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nanoparticles for visible light hydrogen production 
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Abstract. Hierarchical TiO2 spheres composed of nanosheets are successfully synthesized via 
a simple solvothermal route. TiO2 spheres with high surface area (~100 m2/g) exhibit excellent 
photocatalytic activity. Au nanoparticles are loaded on the surface of TiO2 nanosheets through 
anchor molecules – thiolglycolic acid. The LSPR absorption band at ~550 nm of Au 
nanoparticles is clearly observed in the diffusion reflective UV-Vis spectra. H2 production 
results shows the TiO2 spheres have higher photocatalytic activity than commercial P25 TiO2. 
After loading with Au nanoparticles, TiO2-Au spheres display 27.6 µmol/(g.h) of H2 
production rate under visible light irradiation (λ>420 nm) because the localized surface 
plasmon resonance (LSPR) of Au nanoparticles enhances the visible light absorption. 
Furthermore, the H2 production rate could be improved to 92.4 µmol/(g.h) for TiO2 spheres 
loaded with both Au and Pt nanoparticles. Based on these results, we propose the possible 
mechanism. Under UV light, TiO2 absorbs UV light and generates excited electron, passing to 
Au nanoparticles for H2 production. In the case of visible light irradiation, the hot electrons are 
generated from Au nanoparticles due to LSPR effect. And then the hot electrons are transferred 
from Au nanoparticles to TiO2 and cocatalyst Pt nanoparticles for H2 generation. 
 

Introduction  

Titanium dioxide (Titania, TiO2) is one of the most widely used 
semiconducting oxide materials and has a wide range of 
applications including bio-separation, sensors, energy storage, 
solar cells, catalysis and photocatalysis.1-7 TiO2 offers a number 
of advantageous characteristics including low cost, relatively 
high photocatalytic activity, low toxicity, and high chemical 
and optical stability. Since the discovery of hydrogen 
production from water through electrochemical photolysis,8 
TiO2 has been intensively studied and used as a photocatalyst in 
both fundamental research and practical applications.9-11 Due to 
its large band gap (Eg = 3.0-3.2 eV), it can absorb UV light and 
generate electron (e-) and hole (h+) pairs which can induce a 
variety of red-ox reactions. Over the past few decades, 
tremendous efforts have been devoted to improving the 
catalytic activity of TiO2-based photocatalysts with well 
controlled characteristics.12-14 However, weak absorption in 
visible region lies still on the way for the practical applications 
like solar water splitting. Generally, a few routes have been 
used for improving the absorption of TiO2 in visible region. 
Firstly, doping TiO2 with metal (like Fe3+, Cr3+, Ti3+ etc.) or 
non-metal (for example C, N, S and so on) will narrow the band 
gap.11, 15-18 Secondly, sensitizing TiO2 with narrow band gap 
quantum dots or dye molecules, which absorb visible light and 
inject electron or hole into TiO2, improves the overall 
photocatalytic capability of TiO2.19-23 
 Another promising route to enhance the photocatalytic 
performance of TiO2 is to decorate the surface with noble metal 

nanoparticles (e.g. Ag, Au, Pt, and Pd).24-28 It has been shown 
that the presence of the noble metal nanoparticles can 
effectively shift the Fermi level of TiO2, which results in the 
enhanced photocatalytic efficiency.24, 29 On the other hand, the 
localized surface plasmon resonance (LSPR) of noble metal 
nanoparticles also enhances the absorption in the visible region 
of TiO2. Kamat et al. investigated the size dependence of Au-
TiO2 nanocomposites and found that small Au particles lead to 
large apparent Fermi level shift (20 mV for 8-nm diameter and 
40 mV for 5-nm and 60 mV for 3-nm gold nanoparticles), 
which improves the photoinduced charge separation.24 In 
traditional way, adding the noble metal salt into TiO2 sol-gel 
precursor and photo-reducing the noble metal salts, it is hard to 
avoid the aggregation of gold nanoparticle to form big 
particles.30-32 Preparation of TiO2 hierarchical nanostructures 
loaded with Au nanoparticles are highly desired. Recently, Lou 
et al. reported the hierarchical TiO2 spheres composed in 
nanosheets with high surface area (~100 m2/g) and high 
reactive (001) facet.33 On the other hand, this hierarchical TiO2 
spheres have both accessible macropores from intersheets and 
mesopores from the packing of nanoparticles within nanosheets. 
 Herein, hierarchical TiO2 spheres composed in nanosheets 
were synthesized via modified Lou’s route. Based on the 
hierarchical TiO2 spheres, we developed a facile method to load 
Au nanoparticles on the surface of TiO2 nanosheets by 
introducing an anchor molecule thioglycolique acid (TGA), 
which effectively controls the size of Au nanoparticles with ~ 5 
nm in diameter. The obtained TiO2-Au spheres possess the 
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following advantages: i) hierarchical structure shows high 
photocatalytic performance from large surface area; ii) the 
LSPR of Au nanoparticles enhances the visible light absorption 
and improves the photocatalytic performance of TiO2 in the 
visible light region. H2 production experiments indicate that the 
TiO2-Au spheres show a high photocatalytic performance in 
both UV and visible region due to Au nanoparticles on the TiO2 
surface. That makes TiO2 spheres decorated with Au 
nanoparticles as a high active visible-light photocatalyst. 

Results and discussion 

Firstly, the large scale of TiO2 spheres were prepared according 
to Lou’s report with a modification.33 Fig. S1 shows field-
emission scanning electron microscopy (FE-SEM) images of 
the obtained TiO2 spheres, which size can be tuned from 400-
800 nm in diameter by reaction conditions. Close inspection 
images disclose that the TiO2 spheres are composed of TiO2 
nanosheets, which is about 10 nm in thickness. High resolution 
TEM image displays that the nanosheets are composed of TiO2 
nanoparticles with ~ 6 nm of diameter after long time 
calcination. The crystalline phase of these TiO2 spheres can be 
transferred into anatase phase under calcination at 400 oC for 2-
4 hours. The XRD patterns as shown in Fig. 3A, the calcined 
TiO2 spheres exhibit a typical anatase crystalline phase pattern 
(JCPDS No. 21-1272). To obtain Au nanoparticles on the TiO2 
nanosheets surface, here we used an anchor molecule TGA, 
which has two functional groups, carboxyl group (-COOH) and 
thiol group (-SH). The COOH group makes the anchor 
molecules attach on the TiO2 surface. The thiol group on the 
other side will expose on the surface. Au complexes (Au (TGA)) 
forms between TGA and HAuCl4 with the addition of HAuCl4. 
Then Au nanoparticles form by adding into fresh NaBH4 
solution. The anchor molecule TGA has a key role for the Au 
nanoparticles formation. It can effectively prevent from the 
aggregation of Au. 

 
Fig.	
   1	
   Field	
   emission	
   scanning	
   electron	
   microscopy	
   (FE-­‐SEM)	
   images	
   of	
   TiO2	
  
spheres	
  decorated	
  with	
  different	
  amount	
  of	
  Au	
  nanoparticles.	
  A,	
  1.07	
  wt%	
  (TiO2-­‐
Au1),	
  B,	
  2.00	
  wt%	
  (TiO2-­‐Au2),	
  C,	
  2.43	
  wt%	
  (TiO2-­‐Au3)	
  and	
  D	
  2.82	
  wt%	
  (TiO2-­‐Au4)	
  
measured	
  from	
  EDAX.	
  

 Fig. 1 show the FE-SEM images of TiO2 spheres decorated 
with Au nanoparticles. After loading Au nanoparticles, the 
morphology of TiO2 spheres is well kept. With the increase of 
HAuCl4 amount, the more HAuCl4 can be adsorbed on the 
TGA modified surface of TiO2 spheres. After reducing, Au 
nanoparticles are denser on the surface of TiO2 spheres. The 
energy dispersive x-ray analysis (EDAX, Fig. S2 and S3) 
proves the existence of Au. According to EDAX results, the 
weight fraction of loaded Au nanoparticles increases from 1.07, 
2.00, 2.43 to 2.82 wt% by adding 5, 10, 20 and 30 mL of 1.0 
mmol/L HAuCl4.3H2O solution into TiO2 sphere dispersion for 
samples TiO2-Au1, 2, 3, and 4, respectively. Fig. 2 display 
transmission electron microscopy (TEM) images of TiO2 
spheres decorated with Au nanoparticles. Low magnification 
TEM image (Fig. 2A) clearly shows the TiO2 sphere with 
nanosheets structures. High resolution TEM images exhibit that 
0.35 and 0.24 nm are characteristic lattice fringe space of 
anatase TiO2 (101) and Au (111) nanoparticles, respectively. 
That reveals the uniform Au nanoparticles with ~5 nm in 
diameter are attached on the TiO2 nanosheets. In addition, the 
TiO2 nanosheets are composed of TiO2 nanoparticles with 
diameter of 6.01 ± 1.61 nm (Fig. 2C and D). 

 
Fig.	
   2	
   Transmission	
   electron	
  microscopy	
   (TEM)	
   images	
   of	
   TiO2	
   spheres	
   loaded	
  
with	
  2.43	
  wt%	
  Au	
  nanoparticles	
  (A,	
  C).	
  B	
  is	
  the	
  high	
  resolution	
  TEM	
  image	
  of	
  TiO2	
  
loaded	
   with	
   Au	
   nanoparticles.	
   0.35	
   nm	
   and	
   0.24	
   nm	
   are	
   characteristic	
   lattice	
  
fringe	
  space	
  of	
  anatase	
  TiO2	
  (101)	
  and	
  Au	
  (111)	
  nanoparticles.	
  The	
  histogram	
  of	
  
TiO2	
  nanoparticles	
  calculated	
  from	
  TEM	
  images	
  of	
  Fig.	
  2C.	
  

 Fig. 3A displays the X-Ray diffraction patterns of TiO2 
loaded with different amount of Au nanoparticles. It clearly 
shows the diffraction peaks at 25.3, 37.8, 48.0 degree, which 
are related to the (101), (004), (200) of anatase phase TiO2 
(JCPDS no. 21-1272). According to the Scherrer equation, the 
TiO2 nanocrystal size was calculated to be 10 nm using (101) 
reflection peak. It is consistent with the diameter of TiO2 
measured from TEM images. Diffused reflective UV-Vis 
spectroscopy is presented in the Figure 3B. Compared with 
TiO2 spheres, a broad absorption band at ~550 nm, related to 
the plasmon resonance of Au, is observed for the TiO2 spheres 
loaded with Au nanoparticles. The hierarchical TiO2 spheres 
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exhibit high surface area. The Brunauer–Emmett–Teller (BET) 
surface area and pore size of the TiO2 spheres are characterized 
using nitrogen adsorption–desorption isotherm shown in Fig. 
3C and D. It gives a type-IV isotherm with a type-H3 hysteresis 
loop, indicating a mesoporous structure.34 The BET surface 
area of TiO2 spheres with and without Au nanoparticles are 
determined to be 97 and 103 m2/g, respectively. According to 
previous reports,35 a bimodal mesopore size distribution was 
implied in this type of hysteresis loop. The hysteresis loop in 
the lower relative pressure range (0.4 <P/P0<0.8) is attributed 
to the mesopores from the packing of nanoparticles within 
nanosheets and that in the high relative pressure range (0.8 < 
P/P0 < 1.0) is related to the macropores from intersheets. 

 
Fig.	
  3	
  X-­‐ray	
  diffraction	
  pattern	
  (A)	
  and	
  diffusion	
  reflection	
  UV-­‐Vis	
  spectra	
  (B)	
  of	
  
TiO2	
   spheres	
   loaded	
   different	
   amount	
   of	
   Au	
   nanoparticles	
   (TiO2-­‐Au1-­‐4	
   for	
   Au	
  
weight	
   fraction	
   1.07,	
   2.00,	
   2.43,	
   2.82	
   wt%	
   respectively).	
   C	
   and	
   D	
   are	
   the	
   N2	
  
sorption	
  curves	
  of	
  TiO2	
  sphere	
  without	
  and	
  with	
  Au	
  nanoparticles,	
  respectively.	
  
Insets	
  are	
  the	
  pore	
  size	
  distribution	
  curves.	
  

 
 TiO2 spheres exhibit high photocatalytic activity compared 
with commercial P25 TiO2. Fig. S4A shows the H2 production 
of TiO2 spheres and P25 TiO2 loaded with 1 wt% Pt as 
cocatalyst under UV-Vis light (300 W Xe lamp). The H2 
evolution rate is about 335 and 204 µmol/hour for 10 mg TiO2 
sphere and P25 TiO2, respectively. The main reason is that TiO2 
spheres have larger surface area than P25 TiO2 (~ 50 m2/g). No 
H2 production is observed for 10mg of TiO2 sphere under UV-
visible light. (Fig S4B). It exhibits obvious photocatalytic 
activity after loading Au nanoparticles. The H2 production rate 
is ~ 23.9, 53.6, 165 and 87.3 µmol/hour for 10 mg sample of 
TiO2 - Au1, 2, 3, and 4, respectively. The photocatalytic 
activity reaches maximum when the Au nanoparticles amount is 
about 2.43 wt% (TiO2-Au3). These results indicate that Au 
nanoparticles could work as a cocatalyst for H2 production. 
TiO2 adsorbs UV light and the electron was excited from 
valance band (VB) to conduction band (CB), then the 
photogenerated electron can inject into Au nanoparticles. The 
proton accepts the electron and forms H2.  

 
Fig.	
   4	
   (A)	
   H2	
   production	
   of	
   TiO2	
   spheres	
   loaded	
   with	
   different	
   amount	
   Au	
  
nanoparticles	
  under	
  visible	
  light	
  (λ	
  >	
  420	
  nm).	
  (B)	
  Normalized	
  H2	
  production	
  rate	
  
of	
  TiO2	
  sphere	
  with	
  Au	
  nanoparticles.	
   (C)	
  H2	
  production	
  of	
  TiO2	
  spheres	
   loaded	
  
with	
  Au	
  and	
  Pt	
  nanoparticles	
  under	
  visible	
  light	
  (λ	
  >	
  420	
  nm).	
  (D)	
  Normalized	
  H2	
  
production	
  rate	
  of	
  TiO2	
  spheres	
  loaded	
  Au	
  and	
  Pt	
  nanoparticles.	
  

 Fig. 4 shows H2 production rate of TiO2 sphere with 
different amount Au nanoparticles under visible light (λ > 420 
nm) in presence and absence of Pt cocatalyst. No H2 is 
produced from the pure TiO2 sphere without loading Au 
nanoparticles. That indicates that TiO2 spheres have no 
response to the visible light. Figure S5 shows TiO2 spheres 
loaded both Au and Pt nanoparticles. When Au nanoparticles 
are attached onto the TiO2 sphere surface, H2 is detected. That 
means that Au nanoparticles absorb the visible light, generate 
hot electron due to the LSPR effect and transfer hot electron to 
TiO2 for H2 generation. The H2 evolution rate increases with 
the increasing of Au nanoparticles amount. However, too much 
amount of Au nanoparticles (2.84 wt%) results in a decrease of 
H2 production rate. The optimal loading amount of Au 
nanoparticles is about 2.43 wt% and H2 production rate is about 
27 µmol/(g.h). Pt is often chosen as a cocatalyst to lower the 
over potential of H2O splitting. Furthermore, when the 
cocatalyst Pt nanoparticles are loaded onto the TiO2-Au spheres 
via photo-reduction reaction, the H2 production rate has 
obvious improvement. The H2 production rate increases from 
27 µmol/(g.h) to 92 µmol/(g.h), which is about 3 folds 
improvement.  

 
Scheme	
   1.	
   Possible	
   photocatalytic	
   H2	
   production	
  mechanism	
   of	
   TiO2-­‐Au	
   under	
  
full	
  spectrum	
  light	
  (A)	
  and	
  visible	
  light	
  (λ >	
  420	
  nm),	
  where	
  B	
  is	
  TiO2-­‐Au	
  and	
  C	
  is	
  
TiO2	
  –Au	
  and	
  Pt	
  nanoparticles.	
  

 Based on the above results, we propose the following 
mechanism for TiO2-Au composites (Scheme 1). Under UV 
light illumination, TiO2 adsorbs light and is excited to generate 
exciton. The electron is transferred to Au nanoparticles, which 
work as cocatalyst to promote H2 generation (Scheme 1A). It is 

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE	
   Journal	
  Name	
  

4 	
  |	
  J.	
  Name.,	
  2012,	
  00,	
  1-­‐3	
   This	
  journal	
  is	
  ©	
  The	
  Royal	
  Society	
  of	
  Chemistry	
  2012	
  

known that a Schottky barrier is formed at the Au-TiO2 
interface when Au nanoparticles make direct physical contact 
with TiO2.36 Upon excitation of the Au SPR with λ > 420 nm, 
intense SPR-enhanced EM field are generated on the surface of 
Au nanoparticles, increasing the yield of interfacial “hot 
electrons”. That will induce efficient transfer of “hot electrons” 
to the CB of TiO2. The Schottky barrier at the interface also 
helps the transferred “hot electrons” accumulating in the TiO2 
CB, preventing them from traveling back to Au nanoparticles. 
Since no holes are generated in the valence band (VB) of TiO2 
under λ > 435 nm excitation, the transferred “hot electrons” in 
the TiO2 CB should have much longer lifetimes, fostering the 
reduction of H2O to produce H2.37, 38 Further, the reduction of 
H2O is promoted by the loading of cocatalyst Pt nanoparticle. 
The “hot electron” is transferred from Au nanoparticle to the 
CB of TiO2, then further to the Pt nanoparticles. Pt 
nanoparticles prefer to adsorb the proton and lower the over 
potential of H2O reduction.39 The hot electrons prefer transfer 
from Au nanoparticles to Pt nanoparticles where hydrogen 
evolution occurs. That is the reason why H2 production rate has 
an obvious improvement after loading Pt nanoparticles. 

Conclusions 

In summary, we have loaded Au nanoparticles on the surface of 
TiO2 spheres through anchor molecules thiolglycol acid. SEM 
and TEM disclosed that Au nanoparticles are well dispersed on 
the surface of TiO2 sphere. Due to TiO2 spheres are composed 
of nanosheets, it possesses relatively large surface area (~ 100 
m2/g), which is beneficial to the photocatalytic performance. 
TiO2 spheres exhibit high photocatalytic H2 production rate 
(165 µmol/hour for 10 mg of TiO2-Au3) under full spectrum 
light. The TiO2 spheres loaded with Au nanoparticles also 
shows good photocatalytic activity under visible light 
illumination due to the LSPR effect of Au nanoparticles. The 
photocatalytic performance could be further improved to 97 
µmol/hour for 10mg TiO2-Au3 by loading the cocatalyst Pt 
nanoparticle on the TiO2. 

Experimental 

Chemicals and Materials  

HAuCl4.3H2O (AR), NaBH4 (98%), thioglycolic acid (TGA, 
AR, 90%), diethylenetriamine (DETA, 99%), and titanium 
isopropylate (TIP, 98%) were purchased from Aladdin Reagent 
Company. Methanol (AR), isopropanol (AR) was purchased 
from Beijing Chemical Reagent Company. All chemicals were 
used without any further purification. 

Synthesis of TiO2 sphere 

At room temperature, the 380 mL of isopropanol was mixed 
with 300 L of DETA and stirred for 30 min. Then the 12.5 mL 
of TIP was injected with mixture slowly. The above solution 
was transferred into a 500 mL Teflon lined stainless steel 
autoclave and was heated to 200 ℃ for 48 h in an electric oven. 
Following this, the reaction was naturally cooled to room 
temperature. The as-prepared samples were washed with 
ethanol to remove remaining organic impurity and dried at 70 ℃ 
for 12 h in an electric oven. Finally, the samples were annealed 
at 400 ℃ for 4 h to form the crystal phase of TiO2. 

Synthesis of TiO2-Au 

At room temperature, the 80 mg of TiO2 sphere was dispersed 
into 10 mL of deionized water. 100 µL of TGA was added into 
the mixture and stirred for 6 h to make TGA adsorb on TiO2 
sphere surface. Then the above mixture was centrifuged at 9000 
rpm for 15 min to remove free TGA molecules. Then, 5, 10, 20 
and 30 mL of 1.0 mmol/L HAuCl4.3H2O solution was added 
into TiO2 spheres dispersion and stirred for 6 h away from light 
to make gold ion bonded with TGA. Then the mixture was 
centrifuged at 9000 rpm for 15 min to remove free gold ion. 
5mL of 0.1mol/L NaBH4 solution was injected rapidly and 
stirred at 1000 rpm. The as-prepared samples were centrifuged 
and washed with deionized water. Finally, the samples were 
dried at 70 ℃ for 12 h. 

Characterizations 

The Brunauer-Emmett-Teller (BET) specific surface area was 
measured using a Micromeritics Gemini V Surface Area and 
Pore Size Analyzer. Scanning electron microscope (SEM) 
images were measured on JEOL JSM 4800F. Transmission 
electron microscope (TEM) images were taken using an FEI 
Tecnai G2 operated at 200 kV. The UV-Vis absorption spectra 
were recorded on a UV-3600 UV-Vis-NIR scanning 
spectrophotometer (Shimadzu). The crystalline structure was 
recorded by using an X-ray difftactomerer (XRD) (Bruker AXS 
D8 Focus), using Cu Ka radiation (l=1.54056A). 

Photocatalytic Activity Measurements 

10mg of TiO2-Au photocatalyst was placed into an aqueous 
methanol solution (120 ml, 25 vol%) in a closed gas circulation 
system (Perfect Light Company Labsolar-III (AG)). The UV-
visible light irradiations were obtained from a 300 W Xe lamp 
(Perfect Light Company Solaredge 700) without and with a 
UVCUT-420 nm filter (CE Aulight .Inc). The evolved gases 
were detected in situ by using an online gas chromatograph. 
(GC-2014C, Shimadzu) equipped with a thermal conductivity 
detector (TCD). To obtain TiO2-Au-Pt photocatalyst, 10mg of 
TiO2-Au photocatalyst loaded with 1.0 wt% Pt (H2PtCl6) was 
placed into an aqueous methanol solution in a closed gas 
circulation system. Before collecting the evolution gas, the 
reaction was irradiated with UV-Vis light over an hour for 
reduction Pt nanoparticles onto the TiO2-Au samples.  
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