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The anomalous electrical conductance for the V
2
O
5
foam synthesized via a foaming process was measured. In the annealing

process, the synthesizedV
2
O
5
foam is recrystallizedwith the increase of annealing temperature.The recrystallization procedurewas

characterized by using physical analysis tools such as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), and X-ray diffractometer. In
the electrical analysis technique of current-voltage characteristics as a function of annealing temperature, an anomalous hysteric
behavior appears at the annealing temperature of 400∘C. We conclude that the recrystallization of V

2
O
5
nanoplates results in the

anomalous behavior in voltage-dependent current characteristics.

1. Introduction

Vanadiumoxidematerials (VO
2
, V
2
O
5
, andV

2
O
3
) [1–5] have

been intensively studied in catalytic, electrochemical, and
energy fields, such as an electrocatalyst for methanol oxida-
tion [6], gas or biosensors [7, 8], cathode materials for lith-
ium-ion batteries [9], and a hydrogen storage medium [10],
due to their layered structure and high surface to volume ratio
[11]. V

2
O
5
materials exhibit various structures: nanowires,

nanobelts, and macroporous structures according to their
synthetic conditions [1, 12, 13].

The synthesis of crystalline V
2
O
5
nanostructures for their

various applications [7–10] has been actively investigated
because of the unique properties of the crystalline nanostruc-
tures.Thewell-known synthetic techniques for single crystal-
line V

2
O
5
nanostructures are hydrothermal treatments [11],

electrochemical depositions [14], and vapor transports [15].
However, all these methods have several issues to overcome.
Hydrothermal treatment needs to be performed at high

temperature and pressure. In electrodeposition technique, it
demands long time to synthesize nanostructures using elec-
trochemical equipment and chemical agents including toxic
acid. The vapor transport technique should be accompanied
by an electron beam evaporator operating in a high vacuum
in order to fabricate V

2
O
5
nanowires on silicon substrates.

Here, we present the simple and safe fabrication tech-
nique of a single crystalline V

2
O
5
nanoplate using foam-

ing processes and annealing routes [13, 16, 17] as well as
the anomalous electrical conductance originated from the
intermediate state of thermal annealing. The investigations
for recrystallization of V

2
O
5
form were done using physical

analysis techniques such as TGA, DSC, SEM, HRTEM,
and XRD as well as electrical properties of current-voltage
characteristics. The anomalous behavior in current-voltage
characteristics was measured at the annealing temperature of
400∘C.With the correlation between structural and electrical
analysis, we concluded that the anomalous behavior is related
to the intermediate state of recrystallization.
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Figure 1: (a) SEM images and (b) XRD patterns of V
2
O
5
foam

dehydrated at room temperature.

2. Experimental

2.1. Materials and Synthesis. Macroporous V
2
O
5
foams were

synthesized by using the following procedures. (a) The yel-
low V

2
O
5
gel was prepared from 1 g of commercial vana-

dium pentoxide (V
2
O
5
, Aldrich) powder and 1.99 g of 1-

hexadecylamine (C
16
H
35
N, Aldrich) in acetone (3mL). (b)

The formed gel was added in a concentrated H
2
O
2
solution

(50mL, 30%). (c) After a few minutes, the gel spontaneously
formed voluminous ultralight yellow foam by a decomposed
oxygen gas from H

2
O
2
. (d) The resultant foams were com-

pletely dehydrated at room temperature and then thermally
annealed from 250∘C to 600∘C in air for 5 h.

2.2. Characterization. The morphology and size of the syn-
thesized samples were studied by using a field emission
scanning electron microscopy (FE-SEM, FEI Sirion 200) and
a high-resolution transmission electron microscopy (HR-
TEM, JEOL JEM-3010). The crystal structure of the samples
was characterized by an X-ray diffractometer (XRD, Philips
X’Pert) using graphite monochromatized Cu Κ𝛼 radiation
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Figure 2: (a) Thermal analyses of V
2
O
5
foam. (b) Optical image of

V
2
O
5
foam dehydrated room temperature and annealed from 250∘C

to 400∘C.

(𝜆 = 1.54178 Å) and ratio Κ-Alpha2/Κ-Alpha1 of 0.5. Ther-
mogravimetric analysis—differential scanning calorimeter
(TGA and DSC, Setsys 16/18) was performed in a nitrogen
gas environment with a heating rate of 3∘C/min from 25∘C to
600∘C.

2.3. The Measurement of Electrical Properties. The electrical
properties of V

2
O
5
nanoplates were measured using Au/Ti

(80 nm/20 nm) electrodes patterned onto SiO
2
substrate.The

fabrication of the electrodes was done using I-line stepper
(NSR2205i12D Stepper, Nikon, resolution: 0.35 𝜇m) and E-
beam evaporator with 1 𝜇m width and pitch. In order to
bridge the Au electrodes with V

2
O
5
nanoplates, we adopted

dielectrophoresis techniques. The applied peak-to-peak volt-
age and frequency in function generator are 10Vp−p and
10MHz, respectively. The suspension of V

2
O
5
nanoplates in

dehydrated ethanol was dropped (5 𝜇L) onto the electrodes
and ethanol was dried completely in air. The performance
of anomalous behavior in terms of current-voltage charac-
teristics was experimentally measured at room temperature
for each of the nanoplates thermally annealed at different
temperatures.
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Figure 3: SEM image of V
2
O
5
foam annealed at (a) 250∘C, (b) 300∘C, (c) 350∘C, and (d) 400∘C. (e) XRD patterns of V

2
O
5
foam dependent

on annealing temperature.

3. Results and Discussions

3.1. Morphology and Structure of V
2
O
5
Foam. The morphol-

ogy and crystallinity of the as-synthesized samples were
studied from the images of an SEM and an XRD. Figure 1(a)

reveals that the dehydrated V
2
O
5
foam at room temperature

exhibits a macroporous, irregular, and grape-like morphol-
ogy. In order to analyze the crystalline structure of dehy-
drated V

2
O
5
foam, XRD analysis was followed. As shown in

Figure 1(b), sharp peaks in XRD results appear at low angle,
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Figure 4: (a) SEM and (b) TEM image of V

2
O
5
foam annealed at 600∘C. (c) XRD patterns of V

2
O
5
foam annealed at 600∘C.

which can be assigned to the 001 peaks of lamellar solid [13].
From the first 001 peak, the interlayer distance was estimated
as 28.5 Å, which is lower than that of hexadecylamine, 33.4 Å.
The reduction of the interlayer distance is related to the
adsorption of NH3+ onto vanadyl surface groups [18], which
means that the creation of NH3+ by reaction of alkylamine
(−NH

2
) and H

2
O
2
reduces the interlayer distance between

the layers of vanadium oxide crystalline.

3.2. Thermal Analysis of V
2
O
5
Foam. The thermal analysis

for thermally annealed vanadium oxide form was performed
using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC).Theweight loss and heat flow as
a function of increasing temperatures, respectively, related to
the TGA and DSC can provide the information of physically
oriented phase transition and chemically oriented decom-
position. In the TGA and DSC results of the V

2
O
5
foam as

shown in Figure 2(a), three weight loss peaks appear relative
to input temperatures, 183∘C, 261∘C, and 418∘C. The first

peak corresponding weight loss of ≈6.4% is related to the
evaporation of the absorbed organic compounds on the foam
surface, and the second peak corresponding weight loss of
≈23.6% with an exothermic peak can be regarded as the
decomposition of the hexadecylaminemolecules intercalated
among the V

2
O
5
layers.The last weight loss (≈30%) related to

the third peak from 310∘C to 420∘C with an exothermic peak
is originated from the recrystallization of the V

2
O
5
foam.

The colorimetric change of the annealed V
2
O
5
as shown in

Figure 2(b) also assists in the crystallization; with the increase
of annealing temperature, the color of V

2
O
5
foam changes

from black to orange which means that recrystallization and
related color of orange start from 310∘C.

3.3. Morphology and Structure of Crystallized V
2
O
5
Nano-

plates. As was previously stated in Section 3.2, the recrys-
tallization occurs above 310∘C. However, a method of deter-
mining the structure of a crystal should be followed to
confirm the crystallization such as SEM and XRD analyses.



Journal of Nanomaterials 5

1E − 7

1E − 8

1E − 9

1E − 10

1E − 11

1E − 12

I D
S

(A
)

0.0 0.5 1.0
VDS (V)

600∘C

350∘C

300∘C

250∘C

(a)

100

50

0

200 300 400 500 600
Temp. (C)

I D
S

(n
A

)

IDS @ VDS = 1V

(b)

VDS (V)

I D
S

(n
A

)

5

0

−5

−2 0 2

400 C

(c)

Figure 5: (a) Current-voltage characteristics of V
2
O
5
nanoplates devices for different annealing temperatures from 250∘C to 600∘C except

400∘C. Inset shows the schematic diagram of measured electronic devices V
2
O
5
nanoplates and Au electrodes. (b) Plot of measured source-

drain current as a function of temperature with fixed voltage of 1 V. (c) A current-voltage characteristic for the annealing temperature of
400∘C.

The annealing temperature-dependent structural transition
and crystallinity of the V

2
O
5
results are demonstrated by

SEM and XRD analyses as shown in Figure 3.
At annealing temperature of 250∘C, the annealed V

2
O
5

foam has a wrinkle-like morphology as shown in Figure 3(a).
With the increase of annealing temperature up to 300∘C, the
embossed structure started to appear because of internal gas
expansion inside the vanadiumoxide as shown in Figure 3(b).
When annealing temperature is higher than 310∘C, the
expanded embossing surface become to be open at annealing
temperature of 350∘C (Figure 3(c)).The opening of embossed
at 350∘C is related to the recrystallizationmediated structural
shrinkage, which is consistent with the third peak in TGA
and DSC results above 310∘C as well as the appearance of
sharp peaks inXRD results at annealing temperature of 350∘C
(Figure 3(e)). The continuing recrystallization appears with

the increase of annealing temperature up to 400∘C as shown
in Figure 3(d). The embossed shape that appeared at 300∘C
disappeared clearly and plate-like structure is constructed,
which means that the majority of V

2
O
5
is considered to be

recrystallized at annealing temperature of 400∘C.
The recrystallization of V

2
O
5
form also can be confirmed

from the patterns of XRD. Figure 3(e) shows the XRD pat-
terns of the crystal lattice transformation of the annealed
samples at 250∘C, 300∘C, 350∘C, and 400∘C.The peaks in the
XRD results are sharpened with the increase of annealing
temperature.The amorphous structure at annealing tempera-
ture of 250∘C and 300∘C results in flattenedXRDpatterns and
changes to be a crystallized orthorhombic structure above
350∘C (JCPDS card no. 41-1426).

In order to validate the recrystallization procedures, the
additional temperature annealingwas performed up to 600∘C
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for 5 h. The recrystallization that started from 350∘C is com-
pletely ended at annealing temperature of 600∘C as shown in
the SEM image of crystallized V

2
O
5
nanoplate (Figure 4(a)).

HRTEM image (Figure 4(b)) and XRD pattern (Figure 4(c))
also assist in the construction of an orthorhombic V

2
O
5

single crystal with the basis distance of 4.38 Å.

3.4. Electrical Properties. The electrical properties of V
2
O
5

form, the current-voltage characteristics, were measured
with different annealing temperatures for the comparison of
recrystallization in structural analysis.The current variations
for the V

2
O
5
nanoplates as a function of annealing temper-

ature are depicted in Figure 5. In Figures 5(a) and 5(b), the
current induced by applied source-drain voltage increases
with the increase of annealing temperatures from 250∘C to
600∘C. At the annealing temperature of 400∘C, however, the
tendency of current-voltage characteristics (Figure 5(c)) and
source-drain current as a function of annealing temperature
with fixed voltage of 1 V shows hysteric and random behavior
relative to that of the other temperatures, respectively.

The anomalous behavior in electrical characteristics is
related to the recrystallization of V

2
O
5
nanoplates including

the possibilities for the presence of metal insulator transition
[19, 20]. From the results of TGA, DSC, SEM, HRTEM, and
XRD, the recrystallization started near the annealing temper-
ature of 350∘C and ended at 600∘C. At annealing temperature
of 400∘C, however, an amorphous and a crystal structures
coexist. Thus, we consider that the hysteric behavior at the
annealing temperature of 400∘C could be originated from
the intermediated recrystallization of V

2
O
5
nanoplates. The

coexistence of crystal and amorphous structures makes it
possible to make charge trap sites among the mixed states. As
annealing temperature increases, the grain size of nanoplates
increases. At critical temperature, however, the bubble foam
shrinks quickly and it makes vacancy among nanoplates with
the accompanying recrystallization of nanoplates (Figures
3(d) and 3(e)).The resultedmixed states appear as an anoma-
lous conductance behavior as a function of annealing temper-
ature and a hysteric current-voltage characteristic as shown in
Figures 5(b) and 5(c), respectively.

4. Conclusions

We developed a simple synthetic technique for the crystal-
lization of the V

2
O
5
nanoplates from commercially provided

irregular V
2
O
5
powder. The synthetic technique is based

on molecular assisted structural expansion, such as foaming
construction. The annealing processes for the crystallization
of V
2
O
5
foam were done by using the routes of shrinkage

of grain distance by thermal evaporation of the molecules.
The crystallization procedure was confirmed via the thermal
analysis tools of TGA and DSC and the structural analysis
techniques of SEM,XRD, andTEM. In addition,wemeasured
the electrical properties of synthesized and annealed V

2
O
5

nanoplates. The electrical properties of the nanoplates show
that the electrical conductance increased with the increase of
annealing temperature from 250∘C to 600∘C except at 400∘C
where anomalous hysteric behavior appears.We consider that

the anomalous behavior is originated from the intermediated
states of recrystallization, which was also confirmed from the
correlations of thermal, structural, and electrical analysis.
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