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 V 2 O 5  Nano-Electrodes with High Power and Energy 
Densities for Thin Film Li-Ion Batteries 
 Nanostructured V 2 O 5  thin fi lms have been prepared by means of cathodic 
deposition from an aqueous solution made from V 2 O 5  and H 2 O 2  directly on 
fl uorine-doped tin oxide coated (FTO) glasses followed by annealing at 500 ° C 
in air, and studied as fi lm electrodes for lithium ion batteries. XPS results 
show that the as-deposited fi lms contained 15% V 4 +  , however after annealing 
all the vanadium is oxidized to V 5 +  . The crystallinity, surface morphology, 
and microstructures of the fi lms have been investigated by means of XRD, 
SEM, and AFM. The V 2 O 5  thin fi lm electrodes show excellent electrochemical 
properties as cathodes for lithium ion intercalation: a high initial discharge 
capacity of 402 mA h g  − 1  and 240 mA h g  − 1  is retained after over 200 cycles 
with a discharging rate of 200 mA g  − 1  (1.3 C). The specifi c energy density is 
calculated as 900 W h kg  − 1  for the 1 st  cycle and 723 W h kg  − 1  for the 180 th  
cycle when the fi lms are tested at 200 mA g  − 1  (1.3 C). When discharge/charge 
is carried out at a high current density of 10.5 A g  − 1  (70 C), the thin fi lm 
electrodes retain a good discharge capacity of 120 mA h g  − 1 , and the specifi c 
power density is over 28 kW kg  − 1 . 
  1. Introduction 

 Energy storage technology is incontrovertibly one of the great 
challenges in a modern society that faces environmental and 
ecological concerns. Lithium ion batteries are regarded as 
one of the most important energy storage technologies due to 
their extensive applications in a wide range of areas including 
portable electronic devices, electric vehicles, and implantable 
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medical devices.  [  1,2  ]  As energy storage 
materials are the heart of clean energy 
devices, the development of new and 
improved materials are key to the produc-
tion of a new generation of such devices for 
the 21 st  century. Nanostructured materials 
are attracting increasing interest in the 
fi eld of energy materials due to the supe-
rior electrochemical properties resulting 
from their nanoscale dimensions, high 
surface area, and large structural freedom. 
Such materials could provide high energy 
and power density while maintaining 
mechanical integrity and chemical stability 
over many intercalation/deintercalation 
cycles. [  3–6  ]  

 Vanadium oxide is an attractive multi-
functional material possessing extensive 
applications in various fi elds. [  7–21  ]  Since its 
fi rst investigation as a battery material for 
lithium ion batteries over 40 years ago, [  22  ]  
it has been discovered that during Li  +   ion 
intercalation, vanadium pentoxide (V 2 O 5 ) possesses high spe-
cifi c electrochemical capacity (theoretical capacity 450 mA h g  − 1 ) 
with four phase transitions involving fi ve successive phases of 
Li x V 2 O 5  (0  <  x  <  3):  α  (x  <  0.01),  ε  (0.35  <  x  <  0.7),  δ  (0.9  <  x ≤ 1), 
 γ  (0  <  x ≤ 2), and the irreversible  ω  (x  >  2). [  15  ,  23–24  ]  Although the 
Li-ion intercalation voltage is lower than for LiCoO 2  or LiMn 2 O 4 , 
V 2 O 5  is still regarded as one of the most popular cathode can-
didates for Li ion batteries both in academia and industry due 
to the following advantages: i) V 2 O 5  provides higher energy and 
power density than LiCoO 2  and LiFePO 4 , [  25,26  ]  ii) it has an easier 
and more controllable fabrication method than LiMO 2  (M  =  
Ni, Mn, Co, Fe), [  27,28  ]  and iii) it has a higher capacity and better 
cyclic stability than LiMn 2 O 4 . [  29,30  ]  Various processing methods 
to prepare nanostructured vanadium pentoxide with the high 
electrochemical performance required for lithium ion batteries 
exist: self-assembly of V 2 O 5  hollow microspheres from nano-
rods; [  16  ]  V 2 O 5  sub-microbelt fabrication from sol-gel precursors 
combined with a hydrothermal method;  [  17  ]  Electrospinning of 
V 2 O 5  nanofi bers; [  18  ,  31  ]  Electrostatic spray-deposition of V 2 O 5 ; [  32  ]  
co-precipitation of V 2 O 5  macro-plates from water/ethanol 
media; [  33  ]  and deposition of V 2 O 5  nanowires from chemical 
vapor transport. [  34  ]  These nanostructured vanadium pentoxide 
materials have shown much improved electrochemical per-
formance in comparison with conventional cathode materials 
for lithium ion batteries, [  34,35  ]  however due to the high cost of 
fabrication and complicated processing methods, the broad 
eim Adv. Energy Mater. 2011, 1, 194–202
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industrial applications of such nanomaterials are limited. In 
this research, for the fi rst time we reported a simple, low-cost 
cathodic deposition method for producing nanostructured V 2 O 5  
thin fi lms from a solution of V 2 O 5  and H 2 O 2 . Such deposited 
fi lms possess unique nanostructure, which could facilitate the 
phase transition during Li  +   insertion, therefore achieving high 
energy and power density with excellent cyclic stability when 
tested as thin fi lm cathode for Li-ion batteries. The fi lm forma-
tion mechanism, crystallinity phase, morphology, and electro-
chemical properties were investigated and discussed. 

   2. Results and Discussions 

  2.1. Film Preparation 

 After mixing of V 2 O 5  powders and an excess of H 2 O 2  with de-
ionized (DI) water (specifi c compositions are noted in the Exper-
imental Section), the resulting yellow slurry bubbled vigorously, 
which was accompanied with slight color change to orange (note 
that this reaction is exothermic). Several parallel or sequential 
chemical reactions occur in association with the decomposition 
of excess H 2 O 2 , as detailed in the literature:  [  36,37  ] 

 V2O5+4H2O2 → 2[VO(O2)2(OH2)] − +2H++H2O   (1)   

 V2O5+2H++2H2O2+3H2O → 2[VO(O2)(OH2)3]+ + O2   (2)   

 2[VO(O2)2(OH2)]−+4H++2H2O → 2[VO(O2)(OH2)3]++O2  (3)   

 2[VO(O2)(OH2)3]+ → 2[VO2]++O2+6H2O  (4)   

 [VO2]+ → gelation   (5)    

 The color change could be ascribed to the formation of 
diperoxovanadate anion [VO(O 2 ) 2 (OH 2 )]  −   ( Equation 1 ). [  38  ]  After 
5 min the slurry transformed into a transparent ruby red solu-
tion, which suggests that the main ion species in the solution 
is the red monperoxovanadate cation [VO(O 2 )(OH 2 ) 3 ]  +   ( Equa-
tions 2  and 3). [  39  ]  After adding more DI water to dilute the 
solution to 0.06  M , the solution was sonicated for an hour and 
gradually turned to a brownish red solution with a higher vis-
cosity. This change can be ascribed to the transformation of 
the ion species into the dioxovanadium cation [VO 2 ]  +   ( Equation 
4 ). [  37  ,  40  ]  It should be noted that the vigorous bubbling observed 
during the mixing of V 2 O 5  and H 2 O 2  is the result of the release 
of oxygen gas from Equations 3 and 4; each V 2 O 5  releases 
2 O 2 . The increased viscosity and formation of the brownish 
red gel suggests the beginning of V 2 O 5  ·  n H 2 O gelation 
( Equation 5 ). [  37  ,  41  ]  

 After sonication, the brownish red mixture of V 2 O 5  ·  n H 2 O 
gel and solution was diluted to 0.0075  M  with pH  =  2.7 for the 
deposition. During cathodic deposition, electrons move toward 
the negative side, therefore the V 5 +   species from V 2 O 5  colloidal 
particles and the dioxovanadate cations VO 2   +   are reduced on 
the surface of the FTO glass (Equation 6–7):

 V2O5+4H+ ↔ 2VO+
2 +2H2O   (6)   
© 2011 WILEY-VCH Verlag GmAdv. Energy Mater. 2011, 1, 194–202
 VO+
2 +e− → VO2  (7)    

 Upon deposition of VO 2  on the FTO substrate surface, 
VO 2  (with V 4 +  ) serves as a nucleation center that initiates 
and catalyzes the formation of V 2 O 5  ·  n H 2 O through low pH 
conditions.  [  12  ,  36  ,  42–49  ] 

 2[VO2]++nH2O → V2O5·nH2O + 2H+   (8)    

 Consequently, hydrous vanadium oxide is deposited 
through a combination of parallel yet sequential cathodic 
depositions and catalyzed gelation. It should be noted that 
gelation ( Equation 8 ) without the V 4 +   catalyst typically takes 
more than 24 h. 

 In spite of the fact that above chemical reactions have been 
well studied and documented, [  36,37  ]  the present study is the fi rst 
effort, to the best knowledge of the authors, to deposit fi lms 
through the combination of the cathodic deposition of VO 2  and 
V 4 +  -catalyzed gelation, forming a mixed thin fi lm of VO 2  and 
V 2 O 5  ·  n H 2 O deposited on an FTO glass substrate to be directly 
applied as cathodes for thin fi lm Li-ion batteries. Although 
other deposition methods have been studied for the formation 
of V 2 O 5  fi lms, cathodic deposition is unique as V 5 +   is simulta-
neously reduced to V 4 +   during fi lm fabrication. Consequently 
the V 2 O 5  fi lms contain a signifi cant amount of V 4 +   ions, which 
serve three important functions: i) as nucleation centers for 
phase transition for fi lm deposition, ii) as initiators for the 
sol-gel processing, and  iii) as effi cient catalysts for the forma-
tion and gelation of hydrous V 2 O 5  fi lms. The cathodic deposi-
tion of V 2 O 5  thin fi lms is low cost and easy to control, and thus 
could have fundamental signifi cance in the commercial battery 
fi eld, as it could lead to fabrication of binder-free and additive-
free large-scale fi lm batteries. 

   Figure 1   shows photographs of V 2 O 5  fi lms deposited on FTO 
glass substrates at –2.4 V after 3 min. Figure  1  a  compares the 
as-deposited V 2 O 5-x  ·  n H 2 O fi lm after drying in air for a day and 
the V 2 O 5  fi lms annealed at 500  ° C; Figure  1  b  shows a V 2 O 5  
fi lm prepared and annealed at 500  ° C over a 1 inch  ×  1 inch 
in area with no detectable defects. The as-deposited fi lms are 
green-yellow in color before heat treatment, rather than the 
yellow color often observed for V 2 O 5  fi lms or powders. [  13  ]  (VO 2  
is known to be blue and V 2 O 5  is yellow.) [  50  ]  The green-yellowish 
color observed in this study can be ascribed to a mix of yellow 
V 5 +   and blue V 4 +  , which was confi rmed by XPS results (see 
below). For the sake of consistency and clarity, V 2 O 5-x  ·   n H 2 O 
will be used to denote the fi lms before heat treatment to dif-
ferentiate from fi lms with complete V 5 +   valence status after 
annealing at 500  ° C.  

   Figure 2   shows the thickness of the fi lm deposited at the 
negative side as a function of deposition time with a constant 
voltage of -2.4 V: curve (a) shows the deposition rate for the fi lm 
before treatment, while curve (b) shows fi lm thickness after 
annealing at 500  ° C for 3 h. The deposition rates are 65 nm/min 
and 34 nm/min for the fi lms before and after annealing, 
respectively. The noticeable reduction in fi lm thickness after 
heat treatment corresponds to volume shrinkage and can 
be attributed to: i) the crystal structure change, and ii) par-
tial densifi cation. This is in good agreement with structural 
studies of V 2 O 5  ·  n H 2 O xerogels. [  51–52  ]  Both orthorhombic 
V 2 O 5  and V 2 O 5  ·  n H 2 O xerogel have layered structures: the 
195bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  1 .     Photographs of the as-deposited V 2 O 5-x  ·  n H 2 O fi lms and 500  ° C 
annealed V 2 O 5  cathodse. a) The as-deposited V 2 O 5-x  ·  n H 2 O fi lm (left, 
green-yellow) and, the V 2 O 5  fi lm after annealing in air at 500  ° C (right, 
yellow); b) Photograph of the 500  ° C annealed V 2 O 5  fi lm, 1 inch × 1 inch 
in area.  

    Figure  2 .     The relationship of deposition time and thickness of the a) as-
deposited V 2 O 5-x  ·  n H 2 O fi lms and b) 500  ° C annealed V 2 O 5  fi lms.  
structure of orthorhombic V 2 O 5  can be described by the 
packing of VO 5  square pyramids with a interlayer distance of 
 ∼  4.5 Å along the  c- axis of the orthorhombic cell, [  15  ]  while the 
structure of the V 2 O 5  ·  n H 2 O xerogel is an assembly of bilayers 
of single V 2 O 5  layers with VO 5  square pyramids with water 
molecules residing in between; the distance between each slab 
is 8 Å–21.6 Å depending on the crystalline water content in 
the V 2 O 5  ·  n H 2 O xerogel. [  51,52  ]  V 2 O 5  has a relatively low melting 
point and is often used as a sintering additive. [  53,54  ]  500  ° C is 
a relatively low annealing temperature for most oxides, but 
allows a noticeable densifi cation of V 2 O 5 . Moreover, it can 
be observed that even with the drastic volume change after 
thermal treatment, the V 2 O 5  fi lms remained well affi xed and 
stayed intact on the FTO glass substrate, without any macro-
scopic defects, cracks, or pin-holes. This was the case even for 
large-area fi lms (1 inch by 1.5 inch in area, 500 nm in thick-
ness). This can be ascribed to the good attachment between 
the fi lms and the substrates induced by the external electrical 
fi eld, as well as the fi ne, homogenous nanocrystallite (tens of 
nanometers in size) fi lms formed by cathodic deposition from 
the V 2 O 5  solution.  

   2.2. Film Characterization 

 In order to study the crystalline water loss during the annealing 
process, thermogravimetric analysis (TGA) was carried out in 
fl owing air from 100  o C to 600  ° C with a heating rate of 2  ° C 
min  − 1  and the results are shown in  Figure  3  . It should be noted 
that since the V 2 O 5-x  ·  n H 2 O fi lms in this research contain V 4 +   
species induced by cathodic deposition, the fi lms will gain 
weight from oxidization when heated in air. However, the loss 
of the crystalline water will give a overall thermogravimetric 
trend of weight loss. Therefore, in this research, it is inaccu-
rate to use the weight loss from TGA measurement to derive 
the quantity of crystalline water present. The TGA curve shows 
the thermogravimetric change happening over a different 
temperature range compared to other references, which is 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 194–202

    Figure  3 .     TGA curve of as-deposited V 2 O 5-x  ·  n H 2 O fi lm tested in the air 
from 100  ° C to 600  ° C with a heating rate of 2  ° C min  − 1 .  
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    Figure  4 .     XRD patterns of the as-deposited V 2 O 5-x  ·  n H 2 O fi lm, hydrous 
V 2 O 5-x  ·  n H 2 O fi lms annealed at 250  ° C and V 2 O 5  fi lms annealed at 500  ° C 
in the air.   

    Figure  5 .     XPS spectrum of high-resolution scan on the V 2p 3/2  core 
peaks performed on the fi lms. a) The as-deposited V 2 O 5-x  ·  n H 2 O fi lms 
at room temperature. b) The V 2 O 5  fi lms after annealing at 500  ° C in 
the air.  
attributed to the various fi lm-processing methods applied. 
 [  40  ,  55–56  ]  In this research the  ∼ 3% weight loss below 250  ° C 
can mainly be ascribed to the loss of weakly bound water, and 
the weight loss between 250  ° C and 340  ° C generally involves 
the loss of crystalline water from V 2 O 5-x  ·  n H 2 O. Above 340  ° C 
the crystallization of V 2 O 5  occurs. This is consistent with the 
X-ray diffraction (XRD) results discussed in the following 
paragraphs.  

   Figure 4   compares the XRD patterns of the V 2 O 5-x  ·  n H 2 O 
fi lms after cathodic deposition from V 2 O 5  at room temperature, 
and after annealing at 250, and 500  ° C in air. The as-deposited 
fi lm without any heat treatment shows an intense (001) peak, 
which indicates the characteristic layered structure of V 2 O 5-

z  ·  n H 2 O. This is consistent with other research showing a pref-
erential structure of ribbon stacking for V 2 O 5  ·  n H 2 O gel. [  13  ]  The 
crystallite size calculated from the Scherrer Equation is 6.2nm, 
and the interlayer distance estimated from Bragg’s law is 
12.77 Å, which indicates the composition of crystalline water in 
this sample is  n   >  2. [  14  ]   

 When heated to 250  ° C, the improved crystallinity of the lay-
ered structural V 2 O 5-x  ·  n H 2 O fi lm was confi rmed by the appear-
ance of (003) and (004) peaks along with the (001) peak. It is 
seen that the (001) peak shifts to the higher angle direction, 
resulting in a decrease in the interlayer distance to 11.31 Å 
( n   ≈  1.5) [  57  ]  due to the loss of crystalline water. The crystallite 
size grows slightly to 10.0 nm (calculated from the XRD pat-
tern). The exhibition of a series of (00 l ) harmonics refl ects the 
turbostratic nature of the stacking of V 2 O 5  ribbons. Moreover, 
the missing peak corresponding to the (002) plane suggests the 
formation of double sheets of V 2 O 5  for each layer. [  58  ]  

 After the V 2 O 5-x  ·  n H 2 O fi lm was annealed at 500  ° C, 
the sample was completely dehydrated, presenting a pure 
orthorhombic phase with good crystallinity, as shown in 
the XRD pattern. The interlayer distance along the  c -axis 
is calculated as 4.36 Å, a perfect match with the crystalline 
structure of orthorhombic V 2 O 5  (Joint Committee on Powder 
© 2011 WILEY-VCH Verlag GmAdv. Energy Mater. 2011, 1, 194–202
Diffraction Standards (JCPDS) No. 41–1426). The V 2 O 5  fi lms 
have a preferred orientation, evidenced by the missing diffrac-
tion pattern for (0 l 0) plane along the  b -axis. The crystallization 
temperature of the orthorhombic phase at 500  ° C, and of 
V 2 O 5  · 1.5H 2 O at 250  ° C in this study is higher in comparison 
with other references. [  14  ,  51–52  ]  The crystallite size of this 
orthorhombic V 2 O 5  is calculated to be 35.1 nm from the XRD 
pattern. 

 X-ray photoelectron spectroscopy (XPS) measurements were 
carried out on the as-deposited V 2 O 5-x  ·  n H 2 O fi lms and the V 2 O 5  
fi lms annealed in air at 500  ° C to investigate the oxidation state 
of the vanadium as well as to estimate the content of reduced 
vanadium V 4 +   in the fi lms. The V 2p 3/2  core peak spectra for 
the as-deposited V 2 O 5-x  ·  n H 2 O fi lms ( Figure  5   a ) is composed 
of two components located at 517.96 eV and 516.65 eV respec-
tively, as shown in the fi tting data. These two binding energy 
values can be associated with two formal oxidation degrees,  + 5 
197bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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   Table  1.     Binding energy ( E  B ) of the V 2p 2/3  core peaks taken from the 
spectrum in Figure 5. 

Sample V 5 +   peak 
area

V 4 +   peak 
area

V 5 +  / V 4 +  Binding 
Energy for 
V 5 +   (eV)

Binding 
Energy for 
V 4 +   (eV)

a 3523.41 635.13 85/15 517.96 516.65

b 3624.30 - - 517.86 -
and  + 4. [  59–62  ]  However for the 500  ° C annealed V 2 O 5  fi lms, there 
is only one V 2p 3/2  core peak locating at 517.86 eV, as shown 
in  Figure  5   b , associated to the  + 5 formal degree for vanadium 
ions. This difference can be explained by the fi lm preparation 
conditions: the as-deposited fi lms form on the substrate placed 
on the negative side: some V 5 +   on the surface of the substrate 
becomes reduced to V 4 +  , which further catalyzed the gelation  of 
the V 2 O 5-x  ·  n H 2 O fi lms. [  12  ,  36  ,  42–49  ,  63  ]  Therefore, a noticeable V 4 +   
concentration exists in the as-deposited fi lms. After annealing 
at 500  ° C in air, the introduction of oxygen leads to the oxida-
tion and crystallization of the fi lms and therefore the vanadium 
ions are present only in the highest oxidation degree (V 5 +  ). The 
ratio of V 4 +  /V 5 +   is 15/85, which was derived from the area ratio 
of the fi tted spectrum of V 2p 3/2  (V 5 +  ) and V 2p 3/2  (V 4 +  ), as listed 
in  Table  1  .    [  64,65  ]   These results corroborate the fi lm color 
observed in Figure  1 a, and the cathodic deposition mechanism 
discussed in the fi lm-preparation section. 

   Figure 6    a-d  are scanning electron microscopy (SEM) 
images revealing the surface morphology and microstructures 
of the V 2 O 5  fi lms annealed at 500  ° C for 3 h. The top views 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

    Figure  6 .     SEM image of the 500  ° C annealed V 2 O 5  fi lm: a) top view,  × 40 K, 
K, c) cross-section view,  × 40 K, d) cross-section view,  × 100 K.  
(Figure  6  a and b ) show that the uniform fi lm was homog-
enously deposited, and composed of small “wrinkled” fl akes 
(domain-like) of 0.5–1.5  μ m diameter parallel to the substrate. 
Each fl ake is composed of smaller particles of 20–30 nm diam-
eter, which agrees well with the crystallite size calculated from 
the XRD patterns. The cross-section view of the annealed V 2 O 5  
fi lms (Figure  6  c and d ) shows similar nanostructures with 
20–30 nm nanoparticles, and again agrees very well with the 
crystallite size calculated from the XRD patterns. 10 nm gaps 
separate the adjacent nanoparticles. It should be noted that the 
nanostructures and the size of the nanocrystallites remain the 
same at the surface and inside the fi lm. It should also be noted 
that this nanostructure was not found in V 2 O 5  thin fi lms depos-
ited on anodic substrates (Figure S1, Supporting Information).  

 The formation of such peculiar domain-nanocrystallite 
structured thin fi lms may be explained by considering the fact 
that the fi lm was deposited through a combination of cathodic 
deposition and catalyzed gelation. The formation of tetravalent 
vanadium ions or VO 2  by cathodic deposition initiates and cat-
alyzes the gelation of hydrous vanadium pentoxide. Continued 
reduction and cathodic deposition of vanadium dioxide serves 
as a secondary (or new) nucleation, and consequently the 
deposited fi lm consists of many nanoparticles stacking with 
spaces separating them from one another. The VO 2  particles 
could also be regarded as nucleation sites during the annealing 
process, which retards the nanocrystallite growth and sup-
presses the grain boundary migration (Figure  6  c and d ). The 
atomic force microscopy (AFM) image ( Figure  7  ) of the sur-
face of 500  ° C annealed V 2 O 5  thin fi lms with an area of 4 μ m  ×  
4 μ m shows that the fl ake size is about 0.5  μ m × 1.5  μ m in the 

planar dimension, and the roughness of the 
bH & Co. KGaA, Wein

b) top view,  × 100 
fi lm is measured to be  + /–20 nm.  
   Figure 8   shows the 1 st  and 8 th  cycles of the 

cyclic voltammetry (CV) curves for 500  ° C 
annealed V 2 O 5  thin-fi lm electrodes with 
thickness between 150–170 nm. It can be 
clearly observed that there are four cathodic 
peaks located at –0.192, –0.404, –1.320, and 
–1.797 V, and these four peaks correspond to 
the  α / ε ,  ε / δ ,  δ / γ ,  γ / ω  phase transitions within 
the potential range 0.6 V–-1.8 V ( Vs . Ag  +  /Ag), 
according to the literature.  [  23,24  ,  65  ]  The two 
anodic peaks at -0.096 V and -0.175 V can be 
ascribed to the reverse phase transitions of 
 ε / α  and  δ / ε , which still leaves a broad peak 
after 8 cycles.  [  16  ,  24  ]  This is different from 
other studies, which show that when there 
is more than 2.2 mol Li  +   being intercalated 
into Li x V 2 O 5  (x  ≥  2.2), especially at high cur-
rent densities, an irreversible phase transi-
tion will occur, which results in a capacity 
loss due to kinetic limitations.  [  15  ,  17,18  ,  23,24  ,  66  ]  
However in this research, we were able to 
observe partially reversible  α / ε ,  ε / δ  phase 
transitions at a current density of 200 mA g  − 1  
(1.3 C) after 8 cycles. This is a proof of the 
facilitated thermodynamics and kinetics of 
the phase transition, which can be ascribed 
to the “wrinkled” nanostructure (Figure  6 ). 
heim Adv. Energy Mater. 2011, 1, 194–202
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    Figure  7 .     Surface morphology of the fi lms annealed at 500  ° C measured by AFM on 4  μ m × 4 
 μ m area and surface roughness distribution along the red line as shown.   

    Figure  8 .     The cyclic voltammograms of 500  ° C annealed V 2 O 5  fi lms with 
a scan rate of 5 mV s  − 1  in 1 M LiClO 4 /PC electrolyte solution for the 1 st  
cycle (solid line) and 8 th  cycle (dash-dot line)  

    Figure  9 .     Chronopotentiometric curves for the fi rst discharge/charge and 
second discharge cycles of 500  ° C annealed V 2 O 5  thin fi lm cathodes at a 
current density of 200 mA g  − 1  (1.3 C) in the potential range of –1.6 V–0.2 
V ( Vs . Ag  +  /Ag).  
The phase transition during lithium ion intercalation/deinter-
calation is made more favorable by the nanoscale dimensions 
as well as the accessibility of the intercalation sites. Nanostruc-
tured materials possess huge surface area and excessive surface 
energy, and thus offer more sites for lithium ion insertion and 
extraction and allow phase transitions that are otherwise diffi -
cult to achieve in bulk materials. The broad peak at –0.772 V 
that appears during anodic scanning is in good agreement with 
the irreversible formation of the  ω  phase, [  24  ]  further proved by 
the chronopotentiometric curves ( Figure  9  ).   

 Figure  9  shows the chronopotentiometric (CP) curves for the 
fi rst discharge/charge and second discharge curves of 500  ° C 
annealed V 2 O 5  thin fi lm electrodes at a current density of 
200 mA/g (1.3 C) in the potential range -1.6–0.2 V ( Vs . Ag  +  /Ag). 
The initial discharge curve presents four noticeable plateaus: 
–0.16, –0.34, –1.25, and –1.55 V, which correspond to the succes-
sive appearance of the following two-phase regions:  α / ε ,  ε / δ ,  δ / γ , 
and  γ / ω , with Li composition for Li x V 2 O 5  in a range of 0  <  x ≤ 2.68 
(related with a capacity of 402 mA h g  − 1 ). [  23  ,  65  ]  It can be observed 
that the fi rst charge and second discharge curves maintain notice-
able but shorter plateaus at the same potential positions, which 
are related to the above-listed phase transitions. These plateaus 
solidly prove the enhanced reversibility of phase transitions when 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Energy Mater. 2011, 1, 194–202
more than 2 mols of Li  +   ions are inserted into 
theV 2 O 5  fi lms. Moreover it is noteworthy that, 
in the fi rst discharge curve, the vertical drop 
connecting the two plateaus related to the  ε / δ , 
 δ / γ  phase transitions becomes a slope in the 
successive fi rst charge and second discharge 
curves. This sloped curve is rather similar 
to solid solution behavior,  [  24  ]  which can be 
related to the formation of a new phase: 
 ω -Li x V 2 O 5  (x  >  2) and it is reported to be irre-
versible. [  24  ,  65  ]  After the fi rst charge 0.68 mol 
Li  +   was trapped in the newly formed  ω  phase; 
however the second discharge achieves a com-
plete intake of Li  +   to form  ω -Li 2.68 V 2 O 5 . These 
CP curves are in good agreement with the CV results (Figure  8 ) 
in explaining the phase transitions of V 2 O 5  fi lms. 

 The cyclic performance of the V 2 O 5  thin fi lm electrodes 
annealed at 500  ° C was investigated.  Figure  10   shows the dis-
charge capacity at a current density of 200 mA g  − 1  (1.3 C) for the 
fi rst 12 cycles, followed by 170 cycles of discharge/charge tests 
at various current densities (further discussed in  Figure  11  ). The 
last 20 cycles, returned to a current density of 200 mA g  − 1  (1.3 C) 
for capacity fading investigations, are also shown in Figure  10 . 
The initial discharge capacity is 402 mA h g  − 1 , which is related 
to Li 2.68 V 2 O 5  before the second charge begins. Due to the irre-
versible phase formation from the fi rst charge, the second dis-
charge capacity dropped to 368 mA h g  − 1 , and stayed at 325 mA 
h g  − 1  for the 12 th  cycle. The coulombic effi ciency is 74.6% for the 
fi rst cycle and 85.8% for the second cycle. After more than 180 
cycles tested at different current densities, the discharge capacity 
was still as high as 240 mA h g  − 1 . The specifi c energy densities 
were calculated to be 900 W h kg  − 1  for the 1 st  cycle and 723 W h 
kg  − 1  for the 180 th  cycle when discharged at 200 mA g  − 1  (1.3 C). 
These values are higher than the data previously reported for 
V 2 O 5  cathode materials in lithium ion batteries. [  16  ,  18–19  ,  23  ,  32  ,  67–69  ] 
Figure  11  shows the cyclic discharge capacity of 500  ° C annealed 
199eim wileyonlinelibrary.com
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    Figure  11 .     The cyclic performance of 500  ° C annealed V 2 O 5  thin fi lm cath-
odes at various current densities from 200 mA g  − 1  (1.3 C) to 12.5 A g  − 1  
(70 C) for up to 177 cycles.  

    Figure  10 .     The cyclic performance of 500  ° C annealed V 2 O 5  thin fi lm cath-
odes at a current density of 200 mA g  − 1  (1.3 C). (Inset shows the SEM 
image of the V 2 O 5  fi lm surface, and a schematic drawing of the enhanced 
Li  +   diffusion in the unique nanostructured V 2 O 5  fi lm with its high surface 
area and short difussion path)  
V 2 O 5  fi lms performed at various current densities at 200 mA g  − 1  
(1.3 C), 450 mA g  − 1  (3 C), 1.5 A g  − 1  (10 C), 4.5 A g  − 1  (30 C) and 
10.5 A g  − 1  (70 C). At fairly high current densities, which corre-
spond to fast battery discharge/charge cycles, the fi lm electrode 
retains a high lithium ion storage capacity: 160 mA h g  − 1  at 
4.5 A g  − 1  (30 C) and 120 mA h g  − 1  at 10.5 A g  − 1  (70 C), or with a 
high specifi c power of 28 kW kg  − 1 .   

 The cathodic deposited V 2 O 5  thin fi lm electrodes from this 
research show much higher lithium intercalation capacity and 
energy and power density with better cyclic stability in com-
parison with other nanostructured V 2 O 5  cathodes reported 
recently.  [  13  ,  56  ,  70–73  ]  The high performance could be ascribed 
to the nanostructure in this research (Figure  10 , inset): the 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
20–30 nm nanocrystallites provide a shorter diffusion path for 
Li  +   ion intercalation/deintercalation, and the 10 nm wrinkled 
gaps offers a higher surface area with more accessible interca-
lation sites, which favors electrolyte penetration and interface 
reactions. [  19  ,  74  ]  This nanostructure could effectively enhance the 
phase transition during Li  +   ion intercalation/deintercalation, 
and it essentially benefi ts from the presence of V 4 +   serving as 
the fi lms initiator and catalyst during cathodic deposition, as 
well as nucleation sites in the annealing process in air. Since 
a great deal of volumetric change can be accommodated by 
the nanostructure, the fi lm’s mechanical integrity and stability 
during battery testing is good, resulting in excellent cyclic 
stability. [  75  ]  The external electrical fi eld applied during fi lm 
deposition helps form a sturdy adhesion to the conductive sub-
strate, which could facilitate better Li  +   ion diffusion and guar-
antee excellent energy and power density. 

    3. Conclusions 

 Nanostructured V 2 O 5  thin-fi lm electrodes have been prepared 
for the fi rst time by cathodic deposition from V 2 O 5  and H 2 O 2  
followed by annealing at 500  ° C in air. The mechanisms and 
reactions for cathodic deposition of V 2 O 5  thin fi lms have been 
discussed in detail: the formation of tetravalent vanadium ions 
or VO 2  by cathodic deposition initiated and catalyzed the for-
mation and gelation of hydrous vanadium pentoxide fi lms. 
After annealing the as-deposited V 2 O 5-x  ·  n H 2 O fi lms at 500  ° C 
in air, they show a preferred oriented orthorhombic phase with 
a crystallite size of 35.1 nm (calculated from XRD patterns). 
The XPS results show 15% V 4 +   out of V total  concentration in 
the as-deposited V 2 O 5- x   ·  n H 2 O fi lms; all V 4 +   is oxidized to V 5 +   
at 500  ° C. The “wrinkled” nanostructure of the V 2 O 5  fi lms 
was shown by SEM to be composed of fi ne nanocrystallites of 
20–30 nm size separated by 10 nm gaps. The electrochemistry 
and phase transitions during Li-ion intercalation and de-inter-
calation of these cathodic deposited V 2 O 5  nanostructured thin 
fi lms are explicitly discussed in this paper. Electrochemical 
tests demonstrate that the nanostructured V 2 O 5  thin fi lm elec-
trodes possess enhanced phase transition reversibility during 
Li  + - ion intercalation/de-intercalation. The high energy density 
(900 W h kg  − 1  at 200 mA g  − 1 ), power density (28 kW kg  − 1  at 
10.5 A g  − 1 ), and enhanced phase transitions as well as the 
good cyclic stability (functioning well in over 200 cycles) can 
be ascribed to the nanostructure having a higher surface area, 
shorter Li  +   ion diffusion pathways, and improved mechanical 
integrity. Cathodic deposited vanadium pentoxide fi lms could 
become a promising candidate for Li-ion battery cathode mate-
rials due to its good electrochemical performance, as well as 
its simple, fl exible, and easily controllable low-cost processing 
method. 

   4. Experimental Section 
  Sample preparation:  The fi lms studied in this research were all 

prepared by cathodic deposition from diluted vanadium pentoxide 
solutions, which were made according to the procedure reported by 
Frontenot et al. [  36  ]  V 2 O 5  powders (99.8%, Alfa-AESAR) were added to 
de-ionized water and H 2 O 2  (30 wt.% in H 2 O, Sigma-Aldrich) to form a 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 194–202
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solution with a V 2 O 5  concentration ( C  V ) of 0.3   M  and  n (H 2 O 2 ) :  n (V) 
of 8.05 : 1. The resulting solution was stirred for 15 min and sonicated 
for 15 min respectively while kept in water at a constant temperature 
for the reactions. It was observed that the yellow slurry started bubbling 
vigorously and gradually turned orange in color. After 5 min a transparent 
solution was formed that was ruby red in color. This solution was later 
diluted to  C  v   =  0.06   M  and then sonicated for 1 h until the solution 
turned into a brownish red V 2 O 5  gel. This gel was further dispersed and 
diluted to a  C  v  of 0.0075  M , and stirred in de-ionized water until a brick-
red-colored, transparent solution with a pH of 2.6 was formed. This 
solution was used for cathodic deposition. 

 For the preparation of V 2 O 5  fi lms, fl uorine-doped tin oxide (FTO) coated 
glass was used as the deposition substrate on the negative side, and a Pt 
plate was used as a counter electrode on the positive side. The distance 
between the two electrodes was kept constant at 1.5 cm and the deposition 
voltage was –2.4 V. Deposition was carried out for 3, 5, 10, and 20 min on 
separate samples to investigate the deposition rate using this method. The 
fi lms were left in air for one day until completely dried to avoid cracking 
induced by drastic volume change; the fi lms were then annealed in ambient 
atmosphere at 500  ° C for 3 h followed by a slow cool-down. All samples were 
stored in vacuum before characterizations and property measurements. 

  Sample characterization:  The thickness of the V 2 O 5  fi lms deposited 
over different times was measured using a Dektak Profi lometer 3030 
after deposition at room temperature and annealing at 500  ° C. The rest 
of the characterization was conducted on fi lms deposited for 3 min at 
–2.4 V. Thermogravimetric properties of the V 2 O 5  fi lms were investigated 
by thermogravimetric analysis (TGA 7, PerkinElmer) from room 
temperature to 600  ° C in air at a heating rate of 2  ° C min  − 1 . The phase 
and crystallite size of the V 2 O 5  fi lms were studied using X-ray diffraction 
(XRD, Philips 1820 X-ray diffractometer); the surface morphology 
and roughness of V 2 O 5  fi lms were examined using scanning electron 
microscopy (SEM, JEOL, JSM-5200) and atomic force microscopy (AFM, 
Asylum Research MFP-3D). X-Ray photoelectron spectroscopy (XPS) 
was used to understand and compare the valence status of vanadium in 
V 2 O 5  fi lms before and after annealing and lithium intercalation. All XPS 
spectra were taken on a Kratos Axis-Ultra DLD spectrometer. 

 The electrochemical properties of the V 2 O 5  thin fi lm electrodes were 
tested using a standard three-electrode setup 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. Cyclic voltammetric (CV) curves were 
measured between 0.6 V–1.8 V (vs. Ag  +  /Ag) with scan rate of 5 mV s  − 1 , 
and the lithium ion intercalation/deintercalation properties and cycling 
performance were investigated by chronopotentiometric (CP) method 
in the voltage range of 0.2 V–1.6 V (vs. Ag  +  /Ag). Both CV and CP tests 
were performed using an electrochemical analyzer (CH Instruments, 
Model 605B). 
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 Supporting Information is available from the Wiley Online Library or 
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