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ABSTRACT: Two-dimensional V,05 and manganese-doped V,Ojs sheet network
were synthesized by a one-step polymer-assisted chemical solution method and
characterized by X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, thermal-gravimetric analysis, and galvanostatic discharge—charge
analysis. The V,O; particles were covered with thin carbon layers, which remained
after decomposition of the polymer, forming a network-like sheet structure. This V,05

Carbon coating

network exhibits a high capacity of about 300 and 600 mA-h/g at a current density of

100 mA/g when it was used as a cathode and anode, respectively. After doping with 5% molar ratio of manganese, the capacity of
the cathode increases from 99 to 165 mA-h/g at a current density of 1 A/g (~3 C). This unique network structure provides an
interconnected transportation pathway for lithium ions. Improvement of electrochemical performance after doping manganese
could be attributed to the enhancement of electronic conductivity.
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1. INTRODUCTION

Rechargeable lithium-ion batteries have been extensively
investigated for their promising application in hybrid electric
vehicles because of their high energy and power densities and
long cycle lifetime. To obtain high-energy lithium-ion batteries,
the performance of cathodes should match the high capacity of
anodes. A variety of compounds have been investigated as
cathode materials for lithium-ion batteries, including LiFePO,,
LiMn,0,, LiCoO,, and V,05 as well.' ™ Among which V,0q
has been extensively investigated as an electrode material
because of its high capacity and low cost.°® V,Oj has a crystal
structure formed by stacking V,Oj layers perpendicular to the
c-axis via van der Waals interactions. This typical layered crystal
structure makes reversible insertion and extraction of lithium
ions quite feasible. By insertion of two lithium ions, the
theoretical capacity of V,Oy is as high as 290 mA-h/g. This is
much higher than the capacities of more commonly used
cathode materials such as LiFePO, (170 mA-h/g), LiCoO,
(140 mA-h/g), and LiMn,O, (148 mA-h/g), making V,0O; a
promising cathode material. Moreover, V,0O; can also serve as
the anode material for lithium-ion batteries.” However, the
application of V, O is still greatly hindered by its poor stability
and slow kinetics resulting from electronic and ionic
conductivity.lo’ll So far, various V,0; nanostructures have
been reported to be helpful in improving the electrochemical
performance.”®'%*™'* For example, ultralong hierarchical
V,0;s nanowires fabricated by electrospinning showed a
capacity of 187 mA‘h/g after 50 cycles at 30 mA/g."
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Carbon-supported metal oxides have been intensively studied
to improve the performance.'®"° Many carbonaceous V,Oq
composites have been reported to improve the electrical
conductivity and cycle performance.”'~** Carbon-coated V,0O;
nanocrystals give an impressive rate performance of 288 mA-h/
gat1A/g'e

It is believed that two-dimensional (2D) nanomaterials can
offer a robust skeleton and a continuous pathway for lithium
ions.**~* V,054 nanowire networks were reported to have a
capacity of 240 mA-h/g at 500 mA/g.'* On the other hand,
doping of transition-metal ions has been studied to improve the
electrochemical performance of V,05. When cations are doped
with different valences, electrochemical performance is
improved significantly and the electronic conductivity can be
increased by a factor of 10%**7>* In this study, we report an
easy and economical way for making a V,0O; sheet network
structure from one-step polymer-assisted solution method that
provides interconnected channels for effective ion trans-
portation. In the meantime, a layer of carbon formed on the
surface of V,Og sheet directly from decomposition of polymer.
Charge transfer is greatly enhanced by carbon layer and 2D
network structure. Both the anode and cathode performance of
V,0; were investigated. Furthermore, the samples after doping
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manganese show an improved conductivity and a higher
capacity.

2. EXPERIMENTAL SECTION

Commercially available ammonium metavanadate (NH,VO,,
0.4 g) was dissolved in 10 mL of deionized water with the
addition of 2 mL of hydrogen peroxide (30%). Two grams of
polyethylenimine (PEIL, S0 wt %) and 1 g of ethyl-
enediaminetetraacetic acid (EDTA) were dissolved in 10 mL
of deionized water. Then this polymer solution was added to
the as-prepared vanadium solution. Two milliliters of
ammonium hydroxide (31 wt %) was dropped to get a clear
solution. The well-mixed solution was then transferred to a
furnace in a 50 mL ceramic container and heated at 1 °C/min
at 550 or 650 °C for 3 h. Manganese-doped V,05 (Mn—V,0j5)
was prepared by dropping the different amounts (5 and 10 mol
%) of manganese acetate solution (1 M) into the vanadium
solution, followed by the same heating process as for V,Os. For
comparison, V,0g nanoparticles were also synthesized by a
hydrothermal method: the vanadium solution was prepared in
the same way we described above. The solution was transferred
to a 40 mL hydrothermal Teflon vessel and reacted at 200 °C
for 18 h.

The structure and morphology of the as-prepared samples
were characterized by X-ray diffraction (XRD; Cu Ka,
radiation), field emission scanning electron microscopy
(JEOL-7500, 2 kV), and transmission electron microscopy
(TEM; JEOL-2010, 200 kV). The carbon content was
determined by a Perkin-Elmer Pyris 1 thermogravimetric
analyzer (TGA) at a heating rate of 10 °C min~' in air.
Electrochemical measurements were carried out using CR-2032
coin cells. For the preparation of the working electrode, a
mixture of V,0s, carbon black, and polyvinylidene fluoride in a
weight ratio of 70:20:10 were mixed with 1-methyl-2-
pyrrolidone to make a slurry. The slurry was casted onto an
aluminum collector to serve as the cathode and to a nickel foam
collector for the anode. Before assembly of coin cells, electrodes
were dried at 70 °C overnight. All the samples were weighted
by a microbalance (Denver Instrument SI-215D) with an
accuracy of 0.01 mg. The loading weight for the electrodes is
around 1 mg. Lithium foil was used as the counter electrode. A
solution of 1 M LiPF4 in ethylene carbonate/dimethyl
carbonate (1:1 in volume) was used as the electrolyte. Coin
cell assembly was carried out in an argon-filled glovebox with an
oxygen concentration below 1 ppm. Charge/discharge
measurements were performed using a Land battery testing
system. Cyclic voltammograms and the electrochemical
impedance were collected on a Princeton Applied Research
Versa STAT4 electrochemical workstation and a CHI-680A
(CH Instruments, Inc.) workstation, respectively.

3. RESULTS AND DISCUSSION

The XRD patterns of pure V,0; in Figure 1 show that all the
peaks can be indexed to orthorhombic V,0; phase (JCPDS 41-
1426), and the sample annealed at 650 °C has better
crystallinity than the sample annealed at 550 °C. The XRD
pattern of 5% Mn—V,0Og shows the formation of MnV,Oq
(JCPDS 35-0139) together with the main phase V,0;. In the
case of 10% Mn—V,0;, peak intensity increases, indicating the
increased amount of MnV,Oq in the product. As shown in
Figure 2, SEM and TEM images of V,0; annealed at 550 °C
show that V,0; forms a sheetlike structure and the particles
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Figure 1. XRD patterns of V,05 annealed at 550 and 650 °C and
Mn(5%,10%)—V,05 annealed at 550 °C.
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Figure 2. SEM (a), TEM (b), and HRTEM (c,d) images of V,0;
network annealed at 550 °C.

connected to each other. The lattice distance measured in
Figure 2c is 2.8 A corresponding to the (001) plane of V,Os. As
revealed by high-resolution TEM (HRTEM) images, a thin
layer of amorphous carbon was observed on the surface of V,04
and the V,05 sheets are actually connected by amorphous
carbon which was formed during the decomposition of EDTA
and PEL EDTA and PEI potentially serve as the initial network
in the preparation process, efliciently preventing aggregation of
the particles.**** While V,0; annealed at 650 °C is highly
crystalline with a layered crystal structure, as shown in the TEM
images (Figure S1 of the Supporting Information) with no
carbon observed. The SEM image in Figure Sla reveals that
V,0; lost network structure when it was annealed at 650 °C.
TGA (Figure S2) demonstrated that the carbon is around 3 wt
% in the V,0; annealed at 550 °C. However, no obvious weight
loss was observed for V,0; annealed at 650 °C, indicating
complete removal of EDTA and PEI at 650 °C. In addition,
V,0; annealed at 650 °C might have gone through a process of
melting and recrystallization due to the low melting point of
bulk V,04 (690 °C),** since different-sized sheets were
observed in the SEM image (Figure Sla).

To investigate V,05 network’s reversibility, stability, and rate
capability in charge/discharge performance, galvanostatic
measurements were applied accordingly. The capacity was
calculated based on the mass of V,0s. Figure 3a shows the
cycle performance of V,0O; annealed at 550 °C at different
current densities of 400 and 800 mA/g in a voltage range of 2—
4 V. Average capacities of 219 and 143 mA-h/g were delivered,
respectively, for 50 cycles. At a current density of 800 mA/g,
V,0; annealed at 650 °C gave a capacity only around 20 mA-h/
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Figure 3. (a) Cycle performance of V,0; network cathode annealed at 550 °C at current densities of 400 and 800 mA/g; (b) rate performance of
V,0s; (c) charge and discharge curves of the 4th and 10th cycles; (d) cyclic voltammetry of doped and pure V,0; network; (e) cycle performance of
doped and pure V,0; network at a current density of 1 A/g; and (f) anode performance of pure V,05 network at a current density of 100 mA/g.

Inset is the voltage profiles of the 1st, 2nd, 10th, and 30th cycles.

g (see Figure 4a), while the nanoparticles synthesized
hydrothermally with diameters of about 100 nm (Figure S1d)
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Figure 4. (a) Cycle performance of hydrothermal V,05 nanoparticles
and V,0; annealed at 650 °C at a current density of 800 mA/g. (b)
Impedance spectra of the three samples with different dopant
amounts.

showed an average capacity of 87 mA-h/g (Figure 4a). The
above result shows that network structure gives the highest
capacity. The difference in the cycle performance could be
attributed to the fact that the network structure provides a
much more continuous pathway for the diffusion of lithium
ions. Furthermore, the existence of carbon on the surface of
particles increases the conductivity. In this case, carbon acts as a
bridge to connect the particles, as well as the protective shell

layer to alleviate the volume change of V,O5 during the charge
and discharge processes.

Rate performance of V,0;4 cathode was tested at increasing
current densities of 100, 400, and 800 mA/g in the voltage
range of 2—4 V, as shown in Figure 3b. The electrode has a
capacity of around 300 mA-h/g at a current density of 100 mA/
g, which is almost the same as the theoretical capacity of 297
mA-h/g (corresponding to insertion/extraction of two lithium
ions). The electrode delivered stable capacities at current
densities of 400 and 800 mA/g. Furthermore, when the current
density decreased from 800 to 100 mA/g, the capacity was
maintained around 260 mA-h/g.

Figure 3c shows the potential versus capacity curves in
voltage ranges of 2—4 V at a current density of 100 mA/g. It
took a couple of cycles for the electrolyte to penetrate into the
electrode, so the fourth cycle charge and discharge curve are
shown. The typical plateaus corresponding to the phase
transitions of crystalline V,Og are obvious. The plateaus at
approximately 3.4, 3.1, and 2.3 V can be attributed to
consecutive insertion of lithium ions to form &-LiyV,0s, o-
LiV,0s, and p-Li,V,0s, respectively. The reactions that
happened at these potentials are described in the following
equations,

V,0 + 0.5Li" + 0.5¢” < & — LiyV,0s (1)
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LipV,0s + 0.5Li* + 0.5e™ < & — LiV,0g )

LiV,0s 4+ Li" + e < y — Li,V,0, (3)

At the 10th cycle, the charge/discharge curve displays almost
the same shape as the fourth cycle, suggesting that the charge
and discharge processes are highly reversible. This reversibility
comes from the unique 2D network structure as well as the
carbon coating on the particles’ surface which could maintain
the structure during lithium insertion and extraction. Besides,
this layered structure is very feasible for the lithium ions to
insert within the layers. The fast electronic kinetics is associated
with the hierarchical layered structure from the macroscale of
the network to the nanoscale of the crystal structure.

To further improve the performance of V,0O5, Mn was doped
into the network, which was expected to improve the electronic
conductivity. Effect of Mn dopant was investigated by doping
with different amounts of Mn into V,0s. The cycle perform-
ances of doped V,0; were compared with the V,04 network at
a current density of 1 A/g as shown in Figure 3d. 5% Mn—
V,05 delivers a larger average capacity of 165 mA-h/g
compared to 99 mA-h/g for V,0,. The sample showed an
increase for the initial few cycles for two reasons. First, it took a
few cycles to activate the electrode materials thoroughly.
Second, there is a possibility that Mn ions sit in the layers of
V,0; and they are driven away after lithium ions inserted, and
then the rooms for lithium ions become larger, leading to an
increase of the capacity. Also, the capacity for 5% Mn—V,Os is
very stable until the 100th cycle. The capacity is higher than the
Mn-doped V,0Oj film reported by Yu et al. The film delivered a
capacity of 150 mA-h/g at a current density of 680 mA/g.*®
However, if we increase the Mn content to 10%, the
performance cannot even match the pure V,0s. The capacity
also slightly decreased along cycles. The possible reason for the
improvement of 5% Mn—V,Oy is that oxygen vacancies were
formed after doping low-valence Mn. The assumption is
manganese substitutes vanadium and forms oxygen vacancies as
described by Yu et al.*’ Oxygen vacancies are formed by the
suggested reaction as™

2+ 1 ” S S
Mn™" + —V,O; — Mny, + =V
2 2
in which Mny, is a manganese substitutional defect and Vj is
oxygen vacancy. These vacancies will lead to a more open
structure and favor the diffusion of lithium ions by the vacancy
exchange mechanism, thereby increasing the ionic conductivity.
In contrast, excessive 10 % Mn will lead to the formation of
impurity of MnV,Og and block the diffusion pathway of lithium
ions.

Cyclic voltammograms of V,0; and doped V,0; (Figure 3e)
were measured at a scan rate of 1 mV/s in the potential range
of 2.0 to 4 V (vs Li*/Li). All of the three samples exhibited the
typical redox peaks of V,0s during delithiation. The redox
peaks at 3.5/3.3, 3.4/3.1, and 2.57/2.2 V match well with the
voltage profile and corresponds to the formation of different
phase transformations of &/a, d/¢, and y/d, respectively.
However, for the sample doped with 10% Mn, extra peaks
pointed by green arrows are attributed to the reaction of
MnV,0q¢ with lithium ions. By integrating peak area, we can
estimate the content of MnV,QOg in the samples. The content of
MnV,0Oq4 in sample 5% Mn—V,Oy is neglected because no
reaction peak from MnV,0O4 was detected. For sample 10%
Mn—V,0;, the content of MnV, Qg is estimated to be 6% and

20411

the rest is V,Os. If we note the reduction peak at 3.3 V as &-
peak and reduction peak at 3.1 V as 5-peak, where V*' is
reduced to V*, we found that 5% Mn—V,0O; has a smaller peak
current compared to V,05 and 10% Mn—V,Os, indicating a
larger amount of V*' existing in $% Mn—V,0s. More V*
means higher electronic conductivity."

To gain insight into the effect of Mn doping, we took the
electrochemical impedance spectroscopy measurements for the
samples with a different amount of doping as shown in Figure
4b. Comparing the diameter of the semicircle in a high-
frequency region, the polarization resistance is the smallest for
V,05 (5% Mn) and the largest for V,05 (10% Mn).

There were a few reports on anode performance of V,Oq
probably because of the relatively high intercalation potential
for V,057% Liu et al. reported the anode and cathode
performance of V,0  with SnO, (10—15 wt %) double-shelled
nanocapsules.” Such composites exhibited high reversible
capacity and good rate capability due to the hollow architecture
provides short lithium ion pathways and easily accommodates
large volume change.” Wong and co-workers tested the cathode
and anode performance of V,0; nanobelts on titanium
substrate.’® The anode showed good rate capability due to
the direct contact between the substrate and V,0*® The
ability of the V,05 network as an anode material was also
verified in this paper. The cell was tested in a voltage range of
0.005—3 V at a current density of 100 mA/g, as shown in
Figure 3f. The inset of Figure 3f is the voltage profiles of the
Ist, 2nd, 10th, and 30th cycles. The first discharge and charge
capacity are 1747 and 880 mA-h/g with an irreversible capacity
loss of 49%. The anode delivers a capacity of 600 mA-h/g after
40 cycles. From the potential vs capacity curve we can observe
that, in the first discharge curve, plateaus appear at
approximately 2.3 and 1.9 V, corresponding to the formation
of y-Li,V,O5 and lithium-rich @-Li;V,0s, respectively. The
reaction that happens at 1.9 V is described in the following
equation:

¥-Li,V,05 + Li* + e~ = 0-Li;V,0q (4)

The first irreversible capacity is due to the formation of a
solid electrolyte interface via the electrolyte decomposition
during the first discharge.”*® The plateau at 1.9 V could not be
recovered in the following cycles. The irreversible capacity at
the following cycles is because lithium ions could not be
removed upon the formation of ®-Li;V,04.°

4. CONCLUSION

A high-performance 2D V,Os network for lithium-ion batteries
was synthesized by a one-step polymer-assisted chemical
solution method. The 2D network structure delivers high
capacity and excellent stability, which are attributed to the
continuous pathway for the lithium ions and rapid electrolyte
diffusion. Mn-doped V,O; results in the enhancement of
lithium ion diffusion, demonstrated by both impedance and rate
performance. This improvement can be explained by the
enhancement of electronic conductivity. However, excessive
Mn leads to a deterioration of battery performances because of
the unwanted phase formation and lower conductivity. This
facile method can be applied to the synthesis of many other
metal oxide networks to achieve a high performance in lithium-
ion batteries.
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(Figure S1) Morphology characterization of V,0; annealed at
650 °C and V,0; nanoparticles by hydrothermal method.
(Figure S2) TGA analysis of V,O; annealed at 550 and 650 °C.
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