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A High-Rate V,0, Hollow Microclew Cathode for
an All-Vanadium-Based Lithium-lon Full Cell

Pengfei Zhang, Luzi Zhao, Qinyou An, Qiulong Wei, Liang Zhou, Xiujuan Wei,
Jinzhi Sheng, and Ligiang Mai*

V205 hollow microclews (V,0s-HMs) have been fabricated through a facile
solvothermal method with subsequent calcination. The synthesized V,0s-HMs exhibit
a 3D hierarchical structure constructed by intertangled nanowires, which could realize
superior ion transport, good structural stability, and significantly improved tap density.
When used as the cathodes for lithium-ion batteries (LIBs), the V,0s-HMs deliver a
high capacity (145.3 mAh g”!) and a superior rate capability (94.8 mAh g at 65 C).
When coupled with a lithiated Li;VO, anode, the all-vanadium-based lithium-ion
full cell exhibits remarkable cycling stability with a capacity retention of 71.7% over
1500 cycles at 6.7 C. The excellent electrochemical performance demonstrates that
the V,Os-HM is a promising candidate for LIBs. The insight obtained from this
work also provides a novel strategy for assembling 1D materials into hierarchical
microarchitectures with anti-pulverization ability, excellent electrochemical kinetics,
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and enhanced tap density.

1. Introduction

Lithium-ion batteries (LIBs) have attracted considerable
interests in energy storage systems due to their various
advantages such as high working voltage, high energy density,
and long lifespan.'”7] However, their large-scale commer-
cialization in electric vehicles and hybrid electric vehicles is
still hindered by their poor rate performance and safety issue,
which are mainly related to the electrode materials.[>-13] Tn
this regard, substantial research efforts have been focused
on elaborate exploration and rational design of high-perfor-
mance electrode materials.!!+1]

Among the cathode materials, V,0s, with feasible lithium-
ion intercalation features, has aroused widespread attention
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because of its high output voltage, low cost, abundant
resource, and high energy density.l'211 However, it still suf-
fers from poor cycling performance and rate capability due
to the sluggish electric conductivity and the low lithium-ion
diffusion kinetics.[?2?3l In recent years, constructing various
nanostructures, such as nanorods,?*?° nanobelts,?°] nano-
wires,?”28] porous structures,®! and nanoparticles,*”! has
been demonstrated as an effective strategy to shorten the lith-
ium-ion diffusion distance and improve the electrochemical
kinetics.?2?!l Song et al. synthesized the unique mesoporous
V,05 nanosheets by a facile hydrothermal method. These
V,05 nanosheets exhibit ultrastable capacity retention and
excellent rate capability, maintaining a reversible capacity of
118 mAh g! at 6000 mA g! after 1000 cycles.*2l Nonetheless,
many associated problems occur including low tap density
and increased side reactions when the size of the electrode
material is reduced to nanometer scale.l*3l The low tap den-
sity results in low volumetric energy density and thick elec-
trode at high mass loading, making it hard to maintain the
electronic and ionic pathways during cycling.?* Besides, the
extended electrode/electrolyte contact significantly increases
the side reactions, resulting in safety issues and poor cycling
performance.l®! The fabrication of high level organized hier-
archical superstructures composed of nanosized building
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blocks provides a feasible strategy to overcome these prob-
lems because the superstructures could offer exceptional
advantages of both the nanosized primary particles and
micrometer-sized assemblies.['$33341 Among the superstruc-
tures, the hierarchical hollow microsphere has attracted
great interests because of its unique characteristics.?=% The
nanoscale building blocks of the microspheres facilitate the
transport of lithium ions and electrons. And the porous shells
and the void space within the hollow microspheres ensure
the efficient electrolyte penetration and increase the contact
area between the electrode and electrolyte.[*®! Furthermore,
the microsized particles might suppress aggregation of pri-
mary nanoparticles, providing good structural integrity of the
electrode.’738] In addition, the void can alleviate localized
volume change during the Li* intercalation/deintercalation
process.[*’]

Herein we present an all-vanadium-based lithium-ion full
cell consisting of a lithiated Li;VO, anode and a V,05 hollow
microclew (V,05-HM) cathode for the first time, obtaining
the comparable performance compared to the commercial-
ized materials and excellent cycling stability at high rate. The
unique V,05-HMs are successfully synthesized by a facile
solvothermal method followed by calcination. Constructed
by intertangled nanowires, the V,0s-HMs not only inherit
the nanowire features with short ionic and electronic trans-
port pathways but also significantly improve the tap den-
sity due to the 3D hierarchical microstructure. This strategy
has the potential to be extended to the assembly of various
1D materials into optimized microstructures with advanced
physical/chemical properties. And the fabrication of both
anode and cathode materials from the same source is a way
to simplify the process of material synthesis and take advan-
tage of abundant resources adequately, as well as allow for
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convenient capacity matching and optimal capacity of the full
cell.*941] And these could be regard as a significant explora-
tion to develop the low-cost and high-performance full cell
via a facile and energy-saving approach.

2. Results and Discussion

2.1. Morphology and Structure

The crystal phase of the samples is investigated by X-ray
diffraction (XRD) (Figure 1a). The V,05-HM precursor
exhibits the amorphous structure and converts into crystal-
line V,05 (JCPDF card No. 01-089-0611) after calcination. As
depicted in Figure 1b,c, the V,05-HM precursor is composed
of microclews constructed by intertangled nanowires. The
average diameter of the secondary structure is about 7 pum.
After calcinated in air, the microclew structure is well main-
tained (Figure 1d). From the transmission electron micros-
copy (TEM) image, a hollow cavity can be clearly observed
at the center of the V,05 microclew (Figure 1 e, Sla,b, Sup-
porting Information). Some fine structures with the nanowire
morphology are also observed on the surface of the micro-
clew (inset of Figure le), indicating that the V,05-HMs con-
sist of the intertangled nanowires. The high-resolution TEM
(HRTEM) image (Figure 1f) shows lattice fringes with a
spacing of 3.4 A, which is associated with the (110) plane of
V,0s. As determined by N,-sorption (Figure S2, Supporting
Information), the V,05 -HMs hold a Brunauer—-Emmett—
Teller (BET) surface area of 20 m? g”! and a pore volume
of 0.15 cm? g!. The pores are mainly contributed from the
interstices among the assembled nanowires. The Raman
spectrum of V,05-HMs is shown in Figure S3 (Supporting

Figure 1. a) XRD of V,05-HMs and the precursor, b,c) SEM images of V,05-HM precursor, d) SEM image of V,05-HMs, and e,f) TEM and HRTEM
images of V,05-HMs. The inset of () is the magnified image of the fine structure.
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Information). The bands below 1000 cm™ come from
V,05.1421 The characteristic bands for carbonaceous materials,
which usually appear at =1350 and =1590 cm™, cannot be
observed, unambiguously demonstrating that no carbon res-
idue exists after calcination. It should be pointed out that the
V,05-HMs exhibit a significantly improved tap density than
the V,05 nanowires (V,05-NWs). After packing the same
mass of V,05-HMs and nanowires in glass tubes, the volume
of V,05-HMs is just 44% to that of nanowires (Figure S4,
Supporting Information).

2.2. Formation Mechanism Analysis

To explore the formation process of the V,05-HMs, time-
dependent experiments are carried out (Figure 2 , S5-8, Sup-
porting Information). First, V,05-NW network is obtained
after an ultrasonic process (Figure 2a). During the solvo-
thermal reaction, the nanowires aggregate and intertangle
gradually, and then self-roll into microclews (Figure 2b—d).
Finally, after calcinating in air, the V,05-HMs are attained
(Figure 1d). Based on the above results, a proposed growth
mechanism is illustrated in Figure 3. It has been reported that
there is an ionization balance in the V,05 sol (pH > 2)[43-4]
which can be illustrated as follows

10[ VO(OH), |=[HsV1002s]+12H20 (1

[H6Vi0O2s | =[H2V1002s " +4H* ©)

The tris (hydroxymethyl) methylaminomethane (THAM)
§[47.48]

would also ionize in solution as follow:
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NH>C(CH3OH), + H* =[ NH>C(CH0H), | 3)
Due to the electrostatic interactions between the
[H,V,4Ox]* species and the [NH;C(CH;OH);]* species,

the [NH;C(CH;0H);]* absorbs on the vanadium species,
which causes the coagulation of the system and forma-
tion of the nanowires.*”! To minimize the surface energy,
the nanowires undergo a crimping and self-roll process,
forming nanofibrous microclews with hollow cavities at the
center.’%>!l With the nanowires getting closer, the repul-
sion between the [NH;C(CH;OH);|" species absorbed on
adjacent nanowires dominates, avoiding the further aggrega-
tion of the nanowires.’?! After removing the organic species
from the microclews during calcination, the structural integ-
rity of the microclews can be well maintained, while pores or
interstices can be formed between the nanowires. In order to
understand the function of the THAM in this process, con-
trolled experiments with different amount of THAM are
carried out. No product is attained without the addition of
THAM before (Figure S9, Supporting Information) and after
(Figure S10, Supporting Information) the solvothermal reac-
tion, which further proves that the THAM acts as a coagula-
tion agent in this reaction. When the amount of the THAM is
decreased to 1.0 g, V,05 microspheres are obtained. The V,05
microspheres are amorphous and change into crystalline
V,05 (V,05-Ms) after calcination (Figure S1la, Supporting
Information). The SEM images (Figure S11b,c, Supporting
Information) indicate that the V,0s microspheres possess
a much smoother surface and partly break into small pieces
after thermal treatment. The reason for the formation of
V,05-Ms can be explained as follows: with less THAM added,
the repulsion between neighboring nanowires becomes much
weaker, and the nanowires aggregate more seriously than that

Figure 2. SEM images of V,05-HM precursor obtained at different times: a) 0 min, b) 40 min, ¢) 80 min, and d) 120 min.
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Figure 3. Proposed formation mechanism of the V,05-HM precursor.

of V,05-HMs, forming smooth microspheres without cavities
(Figure S11d, Supporting Information). With the amount of
THAM increasing, more and more nanorods are observed
(Figure S12, Supporting Information). This is due to the for-
mation of more [NH;C(CH;OH);]* cations, which absorb on
the vanadium species and make the repulsion between neigh-
boring nanowires stronger. As a result, more and more iso-
lated vanadium oxide nanowires tend to grow into nanorods,
rather than forming microclews during the solvothermal
process.

2.3. Half-Cell Electrochemical Characterization

Half cells (2016-type coin cell) with metallic lithium as the
anode are assembled to investigate the electrochemical
properties of the V,05-HM electrode. Cyclic voltammo-
gram of the V,05-HMs is measured at a scan rate of 0.2 mV
sl in a potential range from 2.4 to 4.0 V (Figure 4a). The
potential range of 2.4-4.0 V is chosen to measure the elec-
trochemical performance so as to avoid the irreversible
structural modifications, which makes the long-term cycling
stability possible, meanwhile, a comparable capacity com-
pared to the commercialized cathode materials can be
obtained. Furthermore, the energy density of electrode
is relatively high due to the high output voltage of V,0;
during the o~¢, e-6 transition. A couple of cathodic/anodic
peaks appear at potentials of 3.31/3.50 V, belonging to the
phase transformations between o-V,0s and e-LijsV,Osq,
while the peaks at 3.01 and 3.35 V correspond to the phase
transformations between &-LijsV,05 and &-LiV,04.313
To investigate the structural advantages of V,0s-HMs
during the electrochemical process, the performance of
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the V,05-NWs prepared by the solvothermal method and
calcination in air (Figure S13b, Supporting Information)
and the V,05-Ms are also measured. The cycling perfor-
mances of V,05-HMs, V,05-Ms, and V,05-NWs at 0.67 C
are shown in Figure 4b. The initial discharge capacities of
V,05-HMs, V,05-Ms, and V,05-NWs are 145.3, 141.7, and
146.8 mAh g! (theoretical capacity of 147 mAh g™ based
on one lithium insertion per formula unit), respectively.
The initial discharge capacity of V,05-NWs is higher than
that of V,05-HMs owing to its more exposed surface area
(21.3 m? g7 vs 20.2 m? g™!). And the capacity drops to 137.2,
119.7, and 123.5 mAh g™! after 50 cycles, corresponding to
a capacity retention of 94.4%, 84.5%, and 84.1%, respec-
tively. When the rate increases to 13.3 C (Figure 4c), the
initial discharge capacities of V,0s5-HMs, V,05-Ms, and
V,05-NWs are 111.6, 71.7, and 120.0 mAh g7!, respec-
tively. Although the initial capacity of V,0s-HMs is slightly
lower than that of V,0s5-NWs, after several cycles, the
V,05 -HMs hold the highest capacity during the rest cycles.
After 26 cycles, the discharge capacity of the V,05-HMs
is 129.3 mAh g™!, which is higher than those of the V,0s-
NWs (122.2 mAh g!) and the V,05-Ms (96.1 mAh g™).
The rise of capacity at the beginning is attributed to the
gradual penetration of electrolyte into the sample inte-
rior.’*] The rate capability of the three samples is shown
in Figure 4d, and the V,05-HMs exhibit excellent cycling
response to various rates. Even discharged at a very high
rate of 65 C, a high capacity of 94.8 mAh g! is attained for
the V,05-HMs (Figure 4d, S14, Supporting Information),
which is about five times larger than those of the V,0s-
Ms (16.2 mAh g™') and the V,05-NWs (18.1 mAh g™).
Notably, when the rate is reduced back to 1 C, the capacity
of the V,05-HMs can be fully recovered, attesting its good
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Figure 4. a) The cyclic voltammograms of V,05-HMs at a scan rate of 0.2 mV s7*. b) Cyclic performance of V,05-HMs, V,05-Ms, and V,0,-NWs at
0.67 C. ¢) Cyclic performance of V,04-HMs, V,0.-Ms, and V,0.-NWs at 13.3 C. d) Rate capability of V,05-HMs, V,05-Ms, and V,05-NWs at various
rates. ) Schematic illustration of the V,0,-HMs during charge/discharge. The HM structure shortens the ion-diffusion pathway and provides a facile

strain relaxation during lithiation/delithiation.

reversibility. The superior rate capability of V,05-HMs can
be attributed to their robust architecture with excellent
mechanical integrity, which keeps efficient and large con-
tact area between the active sites and electrolytes, as well as
short Li* ion diffusion distances. SEM images of the three
electrodes before and after the rate measurements are in
accordance with the results above (Figures S13 and S15,
Supporting Information). The unique microclew structure
of the V,05-HMs is well maintained after cycling at high
rate, while the structure of the V,05-Ms and the V,05-NWs
is almost destroyed during cycling. The superior anti-pul-
verization and anti-aggregation abilities of the V,05-HMs
can be ascribed to their 3D hierarchical hollow structure
constructed by intertangled nanowires. The electrochem-
ical impedance spectra are employed to provide further
insights about the electrochemical process of the electrodes
(Figure S16, Supporting Information). The Nyquist plots
show that the contact and charge transfer resistance (R.)
of the V,05-HMs is obviously lower than those of the other
two samples, suggesting the more facile charge-transfer
process on the electrode/electrolyte interface in V,05-HMs.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

It is ascribed to the effective contact between the electrode
and the electrolytes, as well as a short ion-electron transfer
even under the greatly high rate, maintained by the robust
architecture of V,0s-HMs.

The impressive electrochemical performance of the
V,05-HMs is ascribed to their unique HM structure con-
structed by intertangled nanowires. More specifically, first,
the nanowire building blocks greatly promote the electron
transport and lithium-ion diffusion kinetics by shortening
their pathways. In addition, the nanowires also alleviate the
strain effectively during the lithium-ion intercalation.l>>>]
Second, the pores or interstices between the nanowires
increase the electrode—electrolyte interface, which ensures
a much more effective utilization of the electrode mate-
rials and facilitates the intercalation of the lithium-ion from
various direction of the microlews.’”-°!1 Third, the hollow
structure effectively buffers the unavoidable volume change
during the lithium-ion insertion and extraction processes
(Figure 4e), decreasing the pulverization of the V,05-HM
active materials, further improving the cycling stability and
rate performance.[%%]

small 2016, 12, No. 8, 1082-1090
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Figure 5. a) Schematic illustration of the all-vanadium-based lithium-ion full cell. b) Charge—discharge voltage profiles of the Li;VO,-CNT and
V,0,-HMs at 0.67 C. c) The cycling stability of the full cell at 0.67 C. d) Representative charge—discharge voltage profiles of the V,0,-HM/Li;VO,,-CNT
full cell at the density of 0.67 C. e) Rate performance of the full cell. f) Cycling performance of the full cell at 6.7 C.

2.4. All-Vanadium-Based Lithium-lon Full Cell Device

Considering the safety issues, an anode material with appro-
priate working potential should be utilized. Recently, Li;VO,
has been investigated as a potential intercalation anode
material for LIBs.[**93-9] The theoretical capacity of Li;VO,
(394 mAh g!) is far more than that of Li TisO;, spinel
(175 mAh g™). In addition, its working voltage (0.5-0.8 V
vs Li*/Li) is not only lower than that of Li Ti;O,, (=1.6 V),
which results in higher energy density in Li-ion full cell, but
higher than that of the graphite, avoiding the safety issue
of short-circuiting associated with the formation of Li den-
drites.[*365-¢7] In this work, a unique hollow Li;VO,-CNT
composite (Figure S17, Supporting Information) reported
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in our previous work is chosen as the anode to couple with
the V,05-HM cathode for assembling all-vanadium-based
lithium-ion full cells. Due to the lack of lithium in V,05-HMs,
the Li;VO,-CNT is electrochemically lithiated.

As shown in Figure 5a, an all-vanadium-based lithium
full cell with a structure of Li;VO, -CNT Il 1 M LiPF/EC
(ethylene carbonate) + DMC (dimethyl carbonate) Il V,05-
HMs is assembled. The V,05-HM cathode delivers a revers-
ible capacity of about 145 mAh g™! with two flat plateaus at
3.2 and 3.4 V vs Li*/Li (Figure 5b). The Li;VO,-CNT anode
delivers a specific capacity of =350 mAh g~! with continuous
charge—discharge curves. Before the all-vanadium-based lith-
ium-ion full cell is assembled, the Li;VO,-CNT anode is elec-
trochemically activated for four cycles within the voltage of
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0.2-3.0 V. And then it is discharged to 0.2 V vs Li*/Li with two
lithium ions insertion.?!] The all-vanadium-based lithium-ion
full cell is then assembled with a slight excess (5%-10%) of
anode to make full use of the cathode material. Figure 5c
shows this full cell operates at the potential range from 1.0
to 3.5 V with a voltage profile matching, which is expected by
the combination of the V,05-HM cathode and the Li;VO,-
CNT composite anode. Figure 5d shows that the full cell
delivers a capacity of 138.6 mAh g! (the capacity is calcu-
lated based on the mass of the V,0s-HM cathode) at the first
discharge and retains about 100 mAh g™ after 200 cycles at
0.67 C, corresponding to capacity retention of 71.3%. More-
over, except for the initial few cycles, the coulombic efficiency
of the full cell reaches more than 97%. As shown in Figure Se,
the V,05-HM/Li;VO,-CNT full cell exhibits excellent rate
performance. Even at a very high rate of 20 C, a high capacity
of 70 mAh g! can still be attained. And it also shows great
cycling ability with only 28.3% capacity loss after 1500 cycles
at rate 6.7 C (Figure 5f). The superior electrochemical prop-
erties of the all-vanadium-based lithium-ion full cell are also
attributed to the elaborate selection and matching of elec-
trode materials.

3. Conclusion

A facile solvothermal reaction followed by calcination is
developed for the synthesis of V,05-HMs. The synthesized
V,05-HMs show excellent cycling performance and rate
capability with 94.8 mAh g! at a high rate of 65 C in the
half-cell testing. All-vanadium-based lithium-ion full cells are
assembled using V,05-HMs as the cathode and Li; VO,-CNTs
as the anode for the first time. The V,05-HM/Li;VO,-CNT
full cell retains 71.7% of its initial capacity after 1500 cycles
at 6.7 C. The good cycling stability and rate performance is
attributed to the unique V,05-HM structure with fast elec-
trolyte penetration, short lithium ion/electron transport, and
effective pulverization suppression. When compared with
disordered nanowires, the V,05-HMs exhibit significantly
improved tap density. Our work demonstrates that the V,05-
HMs constructed by intertangled nanowires are promising
for LIB application. Further optimization and development
of the all-vanadium-based design and fabrication will bring
about new opportunities in high-performance energy storage
devices. It is envisaged that our strategy of designing novel
superstructures by the assembly of 1D building blocks can be
generally applied to other materials for boosting the electro-
chemical performances.

4. Experimental Section

Materials Synthesis: The V,05-HMs are simply achieved by
a solvothermal reaction followed by a calcination process in air.
First, the V,05 sols were prepared by a melt quenching process
according to previous work.[%! In brief, the V,0. powder (30 g)
was placed in a ceramic crucible and heated in air at 800 °C for
20 min at a rate of 10 °C min~1, resulting in a molten liquid. Then,
the molten liquid was quickly poured into distilled water (1 L)

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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with stirring, and suspension was obtained. The suspension was
heated to the boiling point of water beforehand and then cooled
to room temperature naturally. Finally, the suspension was filtered
and the brownish V,0; sols were obtained. The concentration of
the V,0, sols was calculate by weighting the residual mass after
drying the sols in 180 °C for 1 d. To adjust the concentration of
sols, moderate distilled water was slowly added and the sols were
stirred for another 1 h. In a typical synthesis, 10 mL 0.05 mol L? of
V,0; sol is added into 50 mL of 2-propyl alcohol (IPA) in a Teflon-
lined stainless steel autoclave (100 mL) with 2.0 g of THAM added
sequentially. The mixture was then ultrasonicated at 50 Hz for
30 min followed by a solvothermal reaction at 200 °C for 2 h.
After cooling down, the product was separated by centrifugation,
washed with water and ethanol for three times, and dried at 70 °C
for 24 h. The V,05-HMs could be finally obtained after calcinating
the blue precursor at 400 °C for 5 h in the air, with a heating rate
of 3 °C min~1. As a control experiment, V,05-Ms were synthesized
by the same procedure except for the addition of less amount of
THAM. And when the solvent was changed into alcohol, the V,0;-
NWs could be obtained.

Materials Characterization: XRD measurements were performed
to investigate the crystallographic information using a D8 Dis-
cover X-ray diffractometer with a nonmonochromated Cu Ko X-ray
source. Field emission scanning electron microscopy images were
collected with a JEOL-7100F SEM/EDS microscopy. TEM and HRTEM
images were recorded by using a JEM-2100F microscope. BET sur-
face areas were obtained by using Tristar Il 3020 instrument.

Electrochemical Measurement: The electrochemical measure-
ments were carried out using 2016 coin cells in a glove box filled
with pure argon. The working electrodes were obtained using 60%
V,05-HM active material, 30% acetylene black, and 10% poly
(tetrafluoroethylene). The mass loading of the electrode materials
was 1.8-2.4 mg cm~2. Lithium chips were used as the anode. The
electrolyte was composed of 1 m LiPF dissolved in EC/DMC with
a volume ratio of 1:1. For full-cell assembly, the V,05-HMs were
used as cathode and the electrochemically lithiated Li;VO,-CNT
composite was used as anode under the optimized mass loadings.
It was also assembled using 2016 coin cells in a glove box with
the electrolyte used in the half-cell. The capacity of the full-cell
was calculated based on the mass of the V,0; electrode. Galva-
nostatic charge/discharge measurements were performed using a
multichannel battery testing system (LAND CT2001A). Cyclic vol-
tammetry were recorded using an electrochemical workstation (CHI
760D).
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