrochemical behaviors with re-
spect to the cathode weight are shown in Fig. 5. Before full cell
assembly, the crystal structure (Fig. S9), morphology (Fig. S10), and
electrochemical performance (Fig. S11) of NTP are also presented.
The battery system balance was achieved by controlling the elec-
trode capacity ratio of anode/cathode to 1.2. As shown in Fig. 5(a),
the NVP-F exhibits 96.9% capacity retention over 300 cycles at the
current density of 5 C. The coulombic efficiency, which is crucial
for the full cell reaches nearly 100% throughout the cycling, in-
dicating the good reversibility of the SIFBs. The EIS measurements

were also carried out in order to investigate the charge transfer
and ionic diffusion ability of battery system. As shown in Fig. 5
(b) and Table S1, the charge transfer resistance (R.;) value for full
cell at 2nd cycles is quite small (40 ) and there is no obvious
impedance increase even after 200 cycles, indicating the improved
ion/electron transfer kinetics and good electrochemical stability.
Fig. 5(c) shows the rate capability of the NVP-F in SIFBs. As the
current density increase from 1 to 5, 10, 30, and 50 C, the electrode
shows slight capacity decline, varying from 103 to 98, 94, 88, and
80 mA h g~ !, respectively. Significantly, when the rate was turned
back to 1C, the reversible capacity can be recovered to
101 mAhg~! again (98% capacity retention), indicating the ex-
cellent rate capability. The corresponding charge/discharge curves
from 1 C to 50 C are shown in Fig. S12. Notably, the over potential
for full cell is less than 50 mV at 1 C rate, indicating slight polar-
ization and fast chemical kinetics between the cathode and anode.
The Ragone plots (Fig. S13) are applied to display the relationship
between energy density and power density of full cell. There is no
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obvious trend for energy density decrease with the power density
increasing. Most importantly, the energy density still reaches up to
90 Wh kg~! even at a power density as high as 6 kW kg~ !. We
further compared the rate performance of recently reported so-
dium-ion full cells to highlight the competitiveness of the full cell
(Fig. 5(b)). To the best of our knowledge, NVP-F shows the opti-
mum electrochemical performance in terms of combined high rate
capability and long-term cycling stability in sodium-ion full cells.
Most importantly, the above electrochemical performance of NVP-
F is even better than many recently reported materials in lithium
ion full cells [49-51], demonstrating the potential for large scale
energy storage applications. Fig. 5(e) displays the schematic dia-
gram of the Na,-to-Na, ionic conduction between NasV,(PO,4)s
and NaTiy(PO4)s during charge/discharge. The corresponding
lighted LED bulbs indicate that our full cell can work normally
after fully charged (Fig. 5(f)).

Furthermore, the crystal structure evolution of NVP-F during
Na ion insertion/deinsertion process was investigated through
in situ XRD technique (Fig. 6). The prepared NVP-F in situ cell was
charged to 3.9V and then discharged to 2.3V at the current
density of 100 mA h g~!, with 26 recorded from 23° to 37.5°. All
the diffraction peaks can be indexed to either the Na-rich
Nas_oV,(PO4)s phase or the Na-poor NagV,(PO4); phase. As ex-
pected, Nas_,V2(PO4)s peaks disappear on charge and are restored
on discharge; conversely, NagV,(PO,4); peaks start to form and
grow on charge and disappear on discharge. It is clear that the
(211) and (300) peaks shift to higher angles during charge process,
indicating that the d-spacings decrease during the Na ions dein-
sertion. After recharging to 3.9V, the peaks return to the original
positions, indicating the good reversibility. Moreover, overcharge
tolerance of the material is also another important property which
should be discussed before practical applications. For overcharge
tests, the NVP-F electrodes were firstly charged to 4.7 V (Fig. S14),
and then cycled between 2.3 and 3.9V at 5 C. The initial charge/
discharge capacities of NVP-F are 181.8 and 1276 mAhg~!, re-
spectively. Notably, after 100 cycles, the electrodes display ex-
cellent cycling performance, with capacity retention above
110 mA h g1, suggesting good overcharge stability.

The above enhanced electrochemical performance of NVP-F is
attributed to the 3D nanofiber network structure with optimized
electrochemical and mechanical features as shown in Fig. S15. In
terms of electrochemical aspect, the 3D nanofiber network pro-
duces more interspace and voids to create the stable multi-chan-
nel pathway for Na ion insertion/deinsertion. The enlarged surface
area of NVP-F further facilitates the effective contact between
active materials and electrolyte, resulting in promoted reaction

kinetics. Besides, the interconnected structure offers continuous
electron conduction which is crucial for reducing the impedance of
NASICON-type NVP electrodes, thus leading to high rate capability.
From the mechanics point of view, the framework structure con-
structed through interconnected nanofiber network can achieve
stress relaxation and effectively prevent the self-aggregation of
nanofibers. It is clear that the nanofiber network structure is still
maintained even after 100 cycles at 5 C (Fig. S16). Thus, the im-
proved charge transfer and ionic diffusion kinetics can be main-
tained throughout the cycling owing to the stable structural
integrity.

4. Conclusion

We developed a facile self-sacrificed template route to fabricate
novel 3D Na3V,(PO4); nanofiber network. An outside-in morpho-
logical evolution mechanism from microsphere to 3D nanofiber
network is proposed. This network structure, which provides
multi-channel diffusion pathways, continuous electronic conduc-
tion, and superior structure integrity, possesses both electro-
chemical and mechanical advantages. The as-prepared NVP-F
electrodes display outstanding rate capability (94mAhg~! at
100 C for half cell, 80 mAhg~' at 50 C for full battery) and un-
precedented cycling stability (95.9% capacity retention at 10 C after
1000 cycles for half cell, 96.9% capacity retention over 300 cycles
at 5 C for full battery). Such remarkable electrochemical behavior
of NVP-F is among the most attractive performance for all recently
reported SIFBs, and exhibits great potential for high-power and
long-life energy storage applications.
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