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ABSTRACT

One-dimensional (1-D) nanostructured sodium trititanates were obtained via alkali hydrothermal
method and modified with cobalt via ion exchange at different Co concentrations. The resulting cobalt-
modified trititanate nanostructures (Co-TTNS) were characterized by TGA, XRD, TEM/SAED, DRS-UV-Vis
and N, adsorption techniques. Their general chemical formula was estimated as Na,Co,;>Hz_x—,Tiz07-
1,0 and they maintained the same nanostructured and multilayered nature of the sodium precursor,
with the growth direction of nanowires and nanotubes along [010]. As a consequence of the Co®*
incorporation replacing sodium between trititanate layers, two new diffraction lines became prominent
and the interlayer distance was reduced with respect to that of the precursor sodium trititanate. Surface
area was slightly increased with cobalt intake whereas pore size distribution was hardly affected.
Besides, Co®" incorporation in trititanate crystal structure also resulted in enhanced visible light photon
absorption as indicated by a strong band-gap narrowing. Morphological and structural thermal
transformations of Co-TTNS started nearly 400 °C in air and the final products after calcination at 800 °C
were found to be composed of TiO,-rutile, CoTiO3; and a bronze-like phase with general formula

Naszil,xCOXO}

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

One-dimensional (1-D) nanostructured (nanotubes/nanowires/
nanorods) titanates obtained via alkali hydrothermal method [1]
can combine large ion exchanging capacity, a typical property
of bulk alkaline metal titanates [2,3], with high surface area and
mesopore volume [4,5], thus being very promising to catalytic
purposes. Sun and Li [6] were the first to study the ion
exchangeability of these 1-D nanomaterials and realize the
potential use of the corresponding metal-substituted (Zn?*, Cu?",
Ni?*, Co?*, Ag* and Cd?*) nanotubes after revealing their effects on
magnetic and optical properties, while retaining the original
morphology of the precursor Na-rich trititanate nanotubes (Na,_y
H,Ti307-nH,0) without agglomeration of metal particles. This
study was followed by researchers considering other elements as
the candidates for ion exchange such as alkali metals from Li* to
Cs* [7], Ba%* [8], Ca" [9], Fe**, Ni?* and Bi?* [10], Au?*/Au>*, Pd?",
Pt?* and Ru* [11].

Cobalt-modified 1-D nanostructured trititanates obtained via
alkali hydrothermal method is of particular interest for photo-
catalytic application, because apparently they can be excited by
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visible light [6], unlike their counterparts sodium- or proton-rich
trititanate nanotubes/nanowires, which need UV radiation due to
their large band-gaps [12]. After the report of Sun and Li about Co-
modified trititanate nanotubes and their optical and magnetic
properties, there were just few more studies on Co substitution
in 1-D trititanate nanomaterials [9,13,14]. Ferreira et al. [9] have
submitted Na* enriched nanotubes to ion-exchange reactions
replacing sodium by Co?*, among other metal cations. While
Ferreira et al. [9] observed a significant increase in the interlayer
distance for Co?*-exchanged nanotubes, Sun and Li [6] reported no
apparent change in X-ray diffraction (XRD) pattern after inter-
calation of Co?' ions between the layers of the multiwalled
nanotubes. Sun and Li [6] carried out their ion-exchange reactions
by stirring the trititanate nanotubes with the metal salt stabilized
in aqueous ammonia solution for 20 h, while the other group [9]
simply suspended the nanostructured trititanate powder in the
corresponding aqueous solutions of the metal nitrate or chloride
for 24 h, both at room temperature. These groups claimed that
Co?* substitute for Na* in the interlayers, basically supporting
it through XRD, transmission electron microscopy (TEM) and
infrared (IR) spectroscopy. On the other hand, Wu et al. [13] and
Huang et al. [14] demonstrated that Co?* can also be incorporated
in the framework of trititanate nanotubes, at octahedral sites,
substituting partially for Ti**. In these two latter cases, a Co-
doped anatase (TiO,) was used as the precursor for the alkali
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hydrothermal synthesis of trititanate nanotubes with Co?*
partially occupying octahedral sites in the framework and found
to be weakly ferromagnetic [13,14], as opposed to the trititanate
nanotubes containing Co?* within the interlayer position which
were reported as antiferromagnetic [6].

Despite the contribution of these studies on the investigation
of cobalt-modified trititanate nanotubes, complementary research
is needed to fulfill some missing aspects related to the ion-
exchange behavior, chemical composition, optical properties, as
well as concerned to the effect of the substituted metal (Co?")
on the structural and morphological thermal stability of the
Co-modified 1-D nanostructured trititanates.

2. Experimental

2.1. Hydrothermal synthesis of the 1D-trititanate nanostructures
(TTNS)

The synthesis was carried out in pilot scale based on previous
experiments in laboratory [5]. Commercial nanocrystalline ana-
tase (FINNTi-S140 from Kemira Pigments) of 330g was mixed to
4650¢g of a NaOH (10M) solution for 5min under moderate
stirring. The alkaline mixture was immediately transferred to a
sealed autoclave jacketed for heated oil circulation and equipped
with an agitator (helicoidal propeller). Stirring rate was set to
50rpm and temperature inside the reactor was controlled at
100+ 2 °C for 15h. After reaction, the circulating oil was cooled
down as well as the reactor and the resulting viscous slurry was
discharged and diluted with 201 of deionized water to be filtrated
under vacuum. The filter cake was re-suspended in another 201 of
water and filtered again; this latter procedure was repeated twice
until practically all unreacted NaOH was removed through the
filtrate. The so obtained water-washed precipitate contained
approximately 10wt% sodium and was named “Na-TTNS”. Part of
this sample was submitted to repeated washing/filtration cycles
with HCI solution and pH controlled at 1.5 until sodium content
was reduced to lower than 1wt% Na, the resulting sample being
finally washed with deionized water for chloride removal and
designated as “H-TTNS”. Both Na-TTNS and H-TTNS were dried
in an air-circulating oven at 120°C for 15h to produce the
corresponding nanostructured powders.

2.2. Synthesis of the cobalt-modified samples (Co-TTNS)

Typically, 5 g of the Na-TTNS sample on dry basis (total amount
of water determined by TGA) were added to 250 ml of Co(NOs), -
6H,0 solution with a pre-established concentration. The suspen-
sion was sonicated for 30 min and left under magnetic stirring for
8 h at room temperature (25 +2 °C). The colored cobalt exchanged
precipitate was then vacuum-filtered, washed with 2 x 250 ml of
deionized water to remove remaining soluble ions (Na*, Co?* and
NO3) and dried in air-circulating oven at 120 °C for 15 h to obtain
the corresponding cobalt-modified nanostructured powders. Five
different initial concentrations of the cobalt nitrate solution were
applied: 0.007, 0.017, 0.034, 0.051 and 0.10 mol/liter to produce
five Co-TTNS samples namely Co-TTNS/2, Co-TTNS/5, Co-TTNS/10,
Co-TTNS/15 and Co-TTNS/30 referring respectively to 2, 5, 10, 15
and 30wt% of cobalt load, hypothetically assuming complete
cobalt incorporation from the exchange solution. This set was
designed aiming to establish the saturation point for the metal
exchange at 25°C. The experiment with the most concentrated
cobalt solution (0.10M Co?*) was also conducted at 100-110°C
under reflux (Co-TTNS/30R) for 8 h as well.

2.3. Heat treatments

The Co-TTNS/30 sample dried at 120 °C was divided into equal
portions and heated at 10°C/min in static air and kept for two
hours at the following temperatures: 300, 400, 600 and 800 °C,
generating the calcined samples Co-TTNS/300, Co-TTNS/400, Co-
TTNS/600 and Co-TTNS/800.

2.4. Characterization tools

Sodium and cobalt contents in the solid samples on as-such
dried basis (Cs) were determined by atomic absorption spectro-
scopy (AAS). These metals were not measured in the filtrates after
equilibrium; cobalt concentration in the remaining solution (Ceq)
was calculated considering the metal adsorbed in the solid
subtracted from the amount of cobalt in the starting solution.
The percent adsorption of Co?* was calculated as [(Ci—Ceq)/Ci]+
100, where Ci is the concentration of cobalt ions in the starting
solution. X-ray powder diffraction (XRPD) analyses were per-
formed on a powder diffractometer (Rigaku XRD-6000), operating
with CuKo radiation at 40 kV and 35 mA, step size of 0.02° 20 and
step time of 5s. All samples for XRPD were prepared using the
classical procedure by mixing always the same amount of powder
with isopropyl alcohol within the sample holder. Precise determi-
nation of d-values related to interlayer spacing via single-line
fitting was performed using the software Topas-Academic, which
was also applied for quantitative phase analysis of XRPD patterns
by Rietveld method of the samples thermally treated at 600 and
800 °C. TEM images and selected area electron diffraction (SAED)
were recorded using a Gatan CCD camera on a JEOL-2010
microscope operating at 200kV. Specimens for TEM observation
were prepared by dispersing the powder in alcohol by ultrasonic
treatment, then dropping onto a holey carbon film supported by a
copper grid. Thermogravimetric (TG) measurements were per-
formed in a Shimadzu TGA51-H under dry air flow (50 ml/min);
temperature range was 25-800°C with a heating-up rate of
5 °C/min. Diffuse-reflectance UV-Vis spectra (200-800 nm) of the
samples pre-treated at 120°C/12h were acquired at room
temperature in a spectrometer Perkin-Elmer Lambda 900, using
o-Al,O3 as reflectance reference. UV-Vis absorption was ex-
pressed as the Kubelka-Munk function—F(R). Assumed an
indirect transition for the fundamental absorption [15], the
apparent band-gap energies were obtained by plotting (F(R)hv)'/?
against hv (photon energy) and extrapolating the straight line
portion of the UV-Vis spectra to (F(R)hv)'/?> =0 [16]. Textural
properties of the powder samples, pretreated at 120°C under
vacuum down to 50 mTorr, were characterized by N, adsorption at
—196°C on a Micromeritics TriStar 3000 V6.03 instrument.
Specific surface area was calculated by using the classic BET
equation in the P/Po range of 0.06-0.21, and the pore volume
distribution within the 2-60 nm diameter range was determined
by means of the Barrett-Joyner-Halenda (BJH) algorithm method
using the adsorption branch of the isotherm (the desorption
branch was avoided due to an artifact peak in the pore
distribution caused by the tensile strength effect [5,17]).

3. Results and discussion
3.1. Cobalt exchange behavior

In preliminary experiments, the proton exchanged support
(H-TTNS) revealed difficult exchangeability with cobalt ions and
no more than 0.5wt% cobalt could be retained in the solid
material. Therefore, our efforts concentrated on the water washed
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material Na-TTNS, which demonstrated easy exchange capacity
with cobalt. The calculated weight percentage of cobalt for each
Co-TTNS sample is listed in Table 1; one can notice that measured
and nominal cobalt content (based on the total amount of cobalt
ions) were similar to each other up to 5wt% Co, indicating full
absorption of cobalt ions from the starting solution, as the
colorless filtrates also suggested. That is also demonstrated in
Fig. 1a, where the percent adsorption for Co®* (as defined in
Section 2.4) is plotted as a function of the concentration of the

Table 1
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starting solution. The initial complete sorption gave way to an
exponential decrease of cobalt sorption at higher adsorbate
concentrations, suggesting a trend of saturation.

The cobalt ion-exchange isotherm is presented in Fig. 1b.
The isotherm profile was rather fitted to the classical adsorption
models: Freundlich (R? = 0.81) and Langmuir model (R?> = 0.79).
The limited number of experimental points did not encourage us
to look into the cobalt exchanging kinetics, which was not the aim
of this investigation.

AAS and TG results used to calculate the chemical formulae of the samples studied and their corresponding band-gap energies estimated from the plot in Fig. 5a

Sample wt% Na A.A.S. wt% Co A.A.S. wt% loss (30-100 °C) wt% loss (100-500 °C) Formula Band-gap energy (eV)
Na-TTNS 10.6 0.0 6.8 8.6 Naj 57Ho 43 Tiz07-1.41H,0 3.50

Co-TTNS/2 6.78 1.99 9.4 8.4 Na1,00C00.12Ho.76 Tiz07-1.20H,0 2.70

Co-TTNS/5 5.00 4.97 8.7 8.5 Nap,.75C00.31Ho64Ti307-1.31H,0 2.55

Co-TTNS/10 1.94 9.11 8.8 8.6 Nap 29C00.54H0 63Ti307+1.36H,0 2.56

Co-TTNS/15 1.35 9.32 8.7 8.6 Nap 20C00.55H0 70Ti307-1.31H,0 2.55

Co-TTNS/30 1.04 10.9 9.3 8.4 Nap16C00.66Ho.52Ti307- 1.42H,0? 2.55

Co-TTNS/30R 1.06 10.4 - - - -

H-TTNS 0.99 0.0 71 7.8 Nag 12H1s Tiz07-0.30H,0 3.38

2 Formula of Co-TTNS/30 may not be strictly correct due to the presence of anatase impurity.
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Fig. 1. (a) Adsorption percentage of cobalt from solution by Na-TTNS as a function of the starting solution concentration: m = 5g, V = 250 ml, time 8 h; (b) Freundlich fitted
adsorption isotherm for Co?* on the TTNS material; (c) percentage of sodium removed from Na-TTNS as a function of the measured pH of the cobalt solutions.
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As given in Table 1, the amount of exchanged cobalt was
accompanied by the corresponding loss of sodium from the solid.
However, the maximum exchange of cobalt has not resulted
in complete sodium removal; nearly 10% of the total sodium
remained in the solid indicating the existence of inaccessible
sodium sites difficult to be reached and exchanged. It is important
to note (Fig. 1a and b; Table 1) that working at higher temperature
(reflux at ~100°C) has not changed the maximum amount of
exchangeable cobalt in the solid neither the percentage of residual
sodium. Cobalt ions in excess may not be the only driving force for
the sodium exchange. As the concentration of the initial solution
increased, pH of the solution dropped due to hydrolysis of the
cobalt salt thus generating protons that might be also involved in
the process as suggests the correlation in Fig. 1c.

3.2. Morphological and crystallographic properties

The as-synthesized samples with different Co contents main-
tained the original 1-D morphology of the precursor Na-rich
nanostructure, appearing predominantly as multilayered mal-
formed nanowires aligned or randomly distributed (Fig. 2a and b),
while nanotubes are hardly observed. Extra TEM images are
provided as supplemental data for visual proof of the morphological

features described in this section. The growth direction of the
nanowires is along [010] direction, as indicated by electron
diffraction (inset in Fig. 2a). This is consistent with our earlier
studies [4,5,8,12,18] of growth direction in trititanate 1-D
nanomaterials obtained via alkali hydrothermal route and
previously identified [4,6,9,15] as monoclinic Na,_,H,Ti307-nH,0
with the crystal structure corresponding to the structure of the
compounds Na,Tiz0; (ICSD: 15463) or D,Tiz0; (ICSD: 41055).
Therefore, our experimental findings cannot support the system-
atization of growth directions in such materials as given by
Bavykin et al. [19], suggesting that nanowires, directly obtained
through this route, grow along [001] direction. Bavykin et al.
based their definition of growth direction in trititanate nanowires
on the results earlier reported by Yang and Zheng [20]. Another
characteristic of the as-synthesized Co-TTNS materials is that
cobalt is exclusively associated to these nanostructures, as it
is exemplified through a selected EDS spectrum (Fig. 2c), so that
no kind of Co segregation in the form of oxide or metallic
nanoparticles could be found in the analyzed samples.

After a meticulous examination by TEM/SAED, it was verified
that both Co-TTNS/30 and Co-TTNS/30R were the only specimens
exhibiting some segregated non-layered particles with anatase
structure as illustrated in Fig. 2d. The picture suggests that these
nanoparticles arise from the 1-D nanostructured titanates. These
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Fig. 2. (a) TEM image and SADP from the sample Co-TTNS/30 of a bundle of aligned trititanate 1-D nanostructures; (b) TEM image showing randomly distributed 1-D
nanostructures and (c) the corresponding EDS spectrum; (d) TEM image of the sample Co-TTNS/30 showing trititanate 1-D nanoparticles with deposited anatase

nanoparticles.
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two samples underwent the exchange condition with the highest
concentration of cobalt salt in solution thus resulting in the lowest
pH (Fig. 1c). It is already known in literature that transformation
of nanostructured titanates into TiO, polymorphs tend to occur
under acidic pH environment [21-23]. Therefore, one could
conclude that a small part of the 1-D trititanate was converted
into TiO,-anatase during cobalt exchange at this condition. The
high excess of cobalt in the exchanging solution should be avoided
if transformation of TTNS into anatase nanoparticles is undesired.

XRD patterns of the as-synthesized specimens (Fig. 3) revealed
four typical diffraction lines of trititanate 1-D nanomaterials
situated at around 10°, 24°, 28° and 48° 26 (CuKa) accompanied
with two new lines emerging at ~34° and 40° 260 (CuKa). These
two latter lines seem to be a peculiar feature of the Co®*-
exchanged 1-D titanate nanomaterials, since they are not pro-
minent in the sodium precursor (Na-TTNS), while in the proton
derived specimen (H-TTNS) these peaks cannot be observed at all
(Fig. 3). It can be noticed as well that the intensities of these two
lines increase gradually with the increase of cobalt exchanged
in the 1-D nanomaterial (compare, for instance, XRPD patterns of
Co-TTNS/2 and Co-TTNS/30). An influence of preferential orienta-
tion on the appearance of these two peaks can be excluded since
all the samples (as-synthesized and Co-exchanged) were prepared
on the same manner for XRPD measurements, as described in
the experimental section. These two extra lines have also been
observed in the XRD pattern of Co-modified trititanate nanotubes
prepared by Ferreira et al. [9], who found by IR spectroscopy that
Co?* is incorporated between the layers of trititanate structure
and not in the layer structure built of (Tiz0;)?~ framework.

The partial formation of anatase particles as observed by TEM
exclusively in the samples Co-TTNS/30 and Co-TTNS/30R was
hardly detected by XRD, possibly due to a combination of three
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Fig. 3. XRPD patterns of as-synthesized samples (see Table 1 for sample
description). The arrows indicate two diffraction lines fingerprints of Co insertion
within trititanate interlayers.
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Fig. 4. Interlayer distance measured by XRPD as a function of the exchanged cobalt
(sodium) content. The measurement for H-TTNS with low sodium content is also
plotted as reference.

factors: (i) small quantity, (ii) nanosize and (iii) main diffraction
line (20 = 25.2°) very close to that of the dominant 1-D trititanate
phase (20 = 24.5°). For the rest of the Co-TTNS samples, XRD
confirmed TEM findings in that they are single-phased, composed
just of trititanate phase.

An examination of the XRD patterns in Fig. 3 by single-line
fitting also reveals that the first diffraction line (related to the
interlayer spacing) is shifted to higher 20 values when cobalt
substitutes for sodium. As displayed in Fig. 4, the d-value is
reduced upon increasing the amount of cobalt exchanged. Such
shrinkage of the lamellar structure may be directly ascribed to the
incorporation of cobalt since its ionic radius at any coordination
number is significantly smaller than the ionic radius of sodium in
the lattice [24]. Comparatively, a larger reduction in the interlayer
distance takes place when the same amount of sodium is replaced
by proton (see H-TTNS data point in Fig. 4); however, the
mechanism of reduction in interlayer spacing after proton
exchange is mainly explained by removal of interlayer water as
earlier demonstrated [4,5]. It is worth mentioning that it was not
possible to measure accurately the intershell spacing through
HRTEM images due to significant variations of this distance along
the nanowires axis, and for this reason they were not compared to
those determined by XRD data. Besides, the latter is much more
representative of the average values of all 1-D titanate crystals
contained in the samples, whereas the interlayer distances
obtained from TEM images might be misleading since they are
based on relatively few measurements.

3.3. Thermal analyses and chemical composition

As previously observed in TG experiments of 1-D nanostruc-
tured titanates [4,5], water is also released up to 500°C in
Co-TTNS specimens. Approximately half of this water is lost at
temperatures lower than 100°C, which is due to physically
adsorbed water and not relevant for determination of the
chemical formulae of the nanostructured trititanates. All Co-
exchanged samples exhibited a very similar percentage of weight
loss between 100 and 500 °C, as much as their sodium precursor
(Table 1). From earlier studies with TTNS samples it could be
established [4,5,18] that water loss at lower temperatures
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(100-200°C) is mostly due to interlayer water (H,O) while the
water lost over 200-500°C range is mainly structural water
(—OH). Based on the water loss between 100 and 500 °C,
estimated from TG results, and the weight percentages of Co
and Na obtained from AAS one can calculate chemical formulae of
Co-modified trititanate 1-D nanostructures (Table 1) following the
methodology described in Appendix A and previously used for the
calculation of chemical formulae of Na- and H-rich trititanate
nanotubes [4,5,12,18]. From the estimated chemical formulae
(Table 1) it can be observed that sodium content decreased
with the increase of cobalt content as expected based on the
results described in Section 3.1. The amount of Interlayer water
(expressed as n, where n is the number of interlayer water
molecules per chemical formula) did not change significantly with
Co®* substitution if compared to the interlayer H,O content in its
precursor Na-TTNS, thus clearly contrasting with the dehydration
promoted by the proton exchange (H-TTNS). This finding hence
suggests that the reduction of d-values of interlayer distances in
Na,CoyxH,_x—,Tiz07-nH,0 with the increase in cobalt content as
verified in Fig. 4, is majorly related to the entrance of smaller Co®*
in the interlayers substituting larger Na*. Another evidence in
favor of the cobalt exchange with interlayer sodium is that H in
the formulae of all Co-exchanged samples remained rather
constant and not much higher than that found in the formula
of the Na-TTNS (water washed precursor). Finally, it should
be pointed out that strictly speaking, the formula ascribed to the
Co-TTNS/30 specimen in Table 1 may not be correct due to the
conversion of a minor portion of the 1D-trititanate into anatase
nanoparticles.

3.4. Optical properties

The optical absorption spectra are depicted in Fig. 5 with all
samples exhibiting a fundamental absorption at short wavelength.
However, optical properties of Co-exchange trititanate 1-D
nanomaterials are rather different from that observed for
Na- and proton-rich 1-D nanomaterials. A strong red-shift of the
absorption edge for Co-exchanged 1-D nanomaterials is verified
even for the lowest content of ionic exchange (see curve of
Co-TTNS/2 specimen in Fig. 5a and Table 1). The calculated band-
gap (2.70eV) is shifted ~0.80 and 0.68 eV relative to the band-
gaps of the corresponding sodium- and proton-rich materials,
respectively. This red-shift becomes more pronounced for higher
Co contents as graphically estimated from Fig. 5a (Table 1), with
band-gaps of these samples situated around 2.55 eV thus resulting
in red-shifts of 0.95 and 0.83eV relative to the Na-TTNS and
H-TTNS counterparts. There are several experimental and theore-
tical evidences regarding the influence of transition metals or
substitutional doping with N, S, P, C and F on the band-gap
narrowing of wide gap semiconductors, such as TiO, (anatase or
rutile), ZnO and H,TizO; [10,15,25-30]. A theoretical study
conducted by Nishikawa et al. [26] on TiO, band-gap narrowing
after introduction of transition metals explained this effect
through the insertion of the metal 3d orbitals within the
forbidden band and their interaction with the oxygen 2p orbitals
from the valence band, thus leading to decreased band-gap
energies. Among other authors, Anpo et al. [25] and Wang et al.
[27] observed experimentally for TiO, similar band-gap narrowing
behavior as a consequence of transition metal doping. In the case
of substitutional doping with N or C it is supposed that 2p orbitals
of these elements are mixing with 2p orbitals of oxygen, also
resulting in a reduction of the band-gap values [28]. Wu et al. [29]
showed that C substitutional doping strongly reduces band-gap in
TiO, and that this reduction is sensitive to the percentage of C
doping, being more pronounced for higher substitution levels.
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Fig. 5. (a) Variation of (F(R)w)'? as a function of excitation energy and the
extrapolations ((F(R)w)'/2 = 0) used to obtain the apparent band-gap energies of
the as-synthesized TTNS samples with different Co contents and their Na-TTNS
and H-TTNS references; (b) UV-Vis spectra within the region 1.5-2.7 eV.

Similar feature for Fe>* doping in TiO, was noticed by Choi et al.
[30]. For trititanate 1-D nanostructures it was already experi-
mentally observed by Peng et al. [10] that doping with transition
metals (Fe>* and Ni?*) reduces the band-gap. Peng et al. [15] also
reported a theoretical study about the effect of Fe3* doping on the
band-gap of 1-D trititanates, confirming the red-shift experimen-
tally observed. As occurred in these cases, the strong band-gap
narrowing in our Co-exchanged trititanate 1-D nanostructures is
likely attributed to the insertion of the Co?* 3d orbitals within the
forbidden band. This is another indication that Co®* ions are not
segregated as separate particles at the surface of trititanate 1-D
nanostructures, but actually incorporated in the trititanate
structure within interlayers, forming compounds with the general
formula of Na,Coy,H,_x_,Ti307-nH,0.

As displayed in Fig. 5b, the UV-Vis spectra of Co-modified
1-D nanomaterials also exhibit a hump at around 2.6-1.7eV
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on molar basis (BET multiplied by Mol) as a function of cobalt content.

(1 =480-730nm), typical of d-d transitions as previously
identified by Sun and Li [6]. The absorption band due to d-d
transition is a common feature for the semiconductors doped with
transition metals [10,31]. As Na-TTNS or H-TTNS are semiconduc-
tors, it can be speculated that introduction in the trititanate
structure of Co?" d states results in their splitting under the
influence of the crystal field, leading to the formation of lower and
higher d energy states, as similarly occurred for Ni**-doped
trititanates [10]. Such assumption is supported by the increase in
the intensity of this d-d transition with the amount of exchanged
cobalt as evident in Fig. 5b. However, it suffers a discontinuity
with the sample Co-TTNS/30 showing a significant reduction in
the band intensity when compared to that of Co-TTNS/15 and
becoming comparable to that of sample Co-TTNS/10. The only
explanation found for such anomalous behavior was a bulk

dilution effect provoked by the formation of some anatase as
described in Section 3.2 for this particular sample.

From the practical point of view, our experimental results
demonstrated that Co-modified trititanate 1-D nanomaterials
have improved visible light photon absorption efficiency as
compared to their Na- and proton-rich counterparts.

3.5. Textural properties

As observed in Fig. 6a, the Co-exchanged samples exhibited a
typical pore volume distribution with two main contributions [5].
Pores smaller than 5nm may be attributed to the inner space of
existent nanotubes and may be also due to the small pores created
between aligned nanowires/nanorods (Fig. 2a). Larger mesopores
likely account for intercrystallite voids generated from the
aggregation of the 1-D nanoparticles or also between their small
agglomerates. Compared to the precursor Na-TTNS, the gradual
incorporation of cobalt did not modify significantly the pore
distribution profile, corroborating the TEM observations, which
showed no apparent change in the nanoparticles morphology
after cobalt exchange.

On the other hand, as previously reported by Sun and Li [6],
a measurable increase in surface area was observed with the
replacement of sodium by cobalt, either on weight or on molar
basis (Fig. 6b). However, this increase in specific surface area
of nearly 15% (147 - 170 m?/g) is rather modest if compared to the
strong effect of protonation; H-TTNS resulted in twice as much
BET surface area (308 m?/g) confirming earlier findings [4,5]. The
increase in surface area occurred up to the point where cobalt
exchange nearly saturated. Such small effect may be partly
attributed to the contraction of the interlayer space, as previously
hypothesized on protonation of sodium rich 1D nanostructured
trititanates [5].

3.6. Thermal stability

Morphological and crystal structure thermal stabilities of
trititanate 1-D nanostructures modified with the highest cobalt
content (Co-TTNS/30) were studied by XRPD and TEM. Crystal
structure stability is maintained up to 400 °C as can be inferred
from XRPD patterns (Fig. 7). However, TEM and EDS (X-ray energy

3500 —
c r r
3000
c
2500 | R
—_ 800°C b b
:i 1 b
%, 2000
2
& 1500 -
£ |400°C
1000 -
300°C
500
J as-synthesized
A MWMWM /\w

15 20 25 30 35 40 45 50 55 60
2 Theta
Fig. 7. XRPD patterns of sample Co-TTNS/30 as-synthesized and after heat-

treatment at 300, 400, 600 and 800°C (a = anatase, b = TiO,(B)/bronze,
¢ = CoTiO0s3, r = rutile).
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Fig. 8. TEM images and corresponding EDS spectra of sample Co-TTNS/30 heat-treated at 400 °C showing the presence of anatase (a) and CoTiO3 (b) nanoparticles.

Table 2

Weight percentage of the crystal phases, estimated by Rietveld method, present in the sample Co-TTNS/30 calcined at 600 and 800 °C

Sample/crystal phase Anatase (Wt%) CoTiO3 (wt%) Rutile (wt%) TiO,(B)/bronze (wt%)
Co-TTNS/600 °C 64.5 31.2 43 -

Co-TTNS/800 °C - 28.4 59 12.6

dispersive spectroscopy) observations (Fig. 8a and b) indicated
that some nanoparticles of TiO,-anatase and CoTiOs can be
already detected at 400°C (together with predominant 1-D
nanostructured trititanate), meaning that the onset of morpholo-
gical and crystal structure instability is situated around 400 °C.
It is worth citing for comparison our previous work [18] where
thermal stability of protonated and sodium rich 1-D trititanates
were evaluated and found to be at about 300 and 600 °C,
respectively. That means that Co-exchanged 1-D trititanates
possess an intermediate thermal stability, which also indicates
that cobalt was inserted into the TTNS structure to cause such
an effect.

At 600°C no trace of trititanate crystal structure and 1-D
morphology could be found as demonstrated in Figs. 7 and 9a,
respectively. Table 2 summarizes the weight percentage of the
crystal phases presented at 600 and 800 °C, estimated by Rietveld
method. The sample treated at 600 °C contained mostly anatase
and CoTiO; and some rutile, which was confirmed by TEM.
However, some TiO,(B) crystals displayed in Fig. 9b were also
identified by high-resolution transmission electron microscopy
(HRTEM), even though not evident in XRPD pattern taken from
the sample treated at 600 °C (Fig. 7). From TEM examination it was
clear that at 600 °C the crystal domains of TiO,(B) were rare and
when encountered they were very small (~10nm) and found
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0.61 nm
TiO,(B)/Bronze

Fig. 9. (a) TEM image of sample Co-TTNS/30 heat-treated at 600 °C. (b) Anatase
(d(101) = 0.35nm), CoTiO; (d(021) = 0.37nm) and TiO,(B) (d(001) = 0.61 nm)
identified by the lattice fringes in the HRTEM image.

between anatase and CoTiOs phases (Fig. 9b). The small quantity
and small size of these domains should result in broad, low
intensity diffraction lines, which in practice are not visible in our
XRD patterns. Because of the appearance of TiO,(B) as very small
nanocrystals closely associated with anatase and CoTiOs phases it
was not possible to evaluate their EDS signal without interference
of signals from neighbor anatase and CoTiO3; nanocrystals.

XRPD of the sample treated at 800°C showed, on the other
hand, TiO,(B) together with rutile and CoTiOs (Fig. 7 and Table 2).
Anatase, the predominant phase at 600 °C, was absent at 800 °C.
The existence of metastable TiO,(B) phase is totally unexpected at
this temperature, since TiO,(B) is often the very first TiO, phase to
be formed (at about 400 °C) after the decomposition of protonated

trititanates, serving as the precursor for the formation of anatase
at around 500°C [4,5,12]. The presence of TiO,(B)-like nanocrys-
tals at 800 °C was confirmed by TEM (Fig. 10a and b). However,
EDS of these nanocrystals (Fig. 10c) showed that some Na and Co
were also associated with them so that the stabilization of the
TiO5(B) structure by forming a kind of bronze with Co?* and Na*
ions has been considered. Bronze (Na,Ti;_,0,) and TiO»(B) phases
have the same host framework [32] (a very good fit of the
diffraction lines from the XRPD pattern taken at 800 °C that do not
belong to TiO,-rutile and CoTiO3 can be obtained assuming either
TiO,(B) or Na,Ti;_,O> as structural model). However, differently
from TiO,(B) phase, bronze is synthesized under reduction
conditions with Ti*" partially reduced to Ti>*. As the heat
treatment at 800°C was carried out in air, the appearance of
bronze cannot be easily explained through the reduction of Ti**
to Ti>*. Nonetheless, there were some evidences in favor of the
bronze phase formation. The CoTiOs is slightly consumed (~31% —
~28%; Table 2) when the sample is heated from 600 to 800 °C
and TiO,(B)-like nanocrystals are observed at 600°C (Fig. 7b),
indicating that such phase is formed in the regions between
CoTiOs; and anatase and hence strengthening the role of the
CoTiO3 partial decomposition in the formation of a bronze-like
phase. These observations together with EDS results (showing
that Co is associated with bronze nanocrystals, Fig. 10c) suggest
that the formation of bronze-like phase is possible in air at 800 °C
through the partial incorporation of Co?" (originated from the
CoTiO; decomposition) in the octahedral Ti** sites, forming
bronze-like structures with general chemical formula Nay,Ti;_x
Co,05. As such bronze structure possess the same host framework
as that of TiO,(B), both phases cannot be unequivocally distin-
guished in our XRPD.

By comparing thermal stability and phase transformation path
of Co-rich trititanates as described in the present paper with those
with NayH,_,Ti307-nH;0 formula as previously reported [4], the
differences are evident, demonstrating that phase transformation
path of TTNS is affected by the presence of cobalt.

4. Conclusions

Co-modified trititanate 1-D nanostructures with the general
chemical formula Na,Co,»H,_x_,Ti307-nH,0 have been prepared
through ion-exchange of hydrothermally synthesized Na-rich
trititanates. The cobalt exchange capacity was established as
well as the appropriate exchanging condition to avoid conversion
of the 1-D nanostructured layered titanates into anatase nano-
particles.

It is observed that the growth direction of Co-modified
nanowires/nanotubes is along [010]. Two diffraction lines at
34° and 40° (CuKo) are an indication of Co®* incorporation in
the interlayer sites of trititanate structure. As an effect of Co**
incorporation between trititanate layers, the interlayer distance is
reduced with respect to that of the precursor sodium trititanate.
This effect is due to the entrance of smaller Co®* ions in the
interlayers. Surface area is slightly increased up to the exchange
saturation point whereas pore size distribution is hardly affected.

Co?* incorporation in trititanate crystal structure also results
in enhanced visible light photon absorption efficiency due to a
strong band-gap narrowing.

The onset of morphological and structural thermal instability
of Co-modified trititanate 1-D nanostructures is situated around
400 °C. The appearance of bronze-like phase at 800°C in air is
possible through the incorporation of Co?*, generated from partial
decomposition of CoTiOs, in the octahedral sites originally
occupied by Ti** and then forming nanocrystals with the general
formula Nay,Ti;_,C0,0>.
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