IS APPLIED MATERIALS

INTERFACES

www.acsami.org

Low-Cost Synthesis of Hierarchical V,0; Microspheres as High-
Performance Cathode for Lithium-lon Batteries

Jie Shao, Xinyong Li, Zhongming Wan, Longfei Zhang, Yuanlei Ding, Li Zhang, Qunting Qu,*

and Honghe Zheng*

School of Energy & College of Chemistry, Chemical Engineering and Material Science, Soochow University, Suzhou Jiangsu 215006,

China

© Supporting Information

ABSTRACT: Hierarchical V,05 microspheres composed of stacked platelets are
fabricated through a facile, low-cost, and energy-saving approach. The
preparation procedure involves a room-temperature precipitation of precursor
microspheres in aqueous solution and subsequent calcination. Because of this
unique structure, V,O microspheres manifest a high capacity (266 mA h g™'),
excellent rate capability (223 mA h g™' at a current density 2400 mA g™'), and
good cycling stability (200 mA h g™" after 100 cycles) as cathode materials for

lithium-ion batteries.
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1. INTRODUCTION

Lithium-ion batteries are the predominant power sources for
the current portable electronics. However, their energy and
power density, largely depending on the electrochemical
properties of electrode materials, still cannot meet the
aggressive demands of electric vehicles (EVs) and hybrid
electric vehicles (HEVs).'™ In addition, commercial lithium
ion batteries suffer from the specific capacity mismatch between
cathode and anode materials. As summarized in Figure 1a, the
practical reversible capacities of typical commercial cathodes
(usually less than 190 mA h g_l)z’ ~% are far lower than that of
graphite anode (372 mA h g'). This is known as an important
reason for the low energy density of various kinds of full cells.
From this point of view, exploration of alternative cathode
materials of higher capacity is essential for developing next-
generation of high-energy and high-power lithium-ion
batteries.”

V,0s, because of its high theoretical capacity (294 mA h g™
based on two lithium insertion per formula unit), high output
voltage, abundant resource, and lost cost, has been considered
as a promising cathode for lithium-ion batteries.'"""
Especially, nanostructured V,Os, such as nanotubes,"* nano-
particles,lz’15 nanowires,lé’17 and mesoporous materials,"® have
demonstrated superior lithium insertion/extraction perform-
ances. Nonetheless, the associated problems, like low packing
density and high reactivity of electrolyte at the electrode
surface, always lead to the low volumetric energy density, poor
cycling stability, and safety hazards of the battery.”” !
Fabrication of hierarchical microspheres composed of nano-
structures provides a feasible strategy to overcome these
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limitations.”' As a matter of fact, hierarchical hollow V,Os
microspheres,'"*> porous V,05 microspheres,”>** and yolk—
shell V,05 microspheres'®*>*® have been reported with much
improved lithium storage properties. However, preparation of
these microspheres always involve a two-step heat treatment
(solvothermal step and calcination step), which are time- and
energy-consuming.10’22’23’25_29 Besides, the adopted solvent
and vanadium sources are always quite expensive.

In this work, we present a novel facile and low-cost approach
to fabricate hierarchical V,05 submicrospheres composed of
stacked platelets. The preparation procedure involves a room-
temperature precipitation of V(OH),NH, precursor in aqueous
solution and subsequent calcination. Diameter of the V,Oq
microspheres is well controllable by adjusting the composition
of precursor solution. The obtained V,05 microspheres
manifest excellent electrochemical performance as cathode
materials for lithium-ion batteries.

2. RESULTS AND DISCUSSION

The detailed preparation procedures of V,05 microspheres are
shown in the Experimental Section. Briefly, the V(OH),NH,
precursor was first prepared as previously reported, which is
based on a precipitation reaction of NH,VO; HCI, and
hydrazine-containing aqueous solution at room—temperature.30
The precursor was subsequently calcined at 350 °C in air to
obtain V,0;. The crystal phases of precursor and V,05 were
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Figure 1. (a) Practical reversible capacities of some typical commercial cathodes and graphite anode. (b) XRD patterns of the precursor and as-
prepared V,0O; microspheres.

Figure 3. TEM images of the (a, c) precursor and (b, d, e) as-prepared V,O4 microspheres. The inset in e is the magnification of rectangular region.

investigated by X-ray diffraction (XRD) patterns (Figure 1b). the diffraction peaks can be indexed to orthogonal V,O; phase
The precursor exhibits an amorphous structure. After (a-V,05, JCPDF no. 41—1426). Thermogravimetric (TG)
calcinations at 350 °C, it converts into crystalline V,0;. All curve of V(OH),NH, precursor (Figure SI in the Supporting
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Figure 4. SEM images of the (a) precursor and (b) V,0; microspheres prepared in presence of formic acid in the precursor solution.

Information) under air atmosphere displays a mass loss of 9%
between 50 and 350 °C, which is a combined effect of water
and NH; release and oxidization of V** by oxygen. No more
weight loss is observed at temperature above 350 °C. The as-
prepared V,O; is thermally stable in the whole range of
detected temperature, suggesting that the precursor is
completely converted into V,05 at 350 °C.

Morphologies of the samples were studied using scanning
electron microscopy (SEM). Figure 2a reveals that the original
precursor is composed of homogeneous microspheres with
diameter of about 400 nm. After calcination at 350 °C for 2h,
the original microspherical morphology and size is well
maintained (see Figure 2b). It is noteworthy that the as-
prepared V,05 submicrospheres are much smaller than the
microscaled spheres reported in literatures.'”*>*® This is
associated with the small dimension of precursor microspheres
synthesized at room-temperature. The precursors in literatures
are always prepared via a solvothermal step at high temperature,
leading to aggregation of nanomaterials and growth of
microspheres to a larger size. The high-rate SEM images of
precursor and V,0O; (Figure 2c, 2d) reveal that these
microspheres consist of platelike structure. Especially, for the
V,0; microspheres, the layer-by-layer edges of plates can be
observed distinctly as marked out in the circle regions.

Transmission electron microscopy (TEM) was further
utilized to confirm the hierarchical structure of these micro-
spheres. By comparing the TEM images of precursor and V,Og
microspheres (Figure 3a, b), we can see that the precursor
presents a very dense structure. In contrast, the interior of V,O;
microspheres is considerably looser than the precursor. This is
believed to be resulted from the water and NHj release during
thermal decomposition of the V(OH),NH, precursor. A deep
insight into the edges of precursor and V,0s microspheres
(Figure 3c, d) shows that these materials seem to be composed
of stacked platelets, consistent with the above SEM results.
Especially, one typical side-view image of V,0y microspheres
presents well-ordered stacking of layer-by-layer structure
(Figure 3e). Brunauer—Emmett—Teller (BET) specific surface
area of V,0; microspheres measured through nitrogen
adsorption/desorption isotherms (see Figure S2 in the
Supporting Information) is 12 m® g~', validating presence of
pores or interstices between the primary platelets of V,04
microspheres. The pore size distribution curve shows broadly
distributed mesopores with diameters below 50 nm.

Diameter of the precursor and V,0O; microspheres can be
well controlled by adjusting the pH environment of the
precursor solution. When 1 mL of formic acid is introduced
into the reaction solution, diameter of the precursor and
resultant V,0O5 microspheres is decreased to 300 nm (Figure 4).
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This may be related to the high sensitivity of V(OH),NH,
precursor to H* ions, and thus the outer layer of V(OH),NH,
microspheres may dissolve into the solution. By contrast,
influence of calcination time on the morphologies of V,04
microspheres is negligible (Figure S3 in the Supporting
Information). Here it also should be pointed out that SEM
image of some collapsed V,0; microspheres (Figure 4b)
contains rubblelike platelets, further suggesting that this
material should be composed of platelike structure.

A schematic is shown in Scheme 1 to illustrate the formation
of hierarchical structured V,05 microspheres. The V-

Scheme 1. Schematic Ilustration of the Formation of
Precursor and Hierarchical V,04 Microspheres from the
Side View

Li* [l

AT

(OH),NH, precursors are first generated in the form of
plate-like structure by the redox reaction between VO;~ and
hydrazine, which then aggregated or stacked to form solid
microspheres during the aging process. After calcination, V,Og
microspheres with a looser interior are achieved due to release
of water and NH;. As observed from the SEM images of
precursor and V,O; at high magnification (Figure 2¢, d),
dimensions of these primary platelets increase slightly after heat
treatment, probably due to the agglomerative growth of V,04
plates during calcination. This work provides a novel route for
the fabrication of hierarchical V,Og submicrospheres assembled
from stacked platelets. Compared with other reports involving a
two-step heat treatment,'****>*°72% this method is more facile,
scalable, low-cost, and energy-saving, making it suitable for
industrial application.

Figure Sa shows the cyclic voltammograms (CV) of the V,05
submicrospheres electrode within the voltage range of 2—4 V vs
Li/Li*. This voltage window is chosen to avoid the formation of
irreversible w-phase of Li,V,0; (2 < x < 3) that occurs at deep
depth of discharge. The three cathodic peaks at the potentials
of 3.34, 3.13, and 2.21 V are attributed to the formation of
intercalation compounds &-LiyV,0Os, 6-LiV,Os, and y-Li,V,Os,
respectively.'® The corresponding anodic peaks at the
potentials of 2.59, 3.28, and 3.47 V due to lithium
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Figure 5. (a) CV curve of V,0O5 microsphere electrode. (b) Galvanostatic discharge and charge curves of V,O; electrode at a current density of 300
mA g™' (1C); first cycle (—), second (---), and third (eee) cycle. (c) Rate performance of V,Og microsphere electrode and the comparison with the
reported results at the corresponding rate. (d) Long-term cycling performance of V,O5 microspheres during discharge/charge at a current rate of 1C,
and the comparison with other reported results at the corresponding cycle number.

deintercalation signify the backward transition of phases from y-
Li,V,0; to 6-LiyV,0q, -LiV,0;, and a-V,0;, respectively.lo

The galvanostatic discharge and charge curves of V,04
electrode at a current density of 300 mA g' (1C) are
presented in Figure Sb. During discharge, well-defined voltage
plateaus appear at 3.34, 3.15, and 2.25 V, representing the
multiple-step lithium ion intercalation. Deintercalation of
lithium ions also occurs in three steps, consistent with the
above CV results. The Coulombic efliciencies for the initial
three cycles are 97.8, 99.6, and 99.9%, respectively, signifying
excellent reversibility of V,05 microspheres electrodes for the
insertion/extraction of lithium ions. A reversible capacity of 266
mA h g7, close to the theoretical capacity of 294 mA h g™/, is
obtained in the initial cycle. The specific capacity of V,Oq
microspheres is significantly higher than those of porous
microspheres (214 mA h g™!),** yolk-shell microspheres (180
mA h g™'),* hollow microspheres (241 mA h g™'),*® and
three-dimensional porous V,05>' (230 mA h g™') tested at
similar current rate.

Rate capability test of the V,0O5 microspheres (Figure Sc)
demonstrates a reversible capacity of 223 mA h ¢! at 8C
(equivalent to 2400 mA g™"), considerablgr higher than those of
porous,** hollow”® or yolk—shell V,05'>*® microspheres and
even reduced graphene oxide supported V,Og spheres™
reported previously under similar test conditions. The
improved rate performance of V,0Os microspheres can be
attributed to their hierarchical microspherical structures
assembled from primary platelets. On the one hand, the
interstices between these primary platelets facilitate intercala-
tion of lithium jons from various directions of the spheres
(Scheme 1). On the other hand, dimension of the present V,0;
microspheres with a uniform diameter of 400 nm is much
smaller than those reported in literature (usually larger than 1
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m),'**>** which ensures fast Li* transportation throughout

the particles.

Cycling stability of the V,O5 microspheres during long-term
discharge/charge at a current rate of 1C is shown in Figure 5d.
The specific capacity at the 20th, 50th, and 100th cycle is 248,
232, and 200 mA h g7/, respectively. The capacity retention of
V,0; microspheres is superior to those of hollow and yolk-shell
V,05 microspheres reported in literatures'®***>*%* with the
same voltage window applied. The interstices between the
primary plates can effectively alleviate the volume expansion/
contraction of V,05 upon cycling. The secondary micro-
spherical structure could suppress aggregation of the primary
platelets. In other words, the hierarchical structure of V,0q
microspheres accounts for its good cycling performance.
Considering that there is no Li in V,Os, practical application
of V,0; can be extended to metal lithium batteries, in which
the problem of Li dendrites could be resolved through
utilization of high salt concentration electrolytes.**

3. CONCLUSION

In conclusion, a facile and low-cost approach was developed for
the synthesis of hierarchical V,04 microspheres composed of
stacked platelets. V,05 microspheres manifest a reversible
capacity of 266 mA h g~' at a current rate of 1C. The V,05
microspheres also exhibit excellent high-rate capability and
good cycling stability attributed to the unique hierarchical
structure of V,05 material. The new synthesis process for such
hierarchical V,05 microspheres adopted in this study is scalable
and energy-saving, making it a promising cathode material for
the next-generation of high-energy lithium-ion or lithium
batteries.
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Experimental details, TG curves of V(OH),NH, precursor and
as-prepared V,0; microspheres under air atmosphere, N,
adsorption—desorption isotherms and corresponding pore
size distribution curves of V,Og microspheres, TEM images
of V,05 microspheres prepared through different calcination
time, and charge curves of the V,0g microspheres at different
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