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Pd nanoparticle-doped vanadium pentoxide nanowires 共Pd-VONs兲 were synthesized. Electrical
current suppression was observed when the Pd-VON was exposed to hydrogen gas, which cannot be
explained by the work function changes mentioned in previous report such as Pd-doped carbon
nanotubes and SnO2 nanowires. Using the x-ray photoelectron spectroscopy, we found that the
reduction in PdO due to hydrogen exposure plays an important role in the current suppression of the
Pd-VON. © 2010 American Institute of Physics. 关doi:10.1063/1.3394003兴
Vanadium pentoxide nanowires 共VONs兲 have attracted a
great deal of attention since they were first synthesized1 due
to their possible applications in the field of the nanoelectronic devices. VONs have been considered for use in electrochromic devices,2 lithium-ion batteries,3 actuators,4 and
sensors.5,6 One specific property of VON, the hydrogen sensing property, deserves focus because hydrogen is the most
commonly identified material as a possible alternative energy
carrier in the future due to its light weight, abundance, and
pollution-free combustion when used as fuel. Pd nanowires
are also known as an efficient sensor for hydrogen,7,8 detecting hydrogen gas by the dilation of Pd grains during hydrogen adsorption. Moreover, it is well established that Pd catalyst dissociates hydrogen molecules if there are three or more
hydrogen vacancies.9 Using the hydrogen sensing property
of Pd, carbon nanotubes10–12 and SnO2 nanowires13 have
been functionalized with Pd particles to improve the performance of hydrogen sensing. The decrease of the work function of PdHx compared to that in pure Pd has been suggested
by the hydrogen sensing mechanism of Pd-doped singlewalled carbon nanotubes and SnO2 nanowires. Therefore, the
current of Pd-functionalized n-type 共or p-type兲 semiconducting nanowires increases 共or decreases兲 due to exposure to
hydrogen gas. Here, we report that the current suppression of
Pd-doped VONs 共Pd-VONs兲 occurs under a hydrogen atmosphere, even though VONs are known as an n-type semiconductor. Using x-ray photoelectron spectroscopy study, we
found that the current suppression in the I-V characteristics
of the Pd-VON is ascribed to the reduction in PdO on the
VON. In the reduction process of PdO, electrons are transferred from the VON to PdO, and then water molecules are
produced on the surface of the material. This electron transfer causes a decrease in the current in the Pd-VON.
The Pd-VONs were prepared in accordance with the
previously presented procedure of synthesizing Ag-doped
vanadium pentoxide nanofibers.14 The Pd-VONs were synthesized by dissolving 100 L 共420 mol兲 of vanadiumoxytriisopropoxide, OV共OC3H7兲3 in 80 mL of deionized waa兲
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ter. With this solution, a 15 mg 共90 mol兲 of palladium
acetate 共CH3COO兲2Pd was mixed in a glass vessel and was
stirred for 5 min at 70 ° C. The resulting solution was then
kept at ambient conditions. 2 L of Pd-VONs suspension
was dropped on the substrate, which is the previously defined Ti/Au electrodes onto SiO2 / Si highly p-doped substrate
at a spacing of 1 m, a height of 80/20 nm Ti/Au, and a
width of 1 m under the application of ac voltage
共frequency= 13 MHz, Vpeak to peak= 5 V兲 between electrodes for 5–20 s. N2 gas was blown on the sample for 1 min
to dry the solvent. The electrical transport measurements
were carried out using a semiconductor characterization system 共4200-SCS, Keithley兲. For TEP measurements, a low
frequency ac steady-state method was used with a 182 nanovoltmeter 共Keithley兲 and 220 current source 共Keithley兲.
Transmission electron microscopy 共TEM兲 images were obtained using a 300 kV JEOL JEM 3010 with 0.17 nm point
resolution at ⬃10−8 Torr of pressure. X-ray photoelectron
spectroscopy 共XPS兲 spectra were recorded using an XPS
spectrometer 共XPS, VG Scientific. ESCALAB 200R兲 with an
Al-K␣ source 共h = 1486 eV兲.
From the TEM study, Pd doping on VON was identified.
The high-resolution TEM image shows nanoparticles with
diameters of 2–3 nm that are attached to the surface of amorphous vanadium oxide nanowires with a width of ⬃10 nm
关Fig. 1共a兲兴. The lattice fringes can be seen in the nanoparticles, as shown in the magnified image of Fig. 1共a兲, indicating the presence of nanocrystals. The spacing of the fringe,
an interplanar spacing of 0.23 nm, corresponds to that of the
兵111其 planes of Pd 共JCPDS data No. 87–0637兲, which have
cubic symmetry with the Fm3m space group.
We found that the Pd-VONs also show an n-type behavior S300 K = −53.8⫾ 0.07 V / K from thermopower 共S兲 measurement at room temperature because the S is sensitive to
the sign of dominant carriers. Figure 1共b兲 shows the timedependent current variation in the Pd-VON network during
hydrogen exposure. The current was significantly suppressed
under exposure to hydrogen gas 共big arrow兲 and did not recover, even in a vacuum condition 共small arrow兲. This suppression was also shown in the I-V curve 关the inset of Fig.
1共b兲兴 before 共blue line兲 and after 共red line兲 hydrogen exposure. At 3 V, the current decreased from ⬃800 nA in a
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vacuum to ⬃100 nA in hydrogen atmosphere. This behavior
is not consistent with that of other Pd-decorated nanowires.
In other words, the lowering of the work function of PdHx
compared to Pd causes the electrons to be transferred from
Pd to the nanowires. As a result, the current increases 共or
decreases兲 in the case of n-type 共or p-type兲 nanowires. In
order to find the current variation in the Pd-VONs during
exposure to other gases, we also measured the gas-dependent
I-V characteristics in the presence of He, Ar, N2, and O2
共Fig. 2兲. The variation in the current is quite small even at 10
atm; a pressure increase induces a current increase for all
gases except oxygen. These behaviors are similar to the
pressure-dependent current variation in pure VON.6 However, when exposed to hydrogen gas, the I-V characteristics
of the Pd-VONs were quite different from those of the VON.
In order to find the mechanisms for the current suppression of the Pd-VONs in a hydrogen atmosphere, we performed an XPS study of the Pd-VONs before and after hydrogen exposure. The amount of the three species 共V–O–V,
V–OH, and H–O–H兲 is compared by the O 1s spectra of the
Pd-VONs before and after hydrogen exposure 关Figs. 3共a兲 and
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FIG. 1. 共Color online兲 共a兲 A transmission electron microscopic image of
Pd-doped VON shows that the diameter of a single VON modified by nanoparticles is close to 10 nm. The magnified image shows that the crystallized
nanoparticles 共2–3 nm兲 are palladium particles whose interplanar spacing is
0.23 nm 共between the yellow lines兲. 共b兲 The current variation in the hydrogen adsorption of the Pd-VONs network with a pressure of 1 atm 共big
arrow兲. The current does not recover, even under a high vacuum 共small
arrow兲. This behavior is also shown in the I-V curve in the inset.
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FIG. 3. 共Color online兲 The XPS spectra for O 1s of the Pd-VONs 共a兲 before
and 共b兲 after hydrogen exposure. The three species of bonding, V–O–V 共red
dashed line兲, V–OH 共blue dotted line兲, and H–O–H 共orange dashed-dotted
line兲, are shown in the O 1s spectra. The amount of V–O–V bonding decreases but that of V–OH and H–O–H bondings increase due to the hydrogen exposure of Pd-VONs. 共c兲 and 共d兲 show the XPS spectra for Pd 3d
before and after hydrogen exposure, respectively. 共c兲 Before hydrogen exposure, Pd bonding is not observed but PdO bonding 共P1 in blue solid line:
338.02 eV, P2 in red dashed line: 343.35 eV兲 is. 共d兲 When exposed to
hydrogen, the amount of PdO bonding decreases and new peaks are developed 共P3 on the navy blue dotted line: 335.85 eV, P4 on the orange dasheddotted line: 341.02 eV兲. The black dotted lines in all of the figures indicate
the background.

3共b兲兴. When the Pd-VONs adsorb hydrogen gas molecules,
the V–O–V species decrease but both V–OH and H–O–H
species increase, indicating that the population of water molecules becomes larger in hydrogen adsorbed Pd-VONs. Figure 3共c兲 shows the Pd 3d spectra. P1 共338.02 eV兲 and P2
共343.35 eV兲 peaks correspond to 3d5/2 and 3d3/2 for PdO,
respectively,15,16 which shows Pd is oxidized as soon as exposed to air. Since the PdO peaks in the XPS study on Pd
doped carbon nanotubes and SnO2 nanowires have not been
observed,17,18 the occurrence of PdO in the Pd-VONs can be
a key to understanding the current suppression of the PdVON. As the Pd-VONs were exposed to hydrogen gas, P1
and P2 peaks decrease the binding energy by 0.2 eV 关Fig.
3共d兲兴. This chemical shift means that the PdO is reduced due
to hydrogen adsorption. Note that two new peaks, P3 共335.85
eV兲 and P4 共341.02 eV兲, are developed that correspond to the
Pd 3d feature.15,16 Moreover, the relative weights of the P1
and P2 species decrease from 60.8% and 39.2% to 46.7% and
34.3%, respectively, in hydrogen atmosphere. Using the
O 1s and Pd 3d spectra, namely, the increase in water
molecules and palladium, the following reaction can be
considered:
PdO + 2H+ + 2e− → Pd + H2O.

(d )

H2 molecules are catalytically dissociated on PdO, and
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reason for the current suppression.21
FIG. 2. 共Color online兲 Pressure-dependent I-V curves with various gases, 共a兲
In summary, we report the current suppression of PdHe, 共b兲 Ar, 共c兲 N2, and 共d兲 O2. These results were obtained from a Pd-VON
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tent with the previous reports on Pd doped carbon nanotube,
SnO2 nanowires, and even pure VON. Using the XPS spectra
of O 1s and Pd 3d for Pd-VON, we found that the reduction
process of PdO by H2 adsorption occurs and that the Pd and
H2O are produced and that the electrons are required in this
reaction. These electrons are transferred from VON to PdO.
As a result, the current of Pd-VON decreases.
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Energy R&D Center, one of the 21st Century Frontier R&D
Program, funded by the Ministry of Science and Technology
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