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Single 5-AgVO; Nanowire H,S Sensor
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ABSTRACT We report the electrical transport and H,S sensing properties of single 8-AgVO5 nanowire device. f-AgVO5 nanowires
were successfully prepared by ultrasonic treatment followed by hydrothermal reaction using V,Os5 sol. The individual 5-AgVO5 nanowire
exhibits a “threshold switching” phenomenon. High bias (i.e., 6 V for Au contacts) is required to initially switch the individual nanowire
device from nonconductive to conductive, and it may be related to the formation of nanoscale metallic Ag when enough voltage is
applied between the two electrodes. This novel nanomaterial shows good H,S sensing performances with short response and recovery
time within 20 s, relatively low response concentration of 50 ppm, and good selectivity.
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n recent years, great attention has been focused on

synthesis and applications of one dimentional nano-

structured materials such as nanowires, nanobelts, nano-
rods, and nanotubes.' ~7 Because of their unique structures
and different excellent properties from bulk materials, they
have wide-ranging potential applications in areas such as
field effect transistors, ultrasensitive nanosize gas sensors,
nanoresonators, nanocantilevers, nanogenerators and solar
cells.®7'°

Vanadium oxide related compounds have unique physi-
cal and chemical properties, and they have wide applications
such as electrochromic devices, cathodic electrodes for
lithium batteries, catalysts, gas sensors, and electrical and
optical devices. Among them, silver vanadium oxide (SVO)
is a very important kind of chemical compound with
good electrochemical property demonstrated by many re-
searchers.'®'” B-AgVOs is a stable phase and a typical silver
vanadium oxide.'® Its properties highly depend on the
synthesis method, size, morphology, crystal structure and
surface properties of the product.'”*® Over the past years,
there have been some reports on the synthesis of f-AgVO5
nanomaterials, and their electrical, electrochemical, photo-
chemical, and electrochromic properties have been dis-
cussed. Until now, however, there is little understanding of
gas sensing properties of f-AgVOs;, which limits the wide
application of this kind of novel nanomaterials.

As we know, H,S is a malodorous toxic gas. It can lead to
personal distress at low concentrations, and may cause
death when the concentration is higher than 250 ppm,*' so
it is of great interest to develop a reliable and effective H,S
gas sensor. Several groups have been focusing on H,S
detection. Muben et al.?* reported novel gas nanosensors
consisting of gold nanoparticles electrodeposited on SWNTs
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that could sense H,S in air at room temperature with a 3 ppb
limit of detection. The response time was typically in the
range of 6—8 min for all selected concentrations, while the
recovery time was even longer. Shirsat et al.?> reported on
the synthesis and H,S gas sensing performance of the
networks made of hybrid polyaniline (PANI) nanowires and
gold nanoparticles at room temperature. The sensor showed
a linear response to H,S from 0.1 to 500 ppb in air, and had
a response time within 2 min and a recovery time within 5
min. Chen et al.>* demonstrated H,S detection of 500 ppb
to 1000 ppm at 160 °C using vertically aligned CuO nano-
wire array sensors. However, when the concentration went
to higher than 5 ppm, the response became unrecoverable.
Rout et al.?® reported H,S sensors based on tungsten oxide
nanostructures over the 1—1000 ppm concentration range
at 40—250 °C and found that the nanoparticles and nano-
platelets of WOs5 exhibited high response values. The re-
sponse times varied in the 55—100 s range for the nano-
platelets, whereas for the nanoparticles the response time
was 80—130 s. The recovery times of all the nanostructures
were in the 18—40 s range depending on the temperature.
Tao et al.*® discussed the H,S sensing properties of noble
metal doped WOs; thin film sensor fabricated by microma-
chining. These sensors were promising for H,S gas detection
in the range from 1 to 100 ppm; the response times of Pt-,
Au—Pt-, and Au-doped WOs5 thin films were 30, 2, and 8 s,
and the recovery times were about 30, 30, and 160 s,
respectively. Liao et al.>” prepared ZnO nanorod gas sensors
for H,S detection and found that the thin nanorods had a
significantly better sensing performance than the thick
nanorods. But the response and recovery times to H,S were
long at room temperature. Kong et al.>® showed that the
sensitivity of CuO—SnO, nanoribbon sensor was as high as
18 000. The response time was 15 s at room temperature
and increased with temperature. When the temperature was
about 175 °C, the response time was about 5 min. On the
other hand, the recovery time on removal of H,S was slow
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FIGURE 1. XRD pattern (A), SEM (B) (scale bar is 10 um, the inset in (B) is high-magnification SEM image (scale bar is 5 «m)), TEM (C) (scale
bar is 40 nm), HRTEM (D) (scale bar is 2 nm) images, and EDS spectra (E) of the obtained -AgVOs.

(about several tens of minutes at room temperature) but
improved with temperature. Sun et al.>’ reported a catalytic
chemiluminescence sensor made of a-Fe,Os nanotubes for
rapid and selective detection of H,S down to 10 ppm at 110
°C with a short response time of 15 s and a recovery time
of less than 100 s. In the present work, we report the
electrical transport and H,S sensing properties of single
B-AgVO5 nanowire devices.

B-AgVO5 nanowires were successfully prepared by ultra-
sonic treatment followed by hydrothermal reaction using
V,05 sol.*?° Briefly, the as-prepared V,05 sol and Ag,0
powder were mixed by stirring and ultrasonic treatment,
then transferred into a Telfon-lined stainless steel autoclave
and keptat 180 °C for 1 d. The products were collected and
washed repeatedly with distilled water and finally dried at
80 °C in air for 12 h.

To determine the phase structures of the products, the
X-Ray Diffraction (XRD) measurements were conducted. The
XRD pattern of the as-synthesized product is shown in Figure
1A. It can be assigned to the phase of 8-AgVO5; monoclinic
structure [space group 12/m (12)],>" which is in good agree-
ment with JCPDS card 29-1154. No obvious peaks of other
phases are detected, indicating that the product is composed
mainly of -AgVOs;.

Figure 1B shows scanning electron microscopy (SEM)
images of the obtained S-AgVOs;, which reveal that the
resulting product is composed mainly of flexible nanowires
with well-defined facets. The width and thickness of the
nanowires are in the range of 100—700 and 50—100 nm,
respectively, with typical lengths up to several tens of
micrometers.

The wire-like 8-AgVOs is further characterized and con-
firmed by transmission electron microscopy (TEM) tech-
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nique (Figure 1C). The high-resolution transmission electron
microscopy (HRTEM) image (Figure 1D) taken from the
nanowire shows lattice spacing of 0.3522 nm corresponding
to the lattice spacing of the (110) plane of 5-AgVOs;, which
indicates the possible preferential plane of the S-AgVOs
nanowire. Energy dispersive spectroscopy (EDS) investiga-
tion taken from the nanowire (Figure 1E) indicates the
presence of Ag, V, and O elements, which agrees well with
the result of XRD analysis.

To measure the electrical transport along a single nano-
wire, a single nanowire was placed across two gold elec-
trodes, and the final contacts were improved by Pt deposi-
tion at the two ends.’*>> The single nanowire exhibits a
“threshold switching” phenomenon. Notably, high bias (>6
V) is required to initially switch the individual nanowire
device from nonconductive to conductive (Figure 2A). Figure
2B shows the typical I=V curves of the single nanowire at
room temperature (25 °C) and 250 °C after applying high
bias of 6 V, showing a typical semiconductor behavior. The
current level is 3—6 uA at the bias of 1 V, 2—3 orders
maghnitude higher than those reported by others.'”-*° Device
fabricated with Al metal contacts also exhibits similar “thresh-
old switching” phenomenon, while the threshold voltage
decreases to 1 V.

Electrical switching is usually to be realized by phase
transformation such as Mott metal—insulator transition (MIT)
when a voltage is applied between the two electrodes.” But
threshold switching has also appeared in many chalcogenide
glass systems lacking phase behavior. In this case, a highly
conductive transitory filament is usually conceived, which
may be electronic in nature. The latter explanation might
be applicable here and electrical switching of B-AgVOs;
nanowire may be related to the formation of nanoscale

DOI: 10.1021/n11013184 | Nano Lett. 2010, 10, 2604--2608


http://pubs.acs.org/action/showImage?doi=10.1021/nl1013184&iName=master.img-000.jpg&w=347&h=222

(A)

4 -

Before switch

I(pA)

After switch

250°C

25C

00 0.5
viv)

FIGURE 2. I/V curves of individual 3-AgVOs; nanowire at high bias
of 6 V (A) and at the bias of 1 V after applying high bias of 6 V at 25
and 250 °C (B) (the inset in (A) shows the corresponding SEM image
of the individual 3-AgVOs nanowire before and after switch, scale
bar is 600 nm).
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metallic Ag when enough voltage is applied between the two
electrodes.”

Applying voltage may result in resistively heating, which
plays the similar role with high-energy electron beam ir-
radiation heating.’*?°7>° To investigate the possible relation
between electrical switching of 8-AgVOs NW and the forma-
tion of nanoscale Ag, we conducted high-energy electron
beam irradiation heating experiment during TEM observa-
tion. Interestingly, many nanoparticles with the diameter of
several nanometers to 20 nm are in situ formed under
bombardment (~10 s) of high-energy electrons during TEM
observation, which is shown in Figure 3A. HRTEM image
(Figure 3B) taken from the typical nanoparticle shows lattice
spacing of 0.2370 nm, coinciding with the lattice spacing of
the (111) plane of cubic Ag phase. Very strong intensity of
Ag peak in the EDS spectrum taken from the typical nano-
particle (Figure 3C) also indicates in situ formation of Ag
nanoparticles, which may correspond with the rough surface
of the nanowire after switch (inset of Figure 2A).

To study the H,S sensing performance, an individual
p-AgVOs5 nanowire device was placed in a vacuum chamber
having a special gas injector to accurately control the quan-
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FIGURE 3. TEM image of a single nanowire (A) (scale bar is 40 nm),
HRTEM image of the nanoparticle on the surface of the nanowire
(B) (scale bar is 2 nm) and EDS spectra (C) after high-energy electrons
exposure using TEM for ~10 s.

tity of injecting gas.”? Figure 4A shows the typical response
curve of resistance with time on switching the gases from
Ar to different concentration at 250 °C. Upon exposure to
H,S, the resistance decreases quickly and then gets satu-
rated, while on cutting off the H,S supply the resistance
increases and returns nearly to its baseline value. After
several circles between the test gas and Argon, the nanowire
sensor can still recover to the initial states, indicating good
reversibility.

The plot in Figure 4B shows the sensitivities of the sensor
to H,S with different concentrations. According to literature,
there are usually two different definitions of gas sensitivity.
One is defined as (R, — Ry)/R, in most cases,*® and the other
is defined as R./Rq for the reducing gas,*' where Ry and R,
are the electrical resistances of the sensor in the measuring
gas and in clean air, respectively. In our case, considering
that the resistance of the sensor in Ar (Ray) is high and
resistance changes in the test gas (Ry) are relatively small,
we define the gas sensitivity as the ratio of resistance of the
sensor in Ar (Ra) and in the test gas (Rg) as follows

ce . _ RAr
Sensitivity = o
g

(M

Notably, the nanowire exhibits an impressive sensing
response toward H,S even at the relatively low concentration
of 50 ppm. The sensitivity increases with the increase of the
gas concentration between 50 and 400 ppm. Our prelimi-
nary results also show that low detection limits may be
improved by surface modification and structure and crystal-
line optimization and by other treatments of 5-AgVO5; nano-
wires. Further research work is under way. It is also observed
that the sensitivity increases with the increase of the gas
concentration between 50 and 400 ppm.

Figure 4C shows the response/recovery time with differ-
ent concentrations, which is defined as the time required to
reach 90 % of the final equilibrium value. The response time
and recovery time are both within 20 s, and the recovery
time is relatively short (<10 s). The shortest response time
is only 4 s, when the gas concentration is 300 ppm. And the
recovery time is longer than the response time, which is in
accordance with the results of most references.*>2¢28:2

Recently, efforts have been endeavored to improve H,S
sensing properties such as low detection limit, wide dynamic
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FIGURE 4. (A) The response curve of resistance with time on
switching the gases from Ar to different concentrations at 250 °C.
(B) the sensitivities of the nanowire toward H,S at a working
temperature of 250 °C. (C) The response/recovery time with different
concentrations.

range, high response, low-operating temperature, short
response and recovery time, reproducibility, and selectivity.
According to literature, many kinds of materials have been
chosen for H,S detecting. The detection limit of H,S is low
to ppb scale and the response is high. Some H,S sensors can
be operated at room temperature. However, they cannot
meet all the aspects of advantages and most of their re-
sponse and recovery time are long to minute scale. To the
best of our knowledge, there are no reports about H,S
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sensing property of -AgVOs bulk materials. Our results
show that the f-AgVO; based H,S sensor performances with
short response and recovery time within 20 s from Ar to
50—400 ppm H,S at 250 °C, which is helpful for the design
of new kind of nanodevices.

With regard to practical application, the selectivity of gas
sensor is also an important parameter. Therefore, H, and
CO sensing properties of single 3-AgVOs nanowire was also
measured under the same condition. Notably, in our case,
the response to H, and CO and the change of response were
very slight when the sensor exposed in different concentra-
tions of H, and CO, respectively, which indicates that the
sensor has good selectivity to H,S.

The mechanism of sensing by (-AgVOs; is probably
explained by the modulation model of the depletion layer,**
which is surface controlled; in this mechanism, the grain
size, surface states, and oxygen adsorption play important
roles.*>~* In our case, although the sensor performances
of single 8-AgVO5 nanowire devices were related to several
factors, such as the gap between electrodes, electrode width,
and metal surface modification, it was undeniable that Ag
nanoparticles formed on the surface of single 5-AgVOs
nanowires during sensing were probably helpful to the gas
sensing process. The exact mechanism is still being investi-
gated.

In conclusion, 5-AgVO5; nanowires were synthesized us-
ing hydrothermal reaction with ultrasonic treatment from
V,05 sol as the reactant. Electrical transport measurements
show “threshold switching” characteristic of the single nano-
wire, and the threshold voltage is 6 V with Au contacts. After
applying high bias of 6 V to switch the individual nanowire
from nonconductive to conductive, it exhibits linear, sym-
metric current/voltage (I/V) characteristics with a current
level 2—3 orders magnitude higher than that reported by
others. Single f-AgVO5; nanowire shows good gas sensing
property to H,S. This novel nanomaterial exhibits short
response and recovery time within 20 s, relatively low
response concentration of 50 ppm, and good selectivity,
which offers possible and potential applications as a H,S
sensor.
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