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a b s t r a c t

TiO2 nanobelts were prepared by the hydrothermal growth method. The surface of the nanobelts was
coarsened by selective acid corrosion and functionalized with Pd catalyst particles. Three nanobelt
samples (TiO2 nanobelts, surface-coarsened TiO2 nanobelts and Pd nanoparticle/TiO2 nanobelt surface
heterostructures) were configured as gas sensors and their sensing ability was measured. Both the
surface-coarsened nanobelts and the Pd nanoparticle-decorated TiO2 nanobelts exhibited dramatically
improved sensitivity to ethanol vapor. Pd nanoparticle-decorated TiO2 nanobelts with surface hetero-
structures exhibited the best sensitivity, selectivity, working temperature, response/recovery time, and
reproducibility. The excellent ethanol sensing performance is attributed to the large surface area and
enhancement by Schottky barrier-type junctions between the Pd nanoparticles and TiO2 nanobelts.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

As a wide band gap semiconductor, titanium dioxide (TiO2) has
wide applications in photocatalysis [1–3], lithium-ion batteries
[4,5], chemical and bio-sensors [6,7], hydrogen production and
storage [8,9], sensitized or hybrid solar cells [10,11], and biomedi-
cine [12]. Recently, one-dimensional single-crystalline TiO2 (in the
form of nanotubes, nanobelts, nanowires, and nanorods) has re-
ceived much attention due to a combination of favorable mass
and charge transport properties and large specific surface area. In
comparison with TiO2 nanoparticles, one-dimensional TiO2 nano-
structures exhibit a high surface-to-volume ratio, favorable path-
ways for electron and hole transport, a stable configuration and
ease of maneuverability [13].

TiO2 nanomaterials have been widely used as sensors in many
fields, such as the biomedical, chemical, environmental, and food
industries [14–18]. Therefore, a great deal of effort has been spent
in investigating and developing TiO2-based gas sensors. Previous
studies have reported on sensors made with TiO2 films, a typical
2-D nanostructure [19–26]. However, the performance of those
TiO2-based sensors was limited by several drawbacks, including
ll rights reserved.

), gzcao@u.washington.edu
low sensitivity, high working temperature, poor selectivity, and
long response/recovery time. In order to improve the sensitivity,
selectivity, working temperature, and response/recovery time, sev-
eral methods have been explored, such as using doped TiO2 [27–
32], functionalization with metal nanoparticles [14,26,33,34], and
synthesis of different TiO2 nanostructures [14,18,23,35,36]. Among
these studies, 1-D nanostructured-TiO2 has attracted more atten-
tion due to its large surface-to-volume ratio [14–16,18,34]. In addi-
tion, by assembling a variety of noble metal quantum dots and
semiconductor nanostructures on the surface of one-dimensional
TiO2 nanomaterials, the sensing properties can be greatly en-
hanced. In our earlier work, the performance in the detection of
ethanol by TiO2 nanobelts, surface-coarsened TiO2 nanobelts and
surface-coarsened Ag-TiO2 nanobelts was examined, and the re-
sults show obvious improvement over traditional TiO2 thin films
[14].

Limited research on the Pd nanoparticle-enhanced gas sensing
properties of 1-D nanostructures has been published, such as on
Pd–SnO nanowires [34] and Pd-carbon nanotubes [37]. Although
both of these new materials possess improved sensitivity, their re-
sponse and recovery time is too long for practical applications. The
response and recovery time of Pd–SnO nanowires is about 50 s, and
that of Pd-carbon nanotubes is 40 min. As we reported in a previ-
ous paper, TiO2 nanobelts possess a very short response and recov-
ery time of only 3–4 s. Compared with Ag nanoparticle/TiO2

nanobelt heterostructures, the sensor based on Pd/TiO2 nanobelt
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heterostructure possesses many advantages, such as Pd/TiO2 nano-
belt heterostructure more stable and reliable than Ag/TiO2 nano-
heterostructure, because Pd nanoparticle is very difficult to be
oxidized in air; the distribution and size of Pd nanoparticles on
the nanobelts are easy to be controlled during the synthesis pro-
cess, and then easy to be scaled up, the small size of Pd nanoparti-
cles brings high sensitivity of the sensor; Pd/TiO2 nanobelt
heterostructures possesses much higher selectivity for detection
of ethanol, which is one of the most important properties of a prac-
ticable gas sensor. It is surmised that assembling Pd nanoparticles
on the surface of TiO2 nanobelts will produce a high performance
gas sensor material with high sensitivity, low response time, and
most likely high selectivity.

In this paper, TiO2 nanobelts and surface-coarsened TiO2 nano-
belts synthesized through a hydrothermal process were used as
basic materials for constructing a gas sensor. Pd nanoparticles
were synthesized and directly assembled on the surface of the
TiO2 nanobelts by a precipitation-reduction method to form a Pd
nanoparticle/TiO2 nanobelt heterostructure with accompanying
enhancement of gas sensor properties. The sensitivity to ethanol
vapor, carbon monoxide (CO), hydrogen (H2), methane (CH4), and
acetone (CH3COCH3) was measured to evaluate the degree of sen-
sitivity and gas selectivity. The results show that sensors consisting
of Pd nanoparticle/TiO2 nanobelt surface heterostructures (abbre-
viated as Pd NP/TiO2 NB surface heterostructures) possess very
high ethanol sensitivity, significantly short response-recovery
time, low detection limit, and favorable selectivity. Because this
material is easy to scale up, it could provide a practical route for
the fabrication of low-cost high performance ethanol sensors.

2. Experimental section

The raw materials used in this work include titania P-25 (TiO2;
ca. 80% anatase, and 20% rutile), sodium hydroxide (NaOH), hydro-
chloric acid (HCl), sulfuric acid (H2SO4), sodium borohydride
(NaBH4), and palladium chloride (PdCl2). They were purchased
from the China National Medicines Corporation, Ltd. without fur-
ther purification or other treatment.

TiO2 nanobelts were prepared via an alkali hydrothermal pro-
cess with titania P-25 as the raw material. The synthetic procedure
has been reported in Refs. [14,38]. In a typical reaction, 0.1 g of P-
25 powder was separated and dispersed into 20 mL of 10 M NaOH
aqueous solution. After magnetically stirring for 10 min, the mixed
solution was transferred into a Teflon-lined stainless steel auto-
clave, heated at 200 �C for 72 h, and then air-cooled to room tem-
perature. The product was filtered and washed thoroughly with
deionized water. The wet powder was immersed in 500 mL of
0.1 mol/L HCl aqueous solution at room temperature for 24 h and
then washed thoroughly with deionized water to obtain H2Ti3O7
Fig. 1. (a) Schematic and (b) actual picture of the gas sensor
nanobelts. The H2Ti3O7 nanobelts were annealed at 600 �C for
3 h, and the ultimate product consisted of TiO2 nanobelts.

Surface-coarsened TiO2 nanobelts were prepared via an acid-as-
sisted hydrothermal process as described in our early publications
[14,38]. Briefly, 0.15 g of H2Ti3O7 was separated into 20 mL of
0.02 M H2SO4 aqueous solution. After magnetically stirring for
10 min, the mixed solution was transferred into a Teflon-lined
stainless steel autoclave, heated at 110 �C for 12 h, and then air-
cooled to room temperature. The product was filtered and washed
thoroughly with deionized water, annealed at 600 �C for 3 h, and
the ultimate product consisted of surface-coarsened TiO2

nanobelts.
The synthesis process of Pd NP/TiO2 NB surface heterostructures

(4 wt.% Pd) is described as follows. A quantity of 0.05 g of surface
coarsened TiO2 nanobelts and 2.56 mL of 1 g/L PdCl2 deionized
water solution were dispersed into 20 mL deionized water. Then,
0.01 M NaBH4 deionized water solution was slowly added into
the mixed solution until it became acidic. By filtering and washing
thoroughly with deionized water, Pd NP/TiO2 NB surface hetero-
structures were obtained. The contrast experiment of Pd deposit
with and without TiO2 nanobelts was also done. Without the
TiO2 nanobelts, the solution’s color changed to brown, even black
if the content of Pd was too much. But with TiO2 nanobelts, the fil-
tering solution was always without any color. This experiment
proves that there was no homogeneous growth of separate Pd
nanoparticles in the solution. This process was carried out at room
temperature.

X-ray diffraction (XRD) patterns were recorded with a Bruker
D8 Advance X-ray powder diffractometer with Cu Ka
(k = 0.15406 nm) radiation. Scanning electron microscopy (SEM)
images obtained with a HITACHI S-4800 field emission scanning
electron microscope and high-resolution transmission electron
microscopy (TEM) images obtained with a JEOL JEM 2100 micro-
scope were used to reveal the morphology and nanobelt/nanopar-
ticle size of the synthesized samples. The Brunauer–Emmett–Teller
(BET) surface areas were measured with a Builder 4200 instrument
at liquid nitrogen temperature.

To test the gas sensing properties, the three kinds of nanobelt
samples were coated onto the surface of cylindrical ceramic mea-
surement tubes used to prepare gas sensors devices [14]. Fig 1a
and b shows the schematic and actual picture of the gas sensor de-
vice along with the measuring circuit. 30 mg of sensing material
was mixed with 0.5 mL of deionized water. After ultrasonic treat-
ment for 10 min, the mixed slurry was divided into five equal por-
tions, coated onto the outer surface of five ceramic tubes, and dried
in air to obtain five sample devices for measurement. Two gold
electrodes were soldered onto each end of each ceramic tube. A
resistive heating wire was inserted into the ceramic tube for tem-
perature control.
s; (c) schematic of the corresponding equivalent circuit.
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Gas sensing measurements were carried out by using a static
gas distribution method with a WS-30A gas sensing system
(Zhengzhou Winson Electronics Technology Co. Ltd., P.R. China).
The detailed procedure is described in Ref. [14]. Briefly, a fixed vol-
ume of liquid ethanol was injected onto a heating platform in the
test chamber to prepare an ethanol-air gas mixture. As shown in
Fig 1c, Vh is the heater voltage, Vc is the total voltage applied to
the sensor resistance R and load resistance RL in series, and Vout

is the output voltage across RL. The sensor resistance R can be
determined using R = RL � (Vc–Vout)/Vout, and the sensitivity is de-
fined as S = Ra/Rg, where Ra is the sensor resistance in air and Rg

is the resistance when the sensor is exposed to the ethanol–air
gas mixture. The humidity was controlled at about 30% during
the measurements.
3. Results and discussion

Fig 2a displays the XRD pattern of the untreated TiO2 nanobelts.
The major peaks correspond to those of anatase titanium dioxide
as listed in JCPDS file No. 21-1272. There are also some weak peaks
corresponding to the TiO2(B) phase as listed in JCPDS file No. 35-
0088. The pattern indicates that the as-synthesized TiO2 nanobelts
are mainly anatase titanium dioxide with a small amount of
TiO2(B). Fig 2b is the XRD pattern for surface-coarsened TiO2. All
the peaks here correspond to anatase titanium dioxide with no
detectable TiO2(B) phase. In other word, the surface-coarsened
TiO2 consists of the anatase titanium dioxide phase only. The dis-
appearance of TiO2(B) likely results from corrosion by H2SO4 [39].
Fig. 2. XRD pattern of (a) TiO2 nanobelts, (b) surface-coarsened TiO2 nanobelts, and
(c) Pd NP/TiO2 NB surface heterostructures.

Fig. 3. SEM image of (a and b) TiO2 nanobelts and (c and d) surface-coarsened TiO
Fig 2c is the XRD pattern of the Pd NP/TiO2 NB surface hetero-
structure. The main peaks correspond to anatase titanium dioxide
and coincide with those of surface-coarsened TiO2 shown in Fig 2b.
Besides the anatase TiO2 peaks, there is a very small peak corre-
sponding to the (111) plane of Pd in JCPDS file No. 65-2867, which
indicates that a small amount of elemental Pd particles are con-
tained in the sample. The Pd content is much smaller than that
of TiO2 because the Pd peak is much weaker than that of anatase
TiO2. The size of the Pd particles is very small because of the very
large half-width of the Pd (111) peak.

SEM and HRTEM were used to characterize the morphology of
the sensing materials. Fig 3a and b are the SEM images for un-
treated TiO2 nanobelts. From the images, one can see the as-syn-
thesized TiO2 is belt-structured, with a width of 50–200 nm,
thickness of 20–40 nm, and length of several micrometers. The
nanobelts have good flexibility and do not break even with wind-
ing and twisting, so the samples are very easy to handle in the
experiments. Fig 3c and d are SEM images for surface-coarsened
TiO2. After an acid-assisted hydrothermal treatment with 0.02 M
H2SO4 at 110 �C for 12 h, TiO2 nanobelts retain their belt-like mor-
phology without any appreciable change in width, thickness, or
length. However, the surface of the TiO2 nanobelts becomes coars-
ened by the attachment of a number of particles (of about 20 nm in
diameter). These nanoparticles consist of TiO2, the same phase as
the nanobelts, according to the above XRD results. These results
are in good agreement with our previous work [1,24,25]. What is
more, the surface-to volume ratio also increases from
26.7453 m3/g of TiO2 nanobelts to 46.6357 m3/g of surface-coars-
ened TiO2 nanobelts.

Fig. 3e–h show HRTEM images for Pd NP/TiO2 NB surface het-
erostructures. As shown in Fig 3e and f, the numerous dots are uni-
formly distributed on the as-synthesized nanobelts. These dots are
about 3–5 nm in diameter, as shown in Fig 3g. They are Pd nano-
particles, according to the XRD results and Fig 3h. In addition, it
should be noted that the Pd nanoparticles are firmly attached to
the TiO2 nanobelt surface to form a heterostruture. The junction
between the Pd nanoparticles and the nanobelts remains intact
even after ultrasonic treatment for 30 min. As well known, TiO2

nanoparticles is negatively charged, and Pd cations are positive
ions. When the TiO2 nanobelts immerse into the PdCl2 solution,
some platinum ions absorbed on the surface of the nanobelts and
form local high concentration area. When the NaBH4 was dropped
into the solution, the reduction occurs in such area and the nuclei
form on surface of the nanobelt. With the reduction process con-
tinues, Pd nuclei grow to be nanoparticles on the surface of TiO2

nanobelts and form uniformly distributed surface heterostruc-
2 nanobelts; (e–h) HRTEM image of Pd NP/TiO2 NB surface heterostructures.
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tures. Because of the pinning effect of the nanoparticle caused by
the nano-junction, the Pd nanoparticle cannot move and aggregate
during the filter process. The heterostructure containing the Pd
nanoparticles and the TiO2 nanobelts forms Schottky barrier-type
junctions, because the Pd nanoparticles are metallic, and the TiO2

nanobelts are semiconductors, thus greatly enhancing the gas sen-
sitivity for oxides [34].

The ethanol vapor sensing performance of the nanobelts ob-
tained above was measured by using the static gas distribution
method detailed in Ref. [14]. Briefly, a fixed volume of liquid etha-
nol was injected onto a heating platform in the test chamber to
prepare an ethanol–air gas mixture. In order to determine the best
working temperature, the sensitivity of the samples prepared with
the three kinds of nanobelt material, TiO2 nanobelts, surface-coars-
ened TiO2 nanobelts, and Pd NP/TiO2 NB surface heterostructures
was measured upon exposure to an ethanol–air vapor mixture
with an ethanol concentration of 500 ppm at different tempera-
tures, As shown in Fig 4a, the sensors based on TiO2 nanobelts ex-
hibit very low sensitivity at room temperature. The sensitivity
increases with increasing temperature, reaches a maximum at
200 �C, at a value of 4.84, and decreases with further temperature
increase. Although the variation of gas sensitivity on temperature
for sensors based on surface-coarsened TiO2 nanobelts is the same
as that for TiO2 nanobelts, after surface coarsening, the sensitivity
increases much more rapidly, reaches a peak value and decreases
much more rapidly with increasing temperature. The sensitivity
is 17.22 for surface-coarsened TiO2 nanobelts at 200 �C, which is
more than three times the sensitivity of TiO2 nanobelts without
surface coarsening. The sensitivity of the sensor based on Pd NP/
TiO2 NB surface heterostructures shows the strongest temperature
dependence while sharing the same sensitivity vs temperature
trend. As shown in Fig 4a, the sensitivity values of this sample
are much higher than those of the other two samples at all mea-
surement temperatures. The optimal sensing temperature is also
Fig. 4. (a) Sensitivity with 500 ppm ethanol vapor at different temperatures, (b)
sensitivity profiles of ethanol vapor sensor based on Pd NP/TiO2 NB surface
heterostructures with different Pd content at 200 �C.
200 �C with a highest sensitivity value of 48.84, 3 times that of
the surface-coarsened TiO2 nanobelt sensors, and 10 times that
of TiO2 nanobelts without any treatment. The above results dem-
onstrate that surface-coarsening improves the ethanol sensitivity
of TiO2 nanobelts, and that the Pd/TiO2 junctions enhance the gas
sensitivity dramatically. As mentioned above, the best working
temperature for the Pd NP/TiO2 NB surface heterostructure is
200 �C, which is quite low compared with other materials reported
in the literature [20,22,25,27,34,40].

To optimize the Pd content and hereby obtain the best sensor
material, the sensitivity of Pd NP/TiO2 NB surface heterostructures
with different Pd loading was measured at different ethanol con-
centration at the optimal working temperature of 200 �C. The gas
sensitivity of Pd NP/TiO2 NB surface heterostructures with differ-
ent Pd content are shown in Fig 4b. While the concentration of eth-
anol is fixed at 10 ppm, the sensitivity increases with increasing Pd
concentration up to 4 wt.%, reaching a maximum at that point, and
then dropping off when the Pd content is increased beyond 4 wt.%.
This result reveals that a small amount of Pd is sufficient to en-
hance the gas sensitivity of the TiO2 nanobelts. As the ethanol con-
centration is increased from 10 ppm to 500 ppm, the trend is
similar to that obtained with 10 ppm. With a lower Pd content,
the enhancement of the gas sensitivity can be attributed to the
nanoscopic depletion region (nano-Schottky barriers) surrounding
the Pd nanoparticle, which reduces the nanobelt conductance
through electron transfer from the nanobelt to Pd nanoparticle.
The subsequent decrease when the Pd content exceeds 4 wt.% is
possibly caused by the overlap between neighboring Pd particles
Fig. 5. (a) Response curve and (b) sensitivity profile of sensors upon exposure to
different concentrations of ethanol vapor at 200 �C.
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[34], and as a result, the surface area of the TiO2 nanobelt that is
exposed to air is decreased, indicating that TiO2 is the key compo-
nent in gas sensing.

Based on the above measurements, TiO2 nanobelts, surface-
coarsened TiO2 nanobelts, and Pd NP/TiO2 NB surface heterostruc-
tures with 4 wt.% Pd were selected as sensing materials. Fig 5
shows the behavior of sensors based on the three kinds of material
at a working temperature of 200 �C. In our experiment, sensors
based on TiO2 nanobelts, surface-coarsened TiO2 nanobelts and
Pd NP/TiO2 NB surface heterostructures were exposed to an etha-
nol–air gas mixture at 200 �C with a concentration of 500 ppm,
300 ppm, 100 ppm, 50 ppm, 20 ppm, and 10 ppm ethanol in that
order. The value of Vout increases remarkably as the concentration
of ethanol increases from 10 ppm to 500 ppm. It should be noted
that the minimum detectable concentration of ethanol for the sen-
sor based on TiO2 nanobelts with no treatment is 50 ppm (upper-
left in Fig 5a), whereas for the sensors based on the other two
materials, an apparent response to ethanol vapor at 10 ppm
(upper-right in Fig 5a for surface-coarsened TiO2 nanobelts and
lower-left in Fig 5a for Pd NP/TiO2 NB surface heterostructures)
is exhibited. Most importantly, the response/recovery time for
the both samples is about 4 s (as shown in the lower-right of Fig
5a), which is at least 10 times shorter than the value for sensors
based on Pd–SnO2 [34] and ZnO [40], and even 800 times shorter
than that of Pd-carbon nanotube sensors [37]. In Fig 5b, the sensi-
tivity profile of the sensors upon exposure to different concentra-
tions of ethanol vapor at 200 �C is displayed. The profile
resembles half of a hyperbola and varies almost linearly with the
ethanol concentration at high concentrations (more than
50 ppm). The sensitivity (taking the average of five similar sensors)
based on TiO2 nanobelts, surface-coarsened TiO2 nanobelts, and Pd
NP/TiO2 NB surface heterostructures increases from 1.06, 3.07, and
7.16, respectively, at 10 ppm ethanol vapor to 4.84, 17.22, and
48.83, respectively, at 500 ppm ethanol vapor. All in all, the sensi-
tivity increases in the order: TiO2 nanobelts < surface-coarsened
TiO2 nanobelts < Pd NP/TiO2 NB surface heterostructures, confirm-
ing the enhancement effects of surface-coarsening and functional-
ization with Pd catalyst particles onto the TiO2 nanobelts.
Fig. 6. Response curve upon exposure to 50
In order to examine stability and reproducibility, the sensors
based on TiO2 nanobelts, surface-coarsened TiO2 nanobelts, and
Pd NP/TiO2 NB surface heterostructures were exposed to
500 ppm ethanol vapor at 200 �C at a minimum of three times.
Fig 6 displays the response curves. For all three kinds of sensor,
as soon as the ethanol vapor was introduced into the chamber,
the value of Vout increased immediately and reached the higher sta-
ble value within 4 s. When the ethanol vapor was exhausted from
the chamber, the value of Vout recovered to its original value imme-
diately. The response of the sensors was almost the same each time
and could be reproduced even after exposing the samples to air at
room temperature for several months. Fig. 6d shows another
experiment of Pd NP/TiO2 NB surface heterostructure, and the sen-
sitivities for ethanol of 10 ppm, 20 ppm, 50 ppm, 100 ppm,
300 ppm, and 500 ppm are 3.34, 9.82, 14.54, 20.31, 34.01, and
50.02, respectively. This is almost the same as the original ones.
All the above results demonstrate the stability and reproducibility
of the sensors.

Selectivity is another important property for gas sensors. To
measure the selectivity of the sensors based on Pd NP/TiO2 NB sur-
face heterostructures, they were exposed to other vapors/gases,
including CH3COCH3, CO, H2, and CH4. Fig 7 displays the response
curves of sensors based on Pd NP/TiO2 NB surface heterostructures
upon exposure to different vapors/gases at 200 �C. It was found
that the sensors were insensitive to CH4 and showed a much lower
response to CO, H2, and CH3COCH3 than to ethanol at 200 �C. The
sensitivity for 500 ppm CO, H2, CH3COCH3 and CH3CH2OH is 4.94,
5.96, 17.55, and 48.83, respectively. Clearly, sensors based on Pd
NP/TiO2 NB surface heterostructures exhibit excellent selectivity.
According to the above results, the ethanol vapor sensor based
on Pd NP/TiO2 NB surface heterostructures exhibits the best sensi-
tivity, selectivity, working temperature, response/recovery time,
and reproducibility.

The sensing mechanism of the TiO2 nanobelts can be explained
using a surface-depletion model [14,34]. Similar to other sensors
based on oxide semiconductors, the gas sensing mechanism of
TiO2 is based on the change in resistance when exposed to different
gases. As is well known, there are no free electrons in TiO2 nano-
0 ppm ethanol vapor at 200 �C 3 times.
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D. Wang et al. / Journal of Colloid and Interface Science 388 (2012) 144–150 149
belts at absolute zero (�273.15 �C), while at the working tempera-
ture (200 �C), some electrons (only a few) are excited, having trans-
ferred from the valence band to the conduction band and becoming
free electrons, which induces the nanobelt to become weakly con-
ducting. When the sensors are exposed to air, an oxidizing gas (e.g.,
O2) is adsorbed onto the TiO2 surface, and the adsorbed O2 will
combine with the electrons from the TiO2 conduction band [14],
resulting in a surface charge depletion layer, and to some extent
an increase in the resistance of the nanobelt surface. Due to the
small thickness of the nanobelt, the surface charge depletion layer
almost spans the entire width of the belt and the resistance change
of the belt is essentially the same as that of the surface. When the
sensor is exposed to a reducing gas (e.g., CH3CH2OH), electron
transfer occurs from CH3CH2OH to TiO2, and the adsorbed O2 acts
as an ‘‘electron bridge’’ in this case (Fig. 8a). This electron transfer
leads to a resistance decrease in the TiO2 nanobelt, thus explaining
the enhancement of Vout in our experiments.

Based on the above theory, through a surface-coarsening treat-
ment, the surface-to-volume ratio increases and there are more
surface defects and thus more active crystal planes exposed to
the air. The surface defects serve as adsorption centers for O2 and
Fig. 8. Sensing mechanism of TiO2 nanobelts to ethanol.
CH3CH2OH (Fig. 8b), and the active layers speed up the reaction be-
tween O2 and ethanol vapor. All of the above mechanisms enhance
the sensitivity of the nanobelts.

The nano-Schottky barrier formed by the functionalization of
TiO2 nanobelts with Pd particles can be used to explain the
enhancement of the gas sensitivity34. The work function of Pd
and TiO2 is 5.12 eV and 4.2 eV, respectively, as shown in Fig. 8c.
Here, Wm is the work function of Pd, (Ef)m is the fermi level
of Pd, (Ef)s is the fermi level of TiO2, Ec is the conduction band
level, En is half of the band gap of TiO2, the barrier height of Pd is
quns = Wm � v, and barrier height of TiO2 is qVD = Wm–Ws, here v
is the Fermi level change of TiO2 when contacts Pd, q is the charge
of electrons, Ws is the work function of TiO2. When they contact
each other, electrons are transferred from the TiO2 nanobelt to
the Pd nanoparticles (Fig. 8b), forming a barrier layer (an area with
high resistance) around the Pd nanoparticles, and so the Pd nano-
particle becomes an accumulation area for electrons, forming an
electronegative surface. When O2 molecules adsorb onto the sur-
face, they accumulate on the surface of the Pd particles. Then when
the nanobelts are exposed to ethanol vapor, the Pd particles serve
as an ethanol sink. Electron transfer thus occurs from CH3CH2OH to
the Pd nanoparticles and then to the TiO2 nanobelt. Because of the
existence of the electron-rich Pd nanoparticles, electron transfer
can be realized much more easily. As a result, the ‘‘barrier layer’’
is transformed into an ‘‘anti-barrier layer’’ (an area with high
conductance) [41]. Given their small thickness, the barrier layer
or anti-barrier layer can influence the total conductance of the
nanobelt, which brings about a great enhancement in sensitivity.
However, at higher temperatures, ethanol and oxygen do not
adsorb well onto the solid surface, and so the electron transfer
across the interface becomes much less active; also, there are more
free electrons in the nanobelt, and the transferred electrons are
much fewer in number compared with the number of free elec-
trons in the nanobelt. So, when the TiO2 nanobelt is exposed to
air, few electrons are trapped by the adsorbed O2, but there are also
quite a lot of electrons in the nanobelt. This causes a smaller
resistance change in the nanobelt, which as a result exhibits low
sensitivity. This mechanism explains the decrease in sensitivity
at temperatures over 200 �C.
4. Conclusion

TiO2 nanobelts, surface-coarsened TiO2 nanobelts, and Pd NP/
TiO2 NB surface heterostructures were successfully synthesized
through hyrothermal, acid corrosion, and precipitation–reduction
methods. The nanobelts were fabricated with a width of 50–
200 nm, a thickness of 20 nm, and a length of several micrometers,
and the functionalized Pd nanoparticles on the surface were 3–
5 nm in diameter.

Gas sensing measurements on these three kinds of material
proved that they all possess good ethanol sensitivity. The sensors
based on Pd NP/TiO2 NB surface heterostructure nanobelts exhibit
the best performance, including the highest sensitivity and selec-
tivity, lower working temperature, and good reproducibility.

The sensing mechanism can be explained using a surface-deple-
tion model and positing a nano-Schottky barrier between the Pd
nanoparticle and the TiO2 nanobelt. These materials exhibit excel-
lent ethanol detection properties and have great promise in appli-
cations requiring ethanol detection for transportation safety and in
the alcohol manufacturing industry.
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