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Abstract
Since 1970, TiO2 photocatalysis has been considered a possible alternative for sustainable water treatment. This is due to its material stability, abundance, nontoxicity and high activity. Unfortunately, its wide band gap (≈3.2 eV) in the UV portion of the spectrum
makes it inefficient under solar illumination. Recently, so-called “black TiO2” has been proposed as a candidate to overcome this
issue. However, typical synthesis routes require high hydrogen pressure and long annealing treatments. In this work, we present an
industrially scalable synthesis of TiO2-based material based on laser irradiation. The resulting black TiOx shows a high activity and
adsorbs visible radiation, overcoming the main concerns related to the use of TiO2 under solar irradiation. We employed a commercial high repetition rate green laser in order to synthesize a black TiOx layer and we demonstrate the scalability of the present methodology. The photocatalyst is composed of a nanostructured titanate film (TiOx) synthetized on a titanium foil, directly backcontacted to a layer of Pt nanoparticles (PtNps) deposited on the rear side of the same foil. The result is a monolithic photochemical diode with a stacked, layered structure (TiOx/Ti/PtNps). The resulting high photo-efficiency is ascribed to both the scavenging
of electrons by Pt nanoparticles and the presence of trap surface states for holes in an amorphous hydrogenated TiOx layer.

Introduction
The interest in titanium dioxide dates back in 1972, thanks to
the pioneering work of Honda and Fujishima [1]. TiO2 has been
widely used for both water splitting and mineralization of
organic contaminants in solution [2]. The applications range

from third generation solar cells [3] to material for air or water
purification [4] to antifogging and self-cleaning surfaces [5,6].
The main advantage of this material is its high inertness (even
in a corrosive environment), stability, abundance and nontoxi-
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city. Nevertheless, its exploitation in environmental remediation, and in particular in water purification, is relatively limited
due to its wide band gap (≈3.2 eV). This means that only 5% of
the incoming solar radiation can be readily employed for water
decontamination. In order to enhance the photocatalytic performance of TiO2 under visible (solar) irradiation, many efforts
have been made in the last years, ranging from doping with N,
C and transition metals [7-9], to coupling with narrow band gap
semiconductor quantum dots [10], to the use of metal grafting
[11-14] or plasmonic metal nanostructures [15-19] and the preparation of oxygen-deficient and/or hydrogen-rich TiOx [20-22].
We are interested, in particular, in this last approach.

were investigated. Moreover, we fabricated a photochemical
diode with remarkable activity for the degradation of pollutants
in water. The device is created by depositing a layer of Pt nanoparticles (PtNps) on the rear side of the TiOx/Ti substrate, producing a monolithic electrochemical cell [22]. The device
consists of a stacked, layered structure: TiOx/Ti/PtNps. The
photo-activity of the material is related to the trapping and scavenging of holes due to the amorphous black layer and to the
scavenging of electrons caused by the presence of the PtNp
layer.

Experimental
Preparation

Hydrogenated black TiO2 has attracted attention due to its low
band gap and large optical absorption [20,21] in the visible and
IR spectral range. This material has also encouraged theoretical
studies due to its peculiarities related to the hydrogen insertion.
In the case of TiO2 nanoparticles, hydrogen induces the amorphization of a layer at the surface and the creation of acceptor
states. These states are responsible for the visibly dark
coloration and, consequently, for sunlight absorption [23].
Unfortunately, this material is not suitable for industrial implementation since it requires up to 20 bar of hydrogen pressure
and up to 15 days of annealing treatment, according to the most
common synthesis techniques [21]. Recently, we proposed laser
ablation in water as a synthesis route for efficient TiO2-based
catalysts by using a high energy 1064 nm wavelength laser
[22,24,25].

The synthesis of the TiOx film was performed by irradiating a
titanium metal foil (Goodfellow, purity 99.9%, as rolled) by a
diode-pumped Nd:YVO 4 laser operating at wavelength of
532 nm, a repetition rate of 20 kHz, and a pulse duration of
15 ns to give a fluence of 2.0 J/cm2. The scanning speed was
kept at 100 mm/s. The laser was focused using a lens (focal
length of 20 cm), on the bottom of a vessel filled with 9 mm of
deionized Milli-Q water (resistivity 18 MΩ·cm) above the
sample. The sample was irradiated at a fluence of 2 J/cm2. A
schematic representation of the sample preparation procedure is
shown in Figure 1. During laser irradiation, TiO2 nanoparticles
were obtained in solution, as also reported in a previous publication [24,26], and a thin black layer of TiOx was formed on the
top of the Ti foil (Figure 1a). The samples have a surface area
of 0.7 cm2.

In the present work, we focus our attention on the synthesis of a
nanostructured, black TiOx film on a Ti foil (TiOx/Ti) by using
a high repetition rate green laser commonly used in industry and
metallurgy. This laser has a shorter wavelength (532 nm vs
1064 nm) and a fluence (2 J/cm2 vs 20 J/cm2) and pulse energy
(10 mJ/pulse vs 1 J/pulse) of an order of magnitude lower than
our previously presented methodology [22]. We demonstrate
the scalability of the reported methodology and open up the
possible further exploitation of such a technology. In fact,
several differences arose with respect to our previous work,
mainly regarding the morphology and crystallinity of the obtained film. However, variations were not observed in the composition (stoichiometry) or the optical and catalytic properties
of the material. In the present work, we are working near the
threshold for the formation of the black layer of TiOx. This
means that the laser supplies enough energy to induce melting
and oxidation on the metallic titanium surface and, at the same
time, the process is fast enough to allow the formation of substoichiometric oxides. We have demonstrated that the proposed
methodology allows for the successful synthesis of a black TiOx
material suitable for water purification applications. The morphological, structural and optical properties of the film surface

The synthesis of platinum nanoparticles (PtNps) was performed
by pulsed laser ablation in liquid by irradiating a Pt metal foil
(Sigma Aldrich, purity 99%) with a Nd:YAG laser (Giant
G790-30) at 1064 nm (10 ns pulse duration, 10 Hz repetition
rate). The laser was focused using a lens (focal length of 20 cm)
on the bottom of a Teflon vessel filled with 5 mL of deionized
Milli-Q water (resistivity 18 MΩ·cm). The sample was irradiated at a fluence of 20 J/cm2. Pt nanoparticles, dispersed in
water, are stable for some months. The synthesis of Pt nanoparticles is represented in Figure 1b.
Samples for photo-degradation tests were realized by depositing
some drops (about 2 mL) of the PtNps solution on the rear side
of the titanium foil at 90 °C and waiting for evaporation of the
water. A continuous layer of platinum nanoparticles adhered to
the substrate is formed, leading to the black-TiO x /Ti/PtNp
multilayer structure depicted in Figure 1c.

Methods
SEM images were acquired by using a field emission SEM
(Gemini Zeiss SUPRATM25) at a working distance of 5–6 mm,
using an electron beam of 5 keV and SE detector.
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Figure 1: Schematic representation of the sample preparation steps: (a) laser irradiation of the Ti foil in order to form the black TiOx layer;
(b) synthesis of Pt nanoparticles via laser ablation in water; (c) schematic representation of the black TiOx/Ti/PtNp multilayer structure after the deposition of the Pt nanoparticles on the rear side of the irradiated Ti foil.

The UV–vis spectrum was collected using a Perkin-Elmer
Lambda40 spectrometer in the wavelength range 350–900 nm
with an integrating sphere (Labsphere 20). The IR spectra were
collected using an FTIR spectrometer (Perkin-Elmer Spectrum
1000) in the range 350–7000 cm−1. The absorbance was calculated with the formula: A = 100 – R where R is the reflectivity
as percentage.
The crystalline structure of the Ti and TiOx/Ti samples was determined by grazing angle (0.5°) X-ray diffraction by using a
Bruker D-9000 instrument (Cu Kα) and Bruker diffraction suite
software for the diffraction analysis.
Rutherford backscattering spectrometry (RBS) measurements
were run using a 2 MeV He+ beam with a scattering angle of
165° in normal incidence. The RUMP software was employed
for the analysis of the RBS spectra.
In order to evaluate the photocatalytic activity of the TiOx nanostructured film, the methylene blue (MB) discoloration test was
performed [24]. The apparent photon efficiency in the UV range
was calculated according to ISO10678:2010 [27]. The quantum
efficiency (QE) was calculated as the ratio between the apparent
photon efficiency and the measured absorbance in the wavelength range of the light source. QE represents the ratio between the number of molecules degraded for unit of time (and
area) and the number of photons adsorbed by the sample per
unit of time (and area). The UV light source (TL 8W BLB 1FM,
Philips) spectrum was centred at 368 nm with a FWHM of less
than 10 nm, the measured irradiance was about 1.5 mW/cm2.

Results and Discussion
When a high energy, nanosecond laser pulse is focused on a Ti
foil, a hot plasma plume forms on the metal surface. The plasma
is characterized by high temperature and pressure (≈4700 °C
and ≈107 Pa, respectively) [28]. The plume expansion is slowed
down by the presence of liquid. As a consequence, inside the
plasma, high temperature and pressure are maintained for
several μs. Water dissociates and reacts with titanium atoms
ejected from the target, realizing H–Ti–Ox. In addition, a cavitation bubble appears, expands, shrinks and collapses in the
timescale of hundreds of μs. The collapse is a complex phenomenon that terminates by depositing a layer of titanium oxides on
the Ti target [24,28,29]. The redeposited material is black in
colour. The effect of the laser irradiation on the titanium foil is
reported in Figure 2. In the left side of Figure 2, the irradiated
zone is the black square of the sample. The surface morphology,
as reported by SEM, reveals that after irradiation, the black surface is uniformly covered by small structures (Figure 2 centre).
A high magnification image (Figure 2 right) shows that they
consist of cavities and grain boundaries. It is worth noting that
the nanostructure of the film appears similar to the case of irradiation under 1064 nm wavelength [22]. However, in the
present condition, the holes on the surface of the irradiated sample appear to be concentrated at the grain boundaries generated
on the surface by the laser annealing.
RBS spectra clearly show the presence of oxygen in the irradiated zone, as indicated in Figure 3. The spectra of the black
TiOx film and the Ti target are reported together with the simulation of their profiles. Close to the surface of the irradiated
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Figure 2: Left: Photograph of the irradiated sample. Middle: low-magnification SEM image of the surface after laser irradiation. Right: High-magnification image of the surface of black TiOx.

Figure 3: RBS spectra of the TiOx film and the Ti target. Arrows indicate signals coming from titanium and oxygen, respectively. Simulations of the spectra are also reported. Left lower side: a schematic
representation of the irradiated sample is reported.

Figure 4: XRD spectra of the TiOx/Ti film and the Ti foil (before irradiation). The main characteristic peaks of titanium are indicated. The main
feature of the black TiOx sample is the pronounced amorphous signal
observed at low scattering angles.

sample, substoichiometric titanium oxides (such as TiO and
Ti2O3) are revealed by the RUMP simulation [30]. It is observed that the oxygen content decreases to negligible values
going from the surface to the inner part of the sample. The RBS
profile implies a change in stoichiometry from TiO2 on the surface to bulk Ti. The oxidation profile cannot steadily be
extracted from the simulation (owing to the complex morphology of the sample). Nevertheless, the average layer thickness can
be estimated to be roughly 400 nm.

The absorbance spectra (1 − R %) of the black TiOx film is reported in Figure 5. The measured absorbance is higher than
90% in the range from 0.35 to 5 eV (from 3.5 to 0.25 µm in
wavelength). The high absorption and black coloration is
ascribed to reduced oxidation states of Ti (electrons in the Ti 3d
states) and to the presence of H in association with an oxygen
vacancy [23]. It is worth noting the obtained black TiOx has
very high absorbance in the full range of solar radiation: in particular, solar radiation spans from 0.5 eV (2.5 µm) to 5 eV
(250 nm).

In Figure 4, the XRD spectra of the TiOx film is shown. In the
same figure the spectra of the Ti substrate is shown for comparison. The peaks at about 35°, 38°, 40°, and 53° are apparent in
both spectra and they are related to the metallic Ti substrate.
The presence of an amorphous phase is clearly recognizable in
the spectrum in the low angle range. We ascribe such signal to
an amorphous titanium oxide layer.

Although it depends on other concomitant surface processes,
photocatalytic activity benefits from the high absorption in
UV–vis and IR ranges. Indeed, the presence of hydrogen (either
interstitial, in TiH or in OH complexes) can effectively enhance the photocatalytic performance of the film [2,6,2022,24,25]. Furthermore, H-rich zones on the surface can enhance electron scavenging, preventing recombination [2].
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above result, a quantum efficiency of 0.041% is calculated for
the decolouration of methylene blue in water. It is worth noting
that the UV quantum efficiency for the TiOx/Ti/PtNp sample is
higher than that reported for standard commercial photocatalytic glass (0.025%) [32].

Figure 5: Absorbance spectra of the TiOx/Ti film in the IR, visible and
UV spectral range.

In the present work, the photocatalytic activity is measured by
using the methylene blue (MB) discoloration method [27]. Samples for discolouration measurements were prepared by sandwiching the Ti substrate between a TiOx layer (irradiated surface) and a Pt nanoparticle layer, thus realizing a TiOx/Ti/PtNp
monolithic chemical diode. The Pt nanoparticles were 20 nm in
diameter [29,31] as measured by dynamic light scattering. They
were deposited on the rear side of the sample as shown in
Figure 1b and discussed in the experimental section. In
Figure 6, the concentration of MB under UV irradiation in the
presence of black TiOx material (black) and without the photocatalyst (green) are reported. The MB concentration follows a
pseudo first-order kinetic law in the first 10 hours of irradiation.
The discoloration rate constant k is measured by fitting the
curve in Figure 6 with the following formula: C/C0 = e−kt. A
discoloration rate k of 0.22 ± 0.01 and 0.01 ± 0.01 h−1·cm−2 was
measured for TiOx/Ti/PtNps and MB, respectively. By using the

The photo-activity is mainly due to oxidation of MB molecules
adhered to the surface of the TiOx [12]. This reaction is mainly
mediated by holes. In a photocatalytic process driven by titania,
electrons have to be transferred (contemporaneously to holes) to
the solution in order to maintain charge neutrality in solution.
An accumulation of electrons in the material causes an increase
of the Fermi level and an increase of the recombination rate of
e–h couples, with a consequent decrease of the photo-activity.
Despite some controversial debates in the literature in the past
years (mainly regarding the potential activity of the amorphous
phase), it has been recently reported that both the presence of an
amorphous phase or different crystalline phases (i.e., anatase
and rutile, as in the case of the Evonik Aeroxide P25®, the
former Degussa-P25® powder) can be beneficial in terms of
photocatalytic activity [20,24]. In the material presented in this
work, the crystalline content is highly reduced (if not absent)
with respect our previous work [22]. Regardless, the catalytic
performance is remarkable, thus indicating that the role of electron scavenging is the key to prevent recombination and boost
the photochemical reactions occurring at the surface. We realized a platinum nanoparticle layer in order to favour the scavenging of electrons due to the high affinity of Pt with oxygen
[33] and the high surface/mass ratio of the nanoparticle layer.
We observed the presence of a series of substoichiometric
oxides (as reported by RBS analysis) that allows for good electrical contact between the black TiOx surface and the Pt nanoparticle layer on the rear side of the film through the metallic
titanium substrate. A higher photo-activity is achieved when
holes interact with adhered molecules on the surface by means
of surface trap states. In amorphous TiOx, free holes interact
with Ti+4 cation surface trap states [12], superficial Ti interstitials [34,35], or hydrogen complexes (realised during the synthesis of the material). These defects on the surface favour the
trapping of holes in specific superficial sites and facilitate the
interaction with adhered molecules.

Conclusion

Figure 6: UV discoloration of methylene blue (MB) dye in the presence of TiOx/Ti/Pt foil. The discoloration of a MB solution without
photocatalyst is also reported for comparison purposes.

In conclusion, we have proposed a new, simple, scalable and
environmentally friendly methodology for synthesizing black
TiOx by using laser irradiation in liquid. We used a commercial,
industrial laser with a high repetition rate in order to synthetize
black TiOx. We also noted that this methodology has important
advantages with respect to the commonly used synthesis techniques. The obtained material has an extremely high absorbance in the IR, visible and UV spectral range. Although it is
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composed of amorphous titanium oxide, it is able to degrade
pollutants (methylene blue) dissolved in solution at a high rate
(QE = 0.041%). This high activity is ascribed to the presence of
trap states for holes in the illuminated surface and the a stacked,
layered structure (TiOx/Ti/PtNps) in which the Pt nanoparticle
layer (on the rear side of the sample) permits the scavenging of
electrons.

18. Cacciato, G.; Bayle, M.; Pugliara, A.; Bonafos, C.; Zimbone, M.;

Acknowledgements

21. Chen, X.; Liu, L.; Huang, F. Chem. Soc. Rev. 2015, 44, 1861.

This research has been supported by the FP7 European
Project WATER (Grant Agreement n. 316082). The
Government of Spain is acknowledged for the Mobility Grant
of Senior Professors and Researchers (MAT2015-71459-C2-P,
Grant PRX15/00088).

22. Zimbone, M.; Cacciato, G.; Sanz, R.; Carles, R.; Gulino, A.;

Privitera, V.; Grimaldi, M. G.; Carles, R. Nanoscale 2015, 7,
13468–13476. doi:10.1039/C5NR02406D
19. Scuderi, V.; Impellizzeri, G.; Romano, L.; Scuderi, M.; Brundo, M. V.;
Bergum, K.; Zimbone, M.; Sanz, R.; Buccheri, M. A.; Simone, F.;
Nicotra, G.; Svensson, B. G.; Grimaldi, M. G.; Privitera, V. Nanoscale
2014, 6, 11189–11195. doi:10.1039/C4NR02820A
20. Chen, X.; Liu, L.; Yu, P. Y.; Mao, S. S. Science 2011, 331, 746.
doi:10.1126/science.1200448

References
1. Fujishima, A.; Honda, K. Nature 1972, 238, 37–38.
doi:10.1038/238037a0
2. Fujishima, A.; Zhang, X.; Tryk, D. A. Surf. Sci. Rep. 2008, 63, 515–582.
doi:10.1016/j.surfrep.2008.10.001
3. Grätzel, M. J. Photochem. Photobiol., C 2003, 4, 145–153.
doi:10.1016/S1389-5567(03)00026-1
4. Miyauchi, M.; Irie, H.; Liu, M.; Qiu, X.; Yu, H.; Sunada, K.;
Hashimoto, K. J. Phys. Chem. Lett. 2016, 7, 75–84.
doi:10.1021/acs.jpclett.5b02041
5. Guldin, S.; Kohn, P.; Stefik, M.; Song, J.; Divitini, G.; Ecarla, F.;
Ducati, C.; Wiesner, U.; Steiner, U. Nano Lett. 2013, 13, 5329–5335.
doi:10.1021/nl402832u
6. Hashimoto, K.; Irie, H.; Fujishima, A. Jpn. J. Appl. Phys., Part 1 2005,
44, 8269. doi:10.1143/JJAP.44.8269
7. Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Science 2001,
293, 269. doi:10.1126/science.1061051
8. Litter, M. I. Appl. Catal., B 1999, 23, 89–114.
doi:10.1016/S0926-3373(99)00069-7
9. Khan, S. U. M.; Al-Shahry, M.; Ingler, W. B., Jr. Science 2002, 297,
2243. doi:10.1126/science.1075035
10. Robel, I.; Subramanian, V.; Kuno, M.; Kamat, P. V. J. Am. Chem. Soc.
2006, 128, 2385–2393. doi:10.1021/ja056494n
11. Yu, H.; Irie, H.; Hashimoto, K. J. Am. Chem. Soc. 2010, 132,
6898–6899. doi:10.1021/ja101714s
12. Liu, M.; Inde, R.; Nishikawa, M.; Qiu, X.; Atarashi, D.; Sakai, E.;
Nosaka, Y.; Hashimoto, K.; Miyauchi, M. ACS Nano 2014, 8,
7229–7238. doi:10.1021/nn502247x
13. Dette, C.; Pérez-Osorio, M. A.; Kley, C. S.; Punke, P.; Patrick, C. E.;
Jacobson, P.; Giustino, F.; Jung, S. J.; Kern, K. Nano Lett. 2014, 14,
6533–6538. doi:10.1021/nl503131s
14. Beranek, R.; Kisch, H. Photochem. Photobiol. Sci. 2008, 7, 40–48.
doi:10.1039/B711658F
15. Linic, S.; Christopher, P.; Ingram, D. B. Nat. Mater. 2011, 10, 911–921.
doi:10.1038/nmat3151

doi:10.1039/C4CS00330F
Privitera, V.; Grimaldi, M. G. Catal. Commun. 2016, 84, 11–15.
doi:10.1016/j.catcom.2016.05.024
23. Mo, L.-B.; Wang, Y.; Bai, Y.; Xiang, Q.-Y.; Li, Q.; Yao, W.-Q.;
Wang, J.-O.; Ibrahim, K.; Wang, H.-H.; Wan, C.-H.; Cao, J.-L. Sci. Rep.
2015, 5, 17634. doi:10.1038/srep17634
24. Zimbone, M.; Buccheri, M. A.; Cacciato, G.; Sanz, R.; Rappazzo, G.;
Boninelli, S.; Reitano, R.; Romano, L.; Privitera, V.; Grimaldi, M. G.
Appl. Catal., B: Environ. 2015, 165, 487.
doi:10.1016/j.apcatb.2014.10.031
25. Zimbone, M.; Cacciato, G.; Buccheri, M. A.; Sanz, R.; Piluso, N.;
Reitano, R.; La Via, F.; Grimaldi, M. G.; Privitera, V.
Mater. Sci. Semicond. Process. 2016, 42, 28–31.
doi:10.1016/j.mssp.2015.09.012
26. Zimbone, M.; Musumeci, P.; Baeri, P.; Messina, E.; Boninelli, S.;
Compagnini, G.; Calcagno, L. J. Nanopart. Res. 2012, 14, 1308.
doi:10.1007/s11051-012-1308-4
27. ISO:10678 "Determination of photocatalytic activity of surfaces in an
aqueous medium by degradation methylene blue".
28. Sasaki, K. Dynamics of Liquid-Phase Laser Ablation. In Laser ablation
in liquids: principles and applications in the preparation of
nanomaterials; Yang, G., Ed.; CRC Press: Boca Raton, FL, U.S.A.,
2009; pp 269–295.
29. Di Mauro, A.; Zimbone, M.; Scuderi, M.; Nicotra, G.; Fragalà, M. E.;
Impellizzeri, G. Nanoscale Res. Lett. 2015, 10, 484.
doi:10.1186/s11671-015-1126-6
30. Doolittle, L. R. Nucl. Instrum. Methods Phys. Res., Sect. B 1986, 15,
227–231. doi:10.1016/0168-583x(86)90291-0
31. Messina, E.; Donato, M. G.; Zimbone, M.; Saija, R.; Iatì, M. A.;
Calcagno, L.; Fragalà, M. E.; Compagnini, G.; D’Andrea, C.; Foti, A.;
Gucciardi, P. G.; Maragò, O. M. Opt. Express 2015, 23, 8720–8730.
doi:10.1364/OE.23.008720
32. Fateh, R.; Dillert, R.; Bahnemann, D. ACS Appl. Mater. Interfaces
2014, 6, 2270–2278. doi:10.1021/am4051876
33. Young Park, J.; Renzas, J. R.; Contreras, A. M.; Somorjai, G. A.
Top. Catal. 2007, 46, 217–222. doi:10.1007/s11244-007-0331-7
34. Gopal, N. O.; Lo, H.-H.; Sheu, S.-C.; Ke, S.-C. J. Am. Chem. Soc.
2010, 132, 10982–10983. doi:10.1021/ja909901f
35. Wendt, S.; Sprunger, P. T.; Lira, E.; Madsen, G. K. H.; Li, Z.;
Hansen, J. Ø.; Matthiesen, J.; Blekinge-Rasmussen, A.;
Lægsgaard, E.; Hammer, B.; Besenbacher, F. Science 2008, 320,
1755–1759. doi:10.1126/science.1159846

16. Hou, W.; Cronin, S. B. Adv. Funct. Mater. 2013, 23, 1612–1619.
doi:10.1002/adfm.201202148
17. Cacciato, G.; Ruffino, F.; Zimbone, M.; Reitano, R.; Privitera, V.;
Grimaldi, M. G. Mater. Sci. Semicond. Process. 2016, 42, 40–44.
doi:10.1016/j.mssp.2015.07.074

201

Beilstein J. Nanotechnol. 2017, 8, 196–202.

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which
permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)
The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.8.21

202

