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a b s t r a c t

For use in next-generation energy storage applications, including electric vehicles, capacity and cycle life
of lithium ion batteries need further improvement. Moreover, to achieve fast lithiation kinetics of the
electrode materials, high power density and quick charging ability are necessary. Nickel vanadate
(Ni3V2O8) microsphere with tens of nanocavities is one of candidates for anode materials suitable for
lithium ion batteries. The synthesis of microspheres is possible by a pilot-scale spray drying process and
facile one-step oxidation heat treatment. Dextrin, which is present in the microspheres after spray drying
process, plays a key role in the formation of nanocavities. Oxidation at different temperatures yields
carbon composite microspheres with nanocavities and hierarchical Ni3V2O8 microspheres with nano-
cavities. The nanocavities facilitate electrolyte contact with the electrode material and alleviate volume
change during lithiation/delithiation. The merits of the nanocavities in the Ni3V2O8 microspheres enable
a high discharge capacity of 1045mA h g�1 for the 2nd cycle at 1 A g�1 and long cycle life. Furthermore,
Ni3V2O8 microspheres deliver a high discharge capacity of 612mA h g�1 at a high current density of
6 A g�1.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion batteries (LIBs) have been widely studied and are
now utilitarian tools in our daily lives [1e6]. However, the battery
performance must be further improved to meet the criteria of
emerging applications such as electric vehicles and energy storage
systems [7e9]. Therefore, the development of electrode materials
with higher electrochemical performance to meet the impending
demands for energy storage has continued to gain impetus [7e9].
The architectural design of nanostructured electrode materials is
considered one of the fundamental approaches for achieving
enhanced electrochemical properties [10e15]. The merits of
nanostructured materials include large contact area with the
electrolyte, short Liþ ion and electron pathway, and buffering of
volume expansion during the lithiation/delithiation processes
[16,17]. Furthermore, properly designed materials offer active sites
that provide capacitive behavior, which enables fast lithiation
).
kinetics [18,19].
Introduction of hollow voids within the nanostructures has

been proven effective for enhancing the electrochemical perfor-
mance of electrode materials [20e25]. Ying et al. fabricated Sn
nanodots embedded inside N-doped carbon microcages as anode
materials for high-performance lithium- and sodium-ion batteries
[24]. The structural stress exerted on the Sn nanodots during the
electrochemical reaction was alleviated by the void spaces within
the microsphere. Choi et al. synthesized 3D MoS2-graphene mi-
crospheres consisting of multiple nanospheres for effective sodium
ion storage [25]. The void spaces resulted in enhanced cycle per-
formance of the MoS2-graphene material for up to 600 cycles at a
current density of 1.5 A g�1, with a capacity retention of 84%. The
rate performance was also improved compared to that of MoS2-
graphene without voids. Along with the structural merits, selecting
an adequate composition for electrode materials can augment the
battery performance [26e28]. The methods for synthesis of nano-
structured materials are commonly based on liquid solution pro-
cesses that are time consuming and pose challenges in terms of
maintaining the homogeneity when scaled up [29,30]. On the other
hand, the spray drying method, a type of gas-phase synthesis, is
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used in the preparation of microspheres with a relatively uniform
size [31e35]. Nickel vanadate (Ni3V2O8) material has recently
received much research attention and studied for use as anode in
LIBs [36e39]. Lu et al. demonstrated a facile self-templating strat-
egy for the synthesis of metal vanadate nanomaterials with com-
plex chemical composition of NiCo2V2O8 and a unique yolkedouble
shell structure showing excellent lithium-ion storage performances
[37]. The characteristics of the transition metal oxide materials as
anode materials for LIBs could be affected by their preparation
processes. However, the synthesis of nanostructured transition
metal vanadate electrode materials via a facile spray process has
not been reported.

In this study, the spray drying method is used to synthesize two
types of metal vanadate microspheres with nanocavities. By
exploiting the segregation characteristics of the metal salt and
dextrin, Ni3V2O8-carbon composite microspheres and hierarchical
Ni3V2O8 microspheres consisting of nanorods are synthesized via a
spray drying process and facile one-step heat treatment in air.
During the spray drying process, the phase-segregated dextrin is
decomposed and combusted, leaving empty nanocavities in the
microspheres. The electrochemical properties of the transition
metal vanadate microspheres with empty nanocavities are
compared with those of transition metal vanadate microspheres
without voids, prepared via spray drying from a solution without
dextrin.

2. Experimental section

2.1. Sample preparation

Ni3V2O8 microspheres with numerous nanocavities were pre-
pared via spray drying and one-step heat treatment in air atmo-
sphere. Firstly, dense spherical microspheres were synthesized via
spray drying using an aqueous solution containing 0.075M
ammonium vanadate (98%, Samchun Chemicals), 0.075M
Ni(NO3)2,H2O (98%, Sigma Aldrich), and 40 g L�1 of dextrin
[(C6H10O5)n, Samchun Chemicals]. Ammonium vanadate was firstly
put into 500mL of distilled water and the solution was vigorously
stirred for 2 h at 90 �C. The other chemical reagents were subse-
quently added and dissolved without difficulty. The greenish
transparent solution was drawn to a two-fluid nozzle and then
atomized at 2.0 bar. The inlet and outlet temperatures of the spray
dryer were set to 300 and 120 �C, respectively. The spray-dried
powders were placed on an alumina boat and placed into a
furnace. The heat treatment temperatures of the powders were 300
and 650 �C and the temperature was ramped at a rate of 10 �C
min�1 under air atmosphere.

2.2. Characterization techniques

The morphologies of the Ni3V2O8 microspheres were charac-
terized via microscopic techniques, i.e., field emission transmission
electron microscopy (FE-TEM; JEOL, JEM-2100F) and field emission
scanning electron microscopy (FE-SEM). In order to elucidate the
chemical nature of the species, X-ray photoelectron spectroscopy
(XPS; Thermo Scientific K-Alpha) with focused monochromatic Al-
Ka radiation at 12 kV and 20mA was adopted. The crystallographic
properties of the microspheres were analyzed via X-ray diffraction
(XRD; X'Pert PRO MPD) using Cu-Ka radiation (l¼ 1.5418 Å).
Thermogravimetric analysis (TGA) was carried out with a Pyris 1
TGA (Perkin Elmer, temperature range¼ 25e600 �C, heating
rate¼ 10 �C min�1) instrument at the Korea Basic Science Institute
(Pusan). The surface areas and the porosity properties were
analyzed via the BrunauereEmmetteTeller (BET) method using N2
as the adsorbate gas. The structure of carbon in the microspheres
was analyzed by Raman spectroscopy (Jobin Yvon LabRam, HR800,
excitation source¼ 632.8 nm HeeNe laser) at room temperature.

2.3. Electrochemical measurements

Coin cells (2032-type) were assembled to analyze the electro-
chemical properties of the Ni3V2O8 microspheres. The active ma-
terial, carbon black, and sodium carboxymethyl cellulose (CMC)
were mixed in a weight ratio of 7:2:1 using a mortar in order to
prepare the anode material. Lithium metal and polypropylene film
were adopted as the counter electrode and separator, respectively.
The electrolyte used in this study was fluoroethylene carbonate/
dimethyl carbonate (FEC/DMC; 1:1 v/v) containing 1M LiPF6. The
discharge/charge characteristics of the Ni3V2O8 microspheres at
various current densities were analyzed in the potential range of
0.001e3 V. Cyclic voltammograms were acquired in the same po-
tential range at respective scan rates of 0.1, 0.5, 1.0, and 2.0mV s�1.
The diameter of the negative electrode containing the active ma-
terial was 1.4 cm, with an approximate mass loading of
1.1mg cm�2. The Nyquist plots of the microspheres were analyzed
over the frequency range of 0.01 Hze100 kHz via electrochemical
impedance spectroscopy (EIS).

3. Results and discussion

The formation mechanism of the Ni3V2O8 microspheres
comprising tens of nanocavities, prepared via the pilot-scale spray
drying process and subsequent one step oxidation process, is
illustrated in Scheme 1. Droplets atomized from the two-fluid
nozzle were subjected to spray drying process and dense micro-
spheres containing nickel nitrate, ammonium vanadate, and
dextrin were produced, as shown in the SEM image in Fig. S1.
Subsequently, the dried powders were subjected to one-step heat
treatment in air at 300 and 650 �C and yielded Ni3V2O8-C com-
posite microspheres and hierarchical Ni3V2O8 microspheres with
rods, respectively. The twomicrospheres are hereinafter denoted as
Ni3V2O8/C-300 and H-Ni3V2O8-650, respectively. The microspheres
with nanocavities were formed from the oxidation of nickel nitrate
and ammoniumvanadate, and the combustion of phase-segregated
dextrin at high temperature. To investigate the formation mecha-
nism of the microspheres with nanocavities, a solution containing
ammonium vanadate and dextrin was spray dried and calcined in
air at 300 �C. The SEM images of the spray dried ammonium
vanadate and dextrin, and the calcined V2O5 microspheres are
shown in Figs. S2a and S2b, respectively. A dense structure was
generated after calcination because the vanadium component was
not phase-segregated from dextrin. The nickel component, which
phase segregates from dextrin, formed a solid solution with the
vanadium component during heat treatment, and microspheres
with nanocavities were formed via the combustion of dextrin.

The morphologies of Ni3V2O8/C-300 microspheres obtained by
post-treatment of the spray-dried microspheres at a low temper-
ature of 300 �C are shown in Fig. 1. The SEM and TEM images of
Ni3V2O8/C-300 microspheres in Fig. 1aed reveal non-aggregated
spherical microspheres containing tens of nanocavities. The frac-
tured microsphere in the inset SEM image in Fig. 1a clearly shows
the nanocavities distributed throughout the microsphere. The
close-up SEM image of broken Ni3V2O8/C-300 microsphere that
shows inner structure can be seen in Fig. S3a. Fig. 1d shows a close-
up TEM image of Ni3V2O8/C-300 microsphere; the Ni3V2O8-carbon
composite framework and nanocavities could bewell observed. The
ultrafine Ni3V2O8 nanocrystals observed in the TEM image could be
attributed to the amorphous carbon matrix that restricted growth
of the nanocrystals. Fig. 1e shows a high-resolution TEM image of
the Ni3V2O8 microsphere with lattice fringes separated by 2.30 Å



Fig. 1. Morphologies, SAED pattern, and elemental mapping images of Ni3V2O8-carbon (Ni3V2O8/C-300) composite microspheres with nanocavities: (a) SEM image, (bed) TEM
images, (e) HR-TEM image, (f) SAED pattern, and (g) elemental mapping images.

Scheme 1. Formation mechanism of Ni3V2O8 microspheres with numerous nanocavities.
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and 2.50 Å, corresponding to the (042) and (221) planes of the
Ni3V2O8 phase (JCPDS card #70e1394), respectively. The crystal
structure of Ni3V2O8/C-300 microspheres was further evaluated
from the selected area electron diffraction (SAED) pattern shown in
Fig. 1f. The diffraction rings correspond to the (004) and (400)
planes of the Ni3V2O8 phase. The elemental dot mapping images of
Ni3V2O8/C-300 microsphere shown in Fig. 1g reveal the uniform
distribution of C, Ni, V, and O throughout the microsphere. The
oxidation temperature of 300 �C was not high enough for the
combustion of carbon in the microsphere. Raman spectrum of
Ni3V2O8/C composite microspheres in Fig. S4 showed broad peaks
at 1360 cm�1 and 1590 cm�1, which correspond to the D and G
bands of carbon, respectively. The degree of graphitization for
carbon material can be obtained by dividing the peak intensity of
the D-band (ID) by that of G-band (IG). The calculated ID/IG ratio (¼
0.84) revealed that carbon is highly disordered, which infers the
porous nature of carbon [40].

The morphology, SAED pattern, and elemental mapping images
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of H-Ni3V2O8-650 microsphere post-treated at 650 �C are shown in
Fig. 2. The SEM image shown in Fig. 2a reveals spherical particles
consisting of hierarchical nanorods. The inset SEM image further
reveals the interior of the microsphere; nanorods constituting the
microspheres could be well observed. The magnified SEM image of
broken H-Ni3V2O8-650 microsphere is shown in Fig. S3b. Growth of
the Ni3V2O8 crystals occurred in the preferential crystallographic
direction, forming Ni3V2O8 nanorods. The Ni3V2O8 nanorods were
randomly anchored on the Ni3V2O8 framework, resulting in hier-
archical Ni3V2O8 microspheres. The TEM images shown in
Fig. 2b�d further clarify the internal structure of the synthesized
microsphere. Fig. 2b and c reveal the nanocavities constituting the
Ni3V2O8 microspheres. When compared with Fig. 1d, the TEM im-
age in Fig. 2d reveals larger Ni3V2O8 nanocrystals with a rod-like
shape, formed at higher oxidation temperature. Carbon combus-
tion also played a role in formation of the larger nanocrystals.
Fig. 2e reveals a lattice fringe with a spacing of 2.86 Å, corre-
sponding to the (040) plane of Ni3V2O8 (JCPDS card #70e1394). The
SAED pattern in Fig. 2f provides further information on the crystal
structure of the Ni3V2O8 microspheres. The d-spacing values of
2.99, 2.63, and 2.22 Å correspond to the (131), (220), and (222)
planes.

The elemental dot mapping images shown in Fig. 2g reveal the
uniform distribution of Ni, V, and O within the microspheres. Car-
bon was not detected due to the high post-treatment temperature.

The chemical states of nickel, vanadium, and oxygen in H-
Ni3V2O8-650 microspheres with numerous nanocavities were
examined by X-ray photoelectron spectroscopy (XPS). The Ni 2p
spectrum shown in Fig. 3a revealed twomajor peaks corresponding
to Ni 2p3/2 and Ni 2p1/2 doublets and satellite peaks. The Ni 2p3/2
peak was divided into two peaks at 856.2 and 858.0 eV, charac-
teristic of Ni2þ and Ni3þ, respectively [41,42]. Likewise, the Ni 2p1/2
Fig. 2. Morphologies, SAED, and elemental mapping images of hierarchical Ni3V2O8 H-(Ni3V
TEM image, (f) SAED pattern, and (g) elemental mapping images.
peak was deconvoluted into two peaks at 873.7 and 880.2 eV,
corresponding to Ni2þ and Ni3þ, respectively [41,42]. The other
peaks were satellite peaks, which is in accordance with the Ni 2p
spectra reported in previous studies [41e43]. The V 2p spectrum in
Fig. 3b shows peaks at binding energies of 516.7/523.6 eV and 517.3/
524.7 eV, corresponding to the 2p3/2 and 2p1/2 states of the V4þ/V3þ

species, respectively [38,39]. Two peaks were observed in the O 1s
spectrum (Fig. 3c). The fitted peak at 530.7 eV is attributed to the
typical metal-oxygen bonding in the Ni3V2O8 microspheres [44,45].
The other peak at 532.8 eV is associated with oxygen deficient re-
gions within the Ni3V2O8 material [44,45].

The morphology of the microspheres containing the Ni and V
salts, prepared from a solution without dextrin under spray drying
conditions identical to those used for the microspheres with
numerous nanocavities, is shown in Fig. S5a. Phase segregation did
not occur for the microspheres that did not contain dextrin.
Oxidation of the spray-dried powders without dextrin resulted in
dense-structured Ni3V2O8 microspheres, as shown in Fig. S5b. The
phase and crystal structures of the prepared microspheres were
analyzed by X-ray powder diffraction, as shown in Fig. 4. The SEM
image of broken microsphere in Fig. S3c clearly reveals the for-
mation of dense structured microsphere. The peaks of Ni3V2O8/C-
300, H-Ni3V2O8-650, and dense Ni3V2O8 microspheres were in
accordance with those of the Ni3V2O8 phase.

Thermogravimetric analysis (TGA) was used to calculate the
amount of carbon in Ni3V2O8/C-300 and H-Ni3V2O8-650 micro-
spheres. Two-step weight loss was observed in the TG curve of
Ni3V2O8/C-300 microspheres shown in Fig. S6a. Firstly, the weight
loss below 200 �C is attributed to the evaporation of water mole-
cules adsorbed in themicrosphere. The abrupt weight loss between
420 and 480 �C is attributed to the combustion of amorphous car-
bon. The amount of carbon in Ni3V2O8/C-300 microspheres,
2O8-650) microspheres with nanocavities: (a) SEM image, (bed) TEM images, (e) HR-



Fig. 3. XPS spectra of H-Ni3V2O8-650 microspheres with nanocavities: (a) Ni 2p, (b) V
2p, and (c) O 1s.
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determined by TG, was 7.6wt%. The TG curve of H-Ni3V2O8-650
Fig. 4. XRD patterns of Ni3V2O8/C-300, H-Ni3V2O8-650, and dense Ni3V2O8

microspheres.
microspheres presented in Fig. S6b did not show any weight
change, confirming the elimination of amorphous carbon during
the oxidation step. The TGA curve of dense Ni3V2O8microspheres in
air shown in Fig. S6c didn't show weight fluctuation. It is due to the
lack of carbon material and formation of Ni3V2O8 nanocrystals at a
high oxidation temperature.

The porosity of the uniquely structured microspheres with tens
of nanocavities was analyzed by the BET method. The specific
surface areas of Ni3V2O8/C-300 and H-Ni3V2O8-650 microspheres
and dense Ni3V2O8 microspheres were 15, 24, and 4m2 g�1,
respectively, as shown in Fig. S7a. H-Ni3V2O8-650 microspheres
exhibited the highest specific surface area due to combustion of the
amorphous carbon. The specific surface area of the dense Ni3V2O8
microspheres was the lowest, presumably due to crystal growth at
the high oxidation temperature. The N2 sorption isotherms shown
in Fig. S7a verified that the microspheres with nanocavities con-
sisted of mesopores. The most frequently occurring pore size in the
BJH pore size distribution shown in Fig. S7b was over 20 nm.

The electrochemical properties of the Ni3V2O8 microspheres are
presented in Fig. 5�7. Cyclic voltammograms (CVs) of H-Ni3V2O8-
650 microspheres were acquired at different sweep rates over the
potential range of 0.001e3 V (vs. Li/Liþ), as shown in Fig. 5a. H-
Ni3V2O8-650 microspheres obeyed the power law relationship,
i¼ avb, where a is a constant and b can vary from 0.5 to 1.0. As the b-
value approaches unity, reaction is mostly from surface capacitive
effect [18,46e48]. Fig. 5b shows the log(peak current) vs. log(sweep
rate) curves corresponding to peak 1 and peak 2. The calculated b-
values for peak 1 and peak 2 were 0.88 and 0.94, respectively,
which indicates that the electrochemical reaction of the H-
Ni3V2O8-650 microspheres was mainly derived from the capacitive
process. In order to gain further insight into the capacity contri-
bution, the total stored charge in the electrode material was
separated into capacitive and diffusion-limited elements. Further-
more, the capacitive contribution can be quantitatively distin-
guished using the follow equation:

i¼ k1v þ k2v1/2

At a fixed potential, the current is determined from the capac-
itive effects (k1v) and diffusion-limited process (k2v1/2) [18,46,47].
By plotting i/v1/2 vs. v1/2, the k1 and k2 values can be obtained from
the linear profile; k1 and k2 correspond to the slope and the y-axis
intercept, respectively. From comparison of the shaded area (k1v)
with the experimentally obtained current curves, about 92% of the
total current of H-Ni3V2O8-650 microspheres was derived from the
capacitive element at a sweep rate of 1.0mV s�1, which is in
accordance with the b-value that was close to unity. The capacitive
contributions to the capacity at various sweep rates are shown in
Fig. 5d. The capacitive contribution increased from 74% to 94%
when the sweep rate was increased from 0.1 to 2.0mV s�1. In order
to understand the reduction/oxidation reactions that occur during
cycling, the CV curves of Ni3V2O8/C-300, H-Ni3V2O8-650, and dense
Ni3V2O8 microspheres for the first five cycles were obtained at a
fixed scan rate of 0.1mV s�1. Several electrochemical reactions
were observed in the CV curves as shown in Fig. S8. During the first
discharge process, Ni3V2O8 material was primarily transformed
into NiO accompanied by LixV2O5 formation [36,49]. In addition,
peaks corresponding to further insertion of lithium ions into
LixV2O5 (where LixþyV2O5 is formed as the product) and reduction
of Ni2þ to Ni metal were observed [36,49]. Two anodic peaks at 1.3
and 2.5 V correspond to oxidation of Ni to Ni2þ and extraction of
lithium ion from LixþyV2O5 matrix [36,49]. From the second cycle
and on, peaks corresponding to reversible conversion reaction of
NiO and intercalation reaction of LixV2O5 were observed [36,49].

The initial charge/discharge profiles of the Ni3V2O8



Fig. 5. a) Cyclic voltammograms of H-Ni3V2O8-650 electrode at various sweep rates, b) Fitted ln(peak current) vs. ln(scan rate) for Peak 1 and Peak 2, c) cyclic voltammogram
showing capacitive contribution (colored area) to the total current, d) capacity contribution at different scan rates.

Fig. 6. Electrochemical properties of the microspheres with nanocavities and dense
microspheres: (a) first charge-discharge curves, (b) cycling performances at a current
density of 1 A g�1, and (c) rate performances.
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microspheres shown in Fig. 6a were consistent with the CV data.
Anodic plateaus were observed at 1.3 and 2.5 V, related to the
oxidation of Ni to NiO and lithium ion extraction from LixþyV2O5
[36,49]. Initial discharge capacities of 1349, 1280, and
1120mA h g�1 at a current density of 1 A g�1 were observed for
Ni3V2O8/C-300, H-Ni3V2O8-650, and dense Ni3V2O8 microspheres,
respectively, and the corresponding Coulombic efficiencies were
75, 83, and 84%, respectively. Ni3V2O8/C-300 microspheres showed
the lowest initial coulombic efficiency owing to the presence of
amorphous carbon [50,51]. The cycling and rate performances of
the Ni3V2O8 microspheres are presented in Fig. 6b and c, respec-
tively. The discharge capacities of Ni3V2O8/C-300, H-Ni3V2O8-650,
and dense Ni3V2O8 microspheres after 150 cycles at a current
density of 1 A g�1 were 754, 763, and 496mAh g�1, respectively.
The Ni3V2O8 microspheres with nanocavities showed superior
cycling performance compared to that of the dense Ni3V2O8 mi-
crospheres due to the hollow nanocavities within the microspheres
that alleviated the volume expansion during cycling. The discharge
capacities of Ni3V2O8/C-300/H-Ni3V2O8-650 microspheres at cur-
rent densities of 0.5, 1.0, 2.0, 4.0, and 6.0 A g�1 were 901/1000, 793/
861, 710/784, 621/678, and 557/612mA h g�1, respectively. The
discharge capacity of the dense Ni3V2O8 microspheres declined
from 845 to 400mAh g�1 when the current density was increased
from 0.5 to 6.0 A g�1. The nanocavities distributed within the mi-
crospheres were beneficial for electron and Liþ ion transport during
the lithiation/delithiation process, which enabled a high capacity at
a high current density of 6 A g�1.

The Nyquist plots of Ni3V2O8/C-300, H-Ni3V2O8-650, and dense
Ni3V2O8microspheres before cycling and after the 1st, 10th, and 50th

cycles are shown in Fig. 7. The plots were obtained by using the
Randle-type equivalent-circuit model. The charge transfer resis-
tance (Rct) could be obtained from the depressed semicircle in the



Fig. 7. Nyquist plots of Ni3V2O8 microspheres (a) before cycling and after the (b) 1st, (c) 10th, and (d) 50th cycles.
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medium-frequency region [52e55]. The Rct values of Ni3V2O8/C-
300, H-Ni3V2O8-650, and dense Ni3V2O8 microspheres before
cycling were 54, 63, and 82U, respectively. Ni3V2O8/C-300 micro-
spheres with ultrafine Ni3V2O8 nanocrystals showed the lowest Rct
value. H-Ni3V2O8-650 exhibited a lower Rct than the dense Ni3V2O8
microspheres due to the nanocavities that accelerated the electron
and Liþ ion transfer kinetics. The Rct values of all samples decreased
abruptly after the 1st cycle due to the formation of ultrafine
nanocrystals. Ni3V2O8/C-300 and H-Ni3V2O8-650 microspheres
exhibited lower Rct values during cycling compared to that of the
dense Ni3V2O8 microspheres, which verified the improved kinetics
and structural stability of the microspheres containing numerous
nanocavities. H-Ni3V2O8-650 microspheres exhibited Rct values of
20, 52, and 53U after the 1st, 10th, and 50th cycles, respectively. To
prove the structural stability of the microspheres, SEM images of
Ni3V2O8/C-300, H-Ni3V2O8-650, and dense Ni3V2O8 microspheres
after 100 cycles at a current density of 1 A g�1 were obtained as
shown in Fig. S9. The morphology of Ni3V2O8/C-300 and H-
Ni3V2O8-650 microspheres was well maintained, whereas the
dense Ni3V2O8 microspheres disintegrated after cycling.

4. Conclusions

Using a simple spray drying process and calcination step, nickel
vanadate microspheres with nanocavities were successfully syn-
thesized and applied as the anode material for lithium-ion batte-
ries. The pilot-scale spray drying process yielded microspheres
consisting of phase-segregated dextrin that was later transformed
into nanocavities, and metal salts. After simple oxidation in air,
numerous nanocavities were generated in the Ni3V2O8
microspheres. The structural merits of the synthesized micro-
spheres enabled excellent electrochemical performance for
lithium-ion storage. The effect of the nanocavities was confirmed
by comparing the performance of batteries employing the Ni3V2O8
microspheres with and without nanocavities. The two types of
Ni3V2O8 microspheres with nanocavities, i.e., with carbon and
without, exhibited superior cycling and rate performance
compared to the dense Ni3V2O8 microspheres. The strategy
demonstrated in this work may be applied to the preparation of
metal oxide microspheres with nanocavities and can be tailored for
use in various applications.
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