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A B S T R A C T   

In the present paper, an investigation of the structural, optical, and photo-catalytical properties of TiO2 nano
wires (NWs) was conducted. The NWs were synthesized on a Si substrate by thermal oxidation of a thick (4 µm) 
Ti film covered by a thin (~ 5 nm) Au film. The annealing process at 750 ◦C produced a 1.7 μm thick NWs TiO2 
layer over a 3 μm thick TiO2 film. Characterization techniques show that TiO2 NWs are in rutile phase and have 
gold nanoparticles on top. Fe-doped TiO2 NWs were synthesized to increase photoactivity in the visible range. 
The doping was performed using an unusual strategy, that is, implanting Fe+ ions into the Ti layers before the 
growth of the TiO2 NWs. The defectiveness introduced by the ion implantation is avoided and precise control of 
the doping is achieved. The photocatalytic properties were studied by following the degradation of methylene 
blue. In order to increase the photo-degradation rate under UV light of undoped NWs, two different strategies 
have been followed: 1) deposition of Pt nanoparticles on the front or on the rear side of the samples, and 2) 
thermal annealing in a reductive environment. A three-fold activity enhancement is obtained and discussed. 
Photocatalytic activity in the visible range was also measured for the Fe-doped samples, showing good activity, 
which was further improved by using the same strategies implemented under UV irradiation.   

1. Introduction 

Titanium dioxide (TiO2) is an interesting material, especially for its 
photocatalytic properties [1,2]. This material finds several applications: 
in photocatalysis, photovoltaics, chemical sensing, and optical devices 
[3]. It can be used in super-hydrophilic and self-cleaning surfaces, and 
for water purification, as it can degrade the organic compounds absor
bed on its surface when exposed to ultraviolet (UV) radiation [4]. The 
variety of applications arises from all the remarkable properties of TiO2: 
good optical and electronic properties, long lifetime of excited electrons, 
long-term chemical stability, high corrosion resistance, and low cost. 

The mechanism behind most of its applications is related to the de
livery of photogenerated electrons and holes to the external environ
ment and to the ability to decompose pollutants absorbed on the surface 
into non-toxic substances. Nevertheless, it is well known that the effi
ciency of TiO2-based photocatalysis needs to be improved. In the liter
ature, several strategies are used to improve the efficiency of this process 
[5–9]. For example, photo activity can be improved by  

• increasing the exposed surface by the realization of nanoparticles, 
nanowires, or nanotubes [10–14]  

• doping with metal and non-metal elements [15–18]  
• reducing TiO2 by H2 [19–24]  
• implementing fast laser processes for the formation of non- 

equilibrium nanoparticles [25,26]  
• changing the oxygen partial pressure by self-doping with vacancies 

or with non-metal doping together [27–30]  
• using noble metals such as Pt, Ag or Au as co-catalysts [31–34]  
• employing the plasmonic properties of metallic nanoparticles [35]  
• grafting Cu or Fe nanoclusters [36–41] 

The small absorption of TiO2 in the visible range is an issue that 
should be overcome: indeed, the wide band gap (about 3-3.2 eV) allows 
it to absorb only the UV light of the solar spectrum. The development of 
photocatalysts operating under visible light is particularly interesting, as 
it would allow the use of the full solar spectrum. Some authors have 
reported that doping the material with transition metals is an effective 
method to improve the response under visible light: the doping of bulk 
TiO2 with Fe, Sb, or Cr by ion implantation has been demonstrated to 
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produce a shift of the absorption band towards the visible light region 
[42–44]. For example, it has been demonstrated that implantation of 
TiO2 thin film with Fe+ ions generates local energy states under the 
conduction band, allowing the absorption under visible light, and 
inducing an improvement in photocatalytic efficiency [31]. 
Nano-structuration of the surface and the fabrication of nanowires, can 
further improve the pollutant degradation process thanks to the increase 
of surface/volume ratio that enhances the water/TiO2 contact area and 
reduces the time for the charges to reach the surface. 

In a previous paper, we investigated the growth of TiO2 nanowires 
(NWs) by seed-assisted thermal oxidation [45]. The NWs were undoped, 
Pt nanoparticles were deposited on the rear side of the sample, and the 
photo-activity was investigated in the UV range. In this paper, we have 
deepened and developed the synthesis of doped Au-supported TiO2 
nanowires. We have investigated several strategies to improve the 
photocatalytic efficiency in both UV and visible range. A precise control 
of the uniformity and morphology is achieved. To induce a photo
catalytic activity in the visible range, Fe+ ions doping was carried out by 
ion implantation for the TiO2 film before the NWs realization. The 
photocatalytic performances in both visible and UV ranges were further 
improved by depositing Pt nanoparticles on the front side of the sample 
and by an annealing in forming gas. 

2. Materials and methods 

Undoped NWs: A thick (~ 4 μm) film of titanium deposited by 
sputtering on a silicon substrate was used for the growth of TiO2 
nanowires. Samples were cut into pieces of about 1 cm x 1 cm then a thin 
gold layer (~ 5 nm) was deposited on the surface by using an RF (60 Hz) 
Emitech K550X as metalization sputtering system. The Au target has a 
99.999% purity. The deposition was carried out in Ar flow at a current of 
10 mA and a chamber pressure of 2 Pa (0.02 mbar). The 5 nm Au 
thickness was confirmed by Rutherford backscattering spectroscopy 
measurements using a 2.0 MeV He+ beam. Thus the samples have been 
inserted into a covered quartz holder, and then TiO2 NW synthesis was 
performed in 10 lpm of argon and 7.5 lpm of oxygen flux in a conven
tional furnace. The annealing was carried out in the temperature range 
of 600-750 ◦C, for 1.5 hr. Samples synthetized, as described, are called 
“TiO2 NWs” or simply NWs. Some samples were further annealed in 
forming gas (95% of N2 and 5 % of H2). This annealing was performed at 
500 ◦C with a gas flow of 7.5 lpm for 2 hrs. Samples annealed in forming 
gas are called “NWs + FG ”. 

Iron-doped NWs: Similarly to what is described in the previous 
paragraph, a thick (~ 4 μm) titanium film was deposited on a silicon 
substrate. Thus, the titanium films were implanted with Fe+ ions at an 
energy of 150 keV (projected range 83 nm) and a fluence of 1.2 × 1016 

ion/cm2. Gold layer deposition and annealing in air were performed 
similarly to the unimplanted samples. Samples doped with iron are 
called “NWs + Fe ”. Some doped samples were further annealed in 
forming gas and are called “NWs +Fe + FG ”. 

The synthesis of platinum nanoparticles (Pt NPs) was carried out by 
pulsed laser ablation in liquid with the same experimental apparatus and 
procedure described elsewhere [45]. Briefly, Pt nanoparticles solution 
was obtained by focusing (through a lens with focal length 20 cm) a laser 
beam (1064 nm, 10 ns) of a Q-switched Nd:YAG laser (Giant G790-30). 
The platinum metal plate (purity 99%) was purchased by Sigma Aldrich 
and is placed on the bottom of a teflon vessel filled with 2 ml of 
de-ionized water (MilliQ, Millipore, resistivity 18 MΩ⋅cm). The pulse 
energy was 337 mJ/pulse, and the fluence was estimated to be 
approximately 5 J/cm2. Ablation was performed for 10 min. The 
nanoparticles, dispersed in water, remained stable for some years. The 
Pt nanoparticles were 20 nm in diameter, measured by dynamic light 
scattering. Pt nanoparticles deposition was carried out by drop-casting: 
120 µl of the Pt NPs dispersion (corresponding to ~20 ug of Pt NPs) was 
deposited (drop by drop) at 90 ◦C on the front or back side of the 
samples. Before deposition on the back side, we polish the surface to 

remove the thin SiO2 thermal oxide layer. 
Scanning electron microscopy (SEM) analyses were performed by a 

Gemini field emission SUPRA 25 Carl Zeiss microscope operating at 3 -5 
kV. The total reflectivity measurement was obtained using a Lambda 40 
Perking-Elmer spectrophotometer. The band gap of the synthesized NWs 
was calculated using Kubelka-Munk and Tauc-Plot procedure [46]. 
Raman spectroscopy was carried out by using a micro-Raman Horiba 
Jobin Yvon HR550 system equipped with a 633 nm HeNe laser, with a 
0.2 cm− 1 resolution. The power of the laser was kept below 1 mW and an 
objective of 40x with 0.75 NA has been used. X-Ray Diffraction (XRD) 
analyses are performed with a Rigatu smartlab diffractometer at 0.5◦

angle of incidence, and θ-2θ from 20◦ to 60◦. 
The photocatalytic properties were studied by monitoring the 

degradation of the methylene blue (MB) dye in a de-ionized water so
lution at pH 7 under both UV and visible light. UV light was produced by 
a TL 8W BLB Philips lamp, with a peak at 368 nm (in the range of 350- 
400 nm) and an irradiance of 1.1 mW/cm2 (measured at the sample 
surface). While the visible lamp emits in the range 400-500 nm with a 
peak at 454 nm (2.7 eV). Wavelengths lower than 400 nm were filtered 
out. The samples were placed vertically in closed cuvettes with the MB 
solution at a concentration of 10–5 M. The dye concentration was 
monitored “online” with a homemade apparatus by measuring the so
lution transmittance in the wavelength range of 630-700 nm. The 
equipment allows to measure 6 different cuvettes at the same time. 
Before the photocatalytic test, the samples were kept in the dark to allow 
the dye adsorbtion on the surface of the samples and cuvettes, then the 
samples were irradiated for a total time of 10 - 15 hrs. During the pre
conditioning period, in the dark, methylene blue concentration had no 
significant decrease, meaning a negligible absorption of MB onto the 
sample holder and on the sample surface. The MB concentration decay is 
fitted by a first-order decay function and the measured photocatalytic 
rate, K, was normalized by the sample area A (between 0.7-1.5 cm2), so 
the value K/A is reported. Measurements are repeated 3 times and no 
changes in the photodegradation rate were found within the experi
mental errors. 

3. Results 

3.1. Undoped nanowires 

The morphology and the structure of the TiO2 NWs were studied by 
SEM analyses, optical spectroscopy, XRD, EDX and Raman spectroscopy. 
As reported in the experimental section, we had deposited 5 nm of Au 
film on 4 μm of Ti film and then we performed the annealing at different 
temperatures. Fig. 1 shows the SEM micrographs of the samples 
annealed in the temperature range of 600-750 ◦C for 1.5 h in flux (Ar at 
10 lpm and O2 at 7.5 lpm). The marker is the same for all the images. 
During the initial rise of the temperature in the annealing process, gold 
atoms on the substrate surface get mobility and thus the de-wetting of 
the (5 nm) continuous thin Au film occurs with the formation of 
nanoparticles. 

In the annealed temperature range between 600 ◦C (a) and 650 ◦C 
(b), the Au nanoparticles come into sight and no clear nanowire for
mation is observed: between the two samples only small differences in 
morphology can be considered (see Fig. 1a and b, respectively). The 
formation of nanowires starts at 700 ◦C (c) and becomes evident at 
750 ◦C (d). In particular, the sample annealed at 750 ◦C shows well- 
formed nanowires of about a micron-scale length: the fine structure of 
the nanowires is reported in Fig. 2a and b. Gold nanoparticles are visible 
on top of the NWs as already shown in [13,47]. Indeed, it is well known 
that Au catalyzes the growth of the TiO2 NWs through Ti interstitial 
diffusion from the substrate [47]. At this temperature, NWs showed a 
rounded shape. Fig. 2 allowed us to evaluate the diameter distribution of 
the NWs (peaked at 90 nm). The surface density of the NWs was also 
estimated to be about 4.2 × 108 wires/cm2. Fig. 2b in cross-view shows 
an “NWs film” thickness of about 1.7 μm. It is worth noting that, under 
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the NWs, a TiO2 compact layer (of 3 μm) and a ~ 2 μm of compact 
metallic Ti layer (under the TiO2) are observable (not shown). The 
nanowires resulted tilted to the substrate, and the effective NWs length 

was estimated to be ~ 2 μm. Taking into account that NWs have a cyl
inder shape, it was possible to estimate a cylindrical surface area of 
about 4.8 × 10− 9 cm2 for every NW. By using the above-reported surface 
density of the nanowires (4.2 × 108 wires/cm2), it is possible to roughly 
estimate the lateral surface of the overall nanowires (~ 2 cm2). 

Elemental EDX analysis was performed on the sample and the spectra 
confirm the presence of Au, Ti and O on the surface; no other contam
inants are observed. Fig. 3 shows the optical characterization of the 
nanowires. In Fig. 3a, we report the apparent absorbance (1-Reflec
tance) spectra for the samples shown in Fig. 1. Only samples grown at 
700 and 750 ◦C (in which nanowires are formed) have crystalline fea
tures: they are characterized by a high absorption at wavelengths lower 
than 400 nm. An analysis of these spectra, by using a Kubelka-Munk and 
Tauc-plot procedure, indicates a bandgap of about 3.1 and 3.2 eV for 
700 and 750 ◦C samples, respectively, as expected for TiO2 [48]. In
formation about the phase of the material were obtained by Raman and 
also XRD measurements. The Raman spectra reported in Fig. 3b showed 
the presence of two main peaks at 445 and 610 cm− 1, which are char
acteristic of the rutile phase of TiO2, no peaks related to other phases are 
observed. Moreover, the Raman spectra evidenced the different quality 
of the two samples. Indeed, the Raman peaks are almost negligible in the 
700 ◦C samples while they have high intensity and are well defined for 
750 ◦C grown samples. The XRD spectra show the presence of the main 
peaks of the Rutile phase together with two peaks related to the gold 
nanoparticles (at about 38◦ and 44◦). These Raman, XRD and UV-visible 
measurements confirm that Rutile is the only detected phase for nano
wires growth with a seed-assisted methodology at 750 ◦C in O2. The 
crystalline quality is improved by the higher annealing temperature, 
thus the samples annealed at 750 ◦C were chosen for further photo
activity investigations. 

The photoactivity of the samples is evaluated by measuring the dis
colouration rate of a solution of MB in under UV and visible light irra
diation. It has been fitted by a first-order decay function and normalized 
by the sample area A (about 1 cm2). The discolouration rate K/A is re
ported in Fig. 4a for the different investigated samples. We refer to “Dye 
reference” for the dye solution without any samples, and “NWs” for the 
NW samples grown at 750 ◦C. In order to improve the photoactivity of 
the NWs, we deposited Pt nanoparticles on the surface of the samples. 
Nanoparticles are synthesized with a green and innovative technique 

Fig. 1. SEM images in plan-view of the TiO2 NWs grown at different temperatures 600◦ a) 650 ◦C b) 700 ◦C c) and 750 ◦C d) for a fixed annealing time of 1.5 hr. The 
marker is the same for all images. 

Fig. 2. SEM images in plan-view (a) and in cross-view (b) of the TiO2 NWs 
grown at 750 ◦C for 1.5 hr. 
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such as the laser ablation in liquid (water) as reported in [45] and are 
characterized by a diameter of 20 nm and are fully stable in water so
lution after the synthesis. Nanoparticles were deposited by the 
drop-casting method, forming small clusters randomly distributed [21]. 
It is worth noting that the amount of the nanoparticles is under the 
detection limit of either the XRD and EDX techniques and moreover 
Raman spectra show no peculiar features related to Pt NPs nevertheless, 
they are visible in the SEM images. 

In this work, we deposited nanoparticles on the front side or on the 
rear side of the sample. In Fig. 4a we report the photoactivity results of 
the degradation of MB dye with NWs enriched by Pt NPs. We called “Pt- 
rear” the NW samples grown at 750 ◦C and decorated with Pt NPs on the 
rear side while “Pt-front”, the NW samples grown at 750 ◦C and deco
rated with Pt NPs on the front side of the samples. As shown in Fig. 4a, 
samples enriched with the Pt NPs are more active than the NWs samples 
and, the most photoactive samples are the ones with Pt NPs deposited on 
the front side. It has important implications as it will be discussed in the 
next section. 

In Fig. 4a, the degradation rate of an NW sample annealed under 
forming gas (“NW+FG”) flow at 500 ◦C for 2 hrs was also reported. The 
photoactivity showed a three-times improvement than the “NWs” sam
ple. This sample is even more active than the Pt-front sample. The 
thermal annealing in a reductive environment (i.e., in our case forming 
gas), together with a low oxygen pressure, is well known to produce 
oxygen vacancies and/or Ti interstitials [28,29]. Moreover, the TiO2 
layer is in contact with the Ti layer and continuous injection of in
terstitials from the Ti layer to the TiO2 is expected. The consequence 
should be a higher electron concentration in the conduction band 
bringing an improved conductivity [23,24]. These effects influence 
positively the NW photoactivity allowing electrons to be transferred to 
the scavenging sites with more efficiency. 

3.2. Fe-doped nanowires 

The samples used in the previous experiments show poor activity 
when illuminated with visible light as will be shown in this paragraph. 
This fact limits the possible application of the investigated NWs. In order 
to induce photoactivity in the visible range, we synthesized Fe-doped 
TiO2 NWs. It was reported that Fe ion implantation in TiO2 increases 
the conductivity of the film, introduces band gap states near the con
duction band (able to absorb visible radiation), and thus increases the 
photoactivity in the visible range [44,50–54]. Nevertheless, in ion im
plantation methodology, a high flux of ions on the nanowires can cause 
the degradation of nano-structuration moreover even at low fluxes, this 
process introduces various kinds of defects such as vacancies and in
terstitials. Annealing (at high temperatures) is always necessary to 
restore the crystal quality, but it usually brings in the formation of 
complex defects (such as clusters and dislocation loops), with the 
consequent formation of deep levels. To avoid these difficulties, the 
strategy presente in the present paper is carried out. The ion implanta
tion has been performed on the titanium film before the oxidation and 
thus before the formation of TiO2 nanowires. In such a way, NWs grow 
from a substrate containing a defined amount of Fe, and so intrinsically 
doped. Fe+ ions with an energy of 150 keV and a fluence of 1.2 × 1016 

ion/cm2 were implanted into Ti films. The chosen energy allows to 
contain the whole iron-implanted profile within the Ti layer: the Fe 
projected range is ~ 80 nm and the range straggle ~ 35 nm as obtained 
by STRIM [55] simulation. After the ion implantation, nanowires were 
grown as usual. Tacking into account that the solubility of Fe in TiO2 is 
estimated to be 1% [56], Fe ions should diffuse uniformly in the oxide (i. 
e., into the 3 μm of TiO2 film and 1.7 μm of TiO2 NWs) and the final 
concentration can be estimated to be approximately 2.5 × 1019 ions/cm3 

(~ 0.1%). We checked the morphology and structure of the doped NWs. 
Two SEM images of the NWs formed with and without Fe doping are 
shown in the inset of Fig. 5. No actual difference is observed between 
these samples in SEM, Raman, EDX, and XRD measurements. Raman and 

Fig. 3. Optical characterization of samples annealed at 600, 650,700 ◦C and 750 ◦C. a) Apparent absorption (1-R)% and b) Raman spectra are shown.  

Fig. 4. a) UV-photocatalytic activity of different samples: Dye (without any catalyst), TiO2 NWs, NWs with Pt on the rear, NWs with Pt on the front, and NW treated 
with forming gas. b) Visible photocatalytic activity of different samples: Dye (without any catalyst), TiO2 NWs, NWs with Fe, NWs with Fe - FG- Pt on the front. The 
error bars represents the error in the reproducibility of the measurements. 
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XRD show that no change in the structure and vibration properties 
occurred in the doped samples compared to the undoped ones and no 
peaks related to the presence of iron are discernible in both cases. Only 
the UV-visible spectra and EDX spectra evidenced a small difference 
between the doped and undoped samples: In the EDX spectra, the 
presence of Fe peaks is detectable at about 6.5 KeV. The presence of iron 
also influences the UV-visible spectrum of NWs as compared with the 
undoped ones. In the UV-Visible spectra shown in Fig. 5, doped NWs 
show a higher base in the visible range and a different absorption offset 
at about 400 nm. The Fe-doped NW bandgap is evaluated to be about 
~2.8 eV, which is slightly smaller than the undoped samples (~3.2 eV). 

The Fe-doped NW photoactivity was then measured in the visible 
range. Fig. 6 shows the discolouration rate of the MB solution illumi
nated with visible radiation and the MB concentration as a function of 
time in the discolouration experiment, respectively. We measure a rate 
of 7.5 × 10− 6 s− 1cm− 2 for the NW samples, while the Fe-doped NWs 
have 11.0 × 10− 6 s− 1cm− 2, i.e.: “NWs Fe doped” showed an activity 1.5 
times higher than undoped NWs. 

In order to further improve the photocatalysis in the visible range, 
we modified the samples following the already discussed procedures: 
annealing in FG and the deposition of the Pt nanoparticles on the front 
side of the samples. An increment of about 2 times is observed in the 
discolouration rate: K/A increases from 11.0 × 10− 6 to 21.1 × 10− 6 

h− 1cm− 2 by FG and Pt treatments. It is worth noting that a 3-fold in
crease is achieved compared to the bare TiO2 NWs. This increase is due 
to either the Fe ions and the reduction due to the FG process. Although 
the Pt nanoparticles are present, their effect is considered to be less 
important than the effect of annealing in FG. 

4. Discussion 

Let’s now discuss some features observed in the experiments. Briefly, 
the photocatalytic process is a complex phenomenon starting with the 
absorption of a photon by TiO2 and the generation of an electron-hole 
couple. The photo-holes are transferred to liquid due to their high 
oxidation power while the photoelectrons accumulate into TiO2 making 
the Fermi level of the TiO2 more negative. An excess of electrons can 
thus recombine with holes non-radiatively or are transferred to solution 

through the dissolved molecular oxygen reduction (to superoxide, hy
droxyl ion, hydrogen peroxide or water) [1–2]. The higher the transfer 
of electrons to solution the higher the activity in the degradation of 
contaminants such as MB. Therefore, to improve the photoactivity, we 
can act on several basic steps of this process: we focus our attention on 
two main steps, the absorption of the photons and the transfer of elec
trons to the solution. 

Let’s consider now the doping. We wanted to improve the small 
absorption of visible radiation in TiO2 by doping. While TiO2 has a 
bandgap of 3.2 eV, the iron-doped TiO2 has a 0.4 eV lower value. This 
bandgap decrease can be related to the presence, in the Fe-doped TiO2 
NWs, of acceptor levels related to Fe+3 and donor Ti+3 states related to 
vacancies. Indeed, the introduction of iron (Fe+3) in TiO2 should be 
compensated by the formation of oxygen vacancies following the rela

tion Fe2O3 ̅̅̅̅→
2TiO2 2Fe− 1

Ti + 3OX
O + V+2

O where we used the Kröger–Vink 
notation, in a similar way to the In incorporation in TiO2 [57]. Radiation 
with an energy between 3.2 and 2.8 eV is allowed to be absorbed by the 
material. The photoactivity is, thus, improved as it is observed in Fig. 4b 
where “NWs with Fe” have a higher activity than the “NWs”. Forming 
gas treatment has a similar effect to that obtained with iron doping 
indeed hydrogen induces the formation of Ti+3 states with consequently 
improved activity for TiO2 [58]. This fact is evident in Fig. 4a where 
higher activity is observed after TiO2 reduction in the FG atmosphere. 

Another point to be considered is the effect of platinum. It is well 
known that Pt improves photoactivity, through the scavenging of elec
trons. Pt not only allows the formation of a Schottky junction at the 
metal/semiconductor interface but also, due to the high affinity of Pt 
with oxygen, catalyzes the oxygen reduction [49]. Interestingly, a large 
difference is found when the nanoparticles are deposited in the front or 
on the rear side of the sample as apparent in Fig. 4a. It shows that the 
rear side of the sample is not inert as is generally expected. On the 
contrary, the fact that deposition on the rear side improves the activity 
of the nanowires means that an electron current flows between the front 
and the rear side of the sample. In the case of the Pt nanoparticles 
deposited on the rear side, indeed a resistive voltage drop should be 
considered between the TiO2 nanowires and the rear side of the sample 
where the nanoparticles are deposited. This resistance is clearly due to 
the sum of the resistances of the TiO2 layer, the buried titanium layer, 
and the silicon substrate together with the contact resistance at the in
terfaces between these layers. The resistive voltage drops (related to the 
current between the front and the rear side) decrease (making it more 
positive) the Fermi level position of the nanoparticles on the backside of 
the sample. It also should reduce the over-potential on the rear side. 
Hence, the current that can be driven by the Pt nanoparticles decreases. 
This effect is absent for nanoparticles deposited on the front side, and 
thus they have a higher Fermi level position and a better scavenging 
effect, with improved activity. All the above-mentioned effects are 
exploited in the sample “NWs+Fe+FG+Pt front” which shows higher 
photoactivity in the visible range. 

5. Conclusions 

In conclusion, this paper presented the synthesis of TiO2 nanowires 
and investigated some strategies to enhance the photocatalytic activity 
in both UV and visible ranges. NWs are obtained with an Au-catalyzed 
growth in an oxygen environment. They are in the rutile phase (with a 
bandgap of 3.2 eV), are 90 nm in diameter and 1 µm in length. The 
photocatalytic properties were studied by using the degradation rate of 
the methylene blue dye. To enhance photoactivity in the UV range, Pt 
nanoparticles were loaded and further annealing in forming gas was 
performed. The enhancement was more than three-fold and was related 
to the scavenging effect of the electrons by Pt nanoparticles and the 
increase of the conductance of the reduced TiO2 phase. To activate the 
NWs in the visible range, TiO2 NWs were doped with Fe+ by ion im
plantation. The procedure is different from the commonly adopted one 

Fig. 5. UV-visible spectrum of the Fe-doped NWs compared with the undoped 
ones. Inset: SEM images of the NWs formed with and without the Fe doping. 
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in literature; indeed, we implanted the Fe+ ions into the Ti layer and 
then we realize the TiO2 NWs. In such a way, we avoid the defectiveness 
introduced by the ion implantation technique. The photocatalytic ac
tivity of the doped samples was measured and they showed a good ac
tivity in the visible range. Similarly to the case of un-doped samples, the 
activity of doped samples is enhanced (doubled) after both annealing in 
forming gas and Pt nanoparticles loading. 
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