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ABSTRACT 
 

     A novel highly effective visible light sensitive plasmon resonance enhanced 
photocatalyst was prepared by loading gold nanoparticles onto the rutile TiO2 nanorod 
bundles which was fabricated via a green microwave route. It was found that the as-
obtained Au/TiO2 hybrids exhibited excellent visible-light driven photocatalytic 
performance and stability for removing NO. Such super strong catalytic capability and 
long-term activity were attributed to the fast electron transfer property, high surface 
area and low band gap energy of the hierarchical Au/TiO2 hybrid photocatalytic 
systems. 
 
 
 
1. INTRODUCTION 
 
     Hybrid photocatalyst has been highlighted as a material that mimics natural 
photosynthesis, which achieves efficient solar energy conversion through the combined 
actions of many types of molecules ingeniously arranged in a nanospace (Tada 2006).  
An example of the hybrid photocatalyst is the formation of noble metal/metal oxide 
composites combining the properties of both species (Ding 2009).  Au/TiO2 composite 
appears to be a potential functional material for further nanostructure design, because 
of the light absorption of gold nanoparticles from the visible to near-infrared region 
(Huang 2009). Besides its wide application in thermally catalytic reaction, Au/TiO2 
composite, recently, has also been utilized as a powerful photocatalyst for degrading 
organic pollutants (Li 2007) or selective oxidation (Huang 2007) under UV light 
irradiation. Nevertheless, the number of reports dealing with the photocatalytic activity 
of Au/TiO2 under visible light irradiation is still very scare. Thus it is highly required to 
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develop the utilization of Au/TiO2 as photocatalysts with high activity in visible light 
region. 

In this article, we report the flexible, low cost synthesis of unique visible-light driven 
nanostructured Au/TiO2 hybrids photocatalytic systems. The as-prepared hybrids rely 
on the use of hydrophilic rutile TiO2 nanorod bundles as inorganic stabilizers for 
trapping noble-metal gold nanoparticles. Such Au/TiO2 hybrid photocatalyst was firstly 
used as an excellent photocatalyst for removing nitric oxide (NO) under visible light 
irradiation. As known, NO is one of the most common gaseous pollutants found in the 
indoor environment with the concentration in the range of 70-500 parts-per-billion (ppb) 
levels (Huang 2008; Li 2009). Lengthened exposure to such gasous pollutants may 
cause various health problems (such as neural disease). Therefore, it is of great 
important to remove ppb-level indoor NO with increasing awareness of the public 
environmental and health, especially in urban cities. To date, the photocatalytic 
oxidation of NO has been proved an efficient way to remove low concentration of NO 
(Li 2008; Li 2010).  Nevertheless, breaking through in improving the removal efficiency 
of NO with photocatalytic technology is still challenging the environmental researchers. 
In the present study, it was found that the as-obtained Au/TiO2 hybrids exhibited 
excellent visible-light driven photocatalytic performance and stability for removing NO. 
Such super strong catalytic capability and long-term activity were attributed to the fast 
electron transfer property, high surface area and low band gap energy of the 
hierarchical Au/TiO2 hybrid photocatalytic systems. 
 
 
2. EXPERIMENTAL SECTION 
 

2.1 Materials synthesis 
 
Titanium (III) chloride (solution about 15 % in about 10 % hydrochloric acid, for 

synthesis) was purchased from Merck-Schuchardt and used as received. 8 mL 
Titanium(III) chloride and 2 mL D.I. water were mixed together and sealed in a Teflon-
lined double-walled digestion vessel. It was treated at 200 oC for 1 min with a heating 
rate 24 oC/min in a microwave digestion system (Ethos TC, Milestone). The reaction 
vessel was fitted with a temperature probe that was housed in a sturdy thermowell. The 
desired time and temperature were programmed by using Milestone’s EasyControl 
software. The temperature of the bulk reaction solution was monitored, and the preset 
profile was followed automatically by continuously adjusting the applied power. After 
the reaction the product was collected through centrifugation. Then the white 
precipitates were washed with water until pH = 7 and then dried in vacuum at 60 oC for 
4 h. For the synthesis of gold doped  rutile sample (0.5 %, 1%, 2% Au/Rutile), 0.13 g 
TiO2 powder, 31 mL H2O, different amount (0.82 mL, 1.64 mL, 3.32 mL) of 0.01 M 
HAuCl4·4H2O aqueous solution, and 2 mL methanol were mixed together under stirring. 
Then the mixture was irradiated with UV light for 20 min. The precipitate was collected 
through centrifugation. After washing and drying, a light purple Au doped TiO2 product 
was obtained. 
 
 



  

     2.2 Photocatalytic activity test 
 
     The photocatalytic oxidation of NO gas was carried out in air at ambient temperature 
in a continuous flow reactor. The volume of the rectangular reactor which was made of 
stainless steel and covered with Saint-Glass was 4.5 L (10 × 30 × 15 cm (H × L × W)). 
A 300 W tungsten halogen lamp (General Electric) was used as the simulated solar 
light source were vertically placed outside the reactor above the sample dish. A piece 
of Pyrex glass was unitilized to cut off the UV light below 400 nm. Four minifans were 
fixed around the lamps to cool the system. The weight of the photocatalysts used for 
each experiment was kept at 0.1 g. The stock NO gas was 48 ppm (N2 balance, BOC 
gas) that was traceable to the National Institute of Standards and Technology (NIST) 
standard. The initial concentration of NO was diluted to about 400 ppb with an air 
stream supplied by a zero air generator (Thermo Environmental Inc. Model 111). The 
relative humidity level of the NO flow was maintained at 70% (2100 ppmv) by passing 
the zero air streams through a humidification chamber. The gas streams were premixed 
completely by a gas blender, and the flowrate was controlled at 4 L min-1 by a 
massflowcontroller. After the adsorption-desorption equilibrium among water vapor, 
gases, and photocatalysts was achieved, the lamp was turned on. The concentration of 
NO was continuously measured by using a chemiluminescence NO analyzer (Thermo 
Environmental Instruments Inc. Model 42c). The removal rate (%) of NO was calculated 
based on the following equation 
 

NO removal rate (%) = ([NO]in - [NO]out) / [NO]in × 100% 
 
     2.3 Characterization 
 
     Wide-angle X-ray diffraction measurements (XRD) were carried out using a Bruker 
D8 Advance X-ray diffractometer with Cu-Ka radiation. The N2-sorption isotherms were 
recorded at 77 K using a Micromeritics AsAP 2010 instrument. The Brunauer–Emmett–
Teller (BET) approach was used for the determination of the surface area. Standard 
transmission electron microscopy images (TEM) and high-resolution transmission 
electron microscopy images (HRTEM) were recorded by a JEOL-2010F at 200 kV. The 
general morphology of the products was characterized by scanning electron 
microscopy (FEI Quanta 400 FEG microscopes). The diffuse reflectance spectra were 
recorded by a Varian Cary 100 Scan UV-vis system. X-ray photoelectron spectroscopy 
(XPS) measurements were done with a PHI Quantum 2000 XPS system with a 
monochromatic Al-Kα source and a charge neutralizer. All the binding energies were 
referenced to the C1s peak at 284.8 eV of the surface adventitious carbon. 
 
 
3. RESULTS AND DISCUSSION 
 
Fig. 1(a) shows the field emission scanning electron microscopy (FESEM) of the as-
prepared rutile TiO2 samples. These products are composed of numerous highly 
uniformed hierarchical spheres with a size distribution of ~300±50 nm. The 
transmission electron microscopy (TEM) images, as shown in Fig. 1b, further 



  

demonstrate that these hierarchical spheres are assembled with many individual 
nanorods, and all of the nanorods arrays grow radically. These nanorods are about 
~150±50 nm in length.  The average diameter for the single crystal nanorods is ~10 nm. 
Therefore, the aspect ratio, defined as the length of the major axis divided by the width 
of the minor axis, is estimated to be 15. Such structure with large aspect ratio 

Fig. 1 FESEM (a) and TEM (b) image of as-prepared rutile TiO2; TEM (c) and 
HRTEM image (d) of 1 % Au/TiO2 hybrid photocatalyst 

 
may be favorable for the photocatalytic activity (Tak 2008). Fig. 1c shows the TEM 
image of the TiO2 bundles deposited with 1 mol % Au via photoreduction. It was found 
that the gold nanoparticles were highly dispersed on the surface of the TiO2 nanorods 
with an average diameter of ~8.5 nm. The high resolution TEM image of the Au/TiO2, 
as shown in Fig. 1d, further indicates the formation of heterojunctions located between 
gold and TiO2. The periodic fringe spacing of ~0.32 nm corresponds to the interplanar 
spacing between the (110) plane of rutile TiO2. The fringes spacing of ~0.14 nm 
asscribed to the (220) plane of gold can also be clearly defined. Such strong interaction 
through the heterojunction may allow the gold nanoparticles to be well stabilized by 
TiO2. It can be also supported by the XPS results, as shown in Fig. 2. The binding 
energy of Au4f7/2 at 83.3, significantly different from Au+

4f7/2 (84.6 eV) and Au3+
4f7/2 (87.0 

eV) but similar to Au0
4f7/2 (84.0 eV), indicates gold is present in the metallic state (Li 

2007). The negative shift of Au0
4f7/2 (0.7 eV) indicates strong interactions between Au 

and the TiO2 nanorods bundles. Moreover, the binding energy of Ti2p in the Au/TiO2 
composites exhibit a positive shift of 0.15 eV compared to that of pure TiO2. 
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Fig. 2 XPS spectra of Au4f and Ti2p of the pure rutile TiO2 and gold-doped rutile TiO2 
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Fig. 3 XRD patterns (a) and diffuse reflectance UV-vis spectra (b) of TiO2 and Au/TiO2 
hybrid photocatalysts 
 
     The powder X-ray diffraction (XRD) analysis of the starting TiO2 and of the Au/TiO2 
product is illustrated in Fig. 3a. The profile of the TiO2 sample is consistent with the 
standard diffraction pattern of bulk rutile TiO2 (JCPDS: 21-1276), exhibiting the (110), 
(101), (200), (111), (210), (211), (220), (002), (310), (301), (112) and (202) signals.  In 
the representative XRD pattern of the Au/TiO2 sample, additional diffraction peaks are 
superimposed on the TiO2 pattern, which arise form nanosized crystalline domains of 
metallic gold in the face-centered-cubic (fcc) structure. By varing the Au/TiO2 molar 
ratio used in the synthesis, the XRD profiles of the Au/TiO2 composites showed a 
corresponding modification in the relative intensities of the gold crystal phases. The 
grain size of the gold nanoparticles was calculated based on the Scherrer equation, as 
shown in Table 1. The gold grain size was increased from ~5.6 nm to ~26.5 nm upon 
increasing the molar ratio of Au/TiO2 from 0.5 mol % to 2 mol %. Nitrogen sorption 
analyses (Fig. 4) were conducted to further investigate the textural properties of the 
TiO2 and gold modified samples. The pore-size distribution obtained from the isotherm 
by the BJH method using the Halsey equation indicates most of the nanopores in the 
sample are smaller than 10 nm. The pore volume of the sample is 0.12 cm3 g-1. These 
mersopores may be attributed to the cavity located between the TiO2 nanorods arrays. 
The isotherm is identified as type IV, which is characteristic of mesoporous materials 
(show in Fig. 4 inset). Brunauer-Emmett-Teller (BET) specific surface area of the 
sample is about 105 m2 g-1, calculated from N2 isotherm at -196.6 oC. Such high 
surface area should be favorable for both the metal loading on the surface and the 
adsorption of the reactant molecules. As shown Table 1, it should be pointed out that 
just a slight decrease (~8.5 %) of BET surface area resulted from loading 1 mol % gold 
nanoparticles, indicating that the mesoporous structure can be well maintained after 
loading gold. 
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Fig. 4 Nitrogen adsorption-desorption isotherm (inset) and BJH pore size distribution 
plot of the pure rutile TiO2 

Table 1 Gold particle diameter (in nanometers) determined by XRD, structure 
parameters and degradation rate for the Au/TiO2 hybrid photocatalyst 
 

Sample SBET 
(m2/g) 

VP 
(cm3/g)

Dp (nm)
Degradation rate (%) 

   Under Solar light Under Visible light
rutile TiO2 105  0.12 9.9  19 9 

0.5 mol % 
Au/TiO2 

101 0.11 9.8 38 23 

1 mol % Au/TiO2 96 0.11 9.8 50 31 

2 mol % Au/TiO2 87 0.10 9.6 33 19 

 
Fig. 3(b) shows the UV-vis spectra for the Au/TiO2 series compared with pure rutile 

TiO2. As expected, the presence of gold nanoparticles introduces in the optical spectra 
an additional absorption band in the visible region at around 550 nm due to gold 
surface plasmon band (Alvaro 2010). Various gold loading amount leads to a variation 
in the intensity of these absorption bands, this is agreement with the previous report in 
which they conclude that the position and intensity of the surface plasmon band of gold 
nanoparticles strongly depends on their size, shape and charge density (Link 1999). 
From the photocatalytic point of view, such broad absorption (expanding up to ~700 
nm) band in the visible region can be favourable for visible-light absorption of Au/TiO2 
sample that is the origin of the photocatalytic activity under these conditions. 
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Fig. 5 Solar-light-driven (a) and visible light driven (b) NO removal rate of the rutile TiO2 
and the Au/TiO2 hybrid photocatalysts in a single pass flow 
 
     To evaluate the photocatalytic performance of these samples, the photo-oxidation of 
NO gas under simulated solar light irradiation in a single pass flow was used as a 
photoreaction probe. Fig. 5a shows the relative of NO removal rate against irradiation 
time in the presence of photocatalysts under solar light irradiation. As shown in Fig. 5a, 



  

the NO degradation over pure rutile TiO2 (band gap of 2.79 eV) could reach 19 %. This 
is because it could be activated by the UV light in simulated solar light. The NO removal 
rate over the 1 mol % Au modified TiO2 sample increases to 50 % after 15 min 
irradiation. Such photocatalyst shows little deactivation since only a 4 % decrease is 
observed after 1 h reaction, revealing its superior photocatalytic performance. The NO 
removal rates over 0.5 and 2 mol % Au modified TiO2 are 38 % and 33 %, respectively, 
much lower than that of the 1 mol % Au/TiO2 sample. The photocatalytic activity of the 
as-prepared samples was also investigated under visible light irradiation. As shown in 
Fig. 5b, the as-prepared Au/TiO2 samples can also exhibit an efficient activity for 
removing NO compared to pure rutile TiO2. The optimum photocatalytic activity was 
31 % for the 1 mol % Au/TiO2 sample, about 3.5 folds of that of the pure TiO2 (9 %). 
Such greatly enhanced photocatalytic efficiency of the Au/TiO2 samples could be 
attributed to the significant surface plasmon effect of gold and the strong interactions 
(heterojunctions) at the Au/TiO2 interface, as shown in the HRTEM image (Fig. 1d) of 
Au/TiO2. As shown in Scheme 1, plasmon resonance phenomonon can allow the 
deposited gold nanoparticles to be photoexcited to generate electron-hole pairs under 
visible light irradiation (Tian 2005). Meanwhile, the heterogjunctions located at the 
interface of Au/TiO2 may supply a direct tunnel for the transfer of photoexcited 
electrons from the gold particle to the TiO2 conduction band, facilitating charge 
separation in the Au/TiO2 hybrid systems. 
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Scheme 1 Proposed mechanism for the formation of reactive oxidant species by the 
Au/TiO2 under visible light irradiation 
 
     It is reasonable that the removal of NO under visible light irradiation is initiated by 
·OH and  

−
2O· radicals. The ·OH radicals are formed in air in the following reactions: 

 
Au  + visible light → e- + h+                                                                                                   
e- + TiO2 → e- (TiO2) 
e- (TiO2) + O2 → 

−
2O·  

2e- (TiO2) + O2 + 2H+→ H2O2 
 H2O2 + 

−
2O·  → ·OH + OH- + O2 

NO +  ·OH → HNO2 
HNO2 + ·OH → NO2 + H2O 
NO2 + ·OH → HNO3 
NO + 

−
2O·  → NO3

-                 
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Fig. 6 Photocurrent of Au/TiO2 samples as a function of potential under visible light (λ > 
420 nm) 
 
     Therefore, the electron-hole pair recombination is undersired for the continuous 
formation of ·OH and 

−.
2O  radicals. The mechanism involved a series of oxidation steps 

by the ·OH radicals: NO→HNO2→NO2→HNO3. The fomation of final product of HNO3 
accmulated on the catalyst surface leads to the deactiviation of the hybrid 
photocatalysts. This study also confirms that the size of gold particle in the hybrid 
photocatalyst plays an important role in affecting the photocatalytic activity of the 
Au/TiO2 systme. From Table 1, one can see that the size of the gold particles could be 
tunned from ~5.6 nm to ~26.5 nm via controlling various gold concentration. When the 
gold particle size is smaller than 10 nm, both 0.5 mol % and 1 mol % Au/TiO2 samples 
exhibited much higher activity than 2 mol % Au/TiO2 with a gold size of ~26.5 nm. Such 
decreased activity of sample 2 mol% Au/TiO2 may be attributed to its weak plasmon 
resonance effect resulting from the greatly enhanced gold size (up to ~30 nm), justified 
by the results of UV-vis spectra (see Fig. 5b).  Moreover, it has been recoganized that 
the large gold nanoparticle may serve as an electron-hole recombination center rather 
than decreasing such recombinations (Li 2001). As shown in Fig. 6, the sample of 1 
mol % Au/TiO2 can generate much stronger photocurrent than 2 mol % Au/TiO2 under 
visible-light irradiation (λ > 420 nm). This indicates that large size of gold is not 
favorable for the transfer of plasmon resonance induced electrons from Au to TiO2. 
Most of the excited electrons could recombine with the holes in the body of gold 
nanoparticles. 
 
 
4. CONCLUSION 
 
     In summary, a novel highly effective visible light sensitive plasmon resonance 
enhanced photocatalyst was prepared by loading photoreduced gold nanoparticles 
onto the rutile TiO2 nanorod bundles which was fabricated via a green microwave route. 
The resulting monodispersed Au/TiO2 nanoarchitectures possesse well crystallized 
rutile phases, large specific surface area, uniform pore size and a 3D accessible 



  

framework. The gold nanoparticles are well binded on the sruface of the nanorods of 
TiO2. Such strong interaction between the gold and the TiO2 framework is the key for 
the enhancement of photoactivity for removing NO in the visible light region. 
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