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Homogeneous Mn?* and Gd3* intercalation of scroll-type trititanate nanotubes using a post-synthesis
ion exchange method is reported. Compared to Mn?*, Gd3* ion-exchange shows larger saturation inter-
calation levels. Upon co-doping, weak interactions between the dopant ions were found to modify the
incorporated concentrations. Electron spin resonance (ESR) measurements, performed at several fre-
quencies, confirmed the homogeneous distribution of Mn?* and Gd3*. Detailed simulation of ESR spectra
identified a large spread of the local structural distortions of the occupied sites as a result of a wide range
of curvature radii of the titanate nanotubes.
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1. Introduction

The wide range of applications of titanium dioxide (TiO, ) and its
biocompatibility made it the most studied oxide material in the last
30years [1,2]. Apart from its classic use as a pigment, it turned out
to enhance the efficiency of dye-sensitized solar cells (DSSCs) 3],
it possesses unique photocatalytic activity [4-7], and it is the cen-
tral component of the hole blocking layer in perovskite solar cells
[8-10]. In addition, it is widely used in sensors [11,12], memris-
tors [13], supercapacitors [14,15] and batteries [16]. Furthermore,
the one-dimensional titanium dioxide nanotubes outperform their
bulk counterpart in Gratzel-type solar cells and in photocatalytic
applications, and have stimulated significant research interest since
their discovery [17]. In contrast to TiO, nanoparticles, the rolled-
up titanate nanotubes have a larger surface area [18,19] and the
one-dimensionality in sintered systems leads to longer electron
diffusion lengths in DSSCs [20]. Compared to the Degussa P25 refer-
ence material [21], i.e. nanoparticles that are mixtures of rutile and
anatase, enhanced photocatalytic activity was found in these titania

* Corresponding authors.
E-mail addresses: endre.horvath@epfl.ch (E. Horvath), nafradi@yahoo.com
(B. Nafradi).
1 Equally contributing (first) authors.

http://dx.doi.org/10.1016/j.cattod.2016.11.010
0920-5861/© 2016 Elsevier B.V. All rights reserved.

nanotubes. Notably, this photoactivity turned out to depend heavily
on the morphology, diameter, and annealing methods [22-24].

One of the major disadvantages of TiO, in photocatalytic appli-
cations remains, however, its large band gap of 3.2 eV giving an
absorption of only about 3-5% in the solar spectrum. Doping of
titanate nanotubes with metal and nonmetal ions [25], or co-doping
it with Gd3* and nitrogen [26] were found to increase the photo-
catalytic activity up to a certain threshold. As well, doping of TiO,
nanotubes leads to an increase in surface area due to the decreased
particle size, dopant ions may become charge trap sites, and may act
as photosensitizers [26,27,28,29]. Furthermore, in electronic and
optoelectronic applications, the band gap tunability and the ability
to induce impurity levels would be highly desirable. In particular,
nanotubes prepared by a hydrothermal technique [30] can be eas-
ily doped using predoped TiO, particles [31], doping during the
hydrothermal growth [32], or using post-synthesis ion-exchange
[33].

As the intercalation takes place in the titanate phase in several
cases[27-29],itisof greatimportance to provide information about
the ion-exchange positions of the intercalated titanates. Neverthe-
less, it is subject to controversy [33] as to whether these synthesis
routes lead to homogeneous doping of the titanate nanotubes or
whether, after calcination, they result in doped TiO, nanotubes
with superior photocatalytic activity. Several reports confirmed
that the observed advantageous properties of titanate nanotubes
upon intercalation might arise from the presence of dopant aggre-
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gates [34,35]. Furthermore, comparison of the different synthesis
methods and their future scale-up is difficult as only the nomi-
nal concentrations are known and the incorporated concentrations
may differ. In the case of co-doping with different dopant ions,
the ion-exchange efficiencies may be correlated and interactions
between dopant ions may result in the formation of aggregates.
Whereas high-resolution transmission electron microscopy can
identify the local distribution of dopants in a small number of nano-
tubes, microscopic local probes, such as the electron spin resonance
(ESR) technique has the advantage to confirm homogeneity and
ion-exchange efficiency, as well as for the selective identification
of dopant ions in larger sample sizes. To extend our previous study
[33], where Mn2* was used as a dopant, here, we used Gd3* as
co-dopant, which is a well-established local probe in ESR studies
[36,37] and has a higher oxidation state.

Here, we report the low-temperature synthesis of Mn%* and
Gd3* co-doped trititanate nanotubes using a post-synthesis ion
exchange route. As reported earlier [33], our synthesis method
results in homogeneous intercalation of the co-dopants. Co-doping
is studied by energy-dispersive X-ray spectroscopy (EDX), X-ray
fluorescence (XRF), and ESR spectroscopies. We focus on the ion-
exchange competition between the two different metal ions with
different oxidation states. We determine the ion-exchange capac-
ities both for Gd3* and for Mn2*. Our multi-frequency ESR study
along with detailed numerical simulation of zero-field splitting ten-
sor reveals the spatial selectivity and precise distribution of Gd3*
ions in trititanate nanotubes.

2. Experimental methods

Titanate nanotubes (H;Ti3O7) were synthesized following the
method developed in Ref. [33]. During the synthesis process Na*
ions were exchanged with H* by neutralizing the water solution of
Na,Ti3O07 until obtaining a pH~ 6.5, as confirmed by the EDX and
XRF measurements.

To perform the ion-exchange and study the competition of
Mn?* and Gd3*, two alternative procedures were used. In both
cases, Mn(NO3 ), x H,0 (Aldrich, 99.99%) and Gd(CH3CO, )3 x H,O
(Aldrich, 99.9%) were the source of Mn%* and Gd3* ions. As the sur-
face potential of the titanate nanotubes remains negative even for
moderately acidic solutions [38], we speculate that the choice of
the anions does not affect the resulting ion-exchange efficiencies.
Thus, only the metal cations are believed to play a role in setting
the intercalation levels.

Upon storage, precipitation of Gd3* and Mn2* ions has been
observed in distilled water solutions. Therefore, all the ion-
exchange reactions were performed with freshly prepared salt
solutions.

In the first synthesis method, 5 ml of the H,Ti3O7 suspension
(with 100 g/I trititanate nanotube dispersed in distilled water) and
respective amounts of distilled water solutions of Mn(NO3 ), x H,O
(5.6g/l with respect to Mn?* content) or Gd(CH3CO;)3 x H,0
(8.7 g/l with respect to Gd3* content) were mixed for 1h at room
temperature. Note that during this process the pH was always kept
below pH~9.

This method was used for the preparation of three samples (Mn-
1, Mn-Gd-1, and Gd-1 samples, see Table 1). To further examine the
competition between Mn2* and Gd3*, the distilled water solution
of Gd(CH3C0;)3 x H,0 was introduced 20 min later than the dis-
tilled water solution of Mn(NOs3 ), x H,O in the case of the equally
intercalated sample (Mn-Gd-1).

As an alternative synthesis method, Mn(NO3); x H,O and
Gd(CH3C0,)3 x HyO salts were dissolved in 5 ml of the H,Ti3 07 sus-
pension while stirring the suspension. For all three samples (Gd-2,

Mn-Gd-2, and Gd-3, see Table 1), the intercalation took place for
1h at room temperature.

The suspension is subsequently filtered and washed with 500 ml
of deionized water in order to remove the non-exchanged Mn2*
and Gd3* remaining in the solution. Then we dried the samples at
130°C. Whereas titanate nanotubes are not stable in strongly acidic
solutions [39], the dried powder samples are stable under ambient
conditions.

For the ESR measurements at 9.4 GHz we used a commercial
Bruker ELEXSYS X-Band spectrometer at room temperature for
which the maximum magnetic field stands at 1.5 T. For higher fre-
quency ESR (52, 78, 105, 157, 210, 315 and 420 GHz) we used a
home-built spectrometer whose specifications are given in Refs.
[40,41]. We used Mn:MgO with a known (1.5 ppm) Mn2* concentra-
tionin X-band ESR as a g-factor and intensity standard. The absolute
spin-susceptibility was calculated as described elsewhere [42].

Scanning electron microscope (SEM) images were taken with
a MERLIN Zeiss electron microscope. The atomic concentrations of
gadolinium and manganese were determined by energy-dispersive
X-ray spectroscopy (EDX).

Transmission electron microscope (TEM) and scanning trans-
mission electron microscope (STEM) images were taken with a FEI
Titan Themis microscope.

X-Ray Fluorescence spectrometry was performed with an Orbis
PC Micro EDXRF analyser. Gadolinium ESR spectra were simulated
using the simulation software Easyspin, which allows us to simu-
late spectra and fit ESR data [43]. Simulation parameters include
the g-factor and zero-field splitting D and E, which we retrieved
from the literature [44,45]. To simulate the broadening of our spec-
trum, Gaussian distributions of D and E values are defined. We also
included an intrinsic peak to peak linewidth broadening via the
convolution of the calculated spectrum with a derivative Lorentzian
function of peak to peak linewidth AB,. This intrinsic linewidth
indicates that there exists a residual, field-independent linewidth.
This is expected in the case of gadolinium because of the non-
negligible spin-orbit interaction.

3. Results and discussion
3.1. EDX and XRF measurements

Six samples with different dopant concentrations were com-
pared in our study. As shown in Fig. 1a, the typical SEM image
proves that scroll-type trititanate nanotubes are produced with a
prevailing tubular morphology (Fig. 1b-c) of the doped material.
As shown in our previous study [33], ion-exchange positions are
well-defined in rolled-up trititanate nanotubes (see Fig. 1d-e). A
summary of their nominal and incorporated compositions deter-
mined by EDX, XRF, and ESR measurements is given in Table 1.

As seen in Table 1, the measured incorporated concentrations
show a significant scattering for the three different experimental
techniques. This discrepancy is all the more obvious at low concen-
trations, indicating that it might not stem from the inhomogeneous
intercalation but it is due to intrinsic instrumental detection limits
of EDX and XRF.

As ESR is a bulk-sensitive method, whereas both EDX and XRF
are surface-sensitive techniques, the combination of the three spec-
troscopic techniques provides evidence of homogeneous doping in
our samples. Unlike EDX and XRF, ESR is sensitive to the oxidation
state, thus the oxidation states in our samples are only Mn?* and
Gd3* states (see below).

Samples Mn-1, Mn-Gd-1, and Gd-1 were prepared by mixing
a H,Ti3O; nanotube suspension with a distilled water solu-
tion of known concentration (see the Experimental Methods) of
Mn(NO3); x H,0 and Gd(CH3CO5 )3 x H,O salts, whereas samples
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Table 1

Elemental compositions of the six samples. Nominal and incorporated atomic concentrations are given with respect to titanium atoms. The doping efficiencies are calculated
by dividing the incorporated atomic concentrations by the nominal atomic concentrations. Note that the X-band ESR spectra of Mn?* and Gd3* overlap, which prevents the
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calculation of the efficiencies for the co-doped samples.

EDX XRF ESR
Sample Nominal at.% Incorporated Ion-exchange Incorporated Ion-exchange Incorporated lon-exchange
at.% Efficiency? at.% Efficiency? at.% Efficiency?
Mn-1 1.7% Mn 0.22% Mn 0.13 Mn 0.16% Mn 0.09 Mn 0.64% Mn 0.37 Mn?*
Mn- 3.1% Mn 0.2% Mn 0.06 Mn 0.83% Mn 0.27 Mn
Gd- 3.1%Gd 1.7% Gd 0.55 Gd 5.0% Gd 1.6 Gd
Gd-1 1.8% Gd 1.8% Gd 1Gd 2.50% Gd 14 Gd 1.01% Gd 0.56 Mn?*
Gd-2 0.17% Gd 0.15% Gd 0.88 Gd 0.24% Gd 14Gd 0.47% Gd 2.7 Gd**
Mn-Gd-2 1.8% Mn 1.54% Mn 0.86 Mn 2.3% Mn 1.3 Mn
0.16% Gd 0.30% Gd 1.88 Gd 0.35% Gd 22Gd
Gd-3 35%Gd 7.5% Gd 0.22 Gd 10.1% Gd 0.29 Gd 7.20% Gd 0.21 Gd**

3 Jon-exchange efficiencies above 1 are due to slight inhomogeneities in the suspension of trititanate nanotubes.

v @ @ cd ®

Mn2*

Fig. 1. a) SEM image of titanate nanotube powder. b) STEM image of the titanate nanotube powder. Inset shows the schematic view of the scroll-type trititanate nanotubes
exhibiting the tubular structure with 3-4 layers. ¢) TEM image of titanate nanotubes. d)-e) Schematic of the wall segments of titanate nanotubes ion-exchanged with Mn?*
and Gd3* ions. Red and green tetrahedra indicate the broad range of distorted sites for Gd** and Mn?*. V stands for the vacancy sites formed due to the oxidation state
differences. Note that ion-exchange with Gd3* has higher affinity to ion-exchange positions as compared to Mn?*. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

Gd-2, Mn-Gd-2, and Gd-3 were prepared by directly dissolving the
salts (Gd(CH3C03)3 x H, O for gadolinium and Mn(NOs3 ), x H,O for
manganese ions) into the nanotube suspension.

Table 1 proves that ion-exchange is more efficient using the dis-
solved ionic salts, as Mn%* doping efficiencies significantly increase
with this method. From the results presented in Table 1 we observe
that gadolinium is more favorably adsorbed into the trititanate nan-
otube structure compared to manganese at comparable nominal
concentrations (Mn-1 and Gd-1 samples). This is further confirmed
by the equally doped sample (Mn-Gd-1 sample), where the nominal
concentrations are identical but the incorporated concentrations

show a large disparity. This discrepancy is all the more spectacular
given that the Gd3* ions were introduced around 20 min later than
the Mn?* ions in this particular sample.

Both the observed ion-exchange equilibrium and the diffusion
speed are shifted towards Gd3* indicating that the intercalation
capacity is larger and the ion-exchange Kinetics is faster for this
ion.

The faster ion-exchange for Gd3* is in perfect agreement with
the Nernst-Planck equations, which explain the different ion-
exchange flux efficiencies as being a result of the slightly different
electrochemical environment because of different oxidation states
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and ionic sizes [46]. We believe that different atomic radii and oxi-
dation states move the flux towards Gd3* compared to Mn2*. In
theory, the atomic radius, r, is related to the efficiency of ionic
exchange through the power law: 1/r2 [46]. This would suggest that
the larger Gd3* ions would have a slightly slower flux, however this
might be compensated by its larger charge.

The preference for Gd3* in the ion-exchange equilibrium can
be explained in the framework of the hard and soft acids and bases
theory (HSAB theory) [47,48], according to which soft bases, such as
the host titanate structure react faster and stronger with soft acids.
In our case, due to the large radius and high polarizability of Gd3*
as compared to Mn?*, Gd3* is a significantly softer acid, resulting in
higher equilibrium intercalation [48].

3.2. ESR measurements

ESR is a microscopic, contactless method to study chemical
environments and oxidation states of paramagnetic ions in crystal
structures down to ppm level [49-55]. Using multi-frequency ESR,
it is possible to provide more detailed microscopic information of
the state, and to determine the effect of interactions [56-62].

Previous ESR studies revealed the role of Mn?* and Gd3* in
nanocrystals and in glassy systems [44,45,63-65], but the effect
of co-doping is less developed due to its complexity. Upon co-
doping with these two different metal ions, the spin Hamiltonian
describing the ESR spectra is

H=H(Mn?* — Gd3*) + H(Mn?*) + H(Gd3") (M

where the first term is the interaction term between Mn2* and Gd3*
ions. This unknown Hamiltonian might result in the relative change
of dopant concentrations, and might dramatically modify the ESR
spectra due to co-doping. The second and the third terms are the
separate spin Hamiltonians for the two paramagnetic ions, which
can be written in both cases as

H=H7z +Hsoc + Hzrs +Hyr (2)

Here, the first term stands for the Zeeman interaction and the sec-
ond is the spin-orbit coupling (SOC). The SOC dominates over the
zero-field splitting (ZFS) in the rare earth materials but its sole effect
is to select the pure spin state in Gd3* as the lowest in the (L,S)
manifold. The third term describes the ZFS due to the surround-
ing crystal electric fields, and the last term details the hyperfine
coupling between the electron and nuclear spins.

Up to second order, the Hamiltonian of the zero-field splitting
may be written as

Hzps =D(S,% — S?/3) + E(Sx? — Sy?) (3)

where D and E are the axial and rhombic zero-field splitting param-
eters, which describe the deviation from the octahedral and the
axial symmetry [37,36].

Room-temperature X-band ESR, performed on the Mn-1, Gd-2
and Mn-Gd-2 samples, are shown in Fig. 2. In Ref. [33], we found
that ESR spectra of Mn2* doped scroll-type titanate nanotubes con-
sist essentially of two components: i) a narrow sextet signal; and
ii) a broad line with a linewidth of ABpp =48 mT. The sextet com-
ponent at g=2.001(4) with an A, =9.1 mT hyperfine splitting is
characteristic of Mn2* in slightly distorted cubic sites (giving 21+ 1
lines for I=5/2 nuclear spins). These non-cubic sites give rise to the
coexistence of allowed (Am;=0) and forbidden (Am; =4+1) transi-
tions between the Zeeman sublevels of ms = 4+-1/2 in the system with
S=5/2 electron spin. As in Ref. [33], we assume that the linewidth
of these lines comes from the dipolar broadening. Our calcula-
tion based on Ref. [66] yields a distance between the Mn2* ions
of dvin-mn =1.7(1) nm.

The broad component is superimposed with the narrow hyper-
fine sextet line with a linewidth of 5 times the Aj,=9.1mT
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Magnetic Field (mT)
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Fig. 2. X-Band ESR spectra of the Mn-1, Gd-2 and Mn-Gd-2 samples at room tem-
perature. The Mn?* sextet and broad signals clearly dominate in the g=2 region.
A higher scale view of the low-field part of the spectrum is given in the inset. The
weak ESR signal components of the co-doped sample at low fields originate from
the gadolinium doping.

hyperfine coupling. It originates from the non-central transitions
(ms # £1/2) of the strongly distorted octahedral sites due to
non-zero D and E zero-field splitting parameters. Similarly to
polycrystalline systems, the strong angular dependence of these
transitions results in an unresolvable component in our ESR spectra.

In order to discern whether the ZFS estimated in doped titanate
nanotubes stems only from the imperfect registry of TiOg octa-
hedra or it comes from the large ion size that creates structural
imperfections in the layered structure [67-69], we will calculate
ZFS parameters in Gd3* doped nanotubes.

The X-band ESR spectrum of the Gd-2 sample (see Fig. 2) is
dominated by a broad feature stemming from strongly distorted
sites. This is also known as the U spectrum, and it has already been
explained for several polycrystalline and glassy systems (e.g., Gd3*
in soda-silica glass, or hydrated Na-Y zeolite) in Ref. [44] and in
acyclic Gd(IlI) polyaminocarboxylates in Ref. [65]. Therein, the U
spectrum was calculated as a sum of ESR spectra with a broad and
unimodal distribution of zero-field splitting parameters. Below, we
will discuss our multi-frequency ESR results using similar assump-
tions.

The low-field ESR spectrum of the unequally co-doped (Mn-Gd-
2) sample in Fig. 2 is dominated by the ESR signal of Mn2* around
g=2: one can resolve the characteristic manganese sextet with an
Aiso =9.0(1) mT hyperfine splitting, corresponding to that reported
in Ref. [33]. At low fields, however, we can identify the presence
of the characteristic Gd3* U spectrum. This is a direct confirmation
of successful co-doping in our material. As above, the linewidth of
the Mn2* sextet lines are assigned to the dipolar broadening, which
yields similar Mn2* distances. This observation excludes that Gd3*
co-doping may force that Mn?2* ions occupy closer positions in the
crystal lattice.

To further investigate effects and the sizes of ZFS parameters,
we performed a multi-frequency ESR mapping of the presented
materials at large microwave frequencies (52, 78, 105, 157, 210,
315, and 420 GHz). Fig. 3 shows the 315 GHz ESR spectra of the
Mn-1, Gd-2 and Mn-Gd-2 samples. Whereas the ESR spectrum of
the Mn-doped sample barely changes compared to the low-field
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Fig. 3. High-field (315 GHz) ESR spectra of samples Mn-1, Mn-Gd-2 and Gd-2 at
room temperature. Co-doping of manganese ions (Mn2*) and gadolinium ions (Gd3*),
proven by the sextet signal at g=2.001(1), and the single derivative Lorentzian signal
at g=1.995(1), is clearly visible.

case, a dramatic change is seen for the Gd3*-doped samples. The
complicated feature at low fields is replaced by a single, narrow,
and symmetric ESR line at g=1.995(1).

This change of the line shape corresponds to a change in the
ratio of ZFS parameters of Gd3* as a function of the microwave fre-
quency (magnetic field) [44]. In low fields, the Hzgs term is larger
than Hz, hence, several transitions are observed within the Kramers
levels, resulting in a complicated and broad ESR spectrum. In higher
magnetic fields, the higher Hz might overcome the strength of the
zero-field splitting, and the transitions between the Zeeman sub-
levels start to dominate. In our nanomaterial, the observable single
ESR line originates from transitions between the Zeeman sublevels
of mg =41/2. Transitions of Zeeman sublevels of mg # 4 1/2 are not
resolvable in the background, as these are smeared out due to their
angular dependence. The change of the ratio of the Zeeman and
zero-field splitting energies can be followed by the ESR linewidth
as a function of frequency (see Fig. 4).

Detailed analysis of the ESR spectrum of the MnZ* ion-
exchanged titanate nanotubes shows that the linewidth of the
sextet components decreases, as well. In X-band, we found a
linewidth of ABpp=9.0(1)mT, at 315GHz it is ABpp=4.3(1)mT.
This change, analogously to the case of Gd3* ions, originates from
a change of the ratio of Zeeman energy and zero-field splitting of
Mn?*. At high magnetic fields, we cannot observe the forbidden
transitions of Mn%* anymore, and the ESR linewidth is only a result
of dipolar broadening.

Similarly to the low-field ESR spectrum, the presence of gadolin-
ium ions is confirmed in the co-doped sample (Mn-Gd-2) by the
outlying signal at g=1.995. The ESR spectrum of the co-doped sam-
ple makes it possible to directly compare the intensities of the
ESR lines stemming from Mn?2* (sextet lines and broad compo-
nent) and from Gd3* (single narrow line), yielding a measure of
the absolute spin-susceptibility ratios: x(Gd3*)/x(Mn?*)=0.6(1)%.
This spin-susceptibility ratio is, however, in contradiction with EDX
and XRF results which would suggest 15(5) % for the same ratio. The
discrepancy is a further proof that a broad, unresolvable compo-
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Fig.4. ESR linewidth of the Gd-2 sample’s ESR spectrum as a function of microwave
frequency at room temperature. Red points correspond to simulated linewidths
obtained from fitting of the zero-field splitting parameters. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

nent is present in the high-field spectrum of Gd3* ion intercalated
titanate nanotubes. The spin-susceptibility of this component is
much larger than that of the narrow ESR line.

In comparison with the singly intercalated gadolinium sam-
ple (ABpp=3mT) the line width of the gadolinium feature in
the co-doped spectrum is significantly broader (ABpp=9mT).
This difference can be explained by the slight differences in the
ion-exchange efficiencies as confirmed by EDX and XRF studies
(Table 1). In addition, it might point to the existence of interac-
tions between neighboring manganese and gadolinium ions. The
nature of these interactions remains undetermined but one signif-
icant possibility could be ferromagnetic interactions between the
two ions, which are known to exist when isolated [70] but also in
larger complexes [65].

Room-temperature frequency dependence of the ESR linewidth
in the Gd-2 sample is shown in Fig. 4. As pointed out above, the
narrowing of the ESR linewidth as a function of frequency is a result
of the change of the ratio of the Zeeman and zero-field splitting
energies.

In order to give a precise quantitative estimate of the ZFS
parameters in titanate nanotubes, we simulated the ESR spec-
tra following the U spectrum simulations of Ref. [44,45]. The
Easyspin simulation calculates an S=7/2 system using an isotropic
£=1.995 at room temperature for the Hamiltonian of Eq. (3).
The ZFS parameters D and E were taken as an average of the
values found in Ref. [45] for acyclic complexes. Furthermore,
these values correspond to the range of values prescribed to
the U spectrum (0.051cm~! <D <0.056cm™!, 73mK <D <80 mK,
1.5GHz <D < 1.7 GHz) given in Ref. [44].

To better simulate the broadening of the ESR spectrum, we
assumed that the symmetry of ion-exchange positions in titanate
nanotubes might differ from site to site leading to the variation
of the ZFS parameters. Thus, we defined a Gaussian distribution
around the central values of D and E that can quantify the magni-
tude of the variation of the ZFS parameters [45].
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The widths of these Gaussian distributions, op and oE, are fit-
ted to the ESR linewidth data in Fig. 4. Furthermore, the intrinsic
linewidth, AByy, is a free, frequency-independent parameter. In
Fig. 4, we show a fit to the linewidth data with the optimal fit
parameters:

D= 0.054cm~' = 78 mK = 1.62GHz, op
= 0.30cm ' = 43mK = 0.9GHz

E= 0.015cm~ ! = 22mK = 0.45GHz, o
= 0.064cm = 92mK = 1.9GHz

ABjp = 6mT

We notice that both for D and E, the standard deviation is a factor
of 5 larger than the mean ZFS parameters. This can be explained
by significant site-dependent distortions in the crystal structure
around the rare earth metal ion.

Trititanate nanotubes possess scroll-type structure with diam-
eters ranging from 7 to 10nm [71]. Interestingly, the diameter
distribution of these elongated tubular structures is relatively nar-
row as compared to other systems. The tube diameter is quite
independent of synthesis conditions, the number of layers varies
between 3 and 5 [69,71].

In these scroll-type titanate nanotubes [67], the significant
spread of the ZFS parameters can be assigned to a change of cur-
vature radii as a function of titanate layers (Fig. 1a). Therefore,
calculation of the spread of zero-field splitting parameters is a
measure of the curvature distribution. Hence, we predict that our
technique could be used as a microscopic probe to study the layer
number distribution of titanate nanotubes. As the thickness is only
measurable locally using high-resolution microscopy techniques or
X-ray diffraction, we suggest that such analysis (doping with ESR
active cations combined with multi-frequency ESR study) might
be of particular interest for diameter distribution analysis of large
quantity of samples [69].

We assign the intrinsic linewidth, AB;,; to dipolar broaden-
ing. In case of Gd3* (S=7/2), this linewidth points to a distance of
dcd-ga =1.9(1)nm, which is in good agreement with our homoge-
neous doping concentration.

We note that a similar study of the field dependence of the
ESR linewidth could be performed in the case of Mn2* substi-
tuted titanate nanotubes. However, the precision of the calculations
would be limited by the weak frequency dependence. Therefore,
Gd3* would be better suited for the purpose of a diameter distribu-
tion analysis.

4. Conclusion

In conclusion, we synthesized homogeneous Mn%* and Gd3*
co-doped titanate nanotubes through ionic exchange of scroll-
type trititanate nanotubes prepared by the hydrothermal synthesis
method. In comparison with Mn?*, the saturation doping level of
Gd3* was found to be 3 times larger.

Our multi-frequency ESR studies complemented with detailed
simulation of ESR spectra confirmed homogeneous distribution of
the dopants in the rolled-up nanotubes, and found a significant
spread of zero-field splitting parameters. It was found to originate
from a large distribution of curvature radii. We suggest that our
novel method based on the combination of ESR experiments and
simulation could be also applied to characterize the distribution of
the layer numbers in a trititanate nanotube sample.

Further tests are going on to compare the efficiency of other pos-
sible dopant atoms in H,Ti3O7; nanotubes with special attention
to more cost-efficient ions, such as Fe3* and Cu?*. Since calcina-
tion of titanate nanotubes and intercalated titanate nanotubes can
yield the formation of titania nanotubes, nanorods and nanoparti-
cles, better understanding of the rules of competitive ion-exchange
processes in titanate nanotubes will potentially lead to the develop-
ment of series of doped nano-titania having superior photocatalytic
performance.
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