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Abstract: A facile single-step method was adopted to synthesize gold-modified copper-
doped titania nanocomposites. Physicochemical properties of the synthesized material were
characterized by X-ray diffraction (XRD), diffuse reflectance spectroscopy, photolumines-
cence (PL), and TEM-based techniques. Our characterizations show that the material con-
sisted of anatase-phase qausi-spherical titania nanoparticles (NPs), with 3—4-nm gold
particles anchored on titania surface. According to diffuse UV-visible spectroscopic analysis,
gold-modified copper-doped titania shows enhanced absorption in the visible-light spectrum
compared with copper-doped titania and pure titania. Furthermore, a decrease in PL emis-
sion intensity is observed, and this is due to decreased electron—hole recombination, which
is an attribute desired for the enhancement of photocatalytic activity. Our present results
highlight that these nanocomposites could be used as a photocatalyst for various appli-
cations in conjunction with visible solar radiation. The surface modifications make this
material for many applications such as gas sensing and photodetection.

Index Terms: Titania-based nanocomposites, sol—gel technique, gold modification,
photoluminescence (PL).

1. Introduction

Titania (TiO2) has been on the spotlight of intense research for the past few decades due to its
chemical, economic, and environmental merits. However, its inefficiency in utilizing solar energy
coupled with low quantum efficiency and poor photocatalytic activity restricts the potential of this
material. Since the pioneer work of Fujishima and Honda [1], various modifications [2] have been
developed to extend spectral response in the visible-light spectrum, increase mobility of charges,
and enhance photocatalytic activity of titania. Titania doped with copper has been successfully used
for the effective photoreduction of carbon dioxide [3], [4], better photocatalytic degradation [5],
hydrogen production [6], and improved gas sensing properties [7]. In addition to photocatalytic
application, the TiO, nano/microsphere array [8]-[10] deposited via a rapid convective deposition
method [11], [12] had been recently pursued for achieving improved light extraction efficiency in
[lI-Nitride LEDs due to its index matching to GaN platform [8], [9].
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In addition, the visible light active Cu,O/TiO, is the focus of research as a risk reduction
material for indoor environment [13]. However, copper-doped titania is more photocorrosive
compared with titania. When metals are used as dopants, they should be resistant to the photo
oxidation process for getting stable and durable materials. In order to have such good attributes of
doping with metals, noble metals in general and gold in particular are quite appropriate to make
modification to titania [14], [15]. As gold has the capacity to produce the highest Schottky barrier
[14] like platinum, it can avoid the electron—hole recombination process, by assisting in electron
capture. In addition to this, the optical properties of the gold-modified titania are enhanced due to
surface plasmon resonance. Plasmonic photocatalysis is receiving a lot of attention because of
excellent mobility of charge carriers, increased path length of light in the plasmonic structure due
to efficient scattering enhanced rate of electron—hole formation at the surface of the semi-
conductor in the proximity of the plasmonic structure, super linear power law dependence at
significantly low intensity, and enhancement in the photocatalytic efficiencies with operating
temperature [16]-[18].

The metal oxide has a very pronounced surface effect, and hence, the optical properties could
be changed by engineering the surface effect, and this has attracted many research efforts for
versatile applications such as memory, transistors, light emission, gas sensing, and photo-
detection. The recent works of Chen et al. showed that the surface effect can be generic to all
nanostructures and have quantitatively shown that surface band bending of ZnO nanowires is
1.54 eV with the width of 43.2 nm [19], [20]. Moreover, the modification of Au nanoparticles
(NPs) on the surfaces of an n-type metal oxide nanostructure can create nano-Schottky junc-
tions and enhances the formation of the charge O, adsorbates, causing the unusually high
surface band bending of 2.34 eV with a wide width of 53.3 nm and also the tunability of optical
emission [21], [22]. It was also observed that in an Al,O3; nanocrystal coating layer, leading to a
flatband effect near the ZnO surface, causing a stronger overlap of the wavefunctions of elec-
trons and holes in the ZnO core, and this effect leads to the enhancement of the near-band-
edge emission [23].

In this paper, the synthesis of gold-modified copper-doped titania (Au/Cu-TiO,) at a very low
concentration is carried out, and the effect of modification on the optical and structural properties of
the modified titania matrix is investigated for some possible applications where solar energy can be
effectively utilized. Moreover, the relative merits of pure titania (TiO.), copper-doped titania
(Cu-TiO2), and gold-modified copper-doped titania (Au/Cu-TiO,) in terms of their properties and
applications have been studied. It was observed in our work that Au/Cu-TiO, exhibited a con-
siderable absorption in the visible region. This property of enhanced quantum yield in the visible
region shows this material as a suitable candidate for photocatalytic applications in the visible
region. One of the major research areas of interest is the need for material for sensing applications,
and as Au/Cu-TiO, shows an enhanced photo activity and quantum efficiency in the visible region, it
can be a good candidate for sensing applications such as detection of heavy metals like arsenic,
chromium, lead, mercury, etc. in water bodies.

2. Experimental

2.1. Catalyst Synthesis

The flowchart diagram shown in Fig. 1 shows the synthesis scheme for TiO,, Cu-TiO,, and
Au/Cu-TiO, by a single-step modified sol-gel method. During this process, a solution of an
appropriate amount of urea is mixed with 0.043 g of gold (lll) chloride (Aldrich, 99.9%) and
copper (Il) nitrate (Aldrich, 99.9%), and this mixture is added to a solvent mixture of water,
anhydrous ethanol (Aldrich, 99.5%), and acetic acid (Aldrich, 99.7%) in a 1:7:2 ratio by
volume at 10 °C. 118.5 ml of titanium isopropoxide (TTIP) (Aldrich, 97%) was added into this
solution dropwise, and the solution was kept in the dark room for 24 h with vigorous stirring for the
nucleation process. After 24 h, the aging and gelation process was initiated by placing this solution
in an oven at 70 °C for 6 h. This material (dry gel) was pulverized into powder and calcined
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Fig. 1. The synthesis method of Au/Cu-TiO, nanocomposites.

for 3 h at 420 °C in a tube furnace. A similar methodology was adopted for the synthesis of
TiO,, Cu-TiO> NPs.

2.2. Material Characterization

X-ray diffraction (XRD) patterns of the synthesized nanomaterials were recorded in the range of
20 between 10° and 80° with a step size of 0.02 and scan speed of 2 deg/min on a Philips X'Pert
MPD rotatory target diffractometer, using CuKa radiation (= 0.15406 nm) as an X-ray source,
operated at 40 kV and 30 mA. Transmission electron microscopy (TEM) of Cu-TiO, as well as
Au/Cu-TiO, was carried out using high-resolution TEM (HRTEM) (FEI model TitanG2 80-300 TEM).
This transmission electron microscope was also equipped with an X-ray energy-dispersive spec-
troscope (EDS) detector and a high-angle annular dark-field (HAADF) detector for elemental and
scanning TEM (STEM) analyses, respectively. The entire analysis was performed by operating the
HRTEM at 300 keV to achieve the best line resolution in the acquired HRTEM as well as in the
STEM mode. HRTEM micrographs of the samples were acquired with a 4000 x 4000 pixels
charged-coupled device (CCD) camera (Gatan, Inc. model US 4000), and the acquired micro-
graphs were processed in Gatan’s Digital Micrograph Software Suite. The microscope magnifica-
tion of around one-half million was set before the acquisition of HRTEM images while a
magnification of one million was used to acquire STEM images. Fast Fourier transform (FFT)
analysis was also performed on the acquired HRTEM micrographs in order to measure the
d-spacings of the TiO, phase. The optical absorption spectrum of the synthesized material was
carried out with the spectrophotometer (Jasco 670), with an appropriate baseline. The photo-
luminescence (PL) spectrum of the sample was carried out with the spectrofluorophotometer
(Shimadzu RF- 5301PC) equipped with a grating of 1200-g/mm groove density, and the 150-W
xenon lamp kept at a 325-nm wavelength is the excitation source.

3. Results and Discussion

3.1. Crystal Structure and Morphology

Fig. 2 shows the XRD patterns of TiO,, Cu-TiO,, and Au/Cu-TiO,. The XRD patterns in Fig. 2 is
the typical one for the anatase TiO, with no presence of extra phase of impurity but clearly showing
the dopants dispersed homogeneously on the titania matrix. The copper doping in the titania matrix
makes the XRD peaks to being slightly shifted toward left, although the shifting is not quite
prominent. This shift of the XRD peaks is less prominent because the ionic radius of Cu®* (0.72 A)
is slightly bigger than that of Ti*" (0.68 A) that produce strain in the titania lattice. The HRTEM
image of Cu-TiO, in Fig. 3(a) shows an enhancement in d-spacing of 101 planes. For the pure
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Fig. 2. XRD patterns TiO,, Cu-TiOz, and Au/Cu-TiO,. HRTEM image of Cu-TiO; in the inset shows the
d-spacing.

anatase TiO,, it was estimated that the d-spacing value of the 101 planes is 0.351 nm, and that for
the copper-doped TiO, is 0.358 nm, which confirms the slight left shift of the 101 planes of Cu-TiO,
observed in our work. Moreover, the d-spacing of 101 planes measured from XRD data is 0.357 nm
for Cu-TiO2. In a recent detailed study of Cu-TiO, [24], X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) and total scattering and pair
distribution function (PDF) analysis with different fitting models, it was concluded that copper re-
mained as a surface dopant, mostly as oxide or hydroxide phase on the surface of TiO.. In the
same study, one of the fitting models of total scattering PDF suggested that copper is substituted at
the titanium site with oxygen vacancies. However, due to low concentration of dopant and in order
to complement EXAFS data, this explanation was not considered. In our study, the enhanced
d-spacing of 101 planes of Cu-TiO,, as shown in the HRTEM image, suggests that some amount of
copper is substituted in titanium sites. Hence, in the light of the above two studies, one may
conclude that some amount of copper remained at the surface of TiO, and some substitute Ti**.
Moreover, in the XRD analysis, broadening of TiO. peaks with copper doping favored the
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Fig. 3. (a) HRTEM micrograph of Cu-TiO» and (b) HAADF-STEM micrograph of Au/Cu-TiO,, both with
FFT as an inset.
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Fig. 4. EDX spectrum of Au/Cu-TiOs.

substitution of Cu*? at Ti** sites. After gold modification on Cu-TiOa, no further shift is observed in
d-spacing because the ionic radius of gold (Au™® = 0.99 A) [25] is much larger than Ti**. Hence, it
is assumed that gold is adsorbed on the titania crystallites due to surface interaction.

The HRTEM micrograph of Cu-TiO, [see Fig. 3(a)], along with its FFT that is shown as an inset in
the micrograph, is showing the typical size and shape of copper-doped titania NPs. The HAADF-
STEM technique is very sensitive to the atomic number of elements and generally possesses a high
composition contrast in the acquired images. In our case, as Au and Ti have a large difference in
their atomic numbers, it is possible to detect even a small amount of Au in the Cu-TiO, samples. In
addition to this, HAADF or Z-contrast images shed light on the structural changes in the sample at
the nano level. As an example of it, a typical HAADF-STEM micrograph, along with FFT as an inset,
is shown in Fig. 3(b). It clearly depicts the presence of 4-nm or smaller size Au NPs in the Cu-TiO,
samples. The Au NPs on the titania surface not only enhance the photocatalytic activity of titania but
also act as active centers for sensing and other catalytic properties. This gives the insight that the
cluster of 4-nm Au NPs can be easily impregnated onto some support using this facile single-step
sol-gel method. EDX analysis is done to find the elemental composition of synthesized materials.
Fig. 4 shows a typical EDX spectrum of Au/Cu-TiO, with 1 wt% copper and 0.5% gold in the titania
matrix were estimated from EDX analysis.
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Fig. 5. Optical absorbance of TiO,, Cu-TiO,, and Au/Cu-TiO,.

3.2. Optical Properties

The diffuse reflectance spectra of TiO,, Cu-TiO,, and Au/Cu-TiO, were taken, and the ordinate
axis of these spectra is converted into a Kubelka—Munk function using the following equation:

(1-Ry?
2R

where R is the reflectance [26]. The Kubelka—Munk function F(R) is basically the absorbance,
where the effects of scattering are eliminated. Fig. 5 shows the absorbance spectra of TiO,,
Cu-TiO,, and Au/Cu-TiO,, and in these spectra, we can notice a red shift in the absorption peak
between TiO, and Cu-TiO,, and this red shift could be attributed to the charge transfer transition
between the metal ion d electrons and TiO, conduction or valance band. In the UV wavelength
region (200—400 nm) of the spectrum, the relative intensities of the F(R) show in a decreasing order
for Cu-TiO2, Au/Cu-TiO», and TiO». A similar trend was found in a recent report [25] that at lower
copper doping into TiO, showed an enhanced absorption in the UV region, while at a higher
concentration of copper on TiO, showed reduced UV absorption. In this paper, after gold modi-
fication, reduction in the UV absorption of Cu-TiO, could be explained because of surface coverage
with gold NPs. However, in the visible wavelength region (450-800 nm), we can notice that after
gold modification into Cu-TiO,, the absorbance is considerably enhanced, and this enhanced
absorbance could be due to the surface plasmon resonance originated from the collective oscil-
lation of free electrons [14]. Au/Cu-TiO, shows an enhancement of the absorbance in the visible
region (450-800 nm), and hence, this material is capable of working effectively with solar radiation
for photocatalytic applications.

The PL spectrum gives the insight to study the efficiency of charge carrier trapping and the
electron—hole recombination in the semiconductor. Fig. 6 depicts the PL spectra of TiO,, Cu-TiOs,
and Au/Cu-TiO, with the excitation wavelength of 325 nm and the PL spectra. The broad PL spectra
in Fig. 6 upon Gaussian curve fitting show two Gaussian peaks A and B with varying relative
intensities between them. It is quite obvious from the arbitrary scales in the ordinate axes of these
three spectra that peak A shows more variation in the PL intensity than Peak B. Moreover, the

F(R) =
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Fig. 6. PL spectra of TiO,, Cu-TiO,, and Au/Cu-TiO5.

centers of peak B in the three spectra are at 434 nm, and they remain unchanged, whereas the
center of peak A is at 425 nm for TiO,, and for Cu-TiO, and Au/Cu-TiOs, it is slightly blue shifted to
422 nm. Also, the overall PL intensities for Cu-TiO, and Au/Cu-TiO, decrease by a factor of 9 with
respect to the overall PL intensity of TiO., and this could be attributed to the charge transfer
between copper oxide and titania. Also, the higher PL intensity in the case of pure TiO, indicates
the reduced electron—hole lifetime due to the rapid recombination; with copper doping, the electron—
hole recombination process is slowed down. This indicates that the gold modification brings about
the trapping of electrons because of Schottky barrier formation.

4. Conclusion

We synthesized Au/Cu-TiO, nanocomposites characterized by XRD, diffuse reflectance spectros-
copy, PL, and TEM. The synthesized Au/Cu-TiO, shows enhanced absorption in the visible region
(450-800 nm) compared with Cu-TiO, and TiO., and this makes this material capable of making
use of solar radiation. Also, the PL intensity for Au/Cu-TiO, decreases, and this reduction in the PL
signal could be attributed to the decrease in electron—hole recombination, which is a quality desired
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for the enhancement of photocatalytic activity. Our present results show that Au/Cu-TiO, could be
used as a photocatalyst workable in the visible spectrum of light, and also, it can be applied for fuel
cells, gas sensing, and optical sensors.
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