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a b s t r a c t
We report a detailed spectroscopic study of Ti3+ self-doped TiO2 nanowires prepared by high temperature annealing of the protonated titanate nanowires (TiONW) in hydrogen atmosphere. Hydrogenation
causes a color change from white to cyan and a major increase of photocatalytic activity. Combination
of synchrotron X-ray diffraction and Rutherford backscattering spectrometry revealed that the bulk of
the protonated titanate and Ti3+ self-doped titania is identical. Raman spectroscopy combined with local
laser heating indicated the presence of optically active states in the hydrogenated TiO2 nanowires. Using
multi-frequency electron paramagnetic resonance spectroscopy (EPR), the presence of Ti3+ surface states
on the cyan titania nanowires is conﬁrmed. We argue that these surface point defects are responsible for
enhanced visible light absorption and improved their photocatalytic performance.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Since the discovery that titanium dioxide (TiO2 ) can be applied
as a catalyst for water-splitting, over 100 photocatalysts have been
found [1]. Amongst these materials, the most intensive research
interest is related to titanium dioxide due to its stability in a broad
range of chemical environments and its environmental friendliness. The applications of photocatalysis vary from environmental
cleanup and clean H2 energy production to solar cells [2–5]. In the
photoactivation mechanism, photogenerated carriers are formed
upon the absorption of light. In the valence band, the photogenerated holes migrate to the surface and react with adsorbed water,
leaving hydroxyl radicals (OH− ) behind, and oxidizing nearby
organic molecules. Photogenerated electrons react with molecular
oxygen to produce superoxide radical anions (O2 − ). The majority
of photogenerated carriers, however, recombine on bulk or surface
defects, yielding low photoactivation efﬁciencies [6].
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The efﬁciency of photocatalytic processes in TiO2 can be
increased either by lowering the large, 3.2 eV bandgap (390 nm), by
reducing the recombination of photogenerated electrons and holes,
or by using mixed-phase TiO2 . In several studies [7–9], bandgap
engineering was achieved by adding dopant ions. The thermal
instability and the increased number of recombination centers in
these materials, however, pose difﬁculties for this method. Selfdoped, pure TiO2 might overcome these limitations. Tao et al. [10]
synthesized a new surface phase with 2.1 eV bandgap in rutile TiO2 .
High-pressure hydrogenation resulted in black TiO2 nanoparticles
with only 1.0 eV bandgap [11].
Degussa P25, which became a standard material in the ﬁeld of
photocatalytic reactions, contains anatase and rutile nanoparticles
[12]. The intimate contact of the two phases is believed to be at the
origin of its efﬁciency. The lower bandgap of rutile helps to improve
light harvesting efﬁciency, and closeness of wider bandgap anatase
helps separate photoexcited electron-hole pairs, giving them time
to do redox chemistry [13]. The photocatalytic activity of Degussa
P25, however, might be overcome by the long one-dimensional titania nanowires possessing larger speciﬁc surface area depending on
the synthesis process and the annealing methods [14].
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Alternatively, the engineering of the number of surface and
bulk defects can decrease the recombination, leading to better
photocatalytic properties. The relevance of the defects has been
shown both theoretically [15] and experimentally by scanning
tunneling microscopy and electron paramagnetic resonance (EPR)
[16,17]. In a positron annihilation study, Kong et al. [18] pioneered
the investigation of the effect of the surface to bulk defect ratio.
Decreasing the relative concentration of the bulk defects to the
number of surface defects signiﬁcantly improves the electronhole separation, thus signiﬁcantly enhances the photocatalytic
efﬁciency. Several methods have been developed to increase the
Ti3+ surface state concentration and to control the dimensionality of TiO2 : thin ﬁlms with strong oxygen sub-stoichiometry
[19], rutile TiO2 nanocrystals with desired facets [20], and onedimensional titanium dioxide architectures [21] were found to
result in increased photoactivity. More recently, two-photon photoemission spectroscopy studies combined with density-functional
theory calculations revealed that the Jahn-Teller induced splitting
of the 3d orbitals of Ti3+ is responsible for the enhancement of the
photoactivity [22].
Herein, we compare the structure and photocatalytic activity of
the hydrogen- and oxygen-annealed protonated titania nanowires.
We observed that the hydrogenation of the H2 Ti3 O7 results in better
titania photocatalytic activity. Detailed synchrotron X-ray diffraction (XRD) and Rutherford backscattering spectrometry (RBS)
measurements of the cyan and white titania do not ﬁnd any difference in their bulk structure. The EPR spectrum of the cyan colored
hydrogenated titanium dioxide nanowires is dramatically different from that of white colored titanium dioxide nanowires. The
new EPR line that emerges in H:TiO2 NW is assigned to Ti3+ surface
states.

2. Experimental methods
Protonated titanate (H2 Ti3 O7 ) nanowires were prepared by a
two-step hydrothermal process. The details about the typical synthesis procedure are given elsewhere [5]. The white powder of
layered protonated titanate nanowires (TiONW) is heat treated
in H2 ﬂow at 600 ◦ C for 1 h. The cyan colored hydrogenated titanium oxide nanowire (H:TiO2 NW) product was cooled fast to room
temperature. Heat treatment of cyan H:TiO2 NW in air at 350 ◦ C
for 30 min resulted in white TiO2 NW. The color change from cyan
to white is instantaneous upon heat treatment. Thermogravimetric analysis (TGA) of H:TiO2 NW showed that the color change is
followed by oxygen uptake at ∼250 ◦ C (see Supporting information).
The same samples can be transformed between TiO2 NW and
H:TiO2 NW forms reversibly allowing the study of the same sample
in both forms. The speciﬁc surface area of H:TiO2 NW, TiO2 NW, and
Degussa P25 is measured by the BET method [5], and found to be
60 m2 /g, 60 m2 /g, and 50 m2 /g, respectively.
Scanning electron microscope (SEM) images were taken with a
MERLIN Zeiss electron microscope.
To measure electrical resistivity an assembly of nanowires was
pressed to form a pellet. The samples were contacted by silver
paste and gold wires. Four-point resistivity measurements were
realized by using Measuring Unit Keithley 236 that is capable to
measure highly resistive samples. The measurements were done
independently in two operating modes: i) applying current and
measuring potential difference between two ends of the sample and ii) applying voltage and measuring the electrical current
through the sample. Within the experimental error the same results
were obtained.
Photocatalytic properties of the commercial Degussa P25, the
TiO2 NW and the H:TiO2 NW samples were examined by the mea-
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surement of the decomposition rate of methyl orange in the
presence of the photocatalysts. The samples (10 mg) were immobilized on porous alumina membranes (47 mm diameter) by
suspension making and subsequent ﬁltration [23].
To compare the photocatalytic activity of Degussa P25, the
TiO2 NW, and the H:TiO2 NW samples, the photocatalysts were
placed in the reactor and immersed with 10 ml of 20 mg/l methyl
orange water solution. We used an ultraviolet lamp as a light source
with a light intensity of 40 mW/cm2 .
To prove the stability of the H:TiO2 NW sample, we performed
repetitive photocatalytic degradation tests. The photocatalyst was
immersed with 10 ml of 10 mg/l methyl orange water solution. We
used a light intensity of 160 mW/cm2 .
Before irradiation, the suspension was constantly stirred for
30 min in the dark to reach equilibrium adsorption of the methyl
orange on the samples. After the dark adsorption period, a ﬁrst sample was taken to determine the initial (C0 ) concentration of the
dye. The methyl orange concentration was monitored by measuring the change of the maximum absorbance at the wavelength of
508 nm using a UV–vis spectrophotometer (Carry 50 scan) under
the illumination of a mercury lamp (Hamamatsu LC5, 365 nm).
XRD was done on powder samples at the Swiss-Norvegian
beamline at the wavelength of  = 0.70135 Å. The experimental
proﬁle has been ﬁtted by the Rietveld reﬁnement of all indicated
structures.
Raman measurements were done at 532 nm using a commercial
LabRam spectrometer. The spectrometer was operated with a 600
grooves/mm grating. A typical 0.1 mW laser power was used with
a built-in microscope (Olympus LMPlan 50/0.50 inf./0/NN26.5),
which yields about 2 × 2 m2 spot. In situ local laser-heating
experiments were also performed by increasing the Raman laser
power.
The compositions of the samples were characterized by
Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil
Detection Analysis (ERDA), using the Hungarian Ion-beam Physics
Platform accelerator in Budapest. The ion beam of 1620 keV 4 He+
obtained from a 5 MeV Van de Graaff accelerator was collimated
with 2 sets of four-sector slits to the necessary dimensions of
0.2 × 1 mm2 . The typical ion current was 8 nA as measured by
a transmission Faraday cup [24]. To stop the forward scattered
4 He+ ions, a Mylar foil of 6 m thickness was applied before the
ERDA detector. The sample analysis always started with ERDA measurements performed simultaneously with RBS at tilt, recoil and
scattering angles of 80◦ , 20◦ , and 165◦ , respectively. To determine
the hydrogen loss from the samples during the ERDA experiments
20 spectra were recorded with a dose of 0.2 C. After the ERDA
measurements, the RBS experiment was repeated at a 30◦ tilt with
a dose of 20 C. The sample spectra were simulated with the same
layer structure using the RBX program [25].
SQUID measurements were performed on a MPMS-5T magnetometer following the zero-ﬁeld-cooled/ﬁeld-cooled (ZFC/FC)
magnetization measurements. Magnetization hysteresis loops
were measured at T = 4.2 K.
EPR measurements were done at several frequencies in the
9.4–420 GHz range. X-band (9.4 GHz) EPR measurements were
performed on a commercial Bruker Elexsys E500 spectrometer.
Measurements in the 105–420 GHz frequency range were carried
out on a home-made quasi optical spectrometer [26,27]. The high
sensitivity of the millimeter-wave setup allows detection of ppm
concentration of paramagnetic centers [28–31]. The possibility to
observe EPR at different frequencies allows the precise determination of microscopic properties of the EPR centers [32–36]. We
used Mn:MgO with a known (1.5 ppm) Mn2+ concentration as a gfactor and intensity standard. The absolute spin-susceptibility was
calculated as described elsewhere [37].
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Fig. 1. a) A representative SEM micrograph of an individual titanium oxide nanowire. b) SEM image of the surface of a representative titanium oxide nanowire ﬁlm immobilized
on porous alumina membrane. c) Photographs of TiO2 NW and H:TiO2 NW ﬁlms immobilized on porous alumina membrane. d) Normalized concentration of methyl orange
as a function of irradiation time determined in the presence of Degussa P25, TiO2 or H:TiO2 NW. Solid lines are exponential ﬁts assuming that the photocatalytic reaction
follows ﬁrst-order reaction kinetics. Inset: Rate constant of H:TiO2 NW calculated from repetitive degradation tests indicating the stability of the surface defects.

3. Results and discussion
White (TiO2 NW) and cyan (H:TiO2 NW) powder samples were
prepared (see Fig. 1c) by thermal treatment in hydrogen of H2 Ti3 O7
and calcination of H:TiO2 NW in air, respectively. As can be seen on
the SEM micrographs (Fig. 1a and b), both samples were aggregates
of nanowires with lengths varying between 1 and 5 m and with
an average diameter of about 60 nm. The photocatalytic properties
of TiO2 NW and H:TiO2 NW were measured via the photocatalytic
degradation of methyl orange in the presence of the photocatalysts and were compared to that of the Degussa P25 reference.
Fig. 1d shows the dependence of C/C0 on irradiation time. Here,
C and C0 stand for the concentration of methyl orange at a given
irradiation time and before irradiation, respectively. We assume
that the photocatalytic activity follows ﬁrst-order reaction kinetics, and the time dependence of C/C0 can be ﬁtted to a single
exponential with a rate constant k (ln[C0 /C] = kt) [38,39]. Comparison of the rate constants of the TiO2 NW (k = 2.7 × 10−3 1/min),
H:TiO2 NW (k = 1.1 × 10−2 1/min), and Degussa P25 (k = 1.7 × 10−2
1/min) indicates that hydrogenation leads to a signiﬁcant increase
of the photocatalytic performance, approaching the photoactivity
observed for Degussa P25. A similar substantial enhancement of
the photocatalytic activity has been found by Chen et al. [11] upon
hydrogenation of TiO2 nanocrystals owing to the surface-disorder.
The surface deﬁciencies in our sample do not change as a function of time and under repetitive photocatalytic degradation tests.
As a function of irradiation time, photocatalytic degradation could
be satisfactorily ﬁtted with a single exponential rate constant for
long irradiation times (see Supporting information) [11]. Furthermore, repetitive photocatalytic degradation tests reveal the unique
stability of the surface defects in H:TiO2 NW (see inset of Fig. 1d and
Supporting information) [40]. This observation is conﬁrmed by the

Fig. 2. X-ray diffraction proﬁles of TiO2 NW and H:TiO2 NW. The spectra are offset
for clarity. The broad background is due to the presence of water. Black and red
bars indicate the position and intensity of anatase TiO2 and Na0.18 TiO2 structures,
respectively. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

lack of color change of the H:TiO2 NW ﬁlm during the degradation
tests (see Supporting information).
Aiming to clarify this signiﬁcant increase in the photocatalytic
activity upon titanate hydrogenation, the structural properties and
the presence of defects were characterized using a combination of
spectroscopic tools.
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Fig. 2 depicts the synchrotron X-ray diffraction (XRD) measurements in H:TiO2 NW and TiO2 NW samples. The TiO2 NW sample was
prepared directly from the H:TiO2 NW sample by calcination at 350
◦ C in air.
Both compounds have predominant anatase TiO2 (74 wt%)
structure [41] (see Supporting information). The detailed analysis of the diffraction proﬁles shows, however, the presence of
other minority components, undetectable in standard laboratory
PXRD measurements e.g., Na0.18 TiO2 (22 wt%), NaCl (2.4 wt%) and
rutile TiO2 (1.4 wt%). The presence of these secondary phases is
due to the incomplete Na to H ion-exchange in layered Na2 Ti3 O7
nanowires [42–44]. These components cannot account for the
increased photocatalytic performance of H:TiO2 NW because PXRD
showed their presence in both TiO2 NW and in H:TiO2 NW. However,
the Na0.18 TiO2 might be in close contact with the anatase TiO2 . Similarly to Degussa P25, the mixed phase (anatase and Na0.18 TiO2 ) of
the crystallites in our materials might improve the photoactivity of
both of our materials.
Analysis of the XRD peak-proﬁles by the Scherrer equation
yields 17 nm as the mean size of the crystallites of TiO2 . This is comparable to the diameter of the individual titanium oxide nanowires
(see Fig. 1a) indicating that the bulk of a single nanowire is of perfect structural quality. Similar to the composition, crystallite size
is also identical for the H:TiO2 NW and TiO2 NW samples, indicating that the photoactivity and the associated color-change is purely
a surface effect. Residual electron density maps, calculated in the
vicinity of the oxygen position, evidenced the absence of hydrogen
in the bulk of both samples (see Supporting information).
Synchrotron XRD is a powerful tool to identify bulk crystalline minority components, however, surface phases cannot be
observed. In order to further characterize the difference between
H:TiO2 NW and TiO2 NW samples and set the limit for change in
the constituting elements, we performed Rutherford Backscattering Spectrometry (RBS). RBS is sensitive to the mass number of each
element, and gives direct information on the depth proﬁles of the
constituents [45,46]. These measurements, in agreement with the
XRD studies, ﬁnd identical chemical composition of H:TiO2 NW and
TiO2 NW. RBS revealed that, apart from Ti and O, the major contribution is due to the presence of approximately 2 wt% Na in both
samples. As identiﬁed by XRD, the Na is present in the form of NaCl
and in the form of Na0.18 TiO2 in the structure. The Na content is
constant as a function of the depth, as conﬁrmed by the RBS depth
proﬁle (see Supporting information). This observation completes
the XRD study, and supports that the bulk properties of the two
samples are identical.
XRD and RBS experiments give direct evidence that the instantaneous color change upon heat treatment in air does not change the
bulk crystal structure or composition. Although the surface states
might be altered upon heat treatment, this is invisible for XRD and
RBS measurements. Raman spectroscopy is a powerful technique
to study the molecular environment in the penetration depth of
laser light [47]. Complemented with EPR studies, it has proven to
give a direct comparison between the surface and the bulk states
19
[48,49]. The tetragonal structure of anatase (with space group D4h
4
(I1 /amd)) results in six Raman-active transitions: three Eg modes
centered at approximately 144, 197, and 639 cm−1 , two B1g modes
at 398 and 519 cm−1 , and one mode of A1g symmetry at 514 cm−1 ,
overlapping with the B1g mode at 519 cm−1 .
Raman spectra of both TiO2 NW and H:TiO2 NW (see Fig. 3a)
recorded at low (0.1 mW) laser power shows the anatase bands
[50]. The Eg Raman line around 144 cm−1 , which is caused by the
symmetric stretching vibration of O-Ti-O, is the most sensitive to
the surface defects [51] and to the crystal structure. Fits of the
Raman spectra show that the Eg anatase band of H:TiO2 NW and
TiO2 NW samples is at 143 cm−1 with a linewidth of 10.5 and 9 cm−1 ,
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respectively. The observed Eg line characteristics of TiO2 NW are
close to the bulk behavior [52,51]. The Eg Raman line, however, is
somewhat broader in H:TiO2 NW pointing to the presence of defects
in the crystal structure [51] or change in the local coordination [53].
In the Raman experiments described above, low enough
(0.1 mW) laser power was chosen to avoid any destruction of the
crystal structure. The laser power, however, provides a unique tool
to initiate local structural changes of the studied sample [54,55].
Here, we used laser heat treatment to investigate the absorption
properties of H:TiO2 NW and TiO2 NW. Raman spectra of H:TiO2 NW
after subsequent laser heat treatments are shown in Fig. 3b. At
each step, heat treatment is performed with a laser power 10 times
higher than in the previous step, and Raman spectra are recorded
using the same, 0.1 mW laser power. Upon in-situ heat treatment
with the Raman laser (532 nm), H:TiO2 NW turns white locally at
the laser focal point. Moreover, the Raman spectrum changes from
anatase to a mixture of rutile [56] and anatase.
The Raman spectrum of TiO2 NW, on the other hand, does not
change upon a similar laser heat treatment. This points to the presence of color centers on the surface of H:TiO2 NW, in agreement
with the absorption spectra (see the Supporting information). The
oxygen-deﬁcient surface states in H:TiO2 NW offer a smaller energy
barrier for the structural transition. Due to the sample surface
absorption, the increasing laser power leads to an increase in local
temperature and facilitates the anatase to rutile transformation.
Raman spectroscopy combined with laser heat treatment
reveals that the optical activity of the surface states of the hydrogenated titania differs from that of its white counterpart. The origin
of the difference was investigated with EPR spectroscopy. The EPR
technique provides detailed microscopic information about the
oxidation state and the local environment of the paramagnetic ions
present in the crystal down to ppm levels [44,57,58,59–61,30,62].
Furthermore, multi-frequency EPR measurements offer a better
insight into the interactions, and high-frequency EPR measurements yield more detailed spectroscopic information [63–69].
Fig. 4 shows the EPR spectra of both samples taken at 50 K
at 9.4 GHz (a) and at 105 GHz (b). In the TiO2 NW sample, both
low- and high-frequency EPR spectra reveal two narrow lines with
frequency-independent, paramagnetic g-factor. The two narrow
lines at g|| = 1.95 and g⊥ = 1.99 correspond to bulk Ti3+ states on
sites with axial symmetry [70,71] and not to interstitial Ti3+ as
proposed earlier [72]. The lack of splitting of the EPR lines, even
at high-frequency, further supports the strong axial symmetry of
the Ti3+ site. Hydrogenation dramatically changes the EPR spectra of H:TiO2 NW: in the X-band a broad asymmetric powder line
develops with g|| = 1.92 and g⊥ = 1.94. The EPR signal broadens with
frequency (cf. Fig. 4a and b). The broad powder line in H:TiO2 NW
is characteristic to Ti3+ ions in a tetragonally distorted octahedral
environment [71,72]. Thus we assign it to Ti3+ surface paramagnetic
defects. The g-value expressions in this case are [71]:
g || ∼
= g e − 8/ı2
g⊥ ∼
= g e − 2/ı1
Here ge is the free-electron g-factor,  is the spin-orbit coupling, ␦1
and ␦2 are the energy separations of the d-orbitals. Substituting the
g-values ﬁtted to the X-band EPR spectra in Fig. 4a (g|| = 1.92 and
g⊥ = 1.94), and the spin-orbit coupling of Ti3+ ( = 154 cm −1 ) [71]
yields ␦2 = 15300 cm−1 = 655 nm (and ␦1 = 4900 cm−1 = 2040 nm).
Hence, the material has strong absorption under red light, which
agrees with the blue-cyan color seen in Fig. 1.
Low-temperature EPR measurements revealed that the spinsusceptibility of the EPR signals of the surface and bulk Ti3+
states do not follow the Curie temperature dependence. The
spin-susceptibility decreases more steeply. The EPR signal of the
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Fig. 3. a) Raman spectra of anatase (TiO2 ), TiO2 NW, and H:TiO2 NW at  = 532 nm. Labels denote the anatase Raman bands. b) Raman spectra of H:TiO2 NW showing the heat
treatment inﬂuence of increasing laser powers. Note that the local heating in air induces phase transformation from anatase (A) to rutile (R).

Fig. 4. EPR spectra of H:TiO2 NW and TiO2 NW samples at T = 50 K. a) X-band (9.4 GHz) EPR spectra. The set of EPR lines in H:TiO2 NW around g = 1.94 originates from Ti3+
surface states. b) W-band (105 GHz) EPR spectra. Note that the powder EPR line around g = 1.94 broadens with frequency.

surface states almost vanishes above 150 K. We associate the disappearance of the EPR signals at higher temperatures with the
recombination of the electron-hole pairs due to diffusion [73,74].
Similarly, Livraghi et al. [75] found that the bulk Ti3+ state is delocalized over several TiO6 octahedra at high temperatures. As shown
in Ref. [74], these electron traps (Ti3+ sites) are due to the nonstoichiometric formation of Ti atoms at the grain boundary.
Due to the drop of the EPR intensity at high temperatures,
the absolute magnitude of the spin-susceptibility was determined
from the T = 50 K EPR spectra. The spin-susceptibility of the bulk
Ti3+ states present in both H:TiO2 NW and TiO2 NW is (Ti3+
bulk) = 4.4·10−11 emu/(g·Oe) = 3.8·10−9 emu/(mol·Oe), which corresponds to 4 ppm bulk defect concentration. This indicates a
uniquely low oxygen-defect concentration and high material quality. The spin-susceptibility of the broad line at g = 1.94 of H:TiO2 NW
is (Ti3+ surface) = 3.88·10−8 emu/(g·Oe) = 3.3·10−6 emu/(mol·Oe).
Given that this originates from Ti3+ surface states with S = 1/2 spin,
this value shows that 1% of the surface Ti ions is in this state. The
low value of (Ti3+ surface) evidences that despite the low amount
of defects, the surface states in H:TiO2 NW signiﬁcantly increase
the photocatalytic activity of the material. The increased number
of surface defects explains the higher electrical conductivity found
in H:TiO2 NW (see Supporting information). As the photocatalytic
performance of Degussa P25 was found to be slightly better, we see
a further conﬁrmation of the relevance of the unique structure in
Degussa P25 with anatase and rutile in close contact.

Through the measurement of the spin-susceptibility, EPR
spectroscopy provides direct observation of possible sample degradation, too. It has been suggested in Ref. [76] that due to the surface
states the material with a core-shell structure might become unstable at room temperature under ambient conditions. Yet we did not
experience any degradation of our H:TiO2 NW sample after 3 years,
the amount of surface defects did not decrease.
Earlier reports [77–79] suggest that surface and bulk defects
in TiO2 might induce ferromagnetism. SQUID magnetization measurements (see Supporting information), however, do not show
long-range ordering in our materials. The SQUID measurements
alone do not provide any information on the origin of the paramagnetic contribution. The paramagnetic temperature dependence
and the absolute spin-susceptibility, are in accordance with the Ti3+
surface defect states seen by EPR, demonstrating the usefulness of
EPR spectroscopy in the study of self-doped TiO2 .
4. Conclusion
Hydrogen-annealed titanium oxide nanowires (TiO2 NWs) show
photocatalytic efﬁciency similar to the industry standard Degussa
P25. Surface- and bulk-sensitive measurements were done on both
oxygen- and hydrogen-annealed TiO2 nanowires. X-ray diffraction,
RBS and ERDA show that the bulk of the two samples is identical,
consisting of ∼75 wt% anatase TiO2 , with 22 wt% Na0.18 TiO2 , NaCl,
and rutile TiO2 as balance. Thermogravimetry indicates oxygenuptake in hydrogen annealed samples, showing that the surface is
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oxygen-deﬁcient. Raman spectroscopy showed that the surface of
oxygen-deﬁcient samples could be relatively easily transformed to
rutile under intense laser light, while this transition is absent in
samples heat-treated in air.
The most striking difference induced by hydrogen annealing has
been revealed by multi-frequency EPR. For non-annealed TiO2 NWs,
EPR measurements have shown the presence of 4 ppm bulk Ti3+ ,
indicating a uniquely high material quality. Hydrogen-annealed
samples have shown Ti3+ signals with larger anisotropy, corresponding to surface states. From the g-factor anisotropy, we were
able to determine the energy separation of the d-orbitals giving rise
to the EPR signal. This is found to be in the red part of the spectrum,
explaining the origin of the cyan color of the samples. This makes
the H:TiO2 NWs essentially a core-shell structure, with a shell that
absorbs visible light.
The importance of surface states on the photocatalytic activity
has already been evoked in Ref. [74]. It has been shown [77] that
the proportion of surface and bulk defect states contributes to the
photocatalytic activity of TiO2 . In our H:TiO2 NW sample, the surface to bulk defect state ratio is large, thus the high photocatalytic
activity is in accordance with the ﬁndings of Kong et al. [18]. The
EPR measurements showed that only 1% of the surface Ti ions are
responsible for the notable increase in the photocatalytic activity.
Further studies could identify whether increasing the number of
surface defect states results in a larger enhancement of the photocatalytic activity.
This study revealed that EPR, as a non-destructive technique, is
suitable in the study of the surface to bulk defect ratio and the exact
determination of the number of the surface states.
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