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Abstract:  

Incorporating Fe atoms into the lattice is shown to significantly alter electronic and magnetic properties of 
TiO2 nanotubes synthesized by electrochemical anodization of Ti-Fe alloy sheets. The effects of Fe 
incorporation on the nanotube morphology, crystallinity, crystal structure, magnetic behavior and 
electronic structure were investigated with crystallographic and magnetic probes, including synchrotron-
based spectroscopy.  Results indicate that the iron cations predominately adopt the Fe3+ configuration, 
leading to a large increase of the electronic density of states at the Fermi energy. This increase is 
anticipated to provide enhanced catalytic action, for instance, in the degradation of water and of air 
pollutants. These results provide insight for tailoring the functionality of these nanostructures for energy-
related applications. 
 
I. INTRODUCTION 

 TiO2 nanotube arrays with small amounts of iron (1-2 at%) are semiconductors with versatile 
multifunctionality [1] appropriate for a plethora of potential applications, including as photocatalysts [2][3], 
sensors and solar cells [4][5], and perhaps as new kinds of oxide-based dilute magnetic semiconductors 
for spin-electronic applications [6][7]. As the functions underlying these potential applications are 
determined by the electronic structure, it is paramount to elucidate interrelations between the crystal 
structure, band structure, and the magnetic response. While studies of Fe-incorporated TiO2 nanotube 
arrays synthesized by anodization of Ti-Fe alloys have shown an enhanced absorption of solar irradiation 
[8][10][9], analyses of correlations between the electronic, crystalline and magnetic properties in these 
ordered nanostructures is deficient in detail [11][12].   

In this study, the element-specific electronic structure of Ti(Fe)O2 nanotube arrays is correlated 
with bulk magnetic properties as influenced by the degree of crystallinity and by the chemical composition 
(i.e., concentration of Fe). Ordered arrays of amorphous Fe-incorporated TiO2 nanotubes (Fe cationic 
concentration of 2 at%) were synthesized via electrochemical anodization from a Ti-Fe (~4 at% Fe) 
precursor alloy and annealed in an oxygen atmosphere to form the anatase structure. Connections 
between the morphology, crystal structure and magnetic properties of the pure (i.e., Fe-free) and the Fe-
incorporated nanotubes were investigated in both the as-synthesized and annealed states. The anatase 
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structure of the Fe-incorporated nanotubes possesses an expanded unit cell and a higher degree of 
crystallinity relative to that obtained without Fe and is confirmed by magnetometry to be in a Fe+3 

oxidation state. The magnetic moment of Fe-incorporated nanotubes is attributed to the Fe3+ ions. Results 
from this study provide fundamental knowledge for tailoring the TiO2-based nanostructures, with an 
extension to the other oxide-based semiconductors, for an enhanced functionality in a variety of 
applications. 

II. EXPERIMENTAL BACKGROUND  

 

A. Synthesis and processing of TiO2 nanotubes 

The pure and Fe-incorporated nanotube arrays were synthesized by electrochemical anodization 
of a 25 × 25 × 1 mm3 Ti-Fe sheet (~4 at% Fe) that was formed by vacuum arc-melting of Fe and Ti and 
subsequently cold-rolled. A platinum mesh was used as the cathode and the anodization electrolyte 
consisted of ethylene glycol (98%, Sigma-Aldrich), potassium fluoride (0.05 M) and 1 vol% deionized 
water. The duration of the anodization was approximately 4 hours under an applied voltage of 60 VDC.  A 
titanium foil (99.97% pure, 127 µm-thick, Sigma-Aldrich) of similar dimensions was anodized in the same 
conditions as described, to yield nominally pure nanotubes.   

After anodization, the nanotube arrays were rinsed with 99.9% pure isopropyl alcohol and dried 
under a gentle airflow.  Unsupported nanotube arrays (free-standing flakes) were obtained by 
mechanically scraping off the nanotubes from the Ti and Ti-Fe substrates.  The unsupported pulverized 
flakes were placed in ceramic boats in a quartz tube furnace and annealed for 2 hours at 450 °C in an 
ultrahigh-purity oxygen gas flow, at a heating/cooling rate of 1 °C/min. Results obtained from the 
nanotubes are compared with those measured from commercial TiO2 (anatase) powder.  

B. Characterization of TiO2 nanotubes 

Scanning electron microscopy (SEM, Hitachi S4800) was used to image the specimen 
morphology and SEM energy dispersive X-ray spectroscopy (EDS) was employed to quantify an average 
Fe content in the nanotubes. The crystal structure of the nanotubes was probed using X-ray diffraction 
(XRD, Philips X’Pert Pro PANalytical) and the lattice parameters were calculated by a least squares 
method and compared to the bulk anatase reference data [13] .  

Magnetic measurements were conducted using a superconducting quantum interference device 
(SQUID) magnetometer. The magnetization was measured as a function of temperature at Happlied = 0.05 
T for 2 K < T < 400 K, and as a function of magnetic field at T = 2, 3, 6, 10 and 300 K within the field 

range of μoH = ± 5 T. The total magnetic susceptibility χtot of the nanotube samples was fit to the 

expression [18]: 

 ߯௧௢௧ ሺܶሻ ൌ ܥ  ሺܶ െ ଴ܶሻ⁄ ൅ ߯௉௉,          Eq. (1)  

where ܥ is the Curie-Weiss constant that is related to the magnitude of the atomic magnetic moment, ଴ܶ 
is the Curie-Weiss temperature that characterizes ferro- or antiferromagnetic interactions, and ߯௉௉ is the 
Pauli paramagnetic susceptibility originating from electron occupancy at the Fermi energy.  The average 
effective moment per Fe ion, ߤۃ௘௙௙ ۄி௘, was calculated from the Curie-Weiss constant using the 

expression [19][20]: 

ۄ ௘௙௙ߤۃ        ൌ  ඥ3 ஻݇ܥ ܰ⁄  ,                           Eq.  (2) 

in which ܰ is the number of Fe atoms per mole and ݇஻ is the Boltzmann constant. The Pauli 
paramagnetism contribution to the total magnetic susceptibility was correlated with the density of states 
(DOS) at the Fermi level of the TiO2 nanotubes, through the relationship [22]: 
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௙ ൯ܧ൫ܱܵܦ    ൌ ߯௉௉ 2ߤ஻ଶ⁄ .            Eq. (3) 

The oxidation state of the Fe ions in the nanotubes was calculated by fitting the angular momentum 
quantum number, J, to the Brillouin function: ܤ௃ሺݔሻ ൌ ଶ௃ାଵଶ௃ ݄݊ݐܿ ቀሺଶ௃ାଵሻ௫ଶ௃ ቁ െ ଵଶ௃ ݄݊ݐܿ ቀ ௫ଶ௃ቁ,        ݔ ؠ ܪ஻ߤܬ݃ ݇஻ሺܶ െ ଴ܶሻ⁄ ,   Eq. (4) 

where g is the Landé g-factor and H is the magnetic field [19]. 

Information regarding the element-specific electronic structure present at the nanotubes’ surface 
describing the unoccupied states above the Fermi level was obtained using near-edge X-ray absorption 
fine structure spectroscopy (NEXAFS) [14][15]. These measurements were carried out at the U7A 
beamline of the National Synchrotron Light Source at Brookhaven National Laboratory.  

The NEXAFS spectra were collected in the partial electron yield (PEY) detection mode at room 
temperature under a vacuum better than 10-8 Torr, with the photon beam normal to the sample surface. 
Partial electron yield mode collects Auger electrons resulting in a probing depth of 2 – 4 nm, which makes 
NEXAFS a highly surface-sensitive technique. Data were acquired for the titanium L3,2-edge, oxygen K-
edge and the Fe L3,2-edge, normalized to the incident photon flux and using a monochromator grating 
with an energy resolution of 0.2 eV. The X-ray absorption spectra of commercial reference metallic and 
oxide compounds (titanium foil (99.97%), Fe foil (99.5%), anatase (99.9%), rutile (99.99%), TiO (99.5%), 
Ti2O3 (99.8%), Fe3O4 (99.997%), Fe2O3 (99.99%), FeTiO3 (99.8%) and Fe2TiO5 (99.9%) powder) were 
also examined for comparison. The reference compounds in foil or powder form, and the nanotubes in the 
form of finely pulverized free-standing flakes, were manually pressed into copper tape sample holders 
with a 1-mm depth and approximately 25-mm diameter and were charge-neutralized using a low-energy 
electron gun. The spectra were normalized to the intensity tail at energies larger than those of the O K-
edge (550 eV), the Ti L-edge (485 eV) and the Fe L-edge (735 eV). Any possible shift in the collected 
spectra was noticed and corrected for, by referring to the main peak position of a reference mesh in the 
U7A beamline for each set of data. Deconvolution of the Ti L3,2-edge spectra into individual peaks was 
carried out by fitting the spectra to six [seven] Voigt peaks in the as-synthesized [annealed] state, after 
subtracting two step functions simulating the L3,2-edge jumps. The center of each peak was considered to 
be the absorption peak position, and the reported intensity of each absorption peak was assigned as the 
area under the peak.   

III. RESULTS 

The morphology, composition, crystal structure, magnetic properties and electronic structure of 
the pure and the Fe-incorporated TiO2 nanotubes were studied in the as-synthesized state and after 
annealing in oxygen. The relative cationic concentration of Fe, expressed as [Fe]/([Fe]+[Ti]), in the Fe-
incorporated TiO2 nanotubes was determined to be 2.1 ± 0.3 at% and the main conclusions obtained are 
summarized as follows: 

• Upon annealing at 450 °C in flowing oxygen the degree of crystallinity in the anatase phase was higher 
with Fe incorporation at both the surface and in the bulk of the nanotubes; the unit cell in the Ti-
incorporated lattice is expanded relative to that of the pure (Fe-free) lattice. 

• Titanium exists predominantly in the Ti4+ form in the pure TiO2 nanotubes in both the as-synthesized 
and the annealed states. The Ti4+ concentration (i.e. Ti4+/(Ti3++Ti4+) ratio), however, was higher in Fe-
incorporated nanotubes than in the pure nanotubes. 

• The electronic density of states at the Fermi level of TiO2 was larger in presence of Fe, as compared to 
that determined for Fe-free nanotubes. 
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• Fe was largely in the Fe3+ oxidation state in the annealed nanotube samples. Due to interfering 
presence of the fluorine (electrolyte residue remaining after electrochemical anodization) K-edge in the 
sample data, information on the oxidation state of Fe in the un-annealed state was not extracted. 

Details of these results are presented and discussed in the following sections. 

A. Morphology, composition and crystal structure 

In the as-synthesized state, the Fe-incorporated TiO2 nanotubes feature an average length of ~ 
50 microns and a pore size of approximately 100 nm, very similar to the length and pore size of pure TiO2 
as-synthesized nanotubes. Upon annealing in oxygen at 450 °C, equiaxed nanoparticles (up to 250 nm) 
form on top of the pure and the Fe-incorporated nanotubes and the nanotube wall becomes fragmented 
to form a connected porous architecture [16][17]. Scanning electron microscope images of the nanotube 
arrays are shown in Figure 1 (a – d).  

 

 

 

FIG. 1. Scanning electron microscopy images of the Fe-incorporated nanotubes in the: (a, b) as-synthesized state; 
and (c-d) annealed in oxygen at 450 °C. The crystallites are formed in the nanotube scaffold. 

 Upon annealing, the amorphous as-synthesized nanotubes crystallize to form the anatase 
structure (tetragonal symmetry, space group I41/amd). The a- and c-lattice parameters of the Fe-
incorporated nanotubes, calculated from the XRD data and plotted in Figure 2(a), are slightly larger than 
those of the pure nanotubes, resulting in a subtle but definite volume expansion of the anatase unit cell, 
Fig. 2(b). 
 

(d) Bottom view (c) Lateral view 

(b) Bottom view (a) Top view 

500 nm 500 nm

1 μm 500 nm 
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FIG. 2. (a) Lattice parameters and (b) unit cell volume of O2-annealed pure and Fe-incorporated TiO2 nanotubes 
showing an expansion of the crystal structure with Fe-incorporation.  
 
 

B. Magnetic characterization  

The temperature dependencies of the magnetic susceptibility of the Fe-incorporated and the pure 
nanotubes in both the as-synthesized and annealed states are plotted in Figure 3.  Compared with the 
susceptibility response of the pure nanotubes, the Fe-incorporated nanotube samples exhibit significantly 
larger susceptibility values, especially for T < 100 K. The total magnetic susceptibility of all the nanotube 
samples could be modeled as consisting of (i) a temperature-dependent Curie-Weiss paramagnetic 
contribution and (ii) a temperature-independent Pauli paramagnetic contribution, and thus could be 
successfully fit to Eq. (1). Results from fitting the data to Eq. (1) are summarized in  

 

TABLE 1.  The Curie-Weiss temperature was found to be always small and negative, -T0 ~ 1 to 4 

K, indicating weak antiferromagnetic coupling between the Fe ions in the structure. In the as-made state, 
incorporation of Fe causes an order-of-magnitude increase in the Curie-Weiss constant relative to that of 
the pure as-made TiO2 nanotubes, from  = 2 to 60 emu.K/Oe.mole. Annealing the nanotubes in flowing 
oxygen resulted in only a minor decrease in  of the Fe-incorporated nanotubes.  Assuming that all of the 
incorporated Fe (2.1 ± 0.3 at% Fe) contributes to the paramagnetic moment, the corresponding effective 
moment per Fe atom is  = 4.8 ± 0.9 μB/Fe in the as-synthesized nanotubes and 4.4 ± 0.9 μB/Fe in 

the annealed Fe-incorporated nanotubes, where μB is the Bohr magneton. These values for the effective 
moments assume that all of the Fe ions contribute equally, which results in a relatively large 20% 
uncertainty in the effective moments. 

(a) 

(b) 
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FIG. 3.  Magnetic susceptibility of pure and Fe-incorporated TiO2 nanotubes (NTs) measured at H = 500 Oe. Note 
that the low-temperature susceptibility is several orders of magnitude larger for Fe-incorporated samples, in 
comparison with the pure nanotubes and commercial anatase nanoparticles. The dotted curves are the fits to Eq. (1).  

 

TABLE 1. Magnetic properties of pure and Fe-incorporated TiO2 nanotubes (NTs) in as-synthesized and oxygen-
annealed samples, compared with those of commercial nanoparticles (NPs). The Curie-Weiss constant, C, and the 
temperature-independent Pauli paramagnetic contribution ࡼࡼ࣑  to the total magnetic susceptibility is also included, 
based on fitting the magnetic susceptibility to Eq. (1), ࢚࢕࢚࣑ ሺࢀሻ ൌ ࡯ ሺࢀ െ ⁄૙ሻࢀ ൅  Note the nearly 100 times . ࡼࡼ࣑ 
increase in C and ࡼࡼ࣑ for TiO2 nanotubes with Fe incorporation. 

TiO2 Samples 
 103 × ܥ

[emu.K/Oe.mole] 
߯௉௉  × 106 

[emu/Oe.mole]  
଴ܶ  

[K] 

Pure NTs, as-synthesized 2.0 ± 0.1 6.2 ± 0.8 -1.7 ± 0.1 

Pure NTs, annealed 3.8 ± 0.2 7 ± 2 -3.6 ± 0.2 

Fe-incorporated NTs, as-synthesized 60.0 ± 1.0 440 ± 30 -1.8 ± 0.1 

Fe-incorporated NTs, annealed 50 ± 4 530 ± 10 -0.9 ± 0.1 

Commercial anatase nanoparticles 0.6 ± 0.1 74.0 ± 1.0 -1.3 ± 0.2 

  
 
The Pauli paramagnetic contribution to the moment was found to be larger for the Fe-

incorporated nanotubes as compared to that of the pure nanotubes. Also, annealing the as-synthesized 
Fe-incorporated nanotubes in oxygen increases the value of ߯௉௉ by approximately 20%.  Quantification of 

χPP allows computation and comparison of values of the density of states (DOS) at the Fermi level for Fe-
incorporated and pure TiO2 nanotubes, as described in Eq. (3). Figure 3 shows that Fe incorporation 
increases the nanotube DOS at the Fermi level by an order of magnitude.  It is important to note that the 
DOS is a critical factor in determination of the catalytic properties [23]. 
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FIG. 4. Density of states (DOS) at the Fermi energy derived from the Pauli paramagnetic contribution of the moment, 
χPP, Eq. (3). The DOS for the Fe-incorporated sample is an order of magnitude larger than those of the commercial 
nanoparticles and the pure nanotubes.  

 

 
Assuming that the low-temperature magnetic moment of the nanotubes is dominated by the Fe 

cations, the ionic state of Fe in the lattice can be identified by determining the angular momentum 
quantum number, J, using the Brillouin function as applied to thermomagnetization data, Eq. (4). The first 
test to verify Brillouin behavior is to ensure that the magnetic data scales appropriately with temperature. 
Figure 5(a) displays the magnetization of the nanotube samples, excluding their Pauli paramagnetic 
contribution, as a function of H/(T-T0) and demonstrates that the data overlap for three measurement 
temperatures T = 3, 6, and 10 K. A Brillouin function behavior is therefore confirmed, since the 
temperature scaling is satisfactory using T0 = -0.9 K. It should be noted that a negative value of T0 
indicates that there is a small Fe-Fe exchange interaction that is predominantly antiferromagnetic. Figure 
5(b) shows an excellent fit of the T = 3 K data to the Brillouin function using J = 5/2. The same J = 5/2 
value was also obtained from analysis of the M-T data obtained from the as-synthesized Fe-incorporated 
nanotubes (data not shown here). A value of J = 5/2 corresponds to Fe3+ cations, assuming a sole 
contribution from the spin moment due to quenching of the orbital moment [21][24]. 
 

 
 
 FIG. 5 (a) Magnetic moment of the annealed Fe-incorporated nanotubes as a function of the temperature-normalized 
field, H/(T-T0), confirming that the magnetic moment follows the modified Brillouin behavior. (b) Plot of the low-
temperature (T = 3 K) magnetic moment of the annealed Fe-incorporated nanotubes fit to the modified Brillouin 
function (Eq. 4) yielding J = 5/2, corresponding to nearly-isolated Fe3+ ions. 

(a)  (b)  
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C. Electronic structure and local environment 

Changes in the electronic structure of titanium, iron and oxygen are produced via Fe 
incorporation and by annealing; these changes are examined by comparing the element-specific 
NEXAFS data of the nanotube samples with data obtained from reference compounds. In the following 
sections, X-ray absorption spectra of the O K-edge, and Ti and Fe L3,2-edges in pure and Fe-incorporated 
nanotubes and in the reference compounds are studied in detail.  

Oxygen K-edge NEXAFS: The NEXAFS spectra at O K-edge in pure and in Fe-incorporated nanotubes 
consist of two prominent features in the energy range of 527 to 550 eV, Figure 5. The first set of peaks 
(527 – 535 eV) represents the transition of O-1s electrons to the O-2pπ and O-2pσ states hybridized with 
Ti 3d bands that are classified as subgroups t2g and eg, respectively. The higher-energy set of peaks (535 
– 550 eV) originates from the delocalization of the antibonding states of the O-2p and Ti-4sp electrons 
[25][26][27][28]. The absorption peaks of both pure and Fe-incorporated nanotubes are broad in the as-
synthesized state; after annealing, however, the first set of peaks becomes sharper and new features 
appear. Comparison of the O K-edge peak features of the annealed nanotubes with those of the 
reference Ti- and Fe-based oxide compounds, Figure 6, indicates that the anatase structure forms in the 
nanotubes upon annealing, consistent with the results of the XRD measurements.  No significant change 
in the electronic structure of the oxygen component in TiO2 was observed in the presence of Fe, as 
attested to by the similar peak positions of the O K-edge in both pure and Fe-incorporated nanotubes. 

 

FIG. 6 The O K-edge NEXAFS spectra of pure and Fe-incorporated TiO2 nanotubes in the as-synthesized and 
annealed states, compared to those of the oxide reference compounds, showing a negligible difference in the peak 
features of pure nanotubes upon Fe incorporation. 

 

Ti L3,2-edge NEXAFS: The NEXAFS at Ti L3,2-edge can reveal the elemental local structure in TiO2 
[29][26]. Within the energy range of 455 to 470 eV, two main doublet peaks corresponding to the L3 and 
L2 edges are observed in the absorption spectra of the nanotubes and oxide compounds, Figure 7(a). The 
Ti L3,2-edge features arise from Ti 2p

6  2p
5
3d

1 transitions (i.e. from the Ti 2p core level to the 
unoccupied 3d energy state) [27][30][31]. The strength of the crystal field causes the doublet features for 
each edge to split into the t2g and eg subbands. The additional energy splitting of approximately 1 eV at 
the eg level, peaks D and E in Fig. 7(a) is likely due to breaking the degeneracy between ݀௫మି௬మ and ݀௭మ 
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orbital sublevels and is attributed to the off-center displacement of Ti ions in different configurations [32]. 
It should be noted that no pronounced eg splitting is observed in the as-synthesized nanotube samples of 
either composition. Absence of such splitting highlights the averaging effect of the amorphous structural 
state on the 3d sublevels.  Upon annealing, a doublet feature in the L3-eg peak appears, Fig. 7(a), and is 
accompanied by a sharpening of the low-energy features (peaks A and B in the same Figure) that 
resembles those of the anatase absorption spectrum. 

     
FIG. 7. Normalized Ti L3,2-edge NEXAFS spectra for the pure and Fe-incorporated TiO2 nanotubes in the as-
synthesized and annealed states, as compared to those of the reference compounds. (b, c) Intensity ratio of the Ti L3-
edge features for the as-synthesized and annealed Fe-incorporated TiO2 nanotubes, compared to the anatase and 
rutile structures: (b) I(L3-t2g)/I(L3-eg) and (c) I(eg)D/I(eg)E intensity ratios.   

 

Detailed analysis of the Ti L3,2-edge peaks through examination of the peak intensity ratios, Fig. 
7(b, c), reveals a sizeable variation in the I(L3-t2g)/I(L3-eg) intensity ratio, which indicates an analogous 
variation in the character of the unoccupied energy states [30]. Quantitative comparison of the intensities 
of peaks C and (D+E), i.e. the I(L3-t2g)/I(L3-eg) intensity ratio in Fig. 7(b), shows that the titanium I(L3-
t2g)/I(L3-eg) intensity ratio measured for both pure and Fe-incorporated nanotubes increases upon 
annealing, which indicates an increase in the overall Ti4+ concentration. Furthermore, the intensity ratio of 
peaks D and E (corresponding to subband transitions at the Ti L3-eg orbital, as designated in Fig. 7(a)), 
can clarify the type of the crystal structure, with anatase [rutile] having an I(eg)D/I(eg)E intensity ratio of 
larger [smaller] than 1 [33]. Both the pure and the Fe-incorporated nanotube samples have a Ti 
I(eg)D/I(eg)E intensity ratio > 1, Fig. 7(c), confirming the dominance of the anatase structure in the probed 
population of nanotubes. This intensity ratio determined for the annealed Fe-incorporated nanotubes is 
slightly larger than that of the annealed pure nanotubes, confirming the slightly higher anatase content in 
the Fe-incorporated nanotubes. 

Fe L3,2-edge NEXAFS: The Fe L3,2-edge is reported to be very sensitive to the Fe oxidation state [34][31]. 
The absorption spectra of the Fe L3,2-edge for the Fe-incorporated nanotubes in the as-synthesized and 
annealed states are shown in Figure 8(a), compared to the those of the reference Fe-based compounds. 
The Fe L-edge spectra are separated into the L3 and L2 edges by spin-orbit coupling in the core levels; 
these L3- and L2-edges correspond to transitions from the 2p3/2 and 2p1/2 core levels, respectively, to the 
unoccupied 3d states in the valence band [35].  Additional spectral features within the L3 or L2 envelope 
arise from contributions from different Fe cation valence states as well as from variations in the overlap 
integral of the photoexcited electron and the core-hole produced in the resonant X-ray absorption process 

(a) (b) 

(c) 



Page 10 of 14 

 

[35][36][37][38]. The fluorine (F) K-edge (680 – 705 eV) is also observed in the absorption spectra of the 
as-synthesized Fe-incorporated nanotubes and is a result of the residual fluorine from the electrochemical 
anodization synthesis process. Fluorine is substantially removed during the course of annealing [39], as 
confirmed by the disappearance of the F K-edge, Fig. 8(a). 

 

 

FIG. 8. (a) NEXAFS spectra at Fe L3,2-edge for the as-synthesized and annealed Fe-incorporated TiO2 nanotubes, as 
compared to that of the metallic Fe confirming a higher oxidation state of Fe in the nanotubes. (b) NEXAFS spectra at 
the Fe L3,2-edge collected for the sequential synchrotron X-ray scans on the as-synthesized and annealed Fe-
incorporated TiO2 nanotubes. 

 

Extraction of detailed qualitative information from the Fe L3,2-edge absorption spectrum of the as-
synthesized Fe-incorporated nanotubes is challenging for three reasons: (1) the presence of significant 
amounts of fluorine in the as-synthesized nanotubes and the overlap of the F K-edge with the Fe L3,2-
edge, (2) the small amount of Fe in the nanotubes, and (3) the instability of the electronic structure of Fe 
in the as-synthesized nanotubes during the NEXAFS measurements when they were exposed to the X-
ray scans in vacuum, as shown in Fig. 8(b). The Fe L3-edge peak of the as-synthesized nanotubes clearly 
shows a split feature designated as peaks α and β in Fig. 8(b). The intensity of peak α is larger than that 
of the peak β in the Fe2+-containing oxide species, where peak β appears as a weak shoulder. In Fe3+-
containing oxide species, however, this intensity ratio is reversed [36]. In the first X-ray scan, the peak 
intensity ratio α/β <1, but when the nanotubes undergo further X-ray scans, the intensity of peak α 
increases while that of the peak β diminishes. This change in the intensity of the L3-edge peak split 
features indicates a photochemical change in the Fe electronic structure upon irradiation with X-rays in 
vacuum. In the oxygen-annealed nanotubes, however, no change in the shape of L3 peak is observed 
with increased number of X-ray scans, and the α/β intensity ratio is much smaller than that of the as-
synthesized nanotubes, consistent with a more stable electronic structure of Fe3+

. 

 

IV. DISCUSSION 

(a) 

(b) 
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The subtle expansion observed in the lattice structure of the crystalline Fe-incorporated nanotubes in 
comparison with that of the pure nanotubes can be attributed to the Fe ions substituting for some of the Ti 
ions in the anatase crystal structure. Even though the Fe3+ cationic radius is smaller than that of Ti4+ (0.55 
Å versus 0.61 Å for coordination number of 6 [40]), this substitution can expand the lattice by virtue of 
weakened bonding alterations and the possible formation and stabilization of structural defects such as 
oxygen vacancies [16][41], which form to maintain the charge neutrality [42]. Both the magnetic 
characterization and the X-ray absorption spectroscopy results suggest the dominance of Fe ions in the 
Fe3+ oxidation state. Atomic magnetic moments estimated for the as-synthesized and annealed Fe-
containing nanotube samples were ߤۃ௘௙௙ ۄி௘ = 4.8 and 4.4 μB/Fe, respectively, in full agreement with a 

total angular momentum of J = 5/2 from Fe3+ cations. A deviation from the reported value of ߤۃ௘௙௙ ۄி௘= 

5.92 μB/Fe3+ [40] can indicate some degree of electron itinerancy, likely due to the presence of oxygen 
vacancies [16][44].  It has been reported that the presence of the antisite Fe3+ ions causes formation of a 
new energy band in the TiO2 band gap, and the mixing of the Ti and Fe d orbitals can decrease the band 
gap energy between the Ti-d band and O-p band of the TiO2 structure. On the other hand, the shape of 
the Fe L3-edge absorption spectrum for the annealed nanotube sample indicates the dominance Fe3+ ions 
rather than Fe2+ [36]. Thus, it is concluded that iron in the annealed Fe-incorporated nanotubes is mostly 
present in the form of Fe3+. Annealing the nanotubes promotes a slight decrease in the effective magnetic 
moment, accompanied by a subtle increase in the Pauli paramagnetic contribution of the total magnetic 
susceptibility, and thus it may be concluded that the density of states at the Fermi level increases upon 
annealing. The X-ray absorption spectroscopy data indicate an increase in the oxidation state of Fe upon 
annealing, transitioning from a Fe2+-dominant state to a Fe3+-dominant state.  Finally, the change in the 
electronic structure of Fe in the as-synthesized nanotubes from a Fe3+-dominant to a Fe2+-dominant state 
from sequential X-ray irradiations during the course of the experiments may be explained by 
photochemistry-induced changes of the nanotubes, and perhaps an X-ray-induced reduction of Fe3+ to 
Fe2+ [46]. 

V. CONCLUSIONS 

In summary, amorphous Fe-incorporated TiO2 nanotubes were fabricated by anodization of arc-
melted Ti-Fe foil. The anatase crystal structure was obtained after annealing in an oxygen-containing 
environment. The oxidation state of iron in the annealed Fe-modified TiO2 nanotubes was predominantly 
in form of Fe3+, which most likely substitutes for the Ti4+ ions in the anatase lattice and contributes to 
formation/stabilization of oxygen vacancies. The effect of Fe-incorporation in the anatase structure was 
observed as an expanded anatase unit cell volume, increased localized magnetic moment and higher 
density of states at the Fermi level. These changes in the crystal structure, magnetic behavior and 
electronic structure of TiO2 nanotubes may be associated with alterations in the functionality of TiO2 
nanotubes for energy-related applications. 
  
SUPPLEMENTARY MATERIAL 

See supplementary material for more details on the electronic structure and magnetic response of 
Fe-incorporated TiO2 nanotube arrays. 
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