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A new type vanadium oxide deposit with a porous, three-dimensional (3-D) network architecture plated
at 0.7V (vs. Ag/AgCl) from 25 mM VOSO,4 with 5 mM H,0; shows capacitive-like behavior at 250 mV s~!
and Cs ~ 167 Fg~! at25mV s~ in 3 M KCl for pseudocapacitor applications. This work also emphasizes that
anodic deposition of vanadium oxide does occur at a potential much more negative to oxygen evolution
from aqueous VOSOQ, solutions due to the presence of V>* by adding H, O,. Through the X-ray photoelectron
spectroscopic analyses, this oxide deposit, mainly consisting of V>* with 11 mol.% V#*, shows a hydrous
nature. The unique power characteristics of this hydrous vanadium oxide are reasonably attributed to its
intrinsic porous and crystalline structure produced by means of this novel anodic deposition process at a
potential much more negative to the oxygen evolution reaction.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Vanadium oxides in various forms (e.g., H,V30g, V,05) are
widely studied as an electrode material for Li-ion batteries (LIBs)
[1-6] and electrochemical capacitors (ECs) in organic electrolytes
[7-9]. Since several vanadium oxides with layered structures show
the redox intercalation ability for various cations [5,6], these
materials are considered as an important electrode material in
developing high energy density LIBs [6] and high power ECs [10,11].

Many chemical routes, such as hydrothermal synthesis [12],
sol-gel method [13], and electrochemical deposition [1], were
developed to prepare vanadium oxides. Among these methods,
electrochemical deposition is considered as a simple, one-step, and
cost-effective technique. The structure, morphology, and unifor-
mity of oxides can be controlled by adjusting the plating parameters
such as deposition mode, applied potential, current density, bath
temperature, concentration of precursors, and addition of com-
plex/additive agents [14,15]. In addition, preparation of vanadium
oxides through anodic deposition from aqueous VOSO,4 solutions
has been considered as an effective method [1,16] which was devel-
oped by Sato et al. [17,18]. Anodic deposition of V, 05, however, was
found to occur in two steps involving oxygen evolution at highly
positive potentials [19,20]. Moreover, the deposition current den-
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sity observed in the negative scan of CV was found to be much
larger than that in its corresponding positive scan [16]. Further-
more, chemical analyses revealed that the obtained compounds are
hydrated, mixed valence compounds containing V4* and V>* [16].
These facts indicate the very complicated deposition mechanism of
vanadium oxides in the oxygen evolution region.

In our previous study [12], a designed precursor solution con-
taining V>* and V#* effectively promotes the formation rate of
H,V30g single-crystal nanobelts under hydrothermal conditions,
indicating the importance of V>*/V4* ratios in the precursor solu-
tion. The finding provides the idea that anodic deposition of
vanadium oxide is probably influenced by the presence of V>*
species in the precursor solution. This work demonstrates the
success in depositing a new type vanadium oxide at poten-
tials much more negative to oxygen evolution from aqueous
VO0SO0, solutions with certain amount of V>* species (i.e., 25 mM
V0OSO4 with 5mM H,0,). This novel oxide deposit showing a
porous three-dimensional (3-D) network architecture possesses
high power characteristics (capacitive-like behavior at 250 mVs—1)
and acceptable specific capacitance (Cs ~ 167 Fg~1 at25mVs~1)for
pseudocapacitor applications.

2. Experimental

Hydrous vanadium oxide (denoted as VOx-yH,0) was directly
electrodeposited onto graphite substrates under a potentiostatic
mode. The pretreatment procedure of 10 mm x 10 mm x 3 mm
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Fig. 1. Cyclic voltammograms measured at 20mVs~': (1) in 25 mM VOSOQ, and (2)
with the addition of 5mM H,0; at 25°C. 60000
z
graphite substrates completely followed our previous work [10,14]. § 40000
These substrates were carefully coated with a thick film of PTFE =
with an exposed surface area of 1cm? and VO,-yH,0 was electro-
plated at 0.7 V vs. Ag/AgCl from a 25 mM VOSO,4 with 5mM H,0, at 20000
25°C.The weight of a typical VOx-yH,0 filmis ca.2.0 + 0.1 mg cm 2,
which can be controlled by varying the passed charge. After clean-
ing and drying, the VOx-yH,0/G electrode was characterized by 0
electrochemical and textural analyses. 534 532 530 528
The morphology of VOx.yH,O was observed using a field Binding Energy (eV)

emission scanning electron microscope (FE-SEM, Hitachi S4800
type I). The chemical environments of VOx-yH,0 were obtained
from the X-ray photoelectron spectra (XPS) measured by an XPS
spectrometer (Kratos Axis Ultra DLD), employed Al monochro-

Fig. 2. XPS core-level spectra of (A) V 2p3p; and (B) O 1s for a VO,-yH,0 deposit.
The dot, dashed, and solid lines are the experiment, fitting, and resultant spectra,
respectively.
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Fig. 3. (A and B) Top and (C) cross-section SEM images of a VOx-yH,0 deposit under (A) low and (B) high magnifications; (D) the corresponding XRD pattern; inset of 3(C)
indicates an average thickness of 8.1 wm.
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mator (hv=1486.69 eV) irradiation as the photosource. The X-ray
diffraction (XRD) pattern was obtained with a glancing-angle
X-ray diffractometer (Rigaku D/MAX2500) using a Cu target (Cu
Kq =1.5418 A) at an angular speed of 1° (26) min~!. Electrochem-
ical characteristics of VOx-yH,0 were examined by means of an
electrochemical analyzer system, CHI 633A (CH Instruments, USA)
in a three-compartment cell. An Ag/AgCl electrode (Argenthal,
3 M KCl, 0.207 V vs. SHE at 25°C) was used as the reference and a
piece of platinum gauze was employed as the counter electrode. A
Luggin capillary was used to minimize errors due to iR drop in the
electrolytes. All solutions used in this work were prepared with
18 M2 cm water produced by a reagent water system (Milli-Q SP,
Japan).

3. Results and discussion

Typical cyclic voltammograms of graphite measured in 25 mM
VOSO4 (denoted as solution 1) and the 25 mM VOSOy4 solution with
5mM H,0, (denoted as solution 2) are shown in Fig. 1 as curves 1
and 2, respectively. The open-circuit potentials of solutions 1 and 2,
equal to ca. 0.30 and 0.42 V (vs. Ag/AgCl), respectively, are set as the
lower potential limits of CV in Fig. 1. Clearly, there is a pair of redox
peaks with their formal potential at ca. 0.6V on both curves, cor-
responding to the V>*/V4* transition. However, oxidation of VO%*
into V°* (e.g., VO,*) does not guarantee successful deposition of
vanadium oxide since V°>* species have been found to be stable and
soluble in aqueous media [19]. Accordingly, a clear reduction peakis
visible on the negative sweeps. Since no sensible vanadium oxide is
formed on graphite when solution 1 is anodized at 0.7 V for 10 min,
most V>* species formed in pure VOSO, are soluble in solution 1. On
the other hand, vanadium oxide is steadily deposited onto graphite
from solution 2 at 0.7V, revealing the enhanced deposition rate of
vanadium oxide in the VOSO4 +H;0; solution. This phenomenon
indicates that the prior presence of V°* in the precursor solution
enhances precipitation of vanadium oxide (converted from the V°>*
species just being oxidized at the vicinity of substrates). The prior
presence of V> is strongly supported by the decrease in the redox
current density on curve 2 in comparison with curve 1. The much
lower redox current density on curve 2 results from a lower concen-
tration of VO2* in solution 2, reasonably due to the partial oxidation
of VO%* into V>* species by H,0,. These V°* species strongly inter-
act with VO?* to form a favorable structure (presuming hydrated
VOZ*-V0,* complex) for the chemical transformation of V>* (and
ca. 11% V#* species) into vanadium oxide when it is oxidized at the
substrate vicinity.

Fig. 2 shows the XPS core-level spectra of V 2p3, and O 1s
for a vanadium oxide deposit formed at 0.7 V. In Fig. 2A, the XPS
spectrum can be decomposed into two peaks centered at 517.1 and
515.6 eV, corresponding to V>* and V4*, respectively [10,12,21,22].
This reveals that the deposit consists of mixed valence compounds
containing V4* and V°*. From the relative areas of fitted curves,
there are about 11 mol.% V4* species in this oxide. In Fig. 2B, the O
1s spectrum can be decomposed into three constituents (e.g. 529.7,
530.4 and 531.7 eV [10,14,22]) corresponding to V-0-V, V-0O-H and
H-0-H, respectively. This result reveals the hydrous nature of vana-
dium oxide deposited from aqueous media. Accordingly, hydrous
vanadium oxide prepared in this work is reasonably denoted as
VOy-yH;0.

Fig. 3 shows the textural characteristics of a VOx-yH,0 deposit
prepared from solution 2. Fig. 3A and B shows the surface morphol-
ogy of this deposit, revealing a mixed mesoporous-macroporous
structure in a 3-D network. There is no obvious grain bound-
ary on this deposit. From Fig. 3C, the cross section image of
this deposit shows a porous top layer while a relatively dense
layer is formed under this porous layer, supporting the mixed
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Fig. 4. (A) Cyclic voltammograms measured at (1) 25, (2) 100, (3) 150, (4) 200, and
(5) 250mVs~! and (B) dependence of Cs on the scan rate of CV for a VO,-yH,0
deposit in 3 M KCl.

mesoporous—-macroporous structure. The average thickness esti-
mated from the inset of Fig. 3C is about 8.1 wm. The above highly
porous, uniform structure is not attributable to anchoring of oxygen
bubbles because this deposit was plated at 0.7V (vs. Ag/AgCl) that
is much more negative to oxygen evolution. The diffraction peaks
on the XRD pattern in Fig. 3D corresponding to V,0s, V,05-1.6H;0,
and V043 reveal a mixture of three crystalline vanadium oxides.
The formation of the unique porous structure may be ascribed to
the crystalline structures of this deposit (similar to MnOy deposits
found previously [14]) although the exact reason is still unclear. On
the other hand, the 3-D porous network architecture is favorable
for electrolyte penetration into the whole oxide matrix, which is
good for electrochemical energy storage systems, especially high
power applications (e.g., ECs).

The novel electrochemical characteristics of VOx-yH,0 with a
3-D porous network structure shown in Fig. 4 are used to demon-
strate its promising applicability to ECs in aqueous media. Fig. 4A
shows the typical cyclic voltammograms of VOx-yH,0 measured at
CV scan rates from 25 to 250 mV s~ 1. Clearly, there is a pair of redox
peaks between 0.3 and 0.7 V on all curves. The similar i-E responses
at different CV scanrates indicate that all electrochemical reactions
on/within the VOy-yH,0 network are highly reversible. To the best
of our knowledge, no vanadium oxide shows such i-E responses
in aqueous KClI solution. In addition, for pure vanadium oxide or
composites [11,23,24], capacitive-like behavior under a high scan
rate of 250 mV s~! is never found before, especially the oxide load-
ing is about 2 mg cm~—2 (geometric capacitance >330 mFcm~2). The
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specific capacitance of this oxide deposit is equal to ca. 167Fg~1
when the scan rate is 25mVs~!. These novel properties may be
linked to the unique porous structure of VOx-yH,0, favoring ion
exchange during redox transitions. The specific capacitance of this
oxide deposit gradually decreases from ca. 167 to 93Fg~! when
scan rates increase from 25 to 250 mVs~! (Fig. 4B), probably due
to the formation of a relatively dense layer under the porous top
layer. The above capacitive performances reveal that the 3-D net-
worked VOy-yH,0 deposit is a promising candidate of electrode
materials for high-power EC applications. Further studies on the
deposition mechanism, detailed textural analyses, annealing, and
cycling stability, will be performed recently.

4. Conclusions

This work describes the important finding that a new type
VOy-yH, O with a porous 3-D network architecture shows promising
pseudocapacitive performances in 3M KCI (e.g., specific capaci-
tance of ca. 167Fg~! at 25mVs~! and geometric capacitance of
330 mFcm~2). The capacitive-like behavior of VO,-yH,0 under a
high scan rate of 250mV s~!, never found before, is attributable to
its intrinsic porous structure, favoring ion exchange during redox
transitions. This unique VOx-yH,0 deposit is plated at a potential
much more negative to oxygen evolution (0.7V vs. Ag/AgCl) from
VOSO0,4 with the prior presence of V°* (25 mM VOSO4 with 5mM
H,0,). Through X-ray photoelectron spectroscopic analyses, this
oxide deposit, mainly consisting of V>* with 11 mol.% V4*, shows a
hydrous nature.
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