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is of Na3V2(PO4)3/C porous hollow
spheres as a cathode for Na-ion batteries

Jianfeng Mao, Chao Luo, Tao Gao, Xiulin Fan and Chunsheng Wang*

Na3V2(PO4)3 (NVP) has been considered as a very promising cathodematerial for sodium-ion batteries (SIBs)

due to its typical NASICON structure, which provides an open and three dimensional (3D) framework for

Na+ migration. However, the low electronic conductivity of NVP limits its rate capability and cycling

ability. In this study, carbon coated hollow structured NVP/C composites are synthesized via a template-

free and scalable ultrasonic spray pyrolysis process, where the carbon coated NVP particles are

uniformly decorated on the inner and outer surfaces of the porous hollow carbon spheres. When

evaluated as a cathode material for SIBs, the unique NVP/C porous hollow sphere cathode delivers an

initial discharge capacity of 99.2 mA h g�1 and retains 89.3 mA h g�1 after 300 charge/discharge cycles

with a very low degradation rate of 0.035% per cycle. For comparison, the NVP/C composite, prepared

by the traditional sol–gel method, delivers a lower initial discharge capacity of 97.4 mA h g�1 and

decreases significantly to 71.5 mA h g�1 after 300 cycles. The superior electrochemical performance of

NVP/C porous hollow spheres is attributed to their unique porous, hollow and spherical structures, as

well as the carbon-coating layer, which provides a high contact area between electrode/electrolyte, high

electronic conductivity, and high mechanical strength.
Introduction

Lithium-ion batteries (LIBs) have become the most successful
energy storage sources for portable electronic devices since
their rst commercialization in 1991. Nowadays, LIBs are also
considered as potential energy storage devices for electric
vehicles/hybrid electric vehicles (EVs/HEVs) and large-scale
renewable energy storage systems (ESS).1 However, recent
concerns on the availability of lithium have led to strong
interest in sodium-ion batteries (SIBs).2–5 Sodium is one of the
most abundant elements in the Earth (2.64 wt% in the Earth),
and sodium resources are inexpensive and unlimited in rock
and seas. Considering the material abundance and cost, SIBs
are an ideal alternative to LIBs, especially for application in
large-scale energy storage.2 More importantly, sodium has
similar chemical properties to lithium, which makes knowledge
of developing LIBs valuable for the design of SIB electrodes.3

However, challenges still remain since there are several
fundamental differences between SIBs and LIBs. First, the ionic
radius of Na+ is larger than Li+ (0.98 Å vs. 0.69 Å).4 The larger Na+

ions will lead to slower ion transport, more sluggish reaction
kinetics and larger volume change upon Na+/Na insertion/
extraction, which usually result in limited rate capability and Na
storing reversibility.5 Second, the general preference for octa-
hedral or prismatic coordination has limited the structure
r Engineering, University of Maryland,
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78–10385
options of Na insertion electrodes.6 Therefore, electrode mate-
rials with large interstitial space to accommodate the volume
expansion caused by rapid Na-ion insertion are highly
recommended.3–5

Recently, many cathode materials such as layered transition
sodium oxides NaxMO2+y (M ¼ Mn, Co, Fe, etc.),7–10 olivine
NaMPO4 (M ¼ Fe, Mn, etc.),11–13 sulfates (NaFeSO4F, Na2Fe2-
(SO4)3, etc.),14,15 and sodium super ionic conductors (NASICON)
NaxM2(PO4)3 (M ¼ Ti, V, etc.)16,17 have been investigated. Among
various cathode materials for SIBs, sodium vanadium(III)
phosphate (Na3V2(PO4)3, NVP) has attracted extensive attention
due to its unique NASICON structure with a 3D network, which
possesses large interstitial spaces and is able to facilitate Na+

transport. The NVP material also exhibits high Na-ion conduc-
tivity, high potential plateau (3.4 V), good specic capacity
(117.6 mA h g�1, presuming two V3+ are oxidized to V4+), and
high thermal stability. However, its low electric conductivity
limits the electrochemical performance.18–21

Recent progress combining the designing of nanomaterials
with optimized structures, and composite components by
coating conductive carbon layers, or forming composites with
conductive materials such as graphene, carbon nanobers, or
carbon nanotubes has greatly improved the electrochemical
performance.22–42 Considerable research efforts have been
devoted to the fabrication of carbon coated NVP materials, in
which both the solid state reaction and the sol–gel method can
be applied in large-scale production. However, the poor electro-
chemical performances of these NVP/C composites synthesized
This journal is © The Royal Society of Chemistry 2015
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with those scalable methods cannot satisfy the requirement for
high energy density and long cycle life of SIB cathodes. For
example, the solid state synthesized NVP/C composite delivered
an initial discharge capacity of 93 mA h g�1 at a current rate of
0.05 C,22 while the NVP/C composite fabricated by the sol–gel
method delivered a reversible capacity of 84.8 mA h g�1 at a
current density of 0.2 C.19 Clearly, these values are much less
than its theoretical capacity of 117.6 mA h g�1.

It is of practical importance to develop a scalable method for
mass production of a NVP/C composite which can maintain its
superior electrochemical performance realized in lab-scale
fabrication. Recently, our group has employed an aerosol based
strategy to fabricate novel composite electrodes for sodium ion
batteries.43 The aerosol synthesis is a scalable production
technique, and widely used in industry,44,45 while the fabricated
composite electrode demonstrates a porous and hollow struc-
ture. This one-step in situ formed robust structure with a carbon
network surrounding the active particles provides a high
contact area between electrode/electrolyte. These benets have
successfully contributed to the superior electrochemical
performance of Na2FePO4F/C porous hollow spheres.43

In this work, we employ this aerosol based “droplets to
particle” strategy to fabricate NVP/C porous hollow spheres
through a modied ultrasonic spray pyrolysis device, which
enables more favourable manifold production through the
vertical design. By using the vertical device, the particle mate-
rials can be easily coated by carbon without agglomeration. The
synthesis strategy of the NVP/C porous hollow spheres by the
vertical ultrasonic spray pyrolysis reactor system is schemati-
cally illustrated in Scheme 1. The precursor solution of
NH4H2PO4, NH4VO3, Na2CO3, and citric acid was rst pumped
into an ultrasonic atomizer. Then the atomizer enables the
spherical aerosol droplets with homogeneous composition with
respect to the precursor solution, and disperses them inside the
tube furnace via the Ar carrier gas. During the ow in the
Scheme 1 Schematic of the vertical ultrasonic spray pyrolysis process.

This journal is © The Royal Society of Chemistry 2015
furnace at 600 �C, the surface layer of aerosol droplets will
undergo solvent (H2O) evaporation, forming a solid shell con-
sisting of solid citric acid spherical particles that uniformly
encapsulate the stoichiometric composition of NH4H2PO4,
NH4VO3 and Na2CO3 in the solid state, and further dehydration,
decomposition, carbonization and chemical reactions to form
hollow sphere particles. Citric acid in the precursor not only
acts as the carbon source, but also as an in situ gas blowing
agent to produce CO2 and H2O. Together with the inherent gas
generation properties of the NH4H2PO4, NH4VO3 and Na2CO3

salts, the gas blowing agents promote the formation of a hollow
structure. The as-collected particles were further reacted,
carbonized, and annealed at 800 �C for 3 h under argon to
obtain the crystalline NVP/C porous hollow spheres. As a
cathode material of SIBs, these NVP/C porous hollow spheres
exhibit one of the best electrochemical performances among
the micron-sized NVP/C composites reported, especially when
compared to the NVP/C composite prepared by the typical sol–
gel method. This nding indicates that the aerosol method is an
effective way to fabricate the Na3V2(PO4)3 cathode material for
practical application towards the mass production purpose.
Experimental
Synthesis of the NVP/C electrode

The raw chemicals, NH4VO3, NH4H2PO4, Na2CO3, and citric
acid, were purchased from Sigma-Aldrich and used as received.
The citric acid as a chelating agent and carbon source was
dissolved in distilled water with continuous stirring at room
temperature rst. Then NH4VO3, NH4H2PO4, and Na2CO3 in
stoichiometric amounts were added into the solution in
sequence under constant stirring. The obtained mixture was
used as the precursor solution for further syntheses by aerosol
and sol–gel methods. For the aerosol spray process, the
precursor solution was loaded into a plastic syringe connected
to a blunt-tip needle, which was connected to a syringe pump.
The ow rate of the solution was set to be 50 mL min�1. The
spray pyrolysis temperature was 600 �C, while the argon carrier
gas ow rate was held constant at 3 Lpm. Particles were
collected on a polytetrauoroethylene (PTFE) lter using a
brush. The as-collected particles were then annealed at 800 �C
for 3 h under argon to obtain the crystalline NVP/C porous
hollow spheres. For sol–gel methods, the precursor solution was
continuously stirred and heated at 80 �C to form a uniform
solution. Aer evaporating the water for several hours with
vigorous stirring, the solution transformed from sol to gel. Aer
the transformation, the gel was dried in a vacuum oven at 80 �C
for at least 10 h. The obtained xerogel was ground in a mortar
and heat-treated at 300 �C in an argon atmosphere for 4 h.
Then, the powders were ground again in a mortar and annealed
at 800 �C for 3 h under an argon atmosphere to obtain the nal
carbon coated NVP material.
Material characterization

The crystal structure of the materials was characterized using
powder X-ray diffraction (XRD) on a D8 Advanced facility
J. Mater. Chem. A, 2015, 3, 10378–10385 | 10379
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(Bruker AXS, WI, USA) using a CuKa radiation source. The
morphology of the materials was characterized using both a
Hitachi SU-70 analytical ultra-high-resolution scanning electron
microscope (SEM) and JEM 2100 LaB6 emission transmission
electron microscope (TEM) at the University of Maryland
Nanoscale Imaging Spectroscopy and Properties Laboratory.
The aer-cycled electrode was rinsed with propylene carbonate
(PC) before taking the images. Thermogravimetric analysis was
performed on STA 449F3 equipment (Netzsch, Germany) at a
heating rate of 10 �Cmin�1 from room temperature to 600 �C in
an air atmosphere to determine the carbon content in NVP/C
composites. Ramanmeasurements were performed on a Horiba
JobinYvonLabramAramis Raman Spectrometer using a 532 nm
diode-pumped solid-state laser, attenuated to give �900 mW
power at the sample surface. The Brunauer–Emmett–Teller
(BET) specic surface area and pore size and volume were
analyzed using N2 absorption with a Micromeritics ASAP 2020
Porosimeter Test Station.
Fig. 1 (a and b) SEM image and (c and d) TEM image curves for the
aerosol synthesized NVP/C composites, and (e) SEM images and (f)
TEM images for the sol–gel synthesized NVP/C composites.
Electrochemical measurements

The NVP electrodes were prepared by the slurry coating method.
The synthesized NVP/C composites were mixed with carbon
black and a PVDF binder to form slurry at the weight ratio of
80 : 10 : 10. Then, the obtained slurry was cast on aluminium
foil and dried in a vacuum oven at 100 �C overnight. Coin cells,
consisting of a NVP working electrode, a sodium metal counter
electrode, a Celgard 3501 separator, and 1.0 M NaClO4 in
ethylene carbonate/propylene carbonate/dimethyl carbonate
(EC/PC/DMC, 0.45 : 0.45 : 0.1 v/v) co-solvent liquid electrolyte,
were assembled in an argon-lled glove box for electrochemical
tests.

Galvanostatic charge/discharge tests were performed on an
Arbin battery test station (BT2000, Arbin Instruments, USA).
The cells were cycled between 2.3 and 3.9 V under different
current densities. Both the charge and discharge current
density and specic capacity were calculated based on the
overall mass of NVP/C composites in the electrode. Cyclic vol-
tammetry (CV) testing at a scan rate of 0.1 mV s�1 and imped-
ance testing were conducted using a Gamry Potentiostat/
Galvanostat/ZRA (Reference 3000, Gamry Instruments, USA).
Results and discussion

The morphology of NVP/C prepared by aerosol and sol–gel
methods is revealed by SEM and TEM images. The SEM images
of the aerosol synthesized NVP/C composite aer annealing
under argon at 800 �C for 3 h are shown in Fig. 1a and b. Clearly,
the aerosol NVP/C composite displays a typical spherical
morphology. The size of the spheres ranges from 2 to 10 mm.
Moreover, a hollow structure with porous morphology can also
be clearly observed. The wall is formed by sintering aggregated
small particles thus leaving many cavities and nano- or micro-
pores inside the wall. Meanwhile, the aerosol NVP/C composite
shows a hierarchical structure, where the NVP particles (ranging
from dozens to hundreds of nanometers) are uniformly
attached to the outer and inner surfaces of the spherical carbon
10380 | J. Mater. Chem. A, 2015, 3, 10378–10385
wall, which is conrmed by the TEM image (Fig. 1c). From the
HRTEM image shown in Fig. 1d, a uniform amorphous carbon
layer coated on the surface of NVP particles can be observed. In
contrast, the sol–gel method synthesized NVP/C composite has
an irregular shape morphology with the particle size ranging
from 1 to 8 mm (Fig. 1e). Also the sol–gel NVP/C composite
shows obvious aggregation aer annealing at 800 �C. The
carbon coated layer on the sol–gel NVP/C composite is also
conrmed by HRTEM (Fig. 1f).

The crystal structure of the NVP/C composites synthesized by
aerosol and sol–gel methods was analyzed by X-ray diffraction
(XRD), respectively, as shown in Fig. 2a. Both the NVP/C
composites show the same peaks with similar peak positions,
intensity ratios and peak sharpness. All of the diffraction peaks
can be indexed to the standard pattern of Na3V2(PO4)3 in the
R�3C space group. The nature and content of coated carbon in
both the NVP/C composites were investigated using Raman
measurements and thermogravimetric (TG) analyses. The
Raman spectra of both the NVP/C composites are shown in
Fig. 2b. Two Raman peaks at 1346 and 1597 cm�1, representing
the disordered carbon (D band) and graphitized carbon (G
band), respectively, are observed in both composites. The TG
results (Fig. 2c) show that the carbon contents in the aerosol
and sol–gel NVP/C composites are 7.5 wt% and 7.1 wt%,
respectively. The pore size distribution and specic surface
areas of both the NVP/C composites were characterized using
the Brunauer–Emmett–Teller (BET) method (Fig. 2d). The BET
surface area of the NVP/C porous hollow spheres is 55.5 m2 g�1,
which is clearly larger than that of the sol–gel NVP/C composite
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) TG curves, and (d) N2

adsorption/desorption isotherm for the aerosol and sol–gel method
synthesized NVP/C composites, respectively; the inset of (d) is the BJH
pore size distribution curve of the aerosol sample.

This journal is © The Royal Society of Chemistry 2015
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(21.0 m2 g�1). This high surface area is mainly attributed to the
hollow structure and the existence of pores generated by the
accumulation of particles, just as observed in the SEM image
(Fig. 1a and b). Moreover, the Barrett–Joyner–Halenda (BJH)
desorption shows that the average pore size of NVP/C porous
hollow spheres is around 11 nm. The pores in the wall will allow
the liquid electrolyte to penetrate through the wall to the inside
of the hollow sphere. Therefore, the electrochemical charge
transfer reaction can take place on both sides of the wall and in
the pores, thus leading to better Na+ diffusion.

The sodiation/desodiation behavior of both the NVP/C
samples was characterized using cyclic voltammetry (CV).
Fig. 3a presents the cyclic voltammogram (CV) of the initial
cycle for both samples at a scan rate of 0.1 mV s�1 in the voltage
range from 2.3 to 3.9 V. Clearly, one similar pair of oxidation (Na
extraction) and corresponding reduction (Na insertion) peaks
can be observed for these two samples, which are attributed to
the V4+/V3+ redox couple in the NVP material.18–42 The voltage
difference between oxidation and reduction peaks (0.26 V) for
the aerosol NVP/C composite is smaller than that (0.35 V) of the
sol–gel NVP/C composite. Such a small voltage hysteresis indi-
cates the lower electrode polarization and hence probably leads
to faster sodiation/desodiation kinetics.

Fig. 3b shows the charge/discharge curves of the aerosol
sample at a current density of 20 mA g�1 in the potential
window of 2.3–3.9 V vs. Na+/Na. The voltage proles show a pair
of at voltage plateaus during charge and discharge, demon-
strating a reversible phase transformation between Na3V2(PO4)3
and NaV2(PO4)3. The at plateaus at about 3.4 V are consistent
with the redox peaks in CV (Fig. 3a). Furthermore, the potential
hysteresis between charge and discharge is only 0.04 V, further
conrming the rapid reaction kinetics. The aerosol cathode
delivers an initial charge capacity of 104 mA h g�1 and a
discharge capacity of 99.2 mA h g�1. Considering that there is
7.5 wt% of carbon in the composite, the capacity is very close to
the theoretical capacity of NVP (117.6 mA h g�1). For compar-
ison, the sol–gel sample was also investigated under the same
conditions. As shown in Fig. 3c, the sol–gel sample displays
similar charge/discharge proles to the aerosol sample, but a
larger potential hysteresis (0.07 V) at the same charge/discharge
current is observed. The results are in good agreement with the
CV that the aerosol cathode has much better sodiation/des-
odiation kinetics than the sol–gel cathode. Additionally, the
sol–gel cathode delivers a higher initial charge capacity of 107
mA h g�1, but a lower discharge capacity of 97.4 mA h g�1. It
indicates that the rst cycle coulombic efficiency (91.0%) of the
sol–gel sample is lower than that of the aerosol sample (95.4%).

The long term cycling stability of both samples at 20 mA g�1

between 2.3 and 3.9 V versus Na+/Na is compared in Fig. 3d.
Clearly, the aerosol cathode exhibits superior cycling stability to
the sol–gel counterpart. The initial discharge capacity of the
aerosol cathode is 99.2 mA h g�1 and a reversible capacity of
89.3 mA h g�1 is maintained aer 300 charge/discharge cycles,
corresponding to the capacity retention of 90%, and capacity
decay of only 0.035% per cycle. The cycling stability of the
aerosol NVP/C cathode is comparable to the cycling stability of
commercial LIB cathodes.46 In comparison, the discharge
J. Mater. Chem. A, 2015, 3, 10378–10385 | 10381
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Fig. 3 The electrochemical properties of aerosol and sol–gel synthe-
sized NVP/C composites: (a) CV curves for both samples, (b) galvano-
static charge/discharge curves of aerosol NVP/C composites for the 1st,
100th, 200th, and 300th cycles at 20 mA g�1, (c) galvanostatic charge/
discharge curves of sol–gel NVP/C composites for the 1st, 100th, 200th,
and 300th cycles at 20 mA g�1, and (d) comparison of the cycling
performances at 20 mA g�1 for the both samples. All of the tests were
performed in the potential window of 2.3–3.9 V (vs. Na+/Na).

10382 | J. Mater. Chem. A, 2015, 3, 10378–10385
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capacity of the sol–gel cathode decreases from 97.4 to 71.5 mA h
g�1 aer 300 cycles with a low capacity retention of 73.4%,
displaying the poor cycling performance.

The advantages of the aerosol NVP/C composite were also
evidenced by the rate performance at various current densities
(ranging from 20 to 1000 mA g�1). Fig. 4a shows the rate
capability of both samples. Obviously, the aerosol cathode has
better rate performance than the sol–gel cathode. Both samples
deliver a similar discharge capacity of around 100 mA h g�1 at a
low rate of 20 mA g�1 in the rst several cycles. However, the
performance diverges at larger current densities. The aerosol
cathode delivers the discharge capacities of 93.5, 84.9, 75.8,
29.5, and 9.6 mA h g�1 at 50, 100, 200, 500 and 1000 mA g�1,
respectively, whereas the sol–gel cathode delivers the discharge
capacities of 88.6, 82, 70.5, 12.8, and 3.9 mA h g�1, respectively,
at the same current densities. Obviously, the aerosol cathode
delivers higher capacities than that of the sol–gel cathode at
elevated current densities. When the current decreases back to
20 mA g�1, the discharging capacity of the aerosol cathode
recovers to 94.5 mA h g�1, which is higher than that of the sol–
gel cathode (86.1 mA h g�1), demonstrating a robust tolerance
to current change of the aerosol cathode.

To better understand the superior cycling performance of
the aerosol cathode, electrochemical impedance spectroscopy
(EIS) measurement was performed for both aerosol and sol–gel
fresh electrodes. The Nyquist plots and the equivalent circuit
are presented in Fig. 4b. The EIS curves are composed of a
depressed semicircle in the high frequency region, and a
straight sloping line in the low frequency region. The resistor Rct

paralleled with the constant phase element (CPE) are the
charge-transfer resistances at the electrode/electrolyte interface
between the electrolyte and the cathode, which are assigned to
the depressed semicircle.26,35 By comparing the charge transfer
resistance (Rct), it is found that the Rct of the aerosol cathode
(264.5 Ohm) is lower than that of the sol–gel cathode (310.8
Ohm). The higher the charge-transfer resistance, the slower the
kinetics of the cell reactions. Zw reects theWarburg impedance
related to the diffusion of Na+ within the electrode, which is
indicated by a straight sloping line. The Na+ diffusion coeffi-
cient (D) can be calculated using the equation D ¼ R2T2/
2A2n4F4C2s2, where R is the gas constant, T is the temperature, A
is the area of the electrode surface, n is the number of electrons
per molecule during oxidization, F is the Faraday constant, s is
the Warburg factor, and C is the molar concentration of
Na+.25,26,35 The calculated sodium diffusion coefficient values for
the aerosol and sol–gel cathodes are 2.79 � 10�16 and 2.35 �
10�16 cm2 s�1, respectively. It can be found that the sodium
diffusion coefficient of the aerosol cathode possesses a higher
value than that of the sol–gel cathode, indicating the faster Na+

transport in the aerosol cathode.
To explore the reasons for the exceptional battery perfor-

mance of the aerosol cathode, the morphology aer long-term
cycling is studied by the post-cycling SEM and EDS analyses.
Fig. 5 shows the SEM and EDS mapping images of the aerosol
cathode aer 300 charge/discharge cycles. Some of the spherical
morphologies are well maintained aer cycling, suggesting the
structural stability and the architectural merit. The uniform
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) Rate capabilities for both aerosol and sol–gel samples at the
varied current rates of 20–1000 mA g�1. (b) Electrochemical imped-
ance spectra of both aerosol and sol–gel electrodes. The solid lines are
the fitting curve by using the equivalent circuit which is shown as the
inset and consists of a resistor (Rs), and a constant phase element (CPE)
parallel with a resistor (Rct) which is connected with aWarburg element
(Zw) in series.

Fig. 5 (a) SEM images and (b) EDS element mapping images of the
aerosol electrode after 300 charge/discharge cycles.
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distribution of Na, P, V, and C in the NVP/C particles demon-
strates the good morphology maintenance of NVP in the carbon
matrix aer long-term cycling. However, it should be noted that
some of the spherical structures may still be damaged. The
superior electrochemical performance of the aerosol cathode
could be attributed to the hollow structure and spherical
morphology, which could accommodate the volume change
during sodiation/desodiation, and hence retain the good
structural stability during long-cycling.

Basically, the NVP/C porous hollow spheres synthesized by
the aerosol process demonstrated an excellent rate capability
and cycling stability in NIBs, especially when compared to the
NVP/C composite synthesized by the sol–gel method. Further-
more, the electrochemical performance of the aerosol NVP/C
cathode is the best among all micron-sized NVP/C composites
reported to date.18–22 Particularly, the carbon content in the
aerosol NVP/C cathode (including the carbon black) at 16 wt% is
quite low.18–40 In contrast, a high carbon content (>20 wt%) is
This journal is © The Royal Society of Chemistry 2015
used in most NVP/C nanocomposites.22–40 The superior perfor-
mance of NVP/C porous hollow spheres can be attributed to
their unique structure and morphology. The high surface area
of the porous hollow structure enables a large contact area
between the electrolyte and the electrode, and hence facilitates
the electrochemical reactions. The hollow carbon matrices as a
conductive network, as well as the carbon coating, could
provide the continuous electron transport and better contact
with the electrolyte, hence improving the electronic conduc-
tivity and increasing the reaction kinetics. Therefore, the
shorter intercalation distance for Na+ and the better conductive
pathways for electrons in the NVP/C porous hollow spheres
result in the good electrochemical performance. Moreover, the
hollow spheres provide the robustness to accommodate the
volume change and alleviate the stress and strain during Na+

insertion/extraction, and thus improve the cycling stability.
J. Mater. Chem. A, 2015, 3, 10378–10385 | 10383
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Furthermore, we have shown that a scalable aerosol spray
pyrolysis method can be used to create hierarchical NVP/C
composites, where the carbon coated NVP is uniformly
distributed in the inner and outer surfaces of the porous hollow
carbon matrix. The aerosol process is easy to operate and
control, and is feasible for large-scale production of the
composite. By optimizing the composition of the precursors
(e.g. tuning the amount of citric acid, or using different
chelating agents or carbon sources) and the operating condi-
tions for the spray pyrolysis process (e.g. temperature, ow rate,
or length of the tube furnace), the structure, morphology, and
the particle size could be tuned to further improve the electro-
chemical performance.

Conclusions

In summary, we successfully synthesized the unique porous
hollow carbon spheres with uniformly attached carbon coated
Na3V2(PO4)3 particles by using a vertical ultrasonic spray
pyrolysis technique. The synthesis process is easy to operate
and control, and is feasible for large-scale production of the
composite cathode or anode materials. The as-prepared NVP/C
porous hollow spheres exhibited excellent electrochemical
performance as a cathode material for SIBs. A specic discharge
capacity of 99.2 mA h g�1 (total weight of NVP and C) at 20 mA
g�1 is achieved in the rst cycle, and 90% of the initial capacity
is retained aer 300 charge/discharge cycles. The enhanced
electrochemical performance is ascribed to its unique structure,
hollow spherical and porous morphology, and carbon-coating
layer.
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