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ABSTRACT

TiO2 at the nanoscale perform well in the UV photocatalytic application depending on the
particle size; a combination of TiO2 and Au may improve the situation. TiO2–Au composites
are thus synthesized and examined in the UV photocatalytic reduction of Cr(VI). Results
show that the photocatalytic efficiency of TiO2–Au reaches 91% in Cr(VI) reduction com-
pared with the pure TiO2 (83%) under UV light irradiation. The increased light absorption
intensity in a broader spectral range as well as the rate of electron-hole pair recombination
in TiO2 with the addition of Au shall be responsible for the enhanced photocatalytic ability
of the composite.
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1. Introduction

Removal of heavy metals from both underground
and surface water supplies is increasingly demanded
in water purification. Among all heavy metals, Cr(VI)
is toxic to most organisms when its concentration is
above 0.05mg/L and can cause irritation and corro-
sion of human skin. Cr(VI) is generally released from
electroplating, leather tanning, metal finishing, dyeing,
textiling, steel fabricating, paint and pigments, fertiliz-
ing, photographying, etc. Therefore, it is significantly
important to find an effective method to remove
Cr(VI) from industrial wastewaters. Various methods
including adsorption [1], biosorption [2], electrocoagu-
lation [3], ion exchange [4], and membrane filtration
[5], have been widely used for the removal of Cr(VI).
However, the above-mentioned technologies have

some drawbacks, which still need to be overcome,
such as secondary pollution in cleaning step, mem-
brane fouling and high power consumption and
expense for operation and maintenance. Therefore, the
development of cost-effective and low energy consum-
ing technology for the removal of Cr(VI) is highly
desired.

Recently, considerable attentions have been paid to
semiconductor oxide photocatalysis as a novel and
eco-friendly technology for the removal of Cr(VI) from
aqueous solutions [6–8]. Among various semiconductor
oxides, TiO2 has attracted tremendous attention as a
promising candidate material owing to its intrigu-
ing optical and electronic properties, chemical stabil-
ity, nontoxicity, low cost, and high activity [9–15].
However, the quick recombination of photo-induced
electron-hole pairs has significantly decreased the
photocatalytic performance of TiO2. Currently, a partic-
ularly attractive option is to design and develop hybrid*Corresponding author.
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materials based on TiO2 to solve the problem [16–19].
As a noble metal, Au exhibits unusual electric and
optical properties as well as high chemical stability
[20,21]. Attempts to combine TiO2 and Au have been
reported in efforts to obtain hybrid materials with
excellent photocatalytic activity [22–27]. Pradhan et al.
[28] prepared TiO2–Au snowman-like heterodimer
nanostructures by a surface sol–gel process based on
Au nanoparticles (NPs) and found that TiO2–Au exhib-
ited higher photocatalytic performance in oxidation of
methanol under UV light irradiation than TiO2 NPs
due to the presence of Au NPs. Hernandez-Fernandez
et al. [29] reported that TiO2–Au photocatalysts synthe-
sized by the sol–gel method exhibited an enhanced
photocatalytic performance in oxidation of nitrogen
monoxide under UV light irradiation compared
with pure TiO2. Yogi et al. [30] employed a sol–gel
method using polyvinyl-pyrrolidone-protected Au NPs
(AuNPs@PVP) to synthesize TiO2–Au films and found
that the film doped with the smaller AuNPs@PVP and
annealed at 500˚C showed the highest photocatalytic
activity in photo-degradation of methylene blue under
UV light irradiation due to its well-crystallized ana-
tase phase and high adsorption ability. Wongwisate
et al. [31] demonstrated that TiO2-0.1% Au-0.1% Ag
prepared by a sol–gel method displayed better photo-
catalytic activity in the degradation of 4-chlorophenol
than TiO2-0.1% Ag, and both of them provided the
highest photocatalytic activity in terms of total organic
carbon reduction. In photocatalysis process, Au NPs
can act as an excellent electron-acceptor/transport
material to effectively facilitate the migration of photo-
induced electrons and hinder the charge recombination
in electron-transfer processes due to the electronic
interaction between TiO2 and Au, which enhances the
photocatalytic performance [32–35]. Despite the above
progress to date, the exploration on TiO2–Au compos-
ites, especially on their synthesis via sol–gel method
and application in photocatalytic reduction of Cr(VI), is
not nearly enough. In this work, one-step synthesis of
TiO2–Au composites is carried out via sol–gel method.
TiO2–Au composites exhibit an enhanced photocata-
lytic performance in reduction of Cr(VI) under UV light
irradiation compared with pure TiO2.

2. Experimental

2.1. Synthesis of TiO2–Au composites

4mL tetrabutyl titanate was first dissolved in
10mL ethanol by stirring for 30min at room tempera-
ture to obtain solution A. A certain amount of HAuCl4
was dissolved in 7mL ethanol, and then 2mL deion-
ized water and 5mL acetic acid were successively

added to the solution by stirring for 30min at room
temperature to obtain solution B. Solution B was then
added dropwise into solution A under vigorous stir-
ring. Subsequently, the mixture solution was continu-
ously stirring at 40˚C for the hydrolysis of tetrabutyl
titanate until a transparent sol was formed. Finally,
the sol was dried in air at 100˚C for 24 h, grinded and
heated at 500˚C for 1 h. The as-synthesized TiO2–Au
samples with 0.1, 0.3, 0.5, 0.7wt.% Au, named as
TA-1, TA-2, TA-3, and TA-4. The pure TiO2 was also
synthesized for comparison.

2.2. Characterization

The surface morphology, structure and composi-
tion of the samples were characterized by field-emis-
sion scanning electron microscopy (FESEM, Hitachi
S-4800), high-resolution transmission electron micros-
copy (HRTEM, JEOL-2010), X-ray diffraction spectros-
copy (XRD, Holland Panalytical PRO PW3040/60)
with Cu Ka radiation (V= 30 kV, I= 25mA), and
energy dispersive X-ray spectroscopy (EDS, JEM-
2100), respectively. The UV–vis absorption spectra
were recorded using a Hitachi U-3900 UV–vis spectro-
photometer. Brunauer–Emmett–Teller (BET) surface
area was measured by ASAP 2020 Accelerated Sur-
face Area and Porosimetry System (Micrometitics,
Norcross, GA). The desorption isotherm was used
to determine the pore size distribution using the
Barret–Joyner–Halender method.

2.3. Photocatalytic experiments

The photocatalytic performance of the as-prepared
samples was evaluated by photocatalytic reduction of
Cr(VI) under UV light irradiation. The samples (1 g/
L) were dispersed in 60mL Cr(VI) solutions (10mg/L)
that were prepared by dissolving K2Cr2O7 into
deionized water. The mixed suspensions were first
magnetically stirred in the dark for 0.5 h to reach the
adsorption/desorption equilibrium. Under stirring,
the mixed suspensions were exposed to UV irradia-
tion produced by a 500W high pressure Hg lamp
with the main wave crest at 365 nm. At certain time
intervals, 2mL of the mixed suspensions were
extracted and centrifugated to remove the photocata-
lyst. The filtrates were analyzed by recording UV–vis
spectra of Cr(VI) using a Hitachi U-3900 UV–vis
spectrophotometer.

The photocatalytic reaction kinetics was studied
using Langmuir–Hinshelwood model. The pseudo-
first-order equation is employed to fit the experimental
data and can be formulated as [36]:
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lnðCi=C0Þ ¼ �kt ð1Þ

where t and k are the photocatalysis time (min) and
the reaction rate constant (min�1), respectively. C0 and
Ci are the initial concentration and the concentration
of Cr(VI) at time t (mg/L), respectively.

3. Results and discussion

Fig. 1(a–e) show the FESEM images of TiO2, TA-1,
TA-2, TA-3, and TA-4. It is clearly seen that all the
samples display spherical particles, demonstrating that
the Au loading does not leave any change in the shape
of TiO2. Furthermore, it is seen that the morphologies
of samples are very rough, which may be beneficial to
enhancing the adsorption of reactants and photocata-
lytic performance. The existence of TiO2 in the
composite is proved by the peaks of Ti and O in EDS
spectra of TA-3 (Fig. 1(f)). However, no Au peak is
observed, which may be due to the low amount of
Au in the composite. Fig. 2(a) and (b) show the low-
magnification and high-magnification HRTEM images
of TA-3. Au NPs are difficult to be observed in
low-magnification HRTEM image due to their low
amount in the composite. However, it can be observed
that a few Au NPs have been attached onto the surface
of TiO2, which plays an important role for the
photocatalytic performance. Generally, the Au NPs in

the composite can serve as an electron conductor,
which facilitates photoelectron transfer and reduces
the probability of charge recombination. However,
excessive Au NPs in the composite may act the centers
of electron-hole recombination and reduce the quantum
efficiency, which is not beneficial to the photocatalytic
performance [37].

The XRD patterns of TiO2, TA-1, TA-2, TA-3, and
TA-4 are shown in Fig. 3. It can be seen that all the
samples exhibit the diffraction peaks at 25.3˚, 37.8˚,
48.0˚, 53.9˚, 55.1˚, 62.7˚, 68.8˚, 70.3˚, and 75.0˚, indexed
to (10 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6),
(2 2 0), and (2 1 5) crystal planes of anatase TiO2

(JCPDS 21-1272), which indicates that Au loading does
not result in the development of new crystal orienta-
tions of TiO2. Compared with pure TiO2 and TA-1,
new peaks at 44.4˚, 64.6˚, and 77.6˚, corresponding to
the (2 0 0), (2 2 0) and (3 1 1) planes of polycrystalline
Au (JPCDS 76-1802), appear in XRD pattern of TA-2,
TA-3 and TA-4, which further confirms the existence
of Au in the composite. It should be noticed that the
absence of Au peak for TA-1 should be ascribed to
the low amount of Au below the detection limit.

Fig. 4(a) displays the BET nitrogen adsorption
isotherms of TiO2 and TA-3. The nitrogen sorption
isotherm of TA-3 is similar to that of TiO2 and belongs
to the type IV behavior. The broad pore size distribu-

Fig. 1. Surface morphologies of (a) TiO2, (b) TA-1, (c) TA-
2, (d) TA-3, and (e) TA-4 by FESEM measurement; (f) EDS
spectrum of TA-3.

Fig. 2. (a) Low-magnification and (b) high-magnification
HRTEM images of TA-3.

Fig. 3. XRD patterns of TiO2, TA-1, TA-2, TA-3, and TA-4.
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tion, as shown in the Fig. 4(b) indicates the existence
of mesopores and macropores in these samples. The
surface area of TiO2 and TA-3 are 73 and 75m2 g�1,
respectively. The result means that the Au loading
increases the specific surface area, which is beneficial
for enhancing the photocatalytic activity. Further-
more, the specific surface area of TiO2 (P25) is also
characterized and the value is 54m2 g�1.

The UV–vis absorption spectra of TiO2, TA-1, TA-2,
TA-3, and TA-4 are shown in Fig. 5. It is observed that
TiO2 presents its characteristic absorption peak at
330 nm and the absorbance of TiO2–Au composite
increase even in visible light region with the increase in
Au content, which is similar to those reported results
[33,38]. In addition, the absorption edge of TiO2–Au
composite exhibits a red shift compared to TiO2.
Similar results are also observed in other TiO2-base
composite materials [29,39,40]. Such an enhancement in
the light absorption intensity and range can increase
the number of photo-generated electrons and holes to

participate in the photocatalytic reaction and enhance
the photocatalytic performance [41].

Fig. 6 shows that the UV–vis absorbance of Cr(VI)
with irradiation time under UV light irradiation using
TA-3. It is observed that the UV–vis absorption peak
of Cr(VI), related to the concentration of Cr(VI) in the
solution, becomes weak with the increase in the time
under UV light irradiation.

The photocatalytic reduction of Cr(VI) under UV
light irradiation was used to evaluate the photocata-
lytic performance of the TiO2, P25, TA-1, TA-2, TA-3,
and TA-4, as shown in Fig. 7(a). The concentration (C)
of Cr(VI) is characterized by the maximum absorption
peak at about 350 nm (kmax) by UV–vis spectroscopy.
The photocatalytic process is demonstrated by the var-
iation of kmax. The normalized temporal concentration
changes (C/C0) of Cr(VI) during the photocatalytic
process are proportional to the normalized maximum
absorbance (A/A0), which can be derived from the
changes in the Cr(VI) absorption profile at a given

Fig. 4. (a) Nitrogen adsorption–desorption isotherms, and (b) the corresponding pore size distribution curves (inset) of
TiO2 and TA-3.

Fig. 5. UV–vis absorption spectra of TiO2, TA-1, TA-2, TA-
3, and TA-4.

Fig. 6. The UV–vis absorbance of Cr(VI) with irradiation
time during photocatalytic reduction under UV light
irradiation using TA-3.
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time interval. It also can be observed that TiO2–Au
composite exhibits much higher photocatalytic perfor-
mance than pure TiO2. After 240min, the removal
rates of Cr(VI) for pure TiO2 and P25 are calculated to
be 83 and 70%, respectively. The better photocatalysis
performance of TiO2 NPs than P25 should be attrib-
uted to their higher specific surface area, which is
favorable to adsorb more pollutants and separate the
electron-hole pairs, thus improve the photocatalytic
performance [41]. When Au is introduced into TiO2,
the removal rate is increased to 88 and 89% for TA-1
and TA-2 and reaches maximum value of 91% for
TA-3 after 240min illumination duration. Therefore,
the photocatalytic performance of TiO2–Au composite
is dependent on the proportion of Au in the compos-
ite. It is known that during photocatalysis, the light
absorption and the charge transportation and separa-
tion are crucial factors [42–44]. The enhancement of
the photocatalytic performance should be ascribed to
the increase in the light absorption intensity and range
with the presence of Au in the composite and the
stepwise structure of energy levels constructed in the
TiO2–Au composite, as shown in Fig. 8. The conduc-
tion band and valence band of TiO2 are �4.2 and
�7.4 eV (vs. vacuum) [45]. The work function of Au is
around �5.1 eV [46]. Such energy levels are beneficial
for photo-induced electrons to transfer from TiO2 con-
duction band to Au, which could efficiently separate
the photo-induced electrons and hinder the charge
recombination in electron-transfer processes [32,47],
thus enhance the photocatalytic performance. How-
ever, when the Au content is further increased
above its optimum value, the photocatalytic reduction
rate deteriorates. This is ascribed to the following
reasons: (i) Au may absorb some UV light [33,38], and
thus, there exists a light harvesting competition
between TiO2 and Au with the increase in Au

amount, which lead to the decrease in the photocata-
lytic performance; (ii) the excessive Au can act as a
kind of recombination center instead of providing an
electron pathway and promote the recombination of
electron-hole pair in Au [19,20,27].

Fig. 7(b) shows the linear fitting between pseudo-first-
order kinetic equations and experimental data for TiO2,
TA-1, TA-2, TA-3, and TA-4. The values of rate constants
(k) can be obtained directly from the fitted straight-line
plots of ln(Ci/C0) versus reaction time. The values of k in
the dark reaction for TA-3 is 0.00057min�1, indicating
that Cr(VI) can almost not be reduced in the dark reac-
tion, which ensures the effect of physical absorption of Cr
(VI) to be eliminated. Furthermore, the values of k under
UV light irradiation follow the order: TA-3 (0.0136min�1)
>TA-2 (0.0123min�1) >TA-4 (0.0118min�1) >TA-1 (0.01
12min�1) >TiO2 (0.0092min�1) >P25 (0.00489min�1). The
result shows that TA-3 exhibits a best photocatalytic
activity under UV irradiation.

4. Conclusions

TiO2–Au composites are successfully synthesized
via a simple sol–gel method and their photocatalytic

Fig. 8. Schematic diagram of energy levels of TiO2 and Au
NPs. CB and U are conduction band and work function.

Fig. 7. (a) Photocatalytic reduction of Cr(VI) by TiO2, P25, TA-1, TA-2, TA-3, and TA-4 under UV light irradiation; (b)
The inset shows the photocatalytic reaction kinetics of Cr(VI) with reaction time. The concentrations of Cr(VI) and
photocatalyst are 10mg/L and 1g/L, respectively.
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performances are investigated. The experimental
results indicate that (i) TiO2–Au composites exhibit a
better photocatalytic performance than pure TiO2; (ii)
the photocatalytic performance of TiO2–Au composite
is dependent on the proportion of Au in the compos-
ite and the composite with 0.5wt.% Au achieves a
highest photocatalytic reduction rate of 91%; (iii) the
enhanced photocatalytic performance is ascribed to
the increase in light absorption intensity and range as
well as the reduction of photoelectron-hole pair
recombination in TiO2 with the introduction of Au.
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