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Homogeneous VO, (B) nanorods approximately 100 nm in width and 1-2 pm in length have been
fabricated via the hydrothermal process, and are then transformed into irregularly shaped V,Os
nanoparticles of several hundreds nanometers large and 20-30 nm thick after annealing the precursor
material at 500 °C for 30 min. Both the V,0s5 sheet-like nanoparticles and VO, (B) nanorods were tested
as active cathode materials for Li-ion batteries. The V,0s5 sheet-like nanoparticles delivered a high
discharge capacity of 281 mA h g~ at 50 mA g~ ' and 191 mA h g~ " at 2400 mA g~'; the material also
demonstrated good cyclic stability with a small capacity loss of 35 mA h g~" after 40 cycles. The VO,
(B) nanorods and V,Os sheet-like nanoparticles prepared by the straightforward, environmental
friendly and high yield route investigated in this study could prove to be promising candidates for

efficient Li-ion batteries.

Introduction

The expansion and demands for energy use in the past several
decades are incomparable with any other documented era. These
energy demands are driven by the development of powerful
electronic devices such as thin, light-weight laptops and tablets
and sustainable hybrid electric vehicles (HEV) and electric
vehicles (EV).! Among all these innovations, energy and power
supply have become one of the most essential issues that deter-
mine the successful adoption of the new technologies. Li-ion
batteries, functioning as a key component of energy-storage,
have been heralded for their combination of high energy density
and power density, with good electrochemical reversibility and
cyclic stability.> However, not only does the device technology
become an important issue in order to further advance the Li-ion
battery performance to satisfy the rapid growth of industrial
needs, but the research and development on battery materials,
especially nanomaterials for battery electrodes, has also been
regarded equally essential.?

Nanomaterials for Li-ion battery electrodes have been exten-
sively studied during the past decade due to their high Li*
intercalation capability begotten from the large surface area
electrode material in contact with the electrolyte. It has also been
reported that the use of nanomaterials leads to the fast charge
transfer kinetics and enhanced Li* diffusion in nanomaterials.*
Moreover, nanomaterials can better accommodate large volume
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expansion and contraction during Li* intercalation and dein-
tercalation, which could provide better mechanical integrity and
cyclic stability.*

With its high theoretical Li" intercalation capacity and feasible
morphological control, various nanostructures of V,05 and VO,
(B) have been fabricated and investigated as promising candi-
dates for Li-ion battery cathode materials. Common synthesis
techniques of these materials include electrospun V,Os nano-
fibers;® template-assisted drop cast V,05 nanorods,” nanocable®
and nanotube arrays;® polymer-assisted self-assembled hollow
microspheres;'® hydrothermal synthesis of VO, (B) nanobelts,'*
nanorods,'®* nanoflakes and nanoflowers.’ Such synthesis tech-
niques have produced materials with competitive Li* intercala-
tion capacity, excellent rate capability and reversibility. However,
the aforementioned studies utilized complex vanadium resource
materials, long fabrication times and complicated processing
methods, which in turn result in a high cost that limits the
opportunities or large-scale industrial production.

This current research endeavour introduces a straightforward
route involving environmental friendly raw materials and a
simple fabrication process in preparing homogenous VO, (B)
nanorods and V,Os sheet-like nanoparticles. The V,Os sheet-like
nanoparticles demonstrate excellent rate capability and cyclic
stability when tested as cathode materials for Li-ion batteries.
The nanocrystallite formation mechanism, crystal phase,
morphology, charge transfer kinetics and electrochemical prop-
erties were investigated.

Experimental section

The precursor solution was prepared using the same procedure as
previously reported.'® V,05 powder (99.8%, Alfa-AESAR) was
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added to de-ionized water and H,O, (30 wt% in H,O, Sigma-
Aldrich) to form a solution with a V,05 concentration (Cy) of
0.3 M and n(H»0,) : n(V) of 8.05 : 1. The resulting solution was
stirred and sonicated for 15 min, and then diluted to Cy =0.05M
using de-ionized water. After sonicating the solution for 30 min,
2 ml of ethylene glycol (EG, VWR) was added as both a reducing
agent and a surfactant. This solution was then left to stir over-
night until the chemicals were homogeneously mixed.

The solution was then transferred into a Teflon lined stainless
steel autoclave, where it was heated to 180 °C for 3 hours. A large
amount of thin, dark blue flocculate precipitates were observed
after the hydrothermal process. The resulting precipitates were
collected and washed with de-ionized water and ethanol several
times, and dried in air at 70 °C for 12 hours. A portion of the
isolated precipitates were then rapidly ramped up to 500 °C in
air, where the temperature was held for 30 min to form ortho-
rhombic V,05 sheet-like nanoparticles.

The crystal phase and crystallite size of the VO, (B) nanorods
and V,Os sheet-like nanoparticles after hydrothermal processing
and subsequent heat treatment were studied using X-Ray
Diffraction (XRD, Philips 1820 X-Ray Diffractometer) with Cu
Ka radiation (0.15418 nm). The nanostructures were character-
ized by a scanning electron microscope (SEM, JEOL JSM-5200)
and a transmission electron microscope (TEM, FEI Tecnai G2
F20) operated at 200 kV. The specific surface area and pore
characteristics were determined by nitrogen sorption and
absorption isotherms at 77 K (Quantachrome NOVA 4200¢).
Electrochemical impedance spectroscopy (EIS) was carried out
on the V,0s5 sheet-like nanoparticles after being discharged to
different potentials using a Solartron 1287A equipped with a
Solartron 1260 FRA/impedance analyzer at a selected frequency
range from 100 kHz to 0.5 Hz.

The electrochemical properties of the hydrothermally synthe-
sized VO, (B) nanorods and annealed V,Os sheet-like nano-
particles were tested using 2032-type coin cells with metallic
lithium as the counter and reference electrodes. The cathodes
were prepared by mixing the active material, Super P carbon
(TimCal), and PVDF in a weight ratio of 7 : 2 : 1. The electrolyte
used was 1 M LiPFg in EC-DMC with a volume ratio of 1: 1.
The cyclic voltammetric (CV) curves were measured between
3.8 Vand 1.6 V (vs. Li/Li*) at a scan rate of 2 mV s~!, and the
lithium ion intercalation properties were investigated via the
chronopotentiometric (CP) method using an Arbin BT-2000
battery tester operating at room temperature. The specific
capacity values presented in this study were based on the weight
of the active material alone.

Results and discussion

The XRD pattern of the hydrothermally synthesized product is
shown in Fig. 1(a) and can be indexed to a monoclinic VO, (B)
phase (space group: C2/m) with lattice parameters ¢« = 12.09 A,
bh=370A, c=0643 A and 8 = 106.97° (JCPDS no. 81-2392).
The color of the solution prior to and following hydrothermal
treatment changed from orange to dark blue, respectively, indi-
cating a change in the valency of the vanadium species from V>*
(V»0s) to V** (VO,). The crystal structure of VO, (B) consists of
edge-sharing VOg octahedral layers stacked along the c-direction
of the unit cell.™ It has been reported that ethylene glycol (EG)
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Fig. 1 X-Ray diffraction patterns of the (a) VO, (B) nanorods fabri-
cated via the hydrothermal method and (b) V,05 sheet-like nanoparticles
after annealing at 500 °C in air.

can act as a reducing agent by inducing the oxidation process to
form a carbonyl compound.'®®* EG has also been a popular
chemical reagent in the fabrication of oxide nanowires by serving
as a ligand.'” Moreover, EG can impede or suppress the hydro-
lysis of metal alkoxides due to the formation of linear polymers,
which are usually expressed as O—-CH,CH,~O-M."® In this study,
EG served as both the reducing and surfactant agents that aided
in the formation of the VO, (B) nanorods during the hydro-
thermal process.

The hydrothermally derived VO, (B) products were later
annealed at 500 °C in an ambient environment, upon which the
color of the powder turned bright yellow. Fig. 1(b) presents
the XRD pattern of the powders annealed at 500 °C that shows
the pure orthorhombic phase of V,0s. The crystallite size can be
calculated using the Scherrer equation to be 27.8 nm from the
(001) diffraction peak, and the lattice constants from the XRD
pattern are calculated to be ¢ = 11.54 A, b = 3.40 A, and ¢ =
4.37 A. These results agree well with the crystalline structure of
the orthorhombic V,05 (JCPDS no. 41-1426).

The SEM images of the products collected after the hydro-
thermal process and subsequent isolation are shown in Fig. 2(a)
and (b). The SEM micrographs reveal the product to be uniform
thin nanorods of approximately 100 nm in width and 1 pm in
length. The successful one-step synthesis approach studied in this
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research exploits a controllable route to fabricate the uniformly
nanostructured VO, (B) without any heavy agglomerations.'?
The featured morphology of VO, (B) nanorods can also be
observed from TEM images as shown in Fig. 2(c). Fig. 2(d)
presents a high resolution TEM image with the indexed Fourier
transform serving as a nanoscale selected area electron diffrac-
tion (SAED) pattern (Fig. 2(d) inset), clearly demonstrating the
single crystalline nature of the VO, (B) nanorods. The image
shows lattice fringes with an interspacing of 3.68 A corre-
sponding to the distance between two (010) crystal planes of the
monoclinic VO, (B) (JCPDS no. 81-2392), indicating that the
nanorods grew along the [010] direction.'>!®

After annealing in air at 500 °C, the VO, (B) nanorods were
transformed into fine V,0Os sheet-like nanoparticles approxi-
mately 200 nm in diameter and 20-30 nm thick as shown in the
SEM and TEM images of Fig. 3(a)—(c). These sheet-like nano-
particles are uniformly distributed without heavy aggregation;
however, there is some noticeable densification, due to Ostwald
ripening effects, which could have been generated from the high
temperature annealing process. The sheet-like morphology is not
entirely homogeneous due to annealing related Ostwald ripening
effects, but the confined thickness of the structure provides a
short Li" diffusion path as well as a significant amount of pores
and surface area which are beneficial for Li* intercalation.

The lattice fringe spacings of the V,Os sheet-like nanoparticles
are 3.50 A and 4.39 A as gathered from the HRTEM image in
Fig. 3(d), and are consistent with the interplanar distances cor-
responding to the (201) and (001) planes, respectively. The well-
resolved fringes confirm the localized single crystallinity of the
V,05 sheet-like nanoparticles, as further confirmed by the
Fourier transform SAED pattern shown in the inset of Fig. 3(d).

V,0s5 is the most stable vanadium complex, and can be formed
by annealing less stable vanadium species to high temperature.
The VO, (B) nanorods disassembled during the initial portion of
the annealing process because of lattice mismatch and accom-
panying strain experienced during the transformation process.

Fig.2 SEM images (a and b) and TEM images (c and d) of the VO (B)
nanorods directly synthesized from the hydrothermal process.

Fig. 3 SEM images (a and b) and TEM images (c and d) of the V,05
sheet-like nanoparticles after annealing at 500 °C for 30 min.

This disassembly process yielded small V,0Os nanodiscs of
approximately the same size as the initial VO, (B) nanorods
(100 nm in diameter). Ostwald ripening and, a slight degree of,
sintering then took place, producing the non-homogeneous V,0s5
sheet-like nanoparticles that are approximately 200 nm in
diameter and 20-30 nm thick.

Fig. 4(a) compares the typical nitrogen sorption isotherm of
the VO, (B) nanorods and the V,05 sheet-like nanoparticles. The
multi-point Brunauer-Emmett-Teller (BET) surface areas are
31.0m*g 'and 15.2m? g~ !, respectively. The main precursor for
the hydrothermal process is V,05-nH,O, with a crystal structure
consisting of bilayered and slightly distorted VOg octahedra
separated by crystalline water.

After hydrothermal synthesis, the crystal structure of the VO,
(B) nanorods could be derived by dehydration of the crystalline
water and linking of the oxygen atoms between the octahedral
bilayers. This proposed formation process could explain the
preservation of the one-dimensional nanorod morphology and
the corresponding high surface area measured for the VO, (B)
nanorods. Fig. 4(b) compares the nitrogen absorption isotherm
of the VO, (B) nanorods and the V,0Os5 sheet-like nanoparticles. It
is clear from the graph that the annealing step had little impact
on the pore size and overall porosity of the sample, as the average
pore sizes were 3.22 and 3.68 nm, respectively. The pore char-
acteristics were conserved during the annealing process, thus any
changes in the lithium ion intercalation performance could be
attributed to the structural transformation to sheet-like nano-
particles. The beneficial intercalation capabilities of such
morphologies have been documented in the literature.?’

After thermal treatment at 500 °C in air for 30 min, the
nanorods underwent drastic structural rearrangement to form
the layered orthorhombic phase V,0s5 sheet-like nanoparticles,
with VOs pyramid shaped polyhedra propagating along the same
plane. A decrease in the surface area after heat treatment in air
has also been documented previously and was accounted for by
the morphological, crystalline and structural stress evolutions
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Fig. 4 Nitrogen (a) sorption and (b) absorption isotherms of the VO,
(B) nanorods and V,0j5 sheet-like nanoparticles.

induced by the annealing process.?® The decrease in measured
surface area could also be ascribed to the start of densification
and grain coarsening effects, as seen in the SEM images.

Fig. 5 compares the VO, (B) nanorod and V,0s sheet-like
nanoparticle discharge curves during the first cycle when tested
as cathode materials. The VO, (B) nanorods had an initial
discharge capacity of 200 mA h g~! at a current density of 50 mA
¢!, and a noticeably long intercalation plateau at around 2.5 V.
This intercalation profile has been reported to be associated with
the Li* insertion process into vanadium oxide and the reduction
of the vanadium charge status (V*").2! The discharge capacity of
the V,0Os5 sheet-like nanoparticles for the first cycle is measured to
be 264 mA h g ! at a current density of 50 mA g~!. This is very
close to the theoretical intercalation capacity when two Li* ions
are inserted into V,0s (294 mA h g™'). The insertion of three Li*
ions per V,Os formula unit should be avoided due to the
formation of the irreversible w-LizV,0s5 phase. There are three
distinct plateaus that could be observed in the discharge curve,
indicating the following phase transitions from a-V,0s5 to
v-V,0s: a—€ (~3.37 V), -3 (~3.18 V) and d—y (~2.31 V). The
much improved Li" intercalation properties of the V,Os sheet-
like nanoparticles after heat treatment at 500 °C are attributed to
the improved crystallinity and the fine crystallite size providing
more open spaces as observed in the SEM and TEM images of
Fig. 3(a)—(c).
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Fig. 5 The first cycle discharge curves of the VO, (B) nanorods and
V,Os sheet-like nanoparticles at 50 mA g~ .

The discharge capacities of the VO, (B) nanorods and V,0s
sheet-like nanoparticles as cathode materials for Li-ion batteries
are shown in Fig. 6(a) and (b). The discharge capacity for the
VO, (B) nanorods initiates at 200 mA h g~! under a current
density of 50 mA g~!, however it drastically drops to 146 mA h
g~ ! in the second cycle. At discharge rates higher than 150 mA
¢!, the discharge capacities were below 100 mA h g~ ! starting at
the 6'" cycle. There could be two potential reasons for the poor
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Fig. 6 Rate performances of the (a) VO, (B) nanorods and (b) V,05
sheet-like nanoparticles as cathode materials at various current densities.
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reversible electrochemical properties of the VO, (B) nanorods:
(1) the large discharge—charge potential window of 3.8-1.8 V (vs.
Li/Li") that could lead to the formation of irreversible phases; (2)
the VO, nanorods could be heavily compacted during cycling,
which is unfavorable for accommodating crystal and volume
changes after intercalation—deintercalation. These two factors
could induce irreversible phase transitions during Li* intercala-
tion—deintercalation, which devastate the efficient Li* diffusion
channel and Li* intercalation sites in the crystal lattice and result
in diminishing discharge capacity as well as poor rate
performance.?

The electrochemical performance of the V,Os sheet-like
nanoparticles showed excellent Li* intercalation properties,
including high discharge capacity, good rate capability and cyclic
stability (Fig. 6(b)). The discharge capacity at 50 mA g~ was
264 mA h g~! for the 1 cycle, and increased to 281 mA h g~!
during the 2" cycle. The measured discharge capacity was
267mAhg !, 235mAhg!,215mAhg !, and 191 mA h g!
when cycled at current densities of 150 mA g~ !, 750 mA g !,
1500 mA g~!, and 2400 mA g™, respectively. The capacity then
rebound to 251 mA h g~! at 150 mA g' in the 26" cycle,
demonstrating the high degree of reversibility after cycling at
higher current rates. After more than 15 cycles at 150 mA g~!, the
V,0s sheet-like nanoparticles only experienced 19 mA h g=! of
discharge capacity loss. It is noteworthy that the discharge
potential window chosen for the V,0s5 sheet-like nanoparticles
was 3.8-2.1 V (vs. Li/Li"), and was chosen in order to avoid the
formation of irreversible w-Li;V,05 which could severely hand-
icap the cycle stability.

The extraordinary electrochemical performance of the V,0s
sheet-like nanoparticles could be ascribed to the fine nano-
structure of the well dispersed sheet-like nanoparticles and the
amount of open spaces leading to good electrode—electrolyte
contact which could lead to more intercalation sites during
cycling. The 200 nm sheet-like nanoparticles that are 20-30 nm
thick could also provide enhanced charge transfer kinetics at the
electrode—electrolyte interface as well as a shortened Li* diffu-
sion path in the electrode. These effects could explain the high
discharge capacity under high current densities. Moreover the
noticeable open spaces could lead to better accommodation of
the volume change during Li* intercalation and deintercalation,
therefore guaranteeing a better mechanical integrity and cyclic
stability even after many cycles.

Fig. 7 compares the specific energy and power densities of the
V,05 sheet-like nanoparticles versus the electrodeposited porous
V,0s5 film electrode previously synthesized using the same
precursor material.?® The V,05 sheet-like nanoparticles showed a
high energy density of 790 W h kg~' and 749 W h kg~' when
discharged slowly at 50 mA g~ and 150 mA g™, respectively. A
power density of 8.9 kW kg ™! could be achieved when discharged
at 2.4 A g~!, which is comparable to the high specific energy and
power observed for the electrodeposited porous film electrodes.*

The cyclic voltammetry (CV) curves for the V,0s5 sheet-like
nanoparticles when cycled from 3.8-1.6 V (vs. Li/Li") are shown
in Fig. 8. As previously reported in the literature, the formation
of w-Li3V,05 occurs, which can be designated by the missing
anodic peaks corresponding to the &-o, d—€ and y-d phase
transitions after the first cathodic scan.’>** After 10 cycles, the
area covered by the CV curve is noticeably reduced and
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10° 10’ 10° 10°
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Fig. 7 The Ragone plots comparing the power density and energy

density of ~500 nm porous V,0s film cathodes and the V,05 sheet-like
nanoparticles.

the cathodic and anodic peaks have degraded considerably. The
electrochemical degradation can also be reflected in the rate
capability test as shown in Fig. 9, when the material was dis-
charged to 1.8 V (vs. Li/Li™). The initial discharge capacity of the
V,0s sheet-like nanoparticles was 398 mA h g~! at 50 mA g~ !,
but drastically dropped to 319 mA h g~' with subsequent cycling.

This capacity drop can be attributed to the potential irrevers-
ible phase formation of w-Li3V,0s at higher discharge rate.
Following this, the discharge capacities were 272 mA h g !,
218mAhg~',148mA hg™', and 84 mA h g~ ' at current densities
of 150 mA g~%, 750 mA g~!, 1500 mA g~ !, and 2400 mA g,
respectively. The capacity then rebound to 212 mA h g~! when
cycled at 150 mA g~ in the 26™ cycle. The discharge capacity of
w-Li;V,0s at higher current densities, ie. 1500 mA g~ ! or
2400 mA g~!, was considerably lower when compared to
v-Li;V,05 as shown in Fig. 5(b), indicating that the Li* interca-
lation kinetics in w-Li;V,05 were poorer than that in y-Li3V,0s.

In order to better understand the mechanism behind these
phenomena, EIS was carried out on the same coin cell (con-
taining V,Os5 sheet-like nanoparticles) when discharged to 2.0 V,
1.8 V and 1.6 V (vs. Li/Li*) in order to directly observe the

0.8
1st
L _ 3.8V~ 1.6V

04 "~ -
3
=0.0F

0.4}

0.8 2 1 2 N a N a 1 2

15 2.0 25 3.0 3.5 4.0

Potential (Vs. Li/Li")

Fig. 8 The cyclic voltammograms of the V,0Os5 sheet-like nanoparticles
within the voltage range of 3.8-1.6 V (vs. Li/Li*) for the 1%, 2°¢ and 10'"
cycles.
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Fig. 9 Rate performances of the V,Os sheet-like nanoparticles as
cathode materials when discharged to 1.8 V (vs. Li/Li") at various current
densities.

different Li* intercalation content and phase transitions. The
typical Nyquist plots as gathered within the frequency range of
100 kHz-0.5 Hz are shown in Fig. 10(a), and display two well-
defined regions: a depressed semicircle in the high-frequency
region and a sloped line in the low-frequency region. These two
regions correspond to the charge transfer reactions at the elec-
trode—electrolyte interface and Warburg impedance associated
with Li* diffusion in the cathode materials, respectively.?

Fig. 10 also shows a simple equivalent circuit which can be
applied to simulate the impedance spectra.>* In the equivalent
circuit, R, represents the electrolyte resistance, which could also
be verified by the ionic conductivity of the liquid electrolyte, the
electrode area and the distance between the working electrode
and the counter electrode; R, stands for charge transfer resis-
tance between the electrode and the electrolyte; CPE is the
double layer capacitance on the electrode surface; and W is the
Warburg impedance. A well-fitting agreement could be obtained
using the equivalent circuit, as shown between the dots (experi-
mental data) and the lines (fitting results from the equivalent
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Fig. 10 The Nyquist plots of the coin cell with the V,Os sheet-like
nanoparticles as cathode materials discharged to 2.0 V, 1.8 Vand 1.6 V,
respectively (dots: experimental data; lines: fitting results) and the
equivalent circuit used to fit the impedance data.

Table 1 The simulated electrolyte and charge transfer resistance from
Fig. 10

3820V 38-18V 38-1.6V
Rclcctrolylc (Q) 2.1 2.1 2.9
Rcharge transfer (Q) 131.9 145.4 181.9

circuit) in Fig. 10. The simulated results are listed in Table 1,
where it can be observed that the charge transfer resistances
increased when the sample was discharged to lower voltages,
which is indicative of poorer charge transfer kinetics at the
electrode—electrolyte interface when w-LizV,0s is potentially
formed.

The charge transfer resistance is 181.9 Q when the coin cell was
discharged to 1.6 V, which is larger than 131.9 Q at 2.0 V and
145.4 Q at 1.8 V. This observation could sufficiently explain the
reason for the poor rate performance of the coin cell when dis-
charged to 1.8 V (vs. Li/Li*) with the V,Os sheet-like nano-
particles as cathode materials (Fig. 9). This result is consistent
with the previous data reported in the literature.>>*2¢

Conclusions

VO, (B) nanorods were successfully synthesized using an
ethylene glycol (EG) aided hydrothermal process. EG acted as
reducing and surfactant agents, which aided in the formation of
VO, (B) with one-dimensional nanorod morphology. After
annealing at 500 °C in air for 30 min, uniform V,0Os sheet-like
nanoparticles with a diameter of 200 nm and a thickness of 20—
30 nm were formed. The V,Oj5 sheet-like nanoparticles exhibited
excellent electrochemical properties when tested as a cathode
material for Li-ion batteries. The high discharge capacity, rate
capability and good cyclic stability could be ascribed to: (1) the
sufficient contact between electrode materials and the electrolyte
providing more intercalation sites due to the large amount of
pores and spaces between the sheet-like nanoparticles; (2) a short
Li* diffusion path and improved charge transfer kinetics in the
sheet-like nanoparticles; and (3) considerable flexibility in the
nanostructure which could maintain its mechanical integrity by
accommodating cycling related volume changes, thereby leading
to excellent cell reversibility. The V,05 sheet-like nanoparticles
could prove to be a promising cathode material candidate due to
outstanding electrochemical performance combined with the
simple and controllable fabrication method.
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