
F
g

H
K
E

a

A
R
R
A
A

K
L
H
G
C

1

a
h
a
n
o
[
t
r
a
e
h
g
a
s
s
d

h
0

Sensors and Actuators B 236 (2016) 490–498

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo u r nal homep age: www.elsev ier .com/ locate /snb

abrication  of  lotus-like  Au@TiO2 nanocomposites  with  enhanced
as-sensing properties

aiyang  Liu, Wei  Yang, Mingxi  Wang, Li  Xiao, Shantang  Liu ∗

ey Laboratory for Green Chemical Process of Ministry of Education, Hubei Key Lab of Novel Reactor & Green Chemical Technology, School of Chemistry and
nvironmental Engineering, Wuhan Institute of Technology, Wuhan, 430073, PR China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 17 December 2015
eceived in revised form 25 May  2016
ccepted 6 June 2016
vailable  online 7 June 2016

eywords:
otus-like Au@TiO2

ydrothermal method

a  b  s  t  r  a  c  t

The  structure  of  lotus-like  Au@TiO2 was  directly  fabricated  via  a simple  and  cost-effective  hydrothermal
method  by  carefully  adjusting  the  molar  ratio  of  Au  to TiF4 in  the  precursor.  (*)  The  crstal  struc-
ture  and  morphology  of  the  obtained  louts-like  Au@TiO2 were  examined  by X-ray  diffraction  (XRD),
transmission  electron  microscope  (TEM),  high  resolution  transmission  electron  microscope  (HRTEM),
Brunauer-Emmett-Teller  (BET)  and  X-ray  photoelectron  spectroscopy  (XPS).  The results  indicated  that
perfect  lotus-like  Au@TiO2 hierarchical  structure  with  Au  pistil  and  TiO2 petal  can  be  formed  when  the
molar  ratio  of  Au to TiF4 was 0.1875.  Furthermore,  the gas  sensing  test  of  the  Au@TiO2 nanocomposites
towards  CO  gas  was  also  examined.  The  responses  of  the  Au@TiO2-based  sensors  were  higher  than  the
as-sensing
atalytic  effect

pure  TiO2-based  sensor.  Especially,  the lotus-like  18.75  mol%Au@TiO2-based  sensor  presented  a  most
outstanding  gas  sensing  performance,  including  low  optimal  operating  temperature,  high  sensitivity
and  selectivity  as well  as fast response  and  recovery  time.  Such  sensing  performance  enhancement  are
ascribed  to their  unique  lotus-like  structures  and  the catalytic  effect  of the  encapsulated  Au nanoparticles
(NPs).

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

To meet the growing awareness about environmental pollution
nd safety issues, considerable efforts are being made to develop
igh-performance gas sensors for detecting toxic gases, supervising
ir quality and protecting human health [1,2]. As the key compo-
ent of gas sensor, sensing materials determine the performance
f a gas sensors, and draw many focus in the sensors research
3]. Semiconducting metal oxides have attracted intensive atten-
ion due to their cost efficiency, high sensitivity, and wide range
esponse to various gases [2,4]. Several semiconducting oxides such
s SnO2 [5], ZnO [6], Fe2O3 [7], In2O3 [8], WO3 [9] have been
mployed as gas sensors for detecting different kinds of gases. It
as been confirmed that sensing property of semiconductor-oxides
as sensors is affected by their morphologies, microstructures
nd compositions [10–12]. Therefore, constructing novel types of
emiconductor metal oxides with subtle hierarchically complex

tructures or configuration is primary importance for achieving
esirable sensing performance.

∗ Corresponding author.
E-mail address: stliu@wit.edu.cn (S. Liu).

ttp://dx.doi.org/10.1016/j.snb.2016.06.039
925-4005/© 2016 Elsevier B.V. All rights reserved.
As one kind of crucial semiconducting metal oxides, TiO2
has found many applications ranging from photocatalysis [13],
solar energy conversion [14], photo-induced hydrophilicity [15]
to photochromic devices [16] and etc., because TiO2 nanomateri-
als possess unique characterisitics in optical, electronic, chemical
and physical fields. Furthermore, they are nontoxic, environmen-
tally friendly, cost-effective, excellently biocompatible and stable,
which let TiO2 be a promising materials for use in gas sensors [17].
As a gas-sening material, TiO2 has been applied in the detection
of CO [18], H2S [19], alcohol [20], H2 [21], NOx [22], etc. How-
ever, there still remains several drawbacks including long recovery
time, high operating temperature (∼300 ◦C) or low sensitivity at
low temperature [23,24], which limit further applications of TiO2 in
sensors. In order to overcome these inherent limitations or improve
its gas sensing performance, TiO2 is usually deposited some noble
metals or decorated by introducing exotic nanostructures. Up to
now, diverse types of nanostructured TiO2, for instance, thin films
[25], nanobelts [26] and nanotubes [27] and three dimensional
nanostructures TiO2 [20] have been synthesized and used in gas
sensors, and their sensing properties were accordingly enhanced

dramatically. Nevertheless, only a few noble metal cores@TiO2
nanocomposites have been prepared applying in gas sensors.

Herein,  we  present a strategy for enhancing the gas-sensing
performance of TiO2 nanomaterials by encapsulating Au NPs. The

dx.doi.org/10.1016/j.snb.2016.06.039
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/33/http/P75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.06.039&domain=pdf
mailto:stliu@wit.edu.cn
dx.doi.org/10.1016/j.snb.2016.06.039
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Fig. 1. (a) The circuit diagram for measuring the sensor resistance (b) A view of the
fabricated sensor.
H. Liu et al. / Sensors and A

ovel lotus-like Au@TiO2 nanostructrue was achieved by a facile,
nvironmentally friendly and one-step hydrothermal approach.
oreover, the morphology evolution process of the lotus-like

u@TiO2 was also probed in our case. Furthermore, to prove the
otential application, the CO sensing behavior of the lotus-like
u@TiO2 was carried out. The results implied that the sensor
ased on the lotus-like Au@TiO2 showed a dramatically enhanced
as-sensing performances toward CO with lower operating tem-
erature and high response. This is mainly attributed to the unique

otus-like structures and the catalytic effect of the encapsulated Au
Ps.

. Experimental

.1. Synthesis of Au@TiO2 nanocomposites

All of the chemical reagents utilized in this experiment were
f analytical grade and used without further purification. A typical
rocedure for synthesizing flower-like Au@TiO2 nanocomposites

s carried out as in the literature [28,29] with minor modifica-
ion. A certain amount of 0.01 M HAuCl4 solution was  dispersed
n 4.5 mL  0.01 M sodium citrate solution. The mixture was stirred
igorously for 2 min  and then 5.0 mL  of 0.01 M ascorbic acid was
dded dropwise to reduce HAuCl4 to metallic Au NPs. The mix-
ure appeared turned orchid and then rapidly to reddish brown.
.0 mL  of 0.04 M TiF4 solution was added after further stirring
or about 5 min. The mixture was subsequently diluted to 90 mL
ith deionized water and transferred to Teflon-lined stainless steel

utoclaves. The hydrothermal reaction was conducted at 180 ◦C for
8 h. After that, the precipitate was collected by centrifugation and
ashed with water and absolute ethanol in sequence, and finally
ried at 80 ◦C. Au@TiO2 nanocomposites with different molar ratio
f Au to TiF4 (1.25, 18.75 and 37.5 mol%) were successfully fabri-
ated by controlling the volume of HAuCl4, they were denoted as
.25, 18.75 and 37.5 mol% Au@TiO2, respectively. Pure TiO2 NPs was
lso synthesized without adding HAuCl4 solution according to the
bove methods for comparison.

.2.  Characterization

The crystalline phases of the as-synthesized products were
haracterized by X-ray powder diffraction (XRD) using a Shi-
adzu XRD-6000 X-ray diffraction meter with CuK�1 irradiation

� = 0.15406 nm)  at 40 kV and 20 mA  over 2� range from 20
o 80◦. The morphologies and structures of the samples were
ecorded by transmission electron microscopy (TEM), and high
esolution transmission electron microscopy (HRTEM, JEOL, JEM-
010). The distribution of elements in crystal was  conducted
n an energy dispersive X-ray spectrometer (EDX, JEOL, JSM-
510LV). N2 adsorption-desorption isotherms were measured on

 Micromeritics ASAP2020 system. Surface area was evaluated
sing a Brunauer-Emmett-Teller (BET) method. X-ray photoelec-
ron spectroscopy (XPS, K-Alpha) was used to investigate the
lectronic structure of the surface of 18.75 mol%Au@TiO2.

.3. Sensor fabrication and gas sensing measurement

The as-prepared samples were further ground into fine pow-
ers and mixed with absolute ethanol in a weight ratio of 4:1 to
orm paste, then the paste was dropped onto the cleaned Al2O3
10 mm × 20 mm × 0.635 mm)  substrate with interdigitated gold
lectrodes to form a sensing film and its thickness is about 100 �m.

he fabricated sensors are presented in Fig. 1(b). The prepared gas
ensing element was then dried in air to remove the unwanted
mpurities, followed by annealing at 500 ◦C for 3 h. Finally, the sen-
or was obtained after aging at 300 ◦C for 48 h.
Fig. 2. X-ray diffraction patterns of as-prepared TiO2 and Au@TiO2 nanocomposites.

Gas sensing experiments were conducted on the CGS-1TP intel-
ligent test system (Beijing Elite Tech. Co., Ltd., China). The sensor
resistances are measured using the following circuit (Fig. 1(a)).
The sensor is series with a load resistor (RL) in a direct current
(DC), and the circuit voltage (Vc) is constant in the measure-
ment process. By monitoring the output voltage (Vout) of RL, the
resistance change of the sensor in air or the target gases can be
obtained. The sensor resistance can be expressed using the formula:
Rsensor = (Vc − Vout)RL/Vout.

The tested sensors were pre-heated at desired operating tem-
peratures (200 ∼ 400 ◦C) for about 30 min before injection the
target gas. In process testing, corresponding gas were injected into
the test box. As the resistance of the sensor was stable in air (Ra),
the target gas was  injected into the test chamber (18 L) by a micro
injector, the resistance in the target gas (Rg) was achieved and
recorded after the resistance reached new constant values. Here,
the response of the as-prepared sensor is defined as Ra/Rg, and the
response and recovery time were defined as the time taken by the
sensor to achieve 90% of the total resistance change in the case of
adsorption and desorption.

3.  Results and discussions

3.1.  Structural and morphological characteristics

The phase and structural analysis of the as-prepared final prod-
ucts are characterized by X-ray diffraction (XRD) and shown in

Fig. 2. In the XRD patterns of pure TiO2 sample, all of the peaks
can be readily indexed to anatase phase TiO2 (JCPDS No. 21-1272).
A strong peak at 2� of 25.30◦ corresponding to the (1 0 1) plane
is clearly observed. With the introduction of HAuCl4, the products
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Fig. 3. Nitrogen adsorption-desorption isotherms of a

Table 1
Surface area, pore volume, and pore diameter of the as-synthesized nanocomposites.

Sample SBET(m2/g) Vp(cm3/g) Dp (nm)

Pure TiO2 16.35 0.05 13.52
1.25 mol%Au@TiO2 19.04 0.09 19.16
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18.75 mol%Au@TiO2 14.91 0.12 30.80
37.5 mol%Au@TiO2 6.99 0.03 18.69

how new XRD diffraction peaks marked with black diamond that
re well assigned to Au (JCPDS No. 01-1174), which revealed the for-
ation of Au@TiO2 composites, no other peaks of impurity phase

ppeared. With the increase in Au content, the relative intensity of
u peaks enhanced dramatically, meanwhile the relative intensity
f TiO2 peaks marked with hollow triangles decreased.

Fig. 3. shows Nitrogen adsorption-desorption isotherms and
arrett-Joyner-Halenda (BJH) pore-size distribution plots of the
s-synthesized nanocomposites at different Au contents. The sam-
les show similar type-IV isotherms, which are representative of
esoporous solids. Detailed pore structure information is listed

n Table 1. Nevertheless, all the samples display similar nitrogen
sorption-desorption isotherms and surface areas with wide pore-
ize distributions. The 18.75 mol%Au@TiO2 has the largest pore
olume and pore diameter.

The  surface morphologies of pure TiO2 and Au@TiO2 nanocom-
osites synthesized with different ratio of Au/TiO2 by hydrothermal
ethod were investigated using TEM shown in Fig. 4. It is clearly

een that the morphology of these nanostructures is highly depen-

ent on the contents of Au. Only leaf-like structures were observed

n Fig. 4(a) for pure TiO2 without Au, flower-like morphology began
o develop and can be found in local domain in the sample of
.25 mol%Au@TiO2 (Fig. 4(b)). As the molar ratio of Au/TiO2 rose
s-prepared TiO2 and Au@TiO2 nanocomposites.

to  0.1875, lotus-like structure was formed with uniform size and
good monodispersity as illustrated in Fig. 4(c). When the content
of Au continues to increase (37.5 mol%Au@TiO2), the size of Au NPs
will grow bigger resulting in destruction of the lotus-like structure
displayed in Fig. 4(d). Energy dispersive X-ray analysis (EDX) was
used to investigate the composition of pure TiO2 (Fig. 4(e)) and
37.5 mol%Au@TiO2 (Fig. 4(f)). The detected peaks in the EDX spec-
trum are assigned to Ti, O and Au respectively, no other impurities
are detected in all samples. Based on Fig. 4(f). the components for
Au and Ti are 12.81% and 21.98%, namely the molar ratio of Al/Ti
in the sample is about 58%, exceeding to theoretical 37.5%. This
may be attributed to the Energy dispersive X-ray analysis (EDX) is
a semi-quantitative element analysis for the surface of the whole
materials. Considering the results of XRD, EDX and TEM image, we
can conclude that Au as a pistil is encapsulated in the center of
lotus-like structure and TiO2 acts as a petal. It is clearly demon-
strated that 18.75 mol%Au@TiO2 have an ideal lotus-like structure
with pistil about 50 nm and petal of about 250 nm.

In order to gain further insight into the detailed growth informa-
tion on the formation of the lotus-like Au@TiO2 nanocomposites,
HRTEM was  employed to investigate the microstructures of lotus-
like 18.75 mol%Au@TiO2 and the results are depicted in Fig. 5.
Fig. 5(b) shows the local crystalline lattices at the heterointerface of
Au pistil and TiO2 petal as marked by the rectangle in Fig. 5(a). The
spacing between adjacent lattice fringes is 0.354 nm for TiO2 petal,
attributed to d spacing of the (1 0 1) crystal planes of anatase-type
TiO2 (d = 0.352 nm;  JCPDS No. 21–1272). The interfringe distance is
measured to be 0. 251 nm for the Au pistil displayed in Fig. 5(d),

which is close to the d spacing of (1 1 1) planes of fcc metallic Au
(d = 0.235 nm; JCPDS No. 01-1174). This reveals that (1 0 1) crys-
tal planes of TiO2 formed epitaxially near the Au@TiO2 interface
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ig. 4. TEM images for the as-prepared nanocomposites (a) pure TiO2, (b) 1.25 mol%
a)  and (d), respectively.

ue to matching with exposed Au (1 1 1) planes keeping interfacial
nergy low [30–32]. Compared with the root region, the interfringe
istances of external edge is 0.241 nm shown in Fig. 5(c) indicated
y the white circle in Fig. 5(a), attributed to the (0 0 4) plan (JCPDS
o. 21-1272) of anatase type TiO2, indicating that the petal TiO2
rystals grow elongated along the [0 0 1] direction [29].

A previous study demonstrated that the crystallinity of Au seeds
ontrolled the nucleation process [33,34]. Similarly, it is reasonable
hat the morphology of Au@TiO2 was controlled by the contents of
u in this study. Exceed TiO2 nanosheets gathered around smaller
u particles at low concentrations of HAuCl4. With the increase of
AuCl4 from 0.3 to 4.5 mL,  Au NPs with acceptable size without par-

icle aggregation and spherical shapes were formed, it is suitable
or Au NPs provide perfect growth sits and multiple monocrys-

alline domains for TiO2 to nucleation, resulting in the production
f lotus-like heterostructures. As more HAuCl4 was added, Au NPs
ggregated seriously with changed surface state, which may  hinder
8.75 mol%, (d) 37.5 mol%Au@TiO2. (e) and (f) are the EDX spectra corresponding to

TiO2 orientational growth. Only when the amount of HAuCl4 was
appropriate, the obtained Au particles possess uniformly spheri-
cal shape with proper size thus guiding uniform TiO2 nanosheets
growth, which contributes to this lotus-like heterostructures. As
shown in Fig. 4, as the molar ratio of Au to TiF4 changed from
0.0125, 0.1875–0.375, the size of Au in Au@TiO2 composites was
about 70, 50, 140 nm,  respectively. Consequently, only the struc-
ture of 18.75 mol%Au@TiO2 displayed sphere Au NPs and present
ideal lotus-like morphology, but other samples with lower or higher
Au contents presented disordered strctures shown in Fig. 4(b) and
(d).

XPS analysis was  performed to analyze the surface composition
of the 18.75 mol%Au@TiO2, as shown in Fig. 6. Fig. 6(a) exhibits the
wide XPS survey spectra of 18.75 mol%Au@TiO nanocomposites,
2
revealing two peaks at 284 and 531 eV, which can be attributed
to C 1 s and O 1s, respectively. Furthermore, 18.75 mol%Au@TiO2
composites exhibit several bands associated with Ti2p and Au4f,
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Fig. 5. (a) TEM images of individual 18.75 mol%Au@TiO2. (b) HRTEM of root region: rectangular region of Fig. 5(a). (c) HRTEM of external edge: circular region of Fig. 5(a). (d)
HRTEM  images of Au NPs. The insets in parts (a) is electronic diffraction (ED) pattern of the individual lotus-like Au@TiO2.

Fig. 6. XPS spectra of 18.75 mol%Au@TiO2 nanocomposites: (a) wide XPS spectra of Au@TiO2; (b) O 1s; (c) Ti 2p; (d) Au 4f.
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Table 2
Response and recovery time of pure TiO2 and Au@TiO2-based sensors to 100 ppm
CO at optimal operating temperatures.

Sensors Response time (Second) Recovery time (Second)

18.75 mol%Au@TiO2 5 8
1.25 mol%Au@TiO2 10 15
ig. 7. The responses of the sensors made with pure TiO2 and Au@TiO2 to 500 ppm
O at operating temperature in the range of 200 ∼ 400 ◦C.

ndicating the presence of Ti and Au element in the hybrid archi-
ecture. The O 1 s profiles displayed in Fig. 6(b) can be divided into
hree peaks of Ointr, Odef and Osurf locating at 529.8, 531.6 and
33.3 eV, respectively. The Ointr peak is associated with lattice oxy-
en in anatase TiO2, the Odef and Osurf peaks are assigned to oxygen
pecies in H2O molecules and Ti OH or CO3

2− [35]. Fig. 6(c) gives
he binding energies at 458.8 and 464.5 eV corresponding to Ti 2p3/2
nd Ti 2p1/2 [36]. Fig. 6(d) shows binding energies of Au4f7/2 at
3.4 and Au4f5/2 at 87.0 eV, which are significantly different from
u+4f7/2 (84.6 eV) and Au3+4f7/2 (87.0 eV) but similar to Au04f7/2

84.0 eV) [37,38], the negative shift of Au04f7/2 (0.6 eV) indicates
trong interactions between Au and the TiO2 framework.

.2. Gas sensing properties

The  effects of operating temperature on sensing properties of
iO2 and Au@TiO2 nanocomposites were examined by investigat-
ng their responses to CO of 500 ppm. Fig. 7 shows the responses of
our sensors at operating temperatures ranging from 200 to 400 ◦C.
t can be easily observed that the responses varied with operat-
ng temperature, the differences of optimal operating temperature
nd sensitivities were significant among these tested sensors.
or the sensors made with pure TiO2 and 37.5 mol%Au@TiO2,
heir response to CO shifted slightly with operating tempera-
ure, their sensitivities were relatively low with maximal value of
.5 and 1.95 at 325 and 400 ◦C, respectively. While for 1.25 and
8.75 mol%Au@TiO2, their sensitivities increased at the beginning,
eached the climax, then decreased gradually with operating tem-
eratures, and their optimal operating temperature reduced greatly
ompared with pure TiO2.

In particular, the optimal operating temperature of the sen-
ors made with 18.75 mol%Au@TiO2 lotus-like materials is lower
rom 400 ◦C of pure TiO2 sensors to 325 ◦C. More importantly, the
esponse of 18.75 mol%Au@TiO2 sensors is always far higher than
hat of other sensors at the same corresponding temperature in the
ull temperature range, its maximal response at 325 ◦C rise up to
7 which is 8.5 times higher than that of sensors made with pure
iO2. These results demonstrate clearly that Au NPs attached onto
he center of TiO2 forming lotus-like structure materials can dra-

atically improve the sensing performances of pure TiO2, not only
owering the optimal operating temperature but also enhancing the
esponse. It is worth noting that the amount of Au addition has an

ptimal value of 0.1875 in this study.

Fig. 8(a) exhibited the typical response transient of the sensor
ased on 18.75 mol%Au@TiO2 using actual resistance values upon
xposure of various concentration of CO gas. When exposed to CO,
37.5 mol%Au@TiO2 15 20
Pure TiO2 20 30

the sensor resistance rapidly decreased, implying n-type response
of our sensor. As increased CO concentration, the change of sensor
resistance is promoted clearly. And the lowest detection concen-
tration of CO can reach 10 ppm. Remarkably, the decrease rate of
sensor resistance become slowly when CO concentration was more
than 200 ppm due to nearing saturation of the system. Moreover,
the sensor resistance can return to its original value after a response
and recovery cycle, indicating an excellent stability. Especially, the
detection limit of the 18.75 mol%Au@TiO2 sensor can be reduced
to 10 ppm with higher response of 1.75. To our knowledge, this is
the first demonstration of CO gas sensing by TiO2-based sensors,
where the lowest detection limit has been achieved at relatively
simple approach [39]. The response of pure TiO2 and Au@TiO2-
based gas sensors for variable CO concentration (10 ∼ 1000 ppm)
at their respective optimal operating temperatures are compared
and exhibited in Fig. 8(b). As can be seen from this figure, all the
sensors exhibit enhanced responses with the increasing CO concen-
tration, but there are significant differences among the response.
It is easily observed that the lotus-like 18.75 mol%Au@TiO2 sen-
sor had the highest response in the full concentration range of CO
among all the sensors, which is similar to the results in the full
temperature range shown in Fig. 7. Moreover, the response curve
of lotus-like 18.75 mol%Au@TiO2 sensor shows a broad dynamic
linear range from 10 to 1000 ppm, while that of pure TiO2 and
37.5 mol%Au@TiO2 sensors show trend of slow increase which indi-
cated that they are insensitive to CO gas.

The dynamic response-recovery curves of the
18.75 mol%Au@TiO2 sensor to 90 ppm CO at 325 ◦C are pre-
sented in Fig. 9(a). It is obvious that the resistance dropped sharply
with the introduction of CO and then held wave nearby a constant
value, while the resistance rose rapidly and returned to its initial
value with the release of CO. The measured response and recovery
time of the above mentioned sensor are 3 and 6 s, respectively.
Reproducibility is also checked by repeating the response for
100 ppm CO five times as shown in the inset of Fig. 9(a). It can be
noticed that the resistance in air and 90 ppm CO gas kept amost at
the original value even after 5 times of repeated operation, which
confirmed that the 18.75 mol%Au@TiO2 sensor with lotus-like
structure had good reversibility. The stability test of the sensors
were checked and depicted in Fig. 9(b). The actual resistance of the
as-fabricated sensors to 90 ppm CO at 325 ◦C is investigated in a
series day. It was found that mild variations were detected in the
resistance values of the sensor, which revealed that the sensors
exhibited excellent stability.

For  comparison, the response and recovery time of all the four
sensors of pure TiO2 and Au@TiO2 are summarized in Table 2. The
values listed in the table indicate that the response and recovery
characteristics of Au@TiO2 based sensors are superior to the pure
TiO2-based sensors.

Selectivity is an important criterion of evaluating gas sensors,
especially in the presence of multiple gases possessing similar
physicochemical properties. Here, the selectivity of pure TiO2 and
Au@TiO2-based sensors was also inspected carefully by check-

ing gases of 100 ppm at 325 ◦C. Fig. 10. reveals the responses
of sensors to CO, H2, NH3, NO. It is clearly observed that the
18.75 mol%Au@TiO2 sensor exhibits the largest response to CO
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Fig. 8. (a) Dynamic sensing transient response of 18.75 mol%Au@TiO2 sensors versus 10–300 ppm CO concentration at its optimal operating temperatures (b) The response
of  the pure TiO2 and Au@TiO2 to different CO concentration at their respective optimal operating temperatures. Insert: The response of 18.75 mol%Au@TiO2 to different CO
concentration.

Fig. 9. (a) Dynamic response-recovery curves of 18.75 mol%Au@TiO2 nanocomposites to
of 90 ppm CO at 325 ◦C after storage for different time periods.
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ig. 10. Response to various gases (100 ppm) of pure TiO2 and Au@TiO2-based sen-
ores at 325 ◦C.

mong these gases. The response of pure TiO2 sensors to various
ases is very low and at almost the same level.

A comparable survey of the sensing performances between
he sensors in this current work and other TiO2-based sensors
eported in the literature is listed in Table 3. From the table, six
inds of sensors based pure-TiO2 with different morphology were

ssessed to detect CO of various concentrations, but their sens-
ng properties including sensitivity, operating temperature and
esponse/recovery characteristics are relatively poor. With the
ncorporation of Au onto TiO2, their sensing performances can be
 90 ppm CO at 325 ◦C. (b) The actual resistances of the four sensors upon exposure

improved to some extent. Particularly, considering comprehen-
sively the operating temperature, sensitivity, selectivity, response
and recovery time, it is apparent that the sensors fabricated from
18.75 mol%Au@TiO2 lotus-like materials exhibited the optimally
integrative sensing properties toward CO. Therefore, the sensor
based on 18.75 mol%Au@TiO2 lotus-like materials had more advan-
tages than those in the reported literatures.

The foundation that TiO2 can be used as sensor materials is
owing to the presence of inherent oxygen vacancy in its crystal
[45], implying Ti has more plus charge while oxygen has minus
charge. When TiO2 is exposed to air, oxygen species could firstly be
adsorbed onto the surface of TiO2, and are ionized into adsorbed O−

and O2− by capturing free electrons from the conductance band of
TiO2, so TiO2 shows higher resistance in air [20]. While the sen-
sor is exposed to a target gas of CO in this case, CO will react
with the adsorbed O− and O2− leading to the release of electrons,
then the resistance of the sensor will be lowered. As mentioned
above, the sensor from Au@TiO2 composite, particularly the louts-
like 18.75 mol%Au@TiO2 exhibited improved response and reduced
optimal operating temperature, compared with the sensor from
pure TiO2 leaf. The enhanced response of Au@TiO2 composites can
be contributed mainly to the enhanced adsorption of CO in the pres-
ence of Au [46] and the catalytic activity of Au NPs [47,48]. Firstly,
the presence of Au facilitates the adsorption of CO. Some positively
charged or vacant sites in Au lattice and the other peripheral sites
adjacent to TiO2 support, are regarded as the preferential sites for
CO adsorption and the formation of carbonate species [49]. Sec-

ondly, many researchers have confirmed that Au NPs can boost
the response of metal oxides owing to its electronic and chemical
sensitization [50–52]. The electric sensitization means the increase
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Table  3
Comparsion investigation on the sensing performance of TiO2-based gas sensors between this work and reported results in the literature.

Sensingmaterials Morphology CO Conc.(ppm) Operaingtemp. (◦C) Sensitivity(Ra/Rg) Response/Recovery time(s) Ref.

TiO2 thick film 1000 500 3.3 −/− [12]
TiO2 nanoplate 10 300 1.5 −/− [23]
TiO2 nanotubes 500 500 8 −/− [24]
TiO2 nanoporous 100 450 1.2 −/− [40]
TiO2 xerogel film 50 300 2.8 18/42 [41]
TiO2 nanofibers 25 200 4.4 35/86 [42]
Au@TiO2 nanoparticle 1000 600 1.21 fast/fast [39]
Au@TiO2 nanocrystalline 500 500 8 −/− [43]
Au@TiO2 lotus-like 500 325 17 8/12 This work
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[

Au@TiO2 lotus-like 500 200 

Au@TiO2 flims 100 300 

Au@TiO2 lotus-like 90 325 

f baseline resistance in Au@TiO2 composites in comparison with
ure TiO2 [39], because Au NPs can acts as an electron acceptor
n TiO2 surface. Thus, the change in resistance is larger leading to
he increase in response. In chemical sensitization, Au NPs provide
ffective adsorption sites to bind and dissociate oxygen molecules,
esulting in a larger degree of electron extractions from the con-
uction band of TiO2 than the pristine TiO2 [47]. Based on these,
he response of sensor made with Au@TiO2 composites is superior
o that of sensors made with pure TiO2, which is consist with the
esults in our case.

Furthermore, the catalytic activity of Au is strongly dependent
n the size and shape of Au NPs supported on TiO2. The CO oxidation
ill be enhanced by facilitating the migration of CO molecules, if

he Au particles supported on TiO2 are small in diameter and nearly
pherical [53]. It has also been proposed that the oxidation sites
re located at the perimeter of the interface between Au and the
upport [49]. As shown in Fig. 4, the Au NPs in 18.75 mol%Au@TiO2
isplayed sphere while the Au NPs in 1.25 and 37.5 mol%Au@TiO2

ook like ellipse or egg, and the 18.75 mol%Au@TiO2 composites
resent smaller Au core size and ideal lotus-like morphology. It is
bvious that the 18.75 mol%Au@TiO2 possess the optimal structure
or CO sensing. On the other hand, Au NPs will aggregate when the
u molar ratio was increased to 0.375 depicted in Fig. 4(d), the
xcessive thickness of Au NPs would obstruct the penetration of
he detected gas to the gas sensing matrix [54], which will result in
he loss of response. Consequently, the introduction of Au into the
iO2 matrix can enhance the sensing performance of TiO2-based
ensors, and there is an optimal amount of Au supported on TiO2
n which the suitable structure of Au@TiO2 with improved sensing
erformance can be achieved.

.  Conclusions

In summary, lotus-like Au@TiO2 heterostructures were suc-
essfully fabricated by one step hydrothermal reaction without
urfactant by controlling the ratio of Au to TiF4. The obtained sam-
les were applied as sensor materials for detecting gases including
O and H2, NO, etc, and their gas sensing properties were exam-

ned. It is found that the lotus-like Au@TiO2 based sensors shown
he best outstanding sensing performance to CO compared with
ther samples. The response of lotus-like Au@TiO2 rose to 17 for
00 ppm CO at 325 ◦C, which is 8.5 times of that of pure TiO2. More-
ver, the selectivity, the response and recovery time are improved
reatly, which confirmed the lotus-like Au@TiO2 nanostructures

ad promising potential in gas sensing applications. The enhance-
ent mechanism of sensing performance of lotus-like Au@TiO2

re also investigated, which is contributed to the unique lotus-like
anostructure and the catalytic activity of Au NPs.

[

[

4 11/50 This work
2 11.6/39 [44]
5 3/6 This work
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