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a  b  s  t  r  a  c  t

�-Ray  radiolysis  was  applied  to the  synthesis  of Au  nanoparticles.  The  growth  behavior  of  Au nanopar-
ticles  was  systematically  investigated  as  a  function  of  the  processing  parameters  under  �-ray radiolysis.
The  surface  of  the  networked  SnO2 nanowires  fabricated  through  the  vapor-phase  selective  growth
process  was uniformly  functionalized  with  the  Au  nanoparticles  by the �-ray radiolysis  process.  Au
nanoparticle-functionalized  SnO2 nanowires  were  compared  to  bare  SnO2 nanowires  in  terms  of  the
eywords:
u nanoparticles
-Ray radiolysis
unctionalization
nO2 nanowires

NO2 sensing  characteristics.  Au  functionalization  sharply  improved  the  sensitivity  and  response  time  of
SnO2 nanowire-based  gas  sensors,  most  likely  due  to  the  spillover  and the  catalytic  effects  of Au  nanopar-
ticles. The  methodology  used  in this  work  can  be easily  extended  to synthesize  various  combinations  of
metal  nanoparticles  and  oxide  nanowires,  which  may  be  useful  materials  for use  in detecting  hazardous
substances.
as sensors

. Introduction

Oxide nanowires have received an increasing amount of atten-
ion due to their unique physical and chemical properties, which are
ignificantly different from those of their bulk or thin film counter-
arts. They have great potential for use as highly sensitive chemical
as sensors [1–5]. The extremely high surface-to-volume ratio and
ingle crystallinity of oxide nanowires are why  nanowire sensors
re much more sensitive than those made from thin film or bulk
aterials.
In spite of the significant progress in fabricating chemical gas

ensors using single nanowires, their practical application remains
hallenging due to the difficult fabrication process and the poor
eproducibility [6].  In terms of the fabrication process and reliabil-
ty, networked nanowire sensors exhibit good characteristics, apart
rom their decreased sensitivity and response time compared to
ingle nanowire sensors. Therefore, improving these properties in
etworked nanowires is essential before these types of nanowires
an be applied to chemical gas sensors.

Metallic catalysts are known to functionalize the surface of
anomaterials. For instance, noble metals anchored onto semicon-
ucting oxides facilitate the dissociation of oxygen molecules into

xygen species, including atomic oxygen, thereby enhancing the
xygen sensitivity [7,8]. Various methods, such as photochemistry
9], reverse micelles [10], arc discharge [11], and sonochemistry

∗ Corresponding author. Tel.: +82 32 8607546; fax: +82 32 8625546.
E-mail address: sangsub@inha.ac.kr (S.S. Kim).
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© 2011 Elsevier B.V. All rights reserved.

[12] have been attempted to prepare metal nanoparticles. Radi-
olysis in which �-rays are used has some advantages over such
techniques, and thus a few research groups [13–16] have used �-ray
radiolysis for the preparation of metal nanoparticles. For example,
Gachard et al. [13] prepared Au clusters and Henglein [14], Seino
et al. [15], and Li et al. [16] synthesized Au nanoparticles using �-ray
radiolysis.

The addition of noble metals to SnO2 nanowires is known to
enhance gas sensitivity. Zhang et al. [17] prepared Au-decorated
porous SnO2 hollow spheres using an aqueous solution method
that involved the application of HAuCl4 as an Au precursor for
the purpose of enhancing the sensitivity and selectivity of SnO2-
based sensors to detect ethanol. Qian et al. [18] synthesized a novel
Au/SnO2 nanostructure in which individual SnO2 nanobelts were
decorated by Au nanoparticles by means of conventional thermal
evaporation. The Au-decorated SnO2 nanobelt showed a 14-fold
higher response to CO. Wang et al. [19] fabricated sensors consist-
ing of Au/SnO2 nanocrystals by a deposition-precipitation method.
They investigated the CO sensing behavior of the sensors under
different concentrations and tested the favorable effects of Au.

However, to the best of our knowledge, no work has reported
Au-functionalization via �-ray radiolysis on SnO2 nanowires. In
the present work, the growth of Au nanoparticles is investi-
gated as a function of the processing parameters. Networked
SnO2 nanowires are prepared as a sensor platform and subse-

quently functionalized with Au nanoparticles via �-ray radiolysis.
The sensing characteristics of Au nanoparticle-functionalized SnO2
nanowires as well as bare nanowires are studied in a comparative
manner.

dx.doi.org/10.1016/j.jhazmat.2011.07.053
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sangsub@inha.ac.kr
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. Experimental

.1. Synthesis of Au nanoparticles by �-ray radiolysis

For the radiolysis process, the precursor solutions were
repared as follows. Various contents ranging from 0.0496
o 0.496 mM of hydrogen tetrachloroaurate (III) hydrate
HAuCl4·nH2O, n = 3.5, Kojima Chemicals Co.) were dissolved
n a solvent of 2-propanol. The prepared solutions were stirred for
4 h, after which they were illuminated with 60Co �-rays under
mbient air at room temperature at the Korea Atomic Energy
esearch Institute (KAERI).

For the purpose of investigating the growth behavior of Au
anoparticles by radiolysis systematically, the processing parame-
ers of the precursor concentration, intensity, and exposure time of
-ray illumination were varied while the other conditions were
eld constant. Si (1 0 0) wafers were used to support the Au
anoparticles synthesized in the solutions. For the functionaliza-
ion of the surface of the networked SnO2 nanowires, the fabricated
ensor platforms were immersed into solutions of various precur-
or concentrations. The solutions were then illuminated by �-rays.
fter �-ray illumination, the samples were taken out from the solu-

ion container and heat-treated at 500 ◦C for 1 h in air to remove any
emaining solvent.

.2. Growth of networked SnO2 nanowires

Networked SnO2 nanowires were fabricated by the well-known
apor-phase selective growth method. For the selective growth
f SnO2 nanowires, patterned-interdigital electrodes (PIEs) were
reated on SiO2-grown Si (1 0 0) substrates using a conventional
hotolithographic process. The electrodes were tri-layers consist-

ng of Au (3 nm)/Pt (100 nm)/Ti (100 nm)  that had sequentially
een deposited by a sputtering method. A 100-nm-Ti layer was

nserted between the SiO2 and the Pt layers to improve the adhe-
ion between them. The Au top layer served as a catalytic layer for
elective growth.

The substrates on which the PIEs had been created were intro-
uced into a horizontal quartz-tube furnace in which an alumina
rucible containing Sn powders (Aldrich, 99.9%) was placed. The
urnace was then evacuated by a rotary pump down to a pres-
ure of 1 × 10−3 Torr and was heated to 900 ◦C for 15 min. During
he vapor-phase growth of the SnO2 nanowires, N2 and O2 flowed
hrough the quartz tube at rates of 300 and 10 standard cubic cen-
imeters per minute, respectively. The pressure of the tube furnace
as maintained at 5 Torr.

The SnO2 nanowires that were selectively grown on the PIEs
ecame tangled with each other in the areas between the elec-
rode spacings, consequently producing the networked junctions.
0-nm-spacing PIEs were used in this study. Fig. 1(a) and (b) shows
lan- and the cross-section views, respectively, of the networked
nO2 nanowires used for the sensor platforms in this study. The
gures demonstrate the formation of the networked junctions.

.3. Characterization and sensing

The microstructure of the synthesized Au nanoparticles was
xamined by field-emission scanning electron microscopy (FE-
EM, Hitachi, S-4200) and transmission electron microscopy (TEM,
hilips CM-200), and the phase of the synthesized Au nanoparti-
les was examined by X-ray diffraction (XRD, Philips X’pert MRD
iffractometer).
The response of the Au nanoparticle-functionalized networked
nO2 nanowires to NO2 was measured using a custom-made gas
ilution and sensing system. The measurements were performed in

 comparative manner versus the response of bare SnO2 nanowires
Fig. 1. Microstructures of networked SnO2 nanowires grown on patterned electrode
layers via vapor-phase selective growth: (a) plan and (b) cross-sectional views.

to NO2 at various temperatures. The sensitivity (S) was estimated
according to the formula S = Rg/Ra, where Ra is the resistance in the
absence of NO2 and Rg is the resistance measured in the presence
of NO2.

3. Results and discussion

The growth behavior of Au nanoparticles was investigated in
relation to the radiolysis conditions. Fig. 2 shows typical FE-SEM
images of Au nanoparticles synthesized with different precursor
concentrations under 10 kGy h−1 �-rays for 3 h. It is evident that Au
nanoparticles of different sizes and densities are produced by the
�-ray radiolysis process. The average diameter and the formation
density, that is, the number of nanoparticles per unit area, are sum-
marized in Fig. 3. Lower concentrations of HAuCl4·nH2O produce
smaller Au nanoparticles. The formation density is converse.

Fig. 4 shows the results for Au nanoparticles synthesized at vari-
ous �-ray intensities and exposure times: (a) various intensities for
2 h with 0.248 mM HAuCl4·nH2O, and (b) various exposure times
at 10 kGy h−1 with 0.248 m M HAuCl4·nH2O. FE-SEM images of the
samples are not displayed to avoid repetition. As clearly shown in
Fig. 4, higher intensities lead to smaller Au nanoparticles. In addi-
tion, the Au nanoparticles gradually increase in size upon prolonged
�-ray exposure times. The formation density exhibits the reverse
behavior with regard to the size of the nanoparticles.

The growth behavior of Au nanoparticles observed in this �-ray
radiolysis system can be explained as follows. At the initial stage of
�-ray radiolysis, electrons are likely to be generated by the water
radiolysis process [20,21]. The electrons easily reduce the metal
ions dissolved in the solutions because they act as strong reduc-
ing agents. The reduced neutral metal atoms encounter each other
by diffusion, finally forming embryos. A further supply of reduced
neutral metal atoms to the embryos creates metal nuclei that are
thermodynamically stable. The nuclei grow and then coalesce at

the expense of their smaller counterparts, eventually forming metal
nanoparticles. At higher precursor concentrations, the production
rate of neutral atoms increases, suggesting that more atoms dif-
fuse into the nuclei, accordingly generating larger nanoparticles.
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was further investigated by TEM. Fig. 7(a) and (b) respectively
shows low- and high-magnification TEM images that were taken of
Au nanoparticle-functionalized SnO2 nanowires synthesized under
the following conditions: 0.248 mM HAuCl4·nH2O, 10 kGy  h−1, and
ig. 2. Microstructures of Au nanoparticles synthesized with different HAuCl4·nH2

nd  (d) 0.0496 mM HAuCl4·nH2O in 2-propanol.

t a fixed precursor concentration, higher �-ray intensities yield
maller nanoparticles, suggesting that a �-ray intensity beyond a
ritical value is required to trigger the radiolysis reaction.

The microstructure of the Au nanoparticles was  further inves-
igated by TEM. Fig. 5(a) shows a typical TEM image taken from

 sample synthesized under 10 kGy h−1 �-rays with 0.248 mM
AuCl4·nH2O for 2 h. This figure shows round nanoparticles with
iameters of approximately 60 nm.  Fig. 5(b) is a high-resolution
EM image which highlights the single-crystalline nature of the
ndividual Au nanoparticles. The interplanar spacing of 0.41 nm
oted in the figure confirms the formation of Au.

On the networked SnO2 nanowires, Au nanoparticles were syn-
hesized using �-ray radiolysis. Various �-ray radiolysis conditions
ere applied. The results obtained from one set of experiments

re shown in Fig. 6. This figure shows the morphologies of
u nanoparticle-functionalized SnO2 nanowires under various �-
ay exposure times synthesized under 10 kGy h−1 �-rays with
.248 mM HAuCl ·nH O. The FE-SEM images clearly show that
4 2
anoparticles in the range of 10–80 nm in diameter are homoge-
eously distributed on the surfaces of individual SnO2 nanowires. It

s also evident that one can obtain a target size and formation den-

ig. 3. Size and formation density of Au nanoparticles with respect to the precursor
oncentration in �-ray radiolysis at 10 kGy h−1 for 3 h.
centrations in �-ray radiolysis at 10 kGy h−1 for 3 h: (a) 0.496, (b) 0.248, (c) 0.124,

sity of Au nanoparticles on SnO2 nanowires by changing the �-ray
radiolysis conditions.

The microstructure of Au nanoparticles on SnO2 nanowires
Fig. 4. Size and formation density of Au nanoparticles with respect to (a) the illumi-
nation intensity during �-ray radiolysis at 0.248 mM HAuCl4·nH2O for 2 h, and (b)
the  exposure time at10 kGy h−1 and 0.248 mM HAuCl4·nH2O.
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Fig. 5. (a) Typical TEM image and (b) lattice image taken of 

 2 h exposure time. As clearly shown in Fig. 7(a), Au nanoparticles
ppear uniformly distributed and well anchored onto the surface
f the SnO2 nanowire. The high-resolution TEM image in Fig. 7(b)
hows the lattice fringes of the SnO nanowire and the Au nanopar-
2
icles. The clear interface between the SnO2 nanowire and the Au
anoparticles indicates that no significant reaction occurs during
he �-ray radiolysis process.

ig. 6. Microstructures of Au nanoparticle-functionalized SnO2 nanowires via �-ray radiol
AuCl4·nH2O.
noparticles synthesized at 10 kGy h−1 and 0.248 mM for 2 h.

The sensing properties of the networked SnO2 nanowires that
had been functionalized with Au nanoparticles were compared to
those of bare SnO2 nanowires in terms of their capability to sense
NO . In the case of bare SnO nanowires, as shown in Fig. 8(a),
2 2
the resistance increases/decreases slowly with the supply/cutoff
of 30 ppm NO2. In contrast, the resistance of the Au nanoparticle-
functionalized SnO2 nanowires increases and decreases more

ysis: Exposure time: (a) 1, (b) 2, (c) 3, (d) 4 h, and (e) 5 h at 10 kGy h−1 and 0.248 mM
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Fig. 7. (a) Low- and (b) high-magnification TEM images taken from an SnO2
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[17,19,22,23] in Fig. 10.  Regardless of the measuring gas tempera-
ture, it is reasonable to conclude that the Au-functionalized SnO2
nanowires fabricated in this work are of high quality.
anowire functionalized with Au nanoparticles under the following conditions:
.248 mM HAuCl4·nH2O, 10 kGy h−1, and 2 h.

apidly. The change in the resistance of the sensors can be explained
ia the framework of the n-type semiconductors. The resistance
ncreases upon exposure to NO2, whereas it decreases upon the
emoval of NO2. NO2 molecules adsorbed on the surface of the net-
orked SnO2 nanowires are likely to extract electrons from the
anowires, eventually leading to the surface depletion of each SnO2
anowire. On the other hand, a release of electrons occurs in con-

unction with the desorption of the NO2 molecules. This charge
ransfer accounts for the resistance change observed in the sensors.
mportantly, a remarkable difference in the shape of the transient
esponse was  introduced by the Au-functionalization process. The
esponse times, defined as the time to reach 90% of the final value
f resistance, of the sensors fabricated from the bare and the Au-
unctionalized SnO2 nanowires were 470 and 35 s, respectively. The
ensitivities measured at different NO2 concentrations are sum-
arized in Fig. 8(b). No meaningful results were obtained below

0 ppm NO2 for the bare SnO2 nanowires. The sensitivity of the
u-functionalized SnO2 nanowires is higher by a factor of ∼33 for
30 ppm NO2. The Au-functionalized SnO2 nanowires were tested
t various temperatures ranging from 50 to 300 ◦C to evaluate their
erformance as NO2 gas sensors. The results obtained at 200 ◦C
re presented in Fig. 9(a). For clarity, the inset in Fig. 9(a) is an
nlargement of the result obtained at 0.1 ppm NO .
2

It should also be noted here that the density and size of the
u nanoparticles greatly influenced the NO2 sensing capability.
etailed results pertaining to this will be reported at a later time.
Fig. 8. (a) Response curves of sensors fabricated with bare networked SnO2

nanowires and with Au-functionalized networked SnO2 nanowires to 30 ppm NO2

at 300 ◦C. (b) Sensitivity as a function of NO2 measured at 300 ◦C.

To estimate the quality of the Au-functionalized SnO2 nanowire
sensor, its sensitivity is compared to a range of reported values
Fig. 9. (a) Response curves and (b) summary of the sensitivity of the Au-
functionalized networked SnO2 nanowires at 200 ◦C.
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Fig. 10. The sensitivity of a sensor fabricated with Au nanoparticle-functionalized
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nO2 nanowires in this work is compared to those of previously reported Au-SnO2

as sensors fabricated with different types of Au and SnO2 materials.

There are several possible reasons for this gas-sensing enhance-
ent by Au nanoparticles. One possibility is that the Au

anoparticles attached to the SnO2 nanowires provide more active
ites for NO2 adsorption through a process known as the spillover
ffect [24]. In the case of the Au-functionalized SnO2 nanowires,
O2 is easily adsorbed onto the Au nanoparticles and migrates onto

he SnO2 nanowires, which are less likely to be adsorbed by NO2.
ccordingly, by means of the NO2-spillover effect, the adsorption
f the NO2 species is facilitated. Hence, the size of the deple-
ion layer can grow even more, with the underlying conduction
hannel being suppressed further. The increased reduction of the
onductance corresponds to the enhancement of NO2 sensitivity.
oreover, as sufficient sensitivity can be attained even with a small

mount of NO2 gas, the Au-functionalization process can accelerate
he response time. Another possibility is that the Au nanoparticles
acilitate the dissociation of NO2 into ionized or neutral chemical
pecies, possibly including NO, O, NO2

−, NO+, and NO− [25–27].
hese dissociated chemical species readily capture the electrons in
nO2 nanowires, indicating the intensification of the sensing signal
ith respect to NO2 gas.

. Conclusion

Au nanoparticles were synthesized by a �-ray radiolysis pro-
ess. The size and formation density of the Au nanoparticles were
ighly influenced by the processing parameters. A longer exposure
ime, lower �-ray intensity, and higher precursor concentration led
o larger Au nanoparticles but a lower formation density. Using
-ray radiolysis, Au nanoparticles were successfully grown and
nchored onto the surface of networked SnO2 nanowires. In an NO2
as-sensing test, the Au-functionalized SnO2 nanowires exhibited
reatly superior sensitivity and faster response times compared to
are SnO2 nanowires.
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