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Three-dimensional porous V,0s5 quasi-hexagonal hierarchical microplates with tunable porosity
were fabricated by a one-step top-down strategy.
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3D porous V,0;5 hierarchical microplates have been
fabricated by a one-step top-down strategy, and display
excellent rate capability and stable capacity of 110 mAh g™ at
2000 mA g after 100 cycles. We have demonstrated the facile
approach of a solid-phase conversion is promising for large-
scale fabrication of highly porous micro/nano materials.

Introduction

The ever increasing demand in electrochemical devices with
advanced energy conversion and storage has stimulated
significant interests in lithium battery (LB) research.'” The
lithium battery is one of the most promising energy storage
systems which is efficient in delivering energy, light in weight
and environmentally benign.*’ For the application in electric
vehicles (EVs) and hybrid electric vehicles (HEVs), the energy
density of LBs still need to be improved.” Increasing the energy
density of LBs requires the development of electrode materials
with higher capacity.®'> Among the potential cathode materials,
vanadium pentoxide (V,0s) with a layered structure has been
extensively investigated due to its low cost, abundance as well as
its high theoretical capacity (about 294 mAh g' with 2 Li
insertion/extraction per unit formula)."*'7 Even only one Li
insertion/extraction, it also can deliver a comparable capacity
compared to the commercialized cathode materials such as
LiCoO, (140 mAh g"') and LiMn,O, (146 mAh g').'>'%%
However, two critical issues for this electrode material are its low
rate and limited long-term cycling stability, due to its slow
electrochemical kinetics and poor structural stability.*'>

In the last decades, many efforts have been focused on the
synthesis of micro/nano-structured vanadium oxides to mitigate
the slow electrochemical kinetics by acquiring high surface area
and short ion/electron diffusion distance.* Various micro/nano-
structures reported with different performance suggest that the
characteristics of V,0s, such as the dimensions, morphology,
porosity, and texture, are critically important for the
electrochemical performance of the electrodes.>*’ In particular,
V,05 nanostructures, such as nanowires, nanorods, nanoribbons,
nanosheets and hollow structures can prove to improve the
electrochemical kinetics effectively, shorten the diffusion
distance for Li" ions, and buffer the volume change, maintaining
mechanical integrity and chemical stability over many

=Y
A

-
S

85

intercalation/deintercalation cycles as compared with non-
nanostructured materials.”*° However, the electrochemical
performance of V,0s nanomaterials, particularly, the cycling
stability and rate capability, is still not very satisfactory. As is
well-known, porous aggregates of electrode materials show great
advantages such as good contact with electrolyte, high specific
surface area, improved Li" permeation and easier to bind than
isolated nanosized particles, which can reduce the polarization
and decrease the structure stress during the charge/discharge
processes.3 136 Fyrthermore, the hierarchical structures can
effectively prevent the self-aggregation of electrode materials
upon cycling.*® Thus, constructing the V,0s cathode material
with hierarchical porous structure has been considered to be a
valid way to improve its electrochemical performance.

Creating an open pore-network within the bulk of the solid is
an effective approach to form hierarchical porous cathode
materials.>” In this work, we report a facile top-down preparation
of porous nanoarchitectures from large microcrystals. To the best
of our knowledge, it may be the first time to synthesize the three-
dimensional (3D) porous V,0s quasi-hexagonal hierarchical
microplates with tunable porosity. When evaluated as a cathode
material for LBs, the porous V,0s microplates manifest
significantly improved electrochemical performance in terms of
specific capacity, cycling stability and rate capability.

Experimental Section
Materials synthesis

In a typical synthesis, urea (1.5 g) and NH4;VO; (0.1 mmol) were
dissolved in 10 mL deionized water in turn under vigorous
stirring at 80 °C. After stirring for 20 min, 50 mL acetonitrile was
added into the above solution, and then the solution was
continued to stirring for 1 h. Sequentially, the mixture was
transferred into a Teflon-lined stainless steel autoclave with a
capacity of 100 mL. After heating at 180 °C for 12 h, the
autoclave was naturally cooled to room temperature, and the
precipitate was collected by centrifugation and washed three
times with ethanol. Finally, 3D porous V,0s hierarchical
microplates were obtained by annealing the solvothermally
prepared NH,VO; quasi-hexagonal microplates in air at 350 °C
for 2 h with a heating rate of 2 °C min™". A series of experiments
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s Figure 1. (a) A schematic illustration for the formation of 3D porous V,0s hierarchical microplates through one-step thermal decomposition of NH,VO;
microcrystals. FESEM image (b), TEM image (c) and EDS mapping (d) of NH;VO; quasi-hexagonal microplates. FESEM (e), TEM (f) and HRTEM (g) images

of the 3D porous V,0s hierarchical microplates annealed at 350 °C.

were also carried out at different solvothermal reaction times and
calcination temperatures to investigate the structural evolution
10 process.

Characterization

X-ray diffraction (XRD) measurements were performed to
investigate the crystallographic information using a D8 Advance
X-ray diffractometer with non-monochromated Cu Ko X-ray
15 source. Field emission scanning electron microscopy (FESEM)
images were collected with a JEOL-7100F microscopy at an
acceleration voltage of 10 kV. Transmission electron microscopy
(TEM) images and high-resolution electron
microscopy (HRTEM) images were recorded by using a JEM-
20 2100F STEM/EDS microscope. Brunauer-Emmet—Teller (BET)

transmission

surface areas were measured using Tristar II 3020 instrument to
measure the adsorption of nitrogen.

Measurement of Electrochemical Performance

The electrochemical properties were evaluated by assembly of
25 2025 coin cells in a glove box filled with pure argon gas. Lithium
pellets were used as the anode, 1 M solution of LiPFg in ethylene
carbon (EC)/dimethyl carbonate (DMC) was used as electrolyte,
and the cathode electrodes were obtained with 70% 3D porous
V,05 hierarchical microplates active material, 20% acetylene
30 black and 10% poly (tetrafluoroethylene) (PTFE). Galvanostatic
charge/discharge cycling was studied in a potential range of 2.4 -
4.0 V vs. Li/Li" with a multichannel battery testing system
(LAND CT2001A). Cyclic voltammetry (CV) and AC-
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impedance spectra were tested with an electrochemical

workstation (Autolab PGSTAT 302N).

Results and Discussion

The schematic illustration of the synthesis of 3D porous V,0s
hierarchical microplates is shown in Figure la. The first step of
synthesis involves the dissolution of NH,;VO; particles in water
bath process. The formation mechanism of NH4VO; quasi-
hexagonal microplates may be attributed to the anisotropic
growth of their inherent crystal structure and chemical potential
in solution,*®* which can be confirmed by the FESEM images of
the products with different solvothermal reaction time (Figure
S1). In this step, the ammonia derived from urea restrains the
hydrolysis of ammonium metavanadate effectively (Equation 1-3).
As a result, the pure ammonium metavanadate microstructure can
be obtained after solvothermal reaction. In addition, urea shows
certain ability to dissociate particles and affect the particles’
aggregation through direct binding to the particles’ surface.*’
Ultimately, the prepared NH4;VO; quasi-hexagonal microplates
were decomposed into 3D porous V,0s hierarchical microplates
under annealing process, corresponding to Equation (4).

NH,VO; <> NH," + VO; (1)
(NH,),CO + H,0 — 2NHj; + CO, 2)
NH; + H,0 <> NH, "+ OH" 3)
2NH,VO; — 2NH; +V,05+ H,0 )

Owing to a conversion from NH,VO; to its corresponding
oxides, which makes use of the volume shrinkage and release of
internally born ammonia (NH;3) in the process of thermal
decomposition, 3D porous V,Os hierarchical microplates were
finally obtained. Vanadium oxide layer blocking the gas release
effectively is broken by ammonia sealed, forming a small
void/pore. Many such processes can concurrently/continuously
occur from the outer to inner part of the crystals until continuous
channels are eventually formed, while NH,VOs; is completely
decomposed to V,0s. 4142

The morphology and microstructure of the as-prepared
products were examined by FESEM and TEM. The FESEM and
TEM images (Figure 1b, c) reveal that the NH,VO; sample
prepared by solvothermal method is composed of the quasi-
hexagonal microplates with lengths of more than 10 pm. Energy
dispersive spectroscopy (EDS) element mapping analysis (Figure
1d) indicates that V, N and O distribute in NH,VO; quasi-
hexagonal microplates. Apparently, Figure le, S2 and S3 show
that the material morphology is essentially preserved during the
annealing and solid-phase conversion process, and the porous
structure can be also observed on the surface of V,05 sample
calcined at 350 °C (V,05-350). The representative TEM image
(Figure 1f) shows the prepared V,05 quasi-hexagonal microplates
are composed of interconnected nanosized subunits with highly
porous structure. In the HRTEM image (Figure 1g) taken from a
edge of a nanosized subunits, the lattice fringes are clearly visible
with spacing of 0.34 nm, which is in agreement with that of the
(110) planes of V,05 (JCPDS card No. 00-041-1426). There are
some irregular particles can be observed in resultant products
(Figure S4), their conversion to porous V,0Os is similar to that of
V,0s quasi-hexagonal microplates (Figure S5).

The resultant products were characterized by XRD to identify
the crystallographic structure and crystallinity (Figure 2a). It can
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Figure 2. (a) XRD patterns of the prepared products before and after
annealing. (b) TG analysis of 3D porous V,0s hierarchical plates in air.

NH,VO; (JCPDS NO. 00-025-0047, space group: Pmab, a =
5.8270 A, b =11.7820 A, ¢ = 4.9050 A) and orthorhombic V,Os
(JCPDS NO. 00-041-1426, space group: Pmmn, a = 11.5160 A, b
=3.5656 A, ¢ = 4.3727 A). The strong and narrow peaks indicate
a high crystallinity of the as-prepared products. In order to
confirm the phase transition, Thermogravimetric (TG) analysis of
the NH,VO; quasi-hexagonal microplates was carried out in air
atmosphere (Figure 2b). The TG curve shows one main step
which is related to decomposition of NH4;VO; quasi-hexagonal
microplates, which can be confirmed by the endothermic peak
(~200 °C) of the differential scanning calorimetry (DSC) curve.
The weight loss is 23 %, and the value is close to the theoretical
weight loss of decomposition of NH,;VO; (22.3 %), redundant
weight loss may be attributed to the decomposition of
residualorganics. The DSC curve also exhibits an exothermic
peak at ~350 °C, it is confirmed that there is a phase
transformation of V,0O:s.

Pore Volume (cm® g”)

a- b BET Surface Area (mg™")
— 35 BJH Average Pore Diameter (nm) 80 -0.20
~
1200 €] K A o 30 AT - 70 [018
» | A I S 0.16
1001 s r i / \ 7 2% \ 6 o,
J o / [ §
2 80{ Eom Y / \ I 20 \\ 50 [0.12
i3 3 7 \
S sz L L ® \ 4w [010
© 4 N\ f. \ 0.08
> 40 3 T / 7 10 ~ 30 Loos
Pare Diameter (nm) A s .
o ! . . 20 [o0.04
20 5 T~ -
T[4 fo02
oo
0. 04— T T T T T 0.00
0.0 02 04 06 0.8 1.0 350 400 450 500 550 600

Relative Pressure (P/Po) Temperature (°C)

Figure 3. (a) Nitrogen adsorption-desorption isotherms of V,0s-350 and
corresponding pore size distribution (inset). (b) BET surface area
distribution, average pore diameter and pore volume of V,0s samples
with different calcination temperatures.

Nitrogen adsorption-desorption isotherms were further
measured to characterize the porous structure of the products. It
is found that V,05-350 has Brurauer—Emmerr—Teller (BET)
surface areas of 32 m® g with mesopores and macropores from
2-5 to 10-100 nm on the basis of the Barrett-Joyner-Halenda
(BJH) methed (inset of Figure 3a). The sorption isotherms of
V,0;5-350 (Figure 3a) appear to be type IV curves, with the H3
hysteresis loops that can be linked to slit-shaped pores. Figure 3b
shows that with calcination temperature increasing, average pore
diameter of V,05 sample increases, whereas the BET surface area
and pore volume of V,05 sample decreases, suggesting porous
structure of the products was changed (Figure S6, S7). The BET
surface area of V,05 sample annealed at 600 °C decreased to ~5
m’ g, pore structure does not exist according to the low BET
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Figure 4. (a) Cyclic voltammograms at a scan rate of 0.1 mV s of V,0s-350; (b) discharge/charge curves of the first, fifth and tenth cycles at 50 mA g™ of
V,05-350; (c) cycling performance at the current density of 100 mA g'1 of V,05-350; (d) the rate performance of porous V,0s microplates annealed at
different temperatures; (e) cycling performance at high rates of 1 Ag™ and 2 A g™* of V,05-350; (f) cycling performance at the current density of 1 A g*

s measurement at 40 and 60 °C of V,0s-350.

surface area and unavailable pore size data. We also annealed the
bulk NH4VO; at 350 °C (Figure S8), whose BET surface area (21
m® g") and pore volume (0.15 cm’® g') are lower than porous
V,0;5 microplates calcined at the same temperature.

10 Coin cells with metallic lithium as anode were assembled to
investigate the electrochemical performance of the 3D porous
V,0s hierarchical microplates cathodes. Cyclic voltammogram
(CV) of the porous V,05s microplates was measured at a scan rate
of 0.1 mV s™' in the potential range from 2.4 to 4.0 V (Figure 4a).

15 The cathodic and anodic peaks are ascribed to the lithium ion
insertion and extraction, respectively. Two main cathodic peaks
appear at potentials of 3.30 and 3.08 V, corresponding to the
phase transformations from a-V,0s to €-Liy5V,05 and 8-LiV,0s,
the processes of which are expressed in Equation 5 and 6,

0 respectively.**
V,05 + 0.5Li" + 0.5¢" = &-Liy s V,05 5)
e-LipsV,0s + 0.5Li" + 0.5¢” = §-LiV,05 (6)

In the subsequent scans, the shapes of the curves are almost
identical, which indicates good reversibility of the lithium

25 insertion process. Figure 4b displays the discharge/charge curves
of the V,0s cathodes at different cycles. The result shows that the
discharge/charge curves are almost superposed during 10 cycles.
Two voltage plateaus are clearly observed which is quite
consistent with the CV curves. The cycling performance was
a0 further evaluated by galvanostatic discharge/charge testing. As
shown in Figure 4c, the initial discharge capacities of 3D porous
V,0s hierarchical microplates is 146 mAh g at 100 mA g, very
close to the theoretical value of 147 mAh g™ for the formation of
8-LiV,0s. After 50 cycles, their discharge capacities of 137 mAh

55 ¢! are still remained, corresponding to 93.8% of the initial
capacity. During the entire cycles, the coulombic efficiency
maintains at a high level of more than 99%, demonstrating a good

reversibility between the charge and discharge processes.

To evaluate the rate capability, the 3D porous V,0s hierarchical
microplates cathode was cycled at various rates, ranging from 50
to 2000 mA g (Figure 4d). As the rate increases from 50 to 2000
mA g, the discharge capacity of the cathodes decreases
gradually from 147 to 112 mAh g'. After the high rate
measurement, when rate is reduced back to 50 mA g‘l, a
discharge capacity of 139 mAh g' can be recovered. It is obvious
that the rate performance of V,05-350 is better than that of
samples annealed at 450 (V,05-450) and 600 °C (V,05-600).
Moreover, cycling performance of the 3D porous V,Os
hierarchical microplates cathodes at high rates of 1000 mA g’
s0o and 2000 mA g are shown in Figure 4e. The initial specific
discharge capacities were 130 and 110 mAh g at the rates of
1000 and 2000 mA g”', respectively. Remarkably, their capacities
were retained to 123 and 108 mAh g' after 100 cycles,
corresponding to 94.6% and 98.2% of their initial capacity,
respectively. In order to investigate the influence of porous
structure on the electrochemical performance of V,0s, the
electrochemical characterizations of the bulk V,05 powders were
also measured (Figure S9, S10). The -electrochemical
performance of the 3D porous V,0s hierarchical microplates is
good compared to that of many reported V,0s electrodes, in
terms of high-rate capability and cycling performance (Table S1).
The electrochemical impedance spectra (EIS) were used to
provide further insights (Figure S11). The Nyquist plots indicate
that the charge transfer resistance (Rct) of V,05-350 with higher
BET surface area is much lower than that of the other two
cathodes. The reason for that should be the porous structure with
larger surface area results in an more efficient and increases
contact area between the active sites and electrolytes, as well as
the shorter diffusion distance for Li" ions, which leads to rapid
7 ion diffusion and an efficient charge transfer.** As a device that

delivers high power, the Joule effect must be considered since
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large heat can be generated during the charge/discharge process at
high power.*> Therefore, it is crucial to study the temperature-
dependent performance. Figure 4f clearly shows that with the
increase of cycle number, the capacities at 1000 mA g tended to
increase both at 40 and 60 °C. The gradual improvement of
capacity could suggest the gradual penetration of electrolyte into
the particles’ interior *® and the electrochemical kinetics promoted
gradually during the temperature-rise process of the cells
measured.*” Significantly, their capacities were 141 and 143 mAh
g after 100 cycles, respectively, which were higher than the
capacities measured at room-temperature. It demonstrates that the
porous V,0s hierarchical microplates cathode shows a high rate
capacity.

The improved rate capability and cycling stability are
attributed to the interesting 3D porous structure. More
specifically, the porous structure would facilitate the electrolyte
penetration and increase the contact area between the electrode
material and the electrolyte.*® The nanosized V,05 subunits with
many spaces between each other have an increased portion of
exposed surfaces, which ensure a high utilization of electrode
materials and provide more electrochemically active sites for Li"
to accesses, thus a high capacity is achieved.*” Moreover, the
porous structure might be also an advantage to accommodate the
volume variations during the Li" ions intercalation and
deintercalation.®® Finally, the nanosized building blocks reduce
the distance for Li" ions diffusion and the electron transport.’* '
In brief, the porous structure is beneficial to the improved cycling
stability and excellent rate capability of the 3D porous V,Os
hierarchical microplates.

Conclusions

A facile top-down fabrication approach has been developed to
prepare 3D  porous V,0s hierarchical quasi-hexagonal
microplates, via one-step thermal decomposition of NH4VO;
microplates. The as-synthesized V,05 microplates are composed
of well-defined nanosized subunits, forming a highly porous
hierarchical structure which gives rise to high surface area (32 m’
g‘l). When evaluated as a cathode material for lithium batteries,
the V,0s microplates display relatively stable capacity retention
(capacity retention reach up to 98.2% after 100 cycles). They also
show excellent rate capability, with a capacity of 110 mA h g”' at
2000 mA g'. The excellent electrochemical performance
suggests that the unique porous V,0s hierarchical microplates is a
promising cathode material for lithium batteries. This one-step
thermal conversion of NH,VOs; into porous structures can further
be applied to converting ammonium salt into such porous
structures. Meanwhile, it is convinced that this effective top-
down stratagy can be extended to fabricate other micro/nano
materials with unique structures which have advanced
electrochemical properties.
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