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Porous nanostructured V,0s films were prepared by electrodeposition from V,0s sol with the addition of
block copolymer Pluoronic P123, and they can be readily applied as Li-ion battery cathode without adding
any polymer binder or conductive additives. SEM images showed an ideal morphology for Li* intercalation
favored charge transfer kinetics, which is a combination of homogeneously distributed nano-pores and
V,05 nanoparticles. Electrochemical measurements revealed that, the porous nanostructured V,0s films
have a high discharge capacity of 160 mAh/g at 9 A/g, and maintain 240 mAh/g after 40 cycles at
300 mA/g. The excellent Li* intercalation property could be ascribed to the high surface area, sufficient con-
tact between electrode materials and electrolyte, short Li* diffusion path, as well as the good accommodation
for volume change which are benefited from homogeneously distributed nano-pores and V,05 nanoparticles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Li-ion battery has been intensively studied and developed as one of
the most successful energy storage technologies for application in por-
table electronics, and a promising candidate to power hybrid electrical
vehicles (HEV) and electrical vehicles (EV) [1]. In spite of the significant
progress made in both material science and device technologies, Li-ion
batteries are lagging way behind the rapid advancement of electronics
and other technologies, which demand higher energy and higher
power with longer lifetime. Recent extensive research has demonstrat-
ed that appropriately designed and fabricated nanostructured materials
with controlled surface chemistry could offer the possibilities to (1)
enhance the charge transfer kinetics at electrolyte/electrodeinterface
as well as Li™ diffusion process in electrode during Li™ intercalation/
deintercalation, (2) increase the Li-ion intercalation capacity with a
much increased surface energy facilitating reversible phase transition
and (3) attain good mechanical integrity of the electrode materials [2].

There have been a great number of studies on manipulating the
nanostructure or surface chemistry of electrode materials to achieve
much enhanced charge transfer kinetics and electrical conductivity:
adding carbon nano-coatings on LiFePOy,, [3] fabricating nanocomposite
electrodes composed of graphene or carbon with actives, [4] creating
Li* intercalation favored nanostructures, such as nano-porous, nano-
rod/tube/cable [5,6] and introducing surface defects by gas annealing
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or aliovalent doping [7,8]. In spite of the much enhanced electrochemi-
cal properties that have been reported in those literatures, most of the
aforementioned nanostructured electrodes require complicated fabri-
cation approaches and high processing costs. In this research, a techni-
cally straightforward and low-cost method has been developed to
prepare homogeneous and porous nanostructured V,0s film electrodes
from vanadia sol with the addition of block copolymer. The resulting
nano-porous V,0s film demonstrates excellent storage capacity, rate
capability, and cyclic stability when tested as cathode for Li-ion battery.
The nano-porous film formation mechanism, crystallinity, morphology
and electrochemical properties were investigated and discussed.

2. Experimental

The porous structured V,0s films were prepared by electrodeposi-
tion following the same procedure as previously reported [9]. V505
powders (99.8%, Alfa-AESAR) were added into de-ionized water and
H,0, (30 wt.% in H,0, Sigma-Aldrich) at a V,05 concentration (Cy)
of 0.3 M and n(H,0,):n(V) of 8.05:1, and the resulting solution was
stirred and sonicated for 15 min successively, followed by being dilut-
ed to Cy=0.06 M and then sonicated for 1 h until the solution turned
into brownish red V,0s gel. The block copolymer Pluronic P123
[(CHzCHzO)zo—(CHzCH(CH3)0)70— (CHchzo)zo] was dissolved into
de-ionized water to form a transparent 4 wt.% solution, and then
mixed with the aforementioned V,0s gel to get the deposition pre-
cursor with Cy=0.013 M. The V,05 films were deposited on the fluo-
rine doped tin oxide (FTO) coated glass at a voltage of —2.4 V. The as-
deposited films were ambient dried and then annealed at 500 °C for
1 hin air.
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The surface morphology of porous V,0s films was observed using
scanning electron microscopes (SEM, JEOL, JSM-5200), and phase and
crystallite size were studied using X-Ray Diffraction (XRD, Philips
1820 X-Ray Diffractometer). Surface area was determined by nitro-
gen adsorption-desorption at 77K (NOVA 4200e, Brunauer-
Emmett-Teller (BET)). Electrochemical properties of the V,0s5 thin
film electrodes were tested using a standard three-electrode setup.
The cyclic voltammograms (CV) and chronopotentiometric (CP) mea-
surement were performed using electrochemical analyzer (CH Instru-
ments, Model 605B) in the voltage range of 0.6 Vto — 1.1V (Vs. Ag/
Ag™) with 1 M LiClO,4 in propylene carbonate (PC) as electrolyte, a
Pt plate as the counter electrode, and Ag/AgCl as the reference
electrode.

3. Results and discussion

Porous V,0s films were successfully fabricated by electrodeposi-
tion as shown in the SEM images in Fig. 1(a-b). The porous V,05
films compose of homogeneously distributed pores of less than
100 nm in diameter, as well as V505 size of around 100 nm. Previous-
ly we have reported electrodeposition of folded V,0s film electrodes
from V505 sol using the similar method [9]. Block copolymer P123
has been reported as porous structure directing agents due to its am-
phiphilic properties, [10,11] and it could also reduce or prevent the
aggregation of nanocrystallites as well as impede the crystal coarsen-
ing [12]. In this research, P123 is homogeneously mixed with V,05
sol, where the vanadium species, e.g. [VO,] ™", VO,, V,05 nH,0, could
be anchored to the surfactant chain on P123 by the combined electro-
static force and hydrogen bonding in a low-pH aqueous solution [13].
After induced gelation and film formation by applying an external
electrical voltage, the P123-templated vanadium oxide films could
be homogeneously deposited onto FTO substrates. P123 was then re-
moved by annealing the film in the air at 500 °C for 1 h. The specific
surface area of the porous nanostructured V,0s films was found to
be ~40 m?/g as determined by nitrogen sorption isotherms, which is
larger than the surface area of porous structured V,Os electrodes
reported recently [14]. The macropores and ~100 nm V,0s5 discern-
ible from SEM images could not solely account for such a large surface
area; in fact the surface area could mainly come from mesopores with
pore size distribution centered at a diameter of 3.68 nm from BET
result.

Fig. 1(c) shows the XRD patterns for the pristine porous V,0s
film and after the films intercalated with 0.76 mol and 1.18 mol Li*
respectively. The porous V5,05 film annealed at 500 °C shows pure or-
thorhombic phase and the crystallite size is calculated to be 26.9 nm
from the (001) peak based on Scherrer's equation, which is 8.2 nm
smaller than the crystallite size of 35.1 nm in the folded structured
V05 film electrodeposited from P123-free precursor[9]. The reduced
crystallite size could be ascribed to the presence of P123 during film
deposition and annealing, where it could effectively impede the crys-
tal growth. The lattice constant along c-axis has also been calculated
from (001) peaks in XRD patterns to be 4.32 A, 4.39 A and 4.67 A for
V,0s, Lig76V20s and Li; 15V-0s respectively. During Li* insertion/
extraction in V,0s, Li* travels along the b-direction between V,05
layers, which induces the buckled V,05 planes, and reduces a and b-
constants due to the reduction in repulsive Coulumbic force along
the ab-plane. In the meantime, c-constant increases as the result of
expansion of interlayer distance. The change in c-constant in this
study is in good consistency with previous literatures [15].

Fig. 2(a) shows the first 2 cycles of the cyclic votammogram (CV)
of porous nanostructured V,0s film electrodes when tested in 0.6 V to
—1.1V (Vs. Ag/Ag™). The three pairs of redox peaks in Fig. 2(a) cor-
respond to the reversible phase transitions among the following
four Li* intercalated phases Li,V,0s: o (x<0.1), € (0.35<x<0.7), &
(0.9<x<1) and y (1<x<2) [16]. Those successive phase transitions
were also exemplified in the chronopotentiometric (CP) curves by
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Fig. 1. (a) and (b) SEM images of 500 °C annealed porous V,0s5 film on FTO glasses;
(c) XRD patterns of porous V,0s film before and after Li* intercalation. The crystallite
size (26.9 nm) calculated from XRD peak is smaller than the V,0s size (~100 nm) ob-
served from SEM images, it is likely that SEM shows a secondary aggregated/stacked
structure of small crystallites. In combination with BET result, the surface of small
crystallites are accessible, therefore it is possible that electrolyte could penetrate
through macropores and mesopores, resulting in more intercalation sites at the inter-
face between electrolyte and electrode.

the presence of three consecutive plateaus in Fig. 2(b). It can be calcu-
lated that the discharge capacity loss between the first and second
cycle was 43 mAh/g, which could be mainly due to the existence
of partial phase transition from <y phase to ®» phase as marked in
Fig. 2(b). From both the CV diagrams and CP curves, it can be
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Fig. 2. (a) The cyclic voltammograms of 150 nm thick porous V,0s films at 0.6V to
—1.1V (Vs. Ag"/Ag) (scan rate: 2 mV/s) and (b) chronopotentiometric curves for
discharge and charge process of 150 nm thick porous V,0s film cathodes at 0.6 V to
—1.1V (Vs. Ag*/Ag) (current density: 180 mA/g).

concluded that the porous V,0s films show a good reversibility when
discharged and charged at 0.6 V to — 1.1V (Vs. Ag/Ag™).

Fig. 3(a) compares the discharge capacities of porous V,0s films
with different thicknesses when discharged consecutively at various
discharge/charge rates. The 150 nm porous V,0s film delivers a high
discharge capacity of over 300 mAh/g in the initial cycle. At the 27th
cycle, when a high current density of 9 A/g was applied, the discharge
capacity maintains high as 160 mAh/g. When the thickness of the po-
rous V,0s film is increased to 500 nm, it still keeps an excellent rate
capability with a discharge capacity of 124 mAh/g at 8 A/g as shown
in Fig. 3(a). Fig. 3(b) shows the cyclic stability test at a constant cur-
rent density of 300 mA/g for 40 cycles for porous V,0s film with
150 nm in thickness. The initial discharge capacity was measured to
be 294 mAh/g, and it stays as high as 240 mAh/g at the 40th cycle.
The porous structure with V,05 nanocrystallites together could offer
a benign micro-environment with sufficient flexbility to accommo-
date volume change during Li™ insertion and extraction, so that a
good electrochemical stability and mechanical integrity could be
guaranteed after many cycles. Fig. 3(c) are the Ragone Plots compar-
ing the power densities and energy densities of the porous and folded
structured V,0s5 films. The 150 nm and 500 nm porous films show
high energy density of 843 Wh/kg and 755 Wh/kg respectively, and
high power density both of 25.6 kW/kg. The 500 nm folded film
shows the worst properties both as in low energy density and
power density. The difference of battery performance in altered film
structures with various thicknesses could be ascribed to the following
rationales. The unique structure in porous films could guarantee a
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Fig. 3. (a) The rate performance of 150 nm and 500 nm thick porous V,0s film cathodes
at various current densities; (b) The cyclic performance of 150 nm porous V,05 thin
film cathodes at a current density of 300 mA/g for 40 cycles. (c) Ragone Plots compar-
ing the energy densities and power densities of porous and folded structured films
with different thickness.

large surface area with sufficient contact between electrode materials
and electrolyte, which provides adequate intercalation sites for effi-
cient Li " intercalation simultaneously. The presence of block copoly-
mer P123 can delay the solid state diffusion and impede fine V,0s5
nanocrystallites from agglomeration and coarsening during film for-
mation and growth, therefore a short and fast Li* diffusion channel
during phase propagation could be guaranteed. Whereas for the
folded structured films, they could possess large surface area for effi-
cient Li* intercalation when the films are as thin as 150 nm. However
for the thicker folded films, they could become denser, partially losing
the features of highly folded nanostructure and also the V,05 particles
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could grow larger. The denser films are not able to offer sufficient
penetration for electrolyte into all V5,05 particles, thus the Li* interca-
lation into thick V,0s5 films would rely on and be bottlenecked by
slow solid state Li* diffusion within large V,05 particles during bat-
tery discharge. Similar phenomena of electrochemical performance
degradation with increasing film thickness have also been reported
in other literatures [17].

4. Conclusion

The porous nanostructured V,0s films have been fabricated via a
simple and low-cost electrodeposition approach from block copoly-
mer P123 containing V,05 precursor. P123 is believed to promote
the formation of porous structure during film formation. Such V,0s
films demonstrated excellent electrochemical properties because po-
rous V505 nanocrystallites possess (1) high surface area permitting
enhanced charge transfer kinetics at the interface, (2) efficient Li™
diffusion (3) good electrochemical stability and mechanical integrity.
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