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Abstract: Micro-nanostructured electrode materials are characterized by excellent performance in
various secondary batteries. In this study, a facile and green hydrothermal method was developed to
prepare amorphous vanadium-based microspheres on a large scale. Hollow V2O5 microspheres were
achieved, with controllable size, after the calcination of amorphous vanadium-based microspheres
and were used as cathode materials for lithium-ion batteries. As the quantity of V2O5 microspheres
increased, the electrode performance improved, which was ascribed to the smaller charge transfer
impedance. The discharge capacity of hollow V2O5 microspheres could be up to 196.4 mAhg−1 at a
current density of 50 mAg−1 between 2.0 and 3.5 V voltage limits. This sheds light on the synthesis
and application of spherical electrode materials for energy storage.

Keywords: microsphere; lithium-ion battery; vitamin C; vanadium acetylacetonate; hydrothermal

1. Introduction

It is important to explore lithium-ion batteries with high energy density and safety
because they have achieved great commercial success in portable devices and electric
vehicles [1]. Vanadium oxide (V2O5) is a fascinating material due to its high energy density,
layer structure, and rich abundance. It has been widely reported in the photocatalytic degra-
dation of gaseous o-dichlorobenzene [2] and metal-ion batteries, such as lithium-ion [3],
sodium-ion, potassium-ion, magnesium-ion, and lithium–sulfur batteries. Flowerlike hol-
low V2O5 microspheres with diameters of about 700–800 nm with carbon spheres as
templates were achieved, and they could photodegrade o-DCB to o-benzoquinone-type
and organic acid species under visible light due to their strong adsorption capacity and
large specific surface area [2]. In addition, hollow V2O5 microspheres consisting of closely
packed particles, radially aligned rods, and randomly packed platelets were achieved by
calcining the as-synthesized precursors prepared with NH4VO3, oxalic acid, and tetrahy-
drofuran. The hollow V2O5 microspheres consisting of randomly packed platelets showed
the highest activity in degrading rhodamine B under UV light by enhancing UV light
absorbance [4]. Beta-V2O5 with a layered structure, obtained through a high-temperature
and high-pressure method, showed a high capacity of 147 mAh g−1 under equilibrium
conditions, corresponding to the insertion of 1 Na+ per formula unit in the 2.0–3.6 V range
at a C/20 current density [5]. Delta-K0.51V2O5 nanobelts reconstructed from orthorhombic
V2O5 polyhedra showed a high average voltage (3.2 V), high capacity (131 mAhg−1), and
superior rate capability, even at 10 A g−1, due to their large interlayered structure [6].
Beta-V2O5 has a reversible capacity of 361 mAhg−1 for magnesium-ion batteries at room
temperature [7]. Defect-rich W- or Mo-doped V2O5 yolk–shell microspheres afford suffi-
cient active sites to chemically anchor polysulfides with a promising catalytic effect on the
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mutual conversion between different sulfur intermediates, which delivers a discharging
capacity of 1143.3 mAg−1 at an initial rate of 0.3 C and 681.8 mAg−1 at 5 C [8].

Recently, modified V2O5 has shown high capacity and long cycling stability in vari-
ous next-generation aqueous rechargeable batteries, for example, aqueous zinc-ion [9,10],
aluminum-ion [11], ammonium-ion [12], potassium-ion [13], iron [14], and Pb-ion batter-
ies [15]. Commercial V2O5 electrodes of aqueous zinc-ion batteries showed a reversible
capacity of 470 mAhg−1 at 0.2 Ag−1 and long-term cyclability with 91.1% capacity retention
over 4000 cycles at a current density of 5 Ag−1. The co-intercalated H2O shields the elec-
trostatic interactions between Zn2+ and the host framework, accounting for the enhanced
kinetics. In addition, the pristine bulk V2O5 gradually evolves into porous nanosheets
upon cycling, providing more active sites for Zn2+ storage [10]. An interconnected sheetlike
V2O5 structure with slight V2O5 lattice expansion (approximately 1.4%) was reported as
a cathode material for aluminum-ion batteries, delivering an initial discharge capacity of
140 mAhg−1 at a high current density of 0.5 Ag−1, with an excellent capacity retention
rate of 96% after 1000 cycles at a current density of 1 Ag−1 [11]. V2O5 intercalated with
polyaniline showed a high capacity of 192.5 mAhg−1 and 39 mAhg−1 at specific currents
of 1 and 20 Ag−1, respectively, as well as a stable cycle life, with a capacity retention rate
of 98% at a specific current of 10 and 20 Ag−1 due to the improved kinetics in aqueous
ammonium-ion batteries [12]. The Pb/V2O5 battery showed a voltage of 0.44 V and a
capacity of 162.6 mAhg−1 with a capacity retention rate of 87.5% after 150 cycles [15].
However, the low discharge voltage, low conductivity, and irreversible phase conversion of
V2O5 reduce the stability of the material and restrict its application on a large scale. Three-
dimensional nanostructures with internal vacancies have mitigated these drawbacks due to
buffer volume expansion, reducing the stress and strain caused by the insertion/extraction
of lithium ion and providing a shorter Li+ diffusion distance [16]. It was reported that
spherelike electrode materials of vanadium oxides [17,18] with low free energy showed
better electrode performance than their bulk counterpart for the positive contribution of
the ion and electron transfer. V2O5 microspheres were obtained after annealing uniform
VO2 microspheres with various complex interiors, such as yolk–shell and multishelled
hollow structures. Yolk–shell V2O5 microspheres were found to have a specific capacity of
140 mAhg−1, with no fading over 100 cycles. Nanoscale building blocks in the core and
the shell enhanced the transport of lithium ions, and electrons and void space within the
microspheres and the porous shell ensured efficient electrolyte penetration and increased
the contact area between the electrode and electrolyte [17]. To date, V2O5 microspheres
have been prepared via the following methods, with the aid of surfactants and hard
templates, the polyol process, and solvothermal and hydrothermal reduction. Ethylene
glycol (EG), which is an important member of the polyol family, has been used to prepare
complex hollow V2O5 microspheres as a cross-linking reagent by changing the moiety of
reactants, such as ammonium metavanadate (NH4VO3) [19], citric acid and NH4VO3 [20],
NH4VO3 and nickel acetate [21], VOC2O4 [22], vanadium (IV) acetylacetone [23], and
vanadyl glycolates [24]. Nanostructured hollow V2O5 microspheres were obtained after
subsequent calcination of hollow nanostructured vanadyl glycolate microspheres that were
prepared via a polyol-induced solvothermal process through self-seeding and then aggre-
gated around N2 microbubbles. These hollow V2O5 microspheres showed excellent cycle
stability and high-rate performance, which were attributed to the relatively thin-walled
structure that ensured fast phase penetration between the electrolyte and active material
and shortened the lithium-ion migration distance [19]. Hollow vanadium pentoxide (V2O5)
microspheres with mesopores on the shell were obtained after the calcination of vana-
dium precursors prepared with citric acid, ammonium metavanadate, and ethylene glycol,
achieving a reversible capacity of 710.2 mAhg−1 after 400 cycles at a current density of
0.5 Ag−1 between 0 and 3.5 V voltage limits, providing channels for electrolyte transfer [20].
Hollow V2O5 microspheres were prepared via a nickel-mediated polyol process, in which
nickel acts not only as a mediator to tailor the interior hollow structures of V2O5 and
build favorable 3D hierarchical combined nano- and microarchitecture but also as doping
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units to tune vanadium’s valence states and improve the lithium storage properties [21].
Three-dimensional (3D) hollow vanadium pentoxide (the precursor hollow microflowers
were first prepared from a solution of vanadium oxytriisopropoxide (VOT) in isopropyl
alcohol (IPA) via a one-step solvothermal treatment). Nano-/microspheres were fabricated
via the one-step solvothermal treatment of V2O5, oxalic acid, and ethylene glycol followed
by annealing [22]. V2O5 microspheres with hierarchical structure were obtained via the
subsequent thermal annealing treatment of a vanadium glycolate precursor prepared
through a template-free process in a polyol medium [23]. Further, 3–6 µm hierarchical and
porous V2O5 microspheres constructed of intertwined laminar nanocrystals or cross-linked
nanobricks have been fabricated by a refluxing approach followed by annealing vanadium
glycolates in air. The porous V2O5 microspheres assembled from intertwined nanoparticles
maintain reversible Li+ storage capacities of 102 and 80 mAh g−1, respectively [24]. An
organic vanadium source will accumulate microspheres under these conditions. After
calcination, various hollow V2O5 microspheres accumulated from rodlike particles were
obtained, with low surface areas. The solvothermal process is also an effective way to
prepare spherelike precursors. Uniform V2O5 nanosheet-assembled hollow microflow-
ers [25], rigid V2O5 microspheres [26], yolk–shell V2O5 microspheres [27], and internal
diffusion [28] can be prepared with vanadium oxytriisopropoxide (VOT), vanadyl citrate
(VOC6H6O7), V2O5, a mixture of ammonium metavanadate (NH4VO3) and glucose in iso-
propanol alcohol (IPA), or a mixed solvent of glycerol and isopropanol, respectively. Hollow
microflowers were first prepared from a solution of vanadium oxytriisopropoxide (VOT)
in isopropyl alcohol (IPA) via a one-step solvothermal treatment, and they could be easily
converted to hierarchical hollow V2O5 microflowers composed of nanosheet alterations
via simple annealing [25]. Nanoparticle-assembled, rigid, hollow V2O5 microspheres were
prepared through solvothermal treatment of vanadyl citrate in isopropanol and subsequent
calcination, showing a maximum specific discharge capacity of 128 mAhg−1 at 1 Ag−1

within a voltage window of 2.5 to 4 V for lithium-ion batteries [26]. The solid, yolk–shell,
and hollow V2O5 microspheres were successfully prepared in a mixed solvent containing
isopropanol, with carbon spheres as a template, through an annealing treatment in air.
Hollow V2O5 microspheres showed better electrochemical performance than solid or yolk–
shell microspheres, which was attributed to the fact that the thin porous shell and hollow
interior allowed easy penetration by the electrolyte and rapid diffusion of ions, ensuring
that full use was made of the active V2O5 material during the Li+ insertion/extraction
process [27]. Hollow V2O5 microspheres whose hierarchical shell thicknesses were changed
by controlling the internal diffusion rate of the glucose-derived carbon core precursor
were prepared using a simple solvothermal method and a subsequent annealing process,
which delivered a high reversible specific capacity of 287 mAhg−1 at 1/3 C with good
cycling stability due to the full contact with the electrolyte, with shortened ion diffusion
paths, alleviating the volume change in the charge/discharge process via self-created
pores [28]. Hollow sphere particles with a diameter of 0.7–1.6 µm were fabricated with
ethanol, ammonium vanadate, and nitric acid, and they displayed a high specific discharge
capacity of 132 mAhg−1 with a capacity retention rate of 82.5% after 6200 cycles at a current
density of 10 Ag−1 [29]. Porous monodispersed V2O5 microspheres were prepared with
VO(OiPr)3 and pyridine/acetone/H2O through sequent reduction/oxidation treatment at
a high temperature, and the formation of pores was due to the release of pyridine, which
shows excellent low-temperature behavior, with a reversible capacity of 102 mAhg−1 at
−20 degrees due to a large interfacial contact area with the electrolyte caused by the porous
structure of V2O5 spheres [30].

As we know, the shape and size of the building blocks, the surface area, the pore
size, and the sphere shell’s thickness all have important effects on the cycling stability and
discharge capacity of hollow V2O5 microspheres. Suitable surfactants can be used to adjust
these characteristics. Self-assembly of V2O5 nanorods into microspheres was mediated by
a polyol process in the presence of poly(vinylpyrrolidone) (PVP) [31]. Hollow V2O5 mi-
crospheres with pores (HPVOM) can be obtained through a facile poly(vinylpyrrolidone)-
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and ethylene-glycol-assisted soft-template solvothermal method, which, in this study,
exhibited 407.9 mAhg−1 at a current density of 1.0 Ag−1 after 700 cycles, and the full
LiFePO4/HPVOM cell had a discharge capacity of 109.9 mAhg−1 after 150 cycles at
0.1 Ag−1 [32]. Hollow V2O5 microspheres built from nanocuboids and nanoplatelets
were achieved by splitting PVP-based micelles and enhancing the movement of chains in
PVP. The hollow V2O5 microspheres made up of nano-platelets showed a higher discharge
capacity (292 mA h/g at 44.5 mA/g) and better rate performance than the microspheres
built of nano-cuboids. This is attributable to the improved surface area, agglomeration
resistance, and short diffusion path of lithium ions in nanoscale 2D V2O5 platelets [33].
Hollow V2O5 nanospheres with an average diameter of 28 nm and a hollow cavity size of
approximately 18 nm were prepared by using polymeric micelles of polymer poly(styrene-b-
2-vinyl-1-methylpyridinium iodide-b-ethylene oxide) (PS-PVMP-PEO) in DMF containing
10 wt% water as a soft template after calcination at 500 ◦C; these nanospheres maintained
their structural integrity, even after being subjected to a high current density of 2000 Ag−1,
and showed good cycling performance, which was attributed to the nanosize effect coupled
with the hollow void space of the hollow V2O5 particles that facilitated fast lithium interca-
lation/deintercalation [34]. With the increasing interest in V2O5 in the field of rechargeable
batteries, there is an urgent need to develop a green, convenient, low-cost, and freely
available organic solvent synthesis technology for microspheres of substances such as vana-
dium pentoxide. Hierarchical V2O5 sub-microspheres composed of stacked platelets were
prepared via precipitation of a V(OH)2NH2 precursor in aqueous solution and subsequent
calcination; the resulting structures showed a high capacity of 266 m hg−1 and good cycling
stability (200 mAhg−1 after 100 cycles) at a current density of 300 mAg−1 as cathode mate-
rials for lithium-ion batteries [35]. Hollow and porous V2O5 microspheres can be prepared
through a spray pyrolysis process with V2O5 and sucrose solution [36,37]. Sponge-like
V2O5 was obtained via the calcination of nanostructured amorphous tetrabutylammonium
decavanadate arrays containing [V10O28]6 decavanadate anions with a dicationic Gemini
surfactant, achieving higher initial capacity and better capacity retention than the more
agglomerated V2O5 consisting of very small crystallites [4]. Here, we developed a facile
method to prepare amorphous vanadium-based microspheres. After the calcination of
amorphous vanadium-based microspheres, V2O5 microspheres with controllable size were
obtained. V2O5 microspheres were tested as cathode materials for lithium-ion batteries.
The V2O5 microspheres’ performance could be improved by adjusting their size. When the
V2O5 microspheres were smaller, their cycling stability was better.

2. Results and Discussion
2.1. Morphologies of Materials

Ascorbic acid plays an important role in obtaining spherical vanadium precursors.
Only nanoparticles below 200 nm were obtained in the absence of ascorbic acid, as shown
in Figure 1a,b. When the molar ratio of vanadium acetylacetonate to ascorbic acid was
1:5. monodispersed microspheres of approximately 1 µm were obtained, as shown in
Figure 1c. The magnified SEM images show that the coarse surface of the microspheres
was covered with nanoparticles, as shown in Figure 1d. The microspheres became larger
with increasing amounts of ascorbic acid, and the same was true of the nanoparticles
on the surface. When the molar ratio of vanadium acetylacetonate to ascorbic acid was
1:10, microspheres covered with nanoparticles were achieved, as shown in Figure 1e. The
magnified SEM images show that there were two kinds of nanoparticles on the surface.
The larger plateletlike nanoparticles were less numerous than the smaller nanoparticles in
Figure 1f.
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Figure 1. SEM images of vanadium precursors prepared at different molar ratios of vanadium
acetylacetonate to ascorbic acid: (a,b) 1:0, (c,d) 1:5, and (e,f) 1:10.

To test the thermal stability of the as-synthesized vanadium precursors, all the pre-
cursors were calcined at 400 ◦C for 2 h in air. It could be seen that nanoparticles prepared
without ascorbic acid were accumulated into large blocks, shown in Figure 2a. The magni-
fied SEM images show that nanorods were obtained, as can be seen in Figure 2b. Monodis-
persed microspheres were still obtained for the precursors prepared with a molar ratio of
vanadium acetylacetonate to ascorbic acid of 1:5. The average size of the microspheres was
approximately 1 µm, as shown in Figure 2c. The appearance of some broken microspheres
confirmed that they were hollow. The magnified SEM images further show that the hollow
microspheres were built with small particles, as shown in Figure 2d. The thickness of the mi-
crospheres was approximately 340 nm. With increasing amounts ascorbic acid, the thermal
stability of microspheres dropped dramatically. Some microspheres were broken, as shown
in Figure 2e. The magnified SEM images show that there were rod-like nanoparticles on the
surface of hollow microspheres, as in Figure 2f. The size of the hollow V2O5 microspheres
was approximately 2 µm. On the basis of the above experimental results, we propose that
amorphous vanadium-based microspheres are formed via Ostwald ripening, in which
primary crystals are reorganized to microspheres with the minimum surface free energy.
After calcination, the as-synthesized precursors retain the original spherelike morphologies.
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The nanoparticles in the microspheres can grow larger and larger, assembling themselves
into spheres and being released in the interior to form a hollow structure.
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Figure 2. SEM images of the calcined vanadium precursors prepared at different molar ratio of
vanadium acetylacetonate to ascorbic acid: (a,b) 1:0, (c,d) 1:5, and (e,f) 1:10.

2.2. Structure of Materials

X-ray diffraction was further performed to investigate the crystalline structure of
samples. There were two small peaks at 36.74◦ and 41.33◦ for the precursor prepared
without ascorbic acid (Figure 3a). They cannot be ascribed to vanadium oxides and salts. It
is obvious that the as-synthesized nanoparticles were not amorphous. With the introduction
of ascorbic acid into the experimental procedure, the peaks at 36.74◦ and 41.33◦ became
very weak at a molar ratio of vanadium acetylacetonate to ascorbic acid of 1:5 (Figure 3b).
They completely disappeared at a molar ratio of vanadium acetylacetonate to ascorbic
acid of 1:10 (Figure 3c). It can be seen that ascorbic acid can inhibit the formation of
crystalline vanadium-based precursors. In addition, ascorbic acid is a reducing agent
that can reduce V5+ to V4+. Thus, it can prevent V4+ from converting to V5+, though it
cannot easily form V2O5. The coordination effect of ascorbic acid results in the formation
of two complexes, for example, vanadium (IV) L-ascorbate complexes and the vanadium
(IV) dehydroascorbic acid complex [38]. The coordination effect of ascorbic acid plays an
important role in the formation of sphere-like vanadium precursors. Either crystalline
or amorphous microspheres can be prepared via hydrothermal synthesis. With the aid
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of tetrahydrofuran, we also prepared crystalline VO2 microspheres under solvothermal
conditions [4]. After calcination, all the as-synthesized samples were converted to V2O5
(JCPDS 3 -0207) in Figure 4a, b and c. Based on the above results, approximately 1 to 2 µm
hollow V2O5 microspheres built with nanorods were achieved.
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2.3. Electrochemical Performance of Materials

Cyclic voltammetry (CV) was performed to investigate the lithium intercalation for
hollow V2O5 microspheres. Figure 5a shows a cyclic voltammogram (CV) of hollow V2O5
microspheres prepared at a molar ratio of vanadium acetylacetonate to ascorbic acid of
1:5. There were three pairs of reduction–oxidation peaks. The first pair was at (2.15, 2.52),
(2.20, 2.52), (2.21, 2.52), and (2.23, 2.52) for the first, second, third, and fourth cycles,
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respectively. The second and third pairs of peaks were centered at (3.13, 3.28) and (3.35,
3.48) for all four cycles. The cathodic intercalation peaks at 2.15, 3.13, and 3.35 are ascribed
to γ-Li2V2O5, δ-LiV2O5, and ε-Li0.5V2O5, respectively, while the anodic deintercalation
peaks at 2.52, 3.28, and 3.48 V are ascribed to phase transitions from γ-Li2V2O5 to δ-
Li0.5V2O5, ε-LiV2O5, and α-V2O5, respectively [34]. It can be seen from the CV curves that
the phase conversion from γ-Li2V2O5 to δ-Li0.5V2O5 was very weak, implying that the
reaction was unlikely to take place. In contrast, the other two phase transitions could occur
easily. Similarly, three pairs of CV peaks also appeared for hollow V2O5 microspheres
prepared at a molar ratio of vanadium acetylacetonate to ascorbic acid of 1:10 (Figure 5b).
The first pair of peaks was at (2.19, 2.57), (2.24, 2.57), (2.25, 2.57), and (2.27, 2.57) for the
corresponding four cycles. The second and third pairs of CV peaks were at (3.15, 3.26)
and (3.36, 3.46) for all cycles. However, all the intensities of peaks are weaker than above.
Possible lithiation reactions in the V2O5 cathode may be proposed as follows in Equations
(1) and (2). γ-Li2V2O5 forms in the first lithiation process. Then, γ-Li2V2O5 is converted to
α-V2O5 in the following delithiation process.

V2O5 + 2Li+ + 2e− = γ−Li2V2O5 (1)

γ−Li2V2O5 − 2e− = 2Li+ + α−V2O5, (2)
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Figure 5. Cyclic voltammograms of hollow V2O5 microspheres prepared at different molar ratios of
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Two types of hollow V2O5 microspheres were tested as cathode materials for lithium-
ion batteries. The 1st, 2nd, and 60th charge–discharge profiles of hollow V2O5 microspheres
at a discharge current density of 50 mAg−1 are shown in Figure 6a. There was a long
discharge platform between 2.25 and 2.35 V, which is ascribed to the formation of γ-
Li2V2O5 [27]. However, in the following 2nd and 60th cycles, the platform disappeared.
The 1st, 2nd, and 60th charge profiles were not the same due to the irreversible phase
transitions from γ-Li2V2O5 to δ-Li0.5V2O5, ε-LiV2O5, and α-V2O5. The 1st, 2nd, and 60th
discharge capacities were 209.4, 256.4, and 153.6 mAhg−1, respectively. Figure 6b shows the
cycling performance of hollow V2O5 spheres at current densities of 50 and 750 mAg−1. At a
high current density of 750 mAg−1, good cycling stability was obtained. The 2nd and 60th
discharge capacities were 151.5 and 116.1 mAhg−1, respectively. The capacity retention
rate was 76.6%.
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The evolution of the reversible capacity of hollow V2O5 microspheres at different
current densities was also observed, as shown in Figure 7. Hollow V2O5 spheres prepared
at a molar ratio of vanadium acetylacetonate to ascorbic acid of 1:5 (Figure 7a) showed
higher discharge capacity than those prepared at a molar ratio of 1:10 (Figure 7b). The
former could discharge at various current densities of 50, 100, 300, 500, 750, 1000, and
50 mAg−1, while the latter could discharge at lower current densities of 50, 100, 200, 300,
400, 500, and 50 mAg−1. The discharge capacities were 223.6, 208, 170.4, 145.7, 120.4, 119.3,
and 115.1 mAhg−1 at cycle numbers of 2, 11, 21, 31, 41, 51, and 61. After subsequent
discharging at various current densities, the discharge reached a 50 mAg−1 current density,
and the capacity of the electrode was low, at 115.1 mAhg−1, implying that the rate cycling
performance was irreversible. The capacity retention rate was 51.4%. The discharge
capacities were 223.6, 208, 170.4, 145.7, 120.4, 119.3, and 115.1 mAhg−1 at cycle numbers of
2, 11, 21, 31, 41, 51, and 61. For hollow V2O5 microspheres prepared at a molar ratio of 1:10,
the discharge capacities are 141.7, 108, 94.9, 78.6, 68.3, 58.7, 50.7, and 68.5 mAhg−1 at cycle
numbers of 2, 11, 21, 31, 41, 51, 61, and 71. The capacity retention rate was 48.3%. We also
compared the performance of various hollow V2O5 microspheres discharged above 2.0 V,
as shown in Table 1. The electrode of most hollow V2O5 microspheres could be cycled at
a suitable discharge current density. It is the size of building blocks, not the sphere, that
has important effects on the discharge capacity and cycling stability. The hollow V2O5
microspheres with nanoparticles, nanoplatelet building blocks, and pores showed high
discharge capacity and good cycling stability. However, the cycling performance was not
distinguished for well-organized nanospheres. In general, hollow Ni- and graphene-doped
V2O5 microspheres show the best cycling performance.
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Table 1. Performance comparison of various hollow V2O5 microsphere cathode materials discharged
above 2.0 V.

Ref. Morphologies
Discharge

Current Density
mAg−1

Capacity
(Cycle Number)

mAhg−1

[18]
3.0 µm hollow spheres of aggregated

77 nm nanoparticles andan inner
diameter of approximately 750 nm

300 190

[20] 4 µm hollow Ni-doped V2O5
microspheres 300 238 (50)

[21] 1 µm microspheres built with rod-like
nanoparticles 100 282

[27] 4.9 µm hollow microspheres
with cuboid-shaped building blocks 44.5 287 (40)

[27] 1.3 µm hollow microspheres with
nanoplatelet-like building blocks 44.5 130 (40)

[22] 22 µm hierarchical
nanosheet-assembled microspheres 300 243 (200)

[26] 1.4–1.6 µm yolk-shell microspheres with
65 nm thick shells 100 194

[34] 400 nm spheres with 65 nm thick shells
built with platelike structures 300 266

[29] 7 µm porous microspheres 45 160

[24] 1 µm hollow microflowers assembled
from nanosheets 300 211 (100)

[33]
Approximately 28 nm hollow

nanospheres with hollow cavity size of
approximately 18 nm

150 181 (50)

This work 1.0 µm hollow microspheres built with
small rodlike nanoparticles 50 256.4 (2)

750 151.5 (2)
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To elucidate the difference in the electrochemical properties of different hollow V2O5
spheres, electrochemical impedance measurements were taken, as shown in Figure 8. The
fitted equivalent electrical circuits are also shown in Figure 8. Rs is active electrolyte
resistance. C1 and C2 are double-layer capacitance. The impedance of a faradaic reaction is
made up of an active charge transfer resistance, Rct, and a specific electrochemical element
of diffusion, W, called the Warburg element. Rf is the fixed impedance of the cell [39].
The fitted values of Rs, Rct, Rf, W, C1, and C2 were 2.77, 28.81, 12.15, 0.081, 12.15, and
1.35 × 10−4 Ω, respectively, for hollow V2O5 microspheres prepared at a molar ratio of
vanadium acetylacetonate to ascorbic acid of 1:5. The fitted values of Rs, Rct, Rf, W, C1, and
C2 were 3.23, 36.16, 35.96, 0.012, 36.16, and 5.55 × 10−4 Ω, respectively, for hollow V2O5
microspheres prepared at a molar ratio of vanadium acetylacetonate to ascorbic acid of 1:10.
It could be observed that hollow V2O5 microspheres prepared at a molar ratio of vanadium
acetylacetonate to ascorbic acid of 1:5 had a smaller charge transfer impedance than those
prepared at a molar ratio of vanadium acetylacetonate to ascorbic acid at 1:5. In addition,
the steep slope of the Warburg line for hollow V2O5 microspheres prepared at a molar ratio
of vanadium acetylacetonate to ascorbic acid of 1:5 relates to the good diffusion capability
of lithium ions [40]. This is why hollow V2O5 microspheres prepared at a molar ratio of
vanadium acetylacetonate to ascorbic acid of 1:5 showed better cycling performance.
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3. Materials and Methods
3.1. Synthesis of Materials

In a simple procedure, 5 mmol ascorbic acid was added to a beaker filled with 30 mL
deionized water with magnetic stirring. Then, 1 mmol vanadium acetylacetonate was
added to the above clear solution. The mixed solution was further stirred at room tempera-
ture. After 2 h, the mixed solution was transferred to a 50 mL Teflon-lined autoclave and
kept statically at 200 ◦C for 24 h. After that, the heating was stopped, and the autoclave
was cooled to room temperature. The precipitate in the autoclave was filtered, washed
with ethanol, and dried at 80 ◦C for 6 h. The dried sample was further calcined at 450 ◦C
for 2 h. The molar ratios of ascorbic acid to vanadium acetylacetonate varied between 0:1
and 10:1; the other two samples were prepared under identical conditions.
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3.2. Characterizations of Materials

All samples were observed with a Hitachi S-4800 field-emission scanning electron
microscope (Hitachi Limited, Tokyo, Japan) to obtain the morphological characteristics.
X-ray diffraction (PANalytical B.V., Almelo, Nederlanden) patterns were recorded using
a diffractometer (CoKα, Analytical, and Pert). Electrode performance was measured
with a Land CT2001A battery tester at room temperature. Electrochemical impedance
measurements were performed with a Zahner IM6 electrochemical workstation (Zana
Company, Kronach, German).

3.3. Electrochemical Tests of Hollow V2O5 Microspheres

Hollow V2O5 microspheres were tested as cathode materials for lithium-ion batteries.
The composite of positive electrode materials consisted of an active material, a conductive
material (superpure carbon), and a binder, polyvinylidenedifluoride, in a weight ratio of
7/2/1. Li metal was used as the counter electrode. The electrolyte was 1 M LiPF6 in a
1/1/1 (volume ratio) mixture of ethylene carbonate (EC), propylene carbonate (PC), and
dimethyl carbonate (DMC). The cells were charged and discharged between 2.0 and 3.5 V
voltage limits.

4. Conclusions

Hollow V2O5 microspheres of approximately 1 to 2 µm were prepared with vanadium
acetylacetonate and ascorbic acid involved in the hydrothermal process and calcining
treatment. Both were tested as cathode materials for lithium-ion batteries. Well-formed
hollow V2O5 microspheres of smaller size showed higher discharge capacity and better
cycling stability, which was ascribed to smaller charge transfer impedance. Future work will
concentrate on applying amorphous vanadium-based composites to sodium-ion batteries.
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