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Herein, we fabricated a novel all-solid-state sodium-ion battery (SIB)
using NasV(PO,)s with a nanofiber network structure as the cathode
material and a PEO solid polymer electrolyte (SPE) membrane,
demonstrating a high reversible capacity and good cycling stability at
high rates. Our study shows that the nanofiber morphology of cathode
materials has significantly improved the battery's performance, espe-
cially with a high loading of cathode materials. Therefore, a promising
route to improve all-solid-state batteries’ rate performance is
proposed.

Nowadays, sodium ion batteries (SIBs) have become a prom-
ising alternative to lithium ion batteries (LIBs), due to the rich
natural abundance and low cost of sodium, as well as its
chemical similarity to lithium.*® Nevertheless, Na" insertion/
extraction is more difficult than Li* insertion/extraction,
owing to the larger radius of Na* (0.98 A) compared to that of
Li* (0.69 A).” Thus it is essential to develop cathode materials
with a large open framework and robust structure. Among
various types of cathode materials for SIBs (e.g. sulfides, fluo-
rides, phosphates, sulfates, fluorophosphates and layered
transition-metal oxides), sodium superionic conductor (NASI-
CON) compounds are build-ups of large polyanion frameworks
which provide stable structures and larger ion transport chan-
nels.**** They were initially explored as solid electrolytes before
being investigated as electrode materials recently. As a widely
studied cathode material, NazV,(PO,); (NVP) exhibits an
impressive energy density (400 W h kg, corresponding to 118
mA h ¢') and good thermal stability.” Nevertheless, the poor
intrinsic electronic conductivity of NVP restricts its perfor-
mance.”” In order to improve its electronic conductivity,
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different carbon-coating methods have been proposed, such as
tuning of carbon matrix dimensions, mesoporous carbon
decoration and graphene coating.”*** In addition to carbon
coating strategies, morphological modification of NVP also
shows significant effects on its electrochemical performances
and structural stability."*"”

Nevertheless, most research studies are currently focused on
SIBs using traditional liquid electrolytes, which still suffer from
safety problems caused by the instability of liquid electrolytes at
high temperatures.’® Therefore, all-solid-state batteries have
been proposed as a solution due to their nonflammability, good
thermal stability, higher power density and lower costs.'*>*
However, compared to liquid SIBs, less attention has been paid
to the field of all-solid-state SIBs.***

Solid polymer electrolytes (SPEs) are commonly studied in
all-solid-state batteries due their flexibility, ease of fabrication
and ability of retaining contact at an electrode/electrolyte
interface.'*?*?*?” Poly(ethylene oxide) (PEO) based electrolytes
have been widely investigated since being discovered by Wright
and co-workers due to their low cost, nontoxicity and broader
electrochemical windows.”**® In order to improve the ionic
conductivity of PEO-based electrolytes, various types of inor-
ganic fillers were introduced to disorder the crystallization of
PEO and promote the dissociation of charge carriers (Li'/Na")
from their salts.>**

Attempts to improve all-solid-state batteries are mostly
devoted to promoting the ionic conductivity of electrolytes,
while the structure of cathodes and the contact between the
cathode and electrolyte are equally important.**** Due to the
lower mobility of solid electrolytes, the permeation of electro-
Iytes and the electrolyte-electrode contact are not satisfactory
compared with those of aprotic electrolytes. When the active
material loading is increased, bulks which are far away from the
electrode/electrolyte interface become isolated and inactive,
resulting in poor rate performances and cycling stability.
Herein, a network of nanofibers is employed as a 3D structure,
because of (1) the shortened ion diffusion pathways,* (2) the
higher surface area which improves the interfacial contact
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between electrodes and electrolytes,* (3) structural stability to
avoid agglomeration and (4) higher packing density compared
with particle materials.

In this work, we fabricated all-solid-state sodium ion batteries
using nanofiber networks of Na;V,(PO,); nanocrystals as the
cathode active materials, a PEO/NaClO,/Al,O; membrane as the
SPE and metallic sodium as the anode. By comparing the
performances of NazV,(PO,);-nanofiber (NVP-F) and micro-
particle structured NazV,(PO,);-sphere (NVP-S), a preliminary
study on the effects of active materials' morphologies on all-solid-
state batteries is presented. Following the strategy, we demon-
strate a novel all-solid-state SIB with a high reversible capacity of
96 mA h ¢~ * at a high current density of 2C and 87.5% capacity
retention after 1000 cycles. Table S11 shows the summary of all
the research work on all-solid-state SIBs in the past five years,
from which it can be concluded that the reversible capacity, rate
performances and cycling stability presented in this work are
better than most of the previously reported ones.

The synthesis processes of NVP-F and NVP-S are described by
a schematic illustration as shown in Fig. 1. The NVP was
synthesized by a typical solvothermal method reported previ-
ously (details are shown in the ESI})." In order to obtain
micrometer scale spherical NVP-S, the solution was sol-
vothermally treated for 15 h with a fast nucleation process,
followed by the annealing procedure at 700 °C with a rapid
heating rate of 10 °C min~" to promote the agglomeration. For
NVP-F, solvothermal time was increased to 30 h, leading to
a recrystallization process to form the nanofiber network
structure. Then the NVP-F precursor was preheated at 400 °C for
4 h and maintained at 700 °C for 8 h, with a slower heating rate
of 3 °C min~"' to protect the delicate structure. The morphol-
ogies of the samples were characterized by scanning electron
microscopy (SEM). Fig. 2a and b clearly display the difference
between NVP-F and NVP-S, which are constituted by nanofibers
and microspheres, respectively (SEM image of NVP-S with a low
magnification is shown in Fig. S1}). X-ray diffraction (XRD)
measurements were used to confirm the crystal structures of
NVP-F and NVP-S. As shown in Fig. S2,T the precursors crys-
tallized poorly and did not form the typical NVP phase. As
observed from Fig. 2c, the diffraction patterns of the two
materials after annealing are well indexed to the rhombohedral
NVP structure (JCPDS no. 53-0018).> The diffraction peaks and
intensities of both NVP-F and NVP-S can be indexed to the
typical NASICON structure with the R3¢ space group. To further
determine the crystallinity and crystal orientation in NVP-F, its
detailed structure was investigated by transmission electron
microscopy (TEM) and high solution transmission electron
microscopy (HRTEM). The TEM image of the full view shows the
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Fig. 1 Schematic illustration of the preparation of NVP-F and NVP-S.
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well-connected network of NVP nanofibers (inset of Fig. 2d).
Upon inspection of the HRTEM images, well-defined lattice
fringes were observed, indicating high crystallinity within
nanofibers. The lattice fringes with a d-spacing of 4.37 A fit with
the (110) planes of the NASICON structure NVP well (Fig. 2d).
Moreover, according to Song's report, as Na' migrates along the
[100] and [010] directions within NVP,*” both materials form
a 45° angle with the microfiber's cross-section (whose diameter
ranges from 30 to 50 nm). In this case, the Na* insertion/
extraction pathways have been greatly shortened. In order to
determine the thermal stability and the carbon content of the
samples, thermogravimetric analysis (TG) measurements were
carried out (Fig. S31). The results demonstrated good thermal
stability of both NVP materials and the carbon contents of NVP-
F and NVP-S were 9.22% and 8.80%, respectively.

The PEO/NaClO,/Al,O; membrane was prepared by a simple
solution evaporation method (details are shown in the ESIY).
The obtained homogeneous membrane was kept under an
argon atmosphere (inset of Fig. 3a). Fig. 3a shows the smooth
surface of the electrolyte membrane with well dispersed Al,O3
nanoparticles. Differential Scanning Calorimetry (DSC) was
carried out to determine the amorphous transition temperature
of the electrolyte membrane and the pristine PEO. As shown in
Fig. 3b, the melting temperature (7,,) of the electrolyte
membrane was significantly lowered from 71.1 °C to 64.3 °C by
the addition of NaClO,, and then was further decreased to
62.3 °C by the addition of inorganic filler Al,O;. The results
indicate that NaClO, and Al,O; can disorder the crystalline
domain of PEO, consequently improving the segmental
mobility of polymer chains. Therefore, the appropriate oper-
ating temperature of the batteries ranges from the T, of elec-
trolytes (62.3 °C) to the Ty, of sodium (97.7 °C). The effect of
molar ratios of ethylene units to Na* on the electrolytes’ ionic
conductivity at 80 °C is shown in Fig. S4.1 The ionic conductivity
increased as the ratio increased from 10 : 1 to 20 : 1 and started
to decrease when the ratio was increased to 25 : 1, which can be
explained by the balance between the better ion-dissociating
ability and the decreasing charge carrier concentration. There-
fore, we chose the optimized PEO,,/NaClO,/Al,0; membrane
for our following experiments, as it has the highest ionic
conductivity. As shown in Fig. S5,1 through a gradient study of
the Al,O; content (1, 2, 5, 8, 10, and 15 wt%), we chose 5 wt% of
Al,O; as the inorganic filler for the electrolyte membrane. The
Arrhenius plots of the PEO/NaClO,/Al,O; membrane are shown
in Fig. 3¢, along with the PEO membrane containing LiClO, salt.
The two curves are similar in both values and variation trends,
indicating that the ionic conductivity of Na" in PEO is similar to
that of Li". To determine the electrochemical stability of the
electrolyte membrane at high voltages, linear sweep voltam-
metry (LSV) measurements were conducted. As shown in
Fig. 3d, no obvious decomposition can be observed until the
voltage reached 4.59 V versus Na‘/Na, which confirmed that the
membrane can adapt to the voltage window of NVP.

To evaluate the effect of NVP's morphologies on its electro-
chemical performance, coin-type half cells were assembled and
tested. Charge-discharge curves of the all-solid-state SIBs in the
first cycle, which were cycled between 2.3 and 3.9 V at 0.2C, are
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Fig.2 SEMimages of (a) NVP-F and (b) NVP-S, (c) XRD patterns of the NVP-F and NVP-S. (d) TEM (up and bottom right) and HRTEM (left) images

of NVP-F.
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Fig. 3 Basic characterisations of the as-prepared NaClO4/PEO/AL,O5
electrolyte membrane: (a) SEM image and photo (inset), (b) DSC curves
compared with those of the pristine PEO and NaClO,4/PEO membrane,
(c) Arrhenius plots of the ionic conductivity compared with that of the
LiClO4/PEO/AL,O3 membrane, and (d) linear scanning voltammogram
at 80 °C.

shown in Fig. 4a. The charge and discharge plateaus were around
3.4 V and 3.3 V, respectively, corresponding to the reversible
transformation of V**/V*". The NVP-F delivered a lower over-
potential (45 mV) and higher capacity (107.5 mA h ¢~ ') compared
to those of NVP-S (70 mV and 101.5 mA h g~ *). The inset of Fig. 4a
shows that when the C-rate was increased to 2C, the overpotential
of NVP-F increased to 90 mV and the capacity remained at 96.8
mA h g~ %; while the overpotential of NVP-S sharply increased to
170 mV and the capacity was only 59.6 mA h g~ *. The corre-
sponding redox couple properties were also demonstrated by
cyclic voltammetry (CV) at a scan rate of 0.1 mV s~ *, as shown in

This journal is © The Royal Society of Chemistry 2017

Fig. S6.1 It can be seen from the cyclic voltammograms that NVP-F
shows a larger peak area compared with that of the NVP-S, which
corresponds to its higher specific capacity. The smaller peak-to-
peak separation and higher redox peak specific current indi-
cated the lower polarization and the faster kinetics for Na'
insertion/extraction. To further understand the effect of morpho-
logical modification, electrochemical impedance spectroscopy
(EIS) was performed (Fig. 4b). In the Nyquist plots, the impedance
spectra of the as-prepared NVP-F all-solid-state cell is comprised of
two semicircles and one inclined line, corresponding to the elec-
trolyte resistance (R.), charge transfer resistance (R.) and the
Warburg impedance respectively. The R of the NVP-F cell (390 Q)
is much lower than that of NVP-S cell (630 ), demonstrating that
the improved rate performances can be attributed to the better
interfacial contact between PEO and the nanofiber network of
NVP. The specific surface areas of NVP-F and NVP-S are 80.7 and
53.6 m> g~ ', which further support the claim that the NVP-F has
better contact with the electrolyte (the nitrogen adsorption—
desorption isotherms are shown in Fig. S7t). The rate perfor-
mances of NVP-F and NVP-S from 0.2C to 2C are shown in Fig. 4c.
The reversible capacity of 108, 105, 102 and 97 mA h g~ ' was
obtained for NVP-F at the C-rates of 0.2, 0.5, 1 and 2C, respectively;
while those of NVP-S were 104, 99, 87 and 60 mA h g~ . When the
current density was reverted to 0.2C again, the reversible capacity
of 108 mA h g~ can be recovered for the NVP-F electrode,
exhibiting great reversibility and stability. The better rate perfor-
mance delivered by NVP-F can be attributed to two features of its
nanofiber network structure discussed above: (1) the shortened
Na' diffusion pathways; (2) the better electrode/electrolyte contact.
In addition, a contrast experiment of cycling SIBs using a liquid
electrolyte at the same series of rates is shown in Fig. S8.7 Different
from the case of all-solid-state batteries, the rate performances of
the two samples are similar, indicating the remarkable effect of
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Fig. 4 Electrochemical characterisation of the as-prepared NVP all-solid-state cells: (a) charge—discharge curves of NVP-F and NVP-S at the C-
rates of 0.2C and 2C (inset), (b) EIS plots of NVP-F and the equivalent circuit diagram (inset shows the EIS plots of NVP-S), (c) rate performances of
NVP-F and NVP-S, and (d) long-term cycling performances of NVP-F and NVP-S at the C-rate of 2C. All measurements were carried out at 80 °C.

the morphology on all-solid-state batteries. The long-term cycling
performances of NVP-F and NVP-S at the rate of 2C are shown in
Fig. 4d. After an activation process for a few cycles, NVP-F delivered
a reversible capacity as high as 96.0 mA h g~ " and the capacity was
retained at 84.0 mA h g~' after 1000 cycles, corresponding to
a capacity retention of 87.5% and a capacity decay of 0.0125% per
cycle, with almost 100% coulombic efficiency (except for the first
few cycles). By contrast, the NVP-S delivered an initial reversible
capacity of 65.0 mA h g~ " and the remaining capacity after 1000
cycles was only 21.3 mA h g~ ' (32.8%). This result may be an
indication that the nanofiber network provides better stability to
the cathode. The corresponding charge-discharge curves are
shown in Fig. 9,7 from which the increased polarization of NVP-F
can be observed. Besides, the capacity increased during the elec-
trochemical activation process at first and decayed thereafter.
Furthermore, since a high active material loading is desirable in
all batteries, all-solid-state SIBs with thicker cathodes were
assembled and tested. As shown in Fig. S10,f when the active
material loading was increased from 0.7-1.0 to 2.2-2.7 mg cm 2,
the cell using NVP-S as the active material showed a rapid decrease
in the capacity in the 100™ cycle from 63.1 mA h g~ * (53.5% of the
theoretical capacity) to merely 30.1 mA h g~ (25.5% of the theo-
retical capacity). In comparison, when the same loading of NVP-F
was used, there was no significant decrease in the capacity (from
95.2 to 91.9 mA h g ). Therefore, it can be concluded that with
a thicker cathode, the electrode/electrolyte contact becomes more
crucial. Because the NVP cathode with a nanofiber network
structure provides shorter Na' diffusion pathways and better
electrode/electrolyte contact, superior cycling performance can be
expected with a high loading of materials.
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Conclusions

In summary, a novel all-solid-state SIB has been demonstrated
by using nanofiber networks of Na;V,(PO,); nanocrystals as the
cathode material and a PEO/NaClO,/Al,O; membrane as the
electrolyte. The battery shows not only a high reversible capacity
(107 mA h g " at 0.2C and 96 mA h g~ ! at 2C), but also a good
cycling stability (87.5% capacity retained after 1000 cycles at
2C), which is remarkable in the field of all-solid-state SIBs.
Moreover, we further demonstrate the advantages of the nano-
fiber network structure of NVP under high-loading conditions
of cathode materials. The improved performances lead us to
expect that morphological modification of cathode materials
can be an effective approach to develop all-solid-state SIBs.
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