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Abstract: One of the most significant global challenges for humans is environmental pollution.
The technology to control this problem is the utilization of semiconductors as photocatalysts.
In the current study, iron-doped titania nanotubes (Fe/TiNTs) with increased photocatalytic ef-
fect were synthesized via a modified hydrothermal method. The products were characterized by
X-ray powder diffraction, scanning electron microscopy, transmission electron microscopy (TEM), gas
adsorption, electron spin resonance (ESR) and UV-Vis diffuse reflectance spectroscopy (DRS). TEM
results indicated that Fe/TiNTs have a tubular and uniform structure with an average outer diameter
of 23-48 nm and length of 10~15 um. ESR and DRS revealed that Fe* ions were successfully intro-
duced into the TiNT structure by replacing Ti** ions. An enhanced light absorption in the range of
400-600 nm additionally indicated successful doping. The band gap was narrowed as iron wt% was
increased. The photocatalytic activity was evaluated by the degradation of methyl orange (MO) in the
presence of Fe/TiNTs and TiTNs by monitoring the degradation of MO under UV light irradiation. An
acceleration on the hydration of Portland cement was observed in the presence of 2.0 wt% Fe/TiNTs.
Fe/TiNTs can be used as a nanomaterial in cement-based building materials to provide self-cleaning
properties to the surface of concrete even in indoor environments.

Keywords: Fe-doped titanium dioxide nanotubes; titanium dioxide nanotubes; photocatalytic degradation

1. Introduction

One serious outstanding concern and a global problem for humanity is environmental
pollution and destruction, for instance, NOy, algae, and organic wastes. As the world’s
population is increasing and the world becomes industrialized, the demand for a clean
environment and natural energy sources is increasing. The release of industrial pollutants
and toxic agents into the atmosphere and drinking water becomes a significant challenge
facing the world. The promising technology to control environmental pollution and
remedy air and water contamination is the utilization of semiconductor materials as a
photocatalyst. TiO, nanoparticles and nanotubes have interesting and excellent properties,
which have attracted much attention in recent years. Due to its low cost, and chemical and
thermal stability, TiO, is an interesting and widely used semiconductor among the various
photocatalysts. The history of applying TiO; as a catalyst goes back to work carried out by
Fujishima and Honda in 1972 by splitting water into oxygen and hydrogen [1]
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Basically, TiO, oxidizes organic and inorganic wastes through catalyzing the respective
redox processes. However, the practical application of TiO, as a photocatalyst is limited,
due to its wide band gap (3.2 eV), as it is only able to utilize the UV range of solar light.
The contribution of UV light to the total solar light is only 3-5% [2]. Furthermore, UV light
cannot pass through window glass, limiting indoor use of TiO; as a catalyst. Furthermore,
the possibility of recombination of photogenerated electron and hole pairs is high in
TiO, due to the short charge separation distance within the particle [3]. To overcome
these challenges and improve its activity under the range of UV and visible light, it is
necessary to generate new sub-energy levels by doping TiO, nanoparticles with foreign
ions dopants. Numerous types of research have been conducted on the modification of
TiO, nanoparticles by doping and co-doping with various cations and anions so far. For
example, J. Ma et al. [4] synthesized Fe-doped TiO, nanoparticles by a facile co-precipitation
method using Fe(NO3)3-9H,0 and Ti(5O4); as a Ti precursor. They reported that doping
TiO, with Fe influenced the UV-Vis absorption, enhanced visible light absorption, and
minimized electron—hole recombination caused by the incorporation of iron ions into
the crystal lattice of TiO;. Ye Cong et al. [2] co-doped TiO, with nitrogen and Fe?* in
a homogeneous precipitation hydrothermal process. They mentioned that the nitrogen
and Fe**-ions doping induced the formation of new states close to the valence band and
conduction band, respectively, and this phenomenon leads to the narrowing of the band gap
and greatly improves the photocatalytic activity in the visible light region. H. Khan et al. [3]
synthesized Fe-TiO; nanoparticles by a facile sol-gel method and stated that undoped
TiO, shows an absorption edge in the UV region while this was shifted towards the visible
region in the case of Fe-doped TiO, nanoparticles. They described that the shift was a
result of the d—d transition of Fe3* (2Tog — 2Agg, 2T1g) and the charge transfer transition
between interacting iron ions (Fe** + Fe* — Fe** + Fe?*). L. Wen et al. [5] prepared the
Fe-doped TiO; by hydrothermal treatment using TiCly and Fe(NO3)s as the precursors of
TiO; and Fe ions. They claimed that Fe ions are more easily doped on the surface of TiO,
than in bulk. They noted that the ions on the surface can form an intermediate interfacial
transfer pathway for electrons and holes. K. Elghniji et al. [6] also synthesized Fe-doped
TiO, nanoparticles by an acid-catalyzed sol-gel method. They confirmed by electron
spin resonance analysis (ESR) that Fe?* ions are successfully doped in the TiO; lattice by
substituting Ti**. N. Roy et al. [7] synthesized Fe-doped TiO, nanocrystals by hydrothermal
treatment using titanium tetraisopropoxide and Fe-(SOy)-7H,0O as the precursors of TiO,
and Fe ions. They reported the reduction in overpotential for the electrochemical oxygen
evolution reaction (OER) using transition metal (TM)-doped TiO; nanocrystals (NCs). They
assigned reduction in overpotential to the splitting of d orbitals of doped TM in the TM-
doped TiO, NCs and, of course, their interactions with oxyradicals made the OEP possible.
They also mentioned that the change in the original pearl color of undoped TiO, NCs
and UV-visible absorption spectra is an evident of orbital splitting of TM in TM-doped
TiO,. R. Shwetharani et al. [8] synthesized a “Fe-induced titania” nanostructure at high
calcination temperature through a wet impregnation technique. They stated that a highly
reactive tetragonal anatase phase with a dispersed nanospheroid structure is existing in
the Fe-induced titania which is a desired photocatalyst for water molecules. Their product
exhibits a remarkably high photocatalytic capacity to evolve hydrogen, to an extent of
850 mmol /5 mg within 40 min. Next to these examples, a large number of other publications
have published on the doping of TiO, nanoparticles [9-20].

In addition to the work that has been carried out on the doping of TiO, nanoparticles
to date, there has also been some research on the modification of TiO; nanotubes (TiNTs)
by doping with foreign ions [21-30]. But few of them have used Fe*" ions as doping
agent [31-37]. Therefore, this paper deals with the study of TiNTs doped with Fe**-ions via
a modified hydrothermal process. A different synthesis process of hydrothermal approach
was utilized to synthesize TiNTs. Without using an autoclave, TiNTs and Fe/TiNTs were
synthesized in one step in a Teflon flask. This is a facile approach for the synthesis of
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Fe/TiNTs. Since the diameter of Fe**-ions is almost identical to Ti**, doping with Fe?* -ions
was preferred.

The authors of this work previously reported the applications of Fe-doped TiNTs
(Fe/TiNTs) on the hydration of tricalcium silicates. An improvement in the hydration was
observed and a strong interaction between Fe/TiNTs and Ca?* was found [38]. This time,
we applied to the Portland cement for the first time to investigate its reactivity during
24 h hydration. Also, it was revealed that TiNTs can improve the performance of concrete,
especially of UHPC, for instance, mechanical and self-cleaning properties improvement
due to the addition of TiO, [39-41].

2. Experimental Procedure
2.1. Materials and Methods

The precursors were titanium (IV) oxide (anatase, 99.6% metal basis (Alfa Aesar,
Haverhill, MA, USA)) and NaOH (Geyer Th. GmbH & Co., KG, Berlin, Germany).
Fe(NO3)3-9H;0 (Fluka AG, Darmstadt, Germany) were used as an iron source for doping
and the deionized water and HCI ((37%), Fluka AG) were used for washing purposes. CEM
152.5R (Dyckerhof GmbH, Wiesbaden, Germany) was used as a white cement source.

A modified hydrothermal method was utilized to fabricate both TiNTs and Fe/TiNTs,
by using 3 g anatase powder with 200 mL of 10 M NaOH aqueous suspension in a
250 mL PTFE (Polytetrafluoroethylene) flask in the presence and absence of Fe(NO3)3-9H,0.
Samples with 0.0, 0.07, 0.1, 0.3, 1.0, and 2.00 wt% of iron percentages with respect to anatase
were prepared and the mixtures were firstly stirred for 30 min. Then, they were sonicated
for 20 min to obtain better dispersion. Prior to addition of Fe(NOs3)3-9H,O to the dispersion,
they were dissolved in 10 mL deionized water. Afterward, the dispersions were refluxed
for 24 h by heating at 130 & 5 °C in an oil bath. The products were fabricated after 24 h.
Then they were firstly washed with deionized water till pH reached 7 and then washing
was continued with a 0.1 M HCl solution. Afterward, once again, washing with deionized
water was performed until pH reached 7. Finally, they were firstly dried at 80 °C for 8§ h
then calcinated at 400 °C for 1 h to assist the doping process.

2.2. Methods and Sample Preparation

Synthesized Fe/TiNTs and TiNTs were characterized by scanning electron microscopy
(SEM-Quanta 250 FEG ESEM, FEI Deutschland GmbH, Dreieich, Germany) and transmis-
sion electron microscopy (TEM-FEI Talos F200X) to study the morphology and dimension
of Fe/TiNTs and TiNTs. The Brunauer-Emmett-Teller (BET) surface area of the TiNTs was
determined by using Micromeritics ASAP 2020 (Micromeritics GmbH, UnterschleifSheim,
Germany). The specific surface was derived from the Nj-isotherms, and pore size distri-
butions of the samples were evaluated using the Barrett-Joyner-Halenda (BJH) method.
To check the phase composition of Fe/TiNTs and TiNTs, Powder X-ray diffraction (PXRD)
diffractograms were recorded at room temperature on an STOE Stadi P powder diffrac-
tometer (STOE, Darmstadt, Germany) in Debye-Scherrer setup (capillary inner diameter:
0.48 mm) by using Ge (111)-monochromated Cu-Kw4 radiation (154.0596 pm) and a position-
sensitive detector. ESR measurements were carried out using an X-band MiniScope MS5000
spectrometer (Magnettech by Freiberg Instruments) with field homogeneity of £5 puT
within the sample region, 0.2 mT field modulation, and 100 kHz modulation frequency. The
specimens were filled in 50 pL capillary tubes and measured at room temperature acquiring
three scans, each for 600 s at 50 mW microwave power. The background was measured
under the same conditions and subtracted from the spectra. The diffuse reflectance spectra
of both TiNTs and Fe/TiNTs were measured to study the possible absorption of light in
visible region due to doping and also to determine the optical band gap. The measurements
were carried out with an UV /VIS/NIR photospectrometer Cary 5000 from Varian (Agilent
Technology, Germany) equipped with an integrating sphere for diffuse reflectance measure-
ments. The influence on the Portland cement hydration of Fe-doped TiNTs was compared
to undoped TiNTs by using an isothermal calorimetry analysis device (DCA ToniCalHexa,
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Technik Baustoffpriifsysteme GmbH, Berlin, Germany) at 25 °C. Sample preparation was
carried out by the addition of 2.0 wt% of both Fe/TiNTs and TiNTs in Portland cement.
Pure Portland cement was used as a control, the water-to-cement ratio (w/c) was set to 0.5,
and the measurement was carried out for 24 h.

The photocatalytic activities of the 2.0 wt% Fe-doped TiO, and TiNTs samples under
UV light were evaluated based on the degradation rate of methyl orange (MO). A methyl
orange solution (10 mg L1, analytic grade, Merck) in deionized water (<0.16 uS) was cho-
sen as the test solution. The cylinders were filled with a mixture of 10 mg of photocatalyst
in 10 mL of dye solution. The mixture was magnetically stirred and illuminated. For illumi-
nation, a light-emitting diode (LED)-UV lamp (365 nm, 680 mW cm 2, SPCM-0800, DUSA)
was used. After intervals of 2 h and 8 h, 2 mL of the mixture was taken out, centrifuged
with 5000 rpm for 10 min, and then the solution was analyzed with an ultraviolet-visible
(UV-Vis) spectrometer (Lambda XLS+; Perkin Elmer, Rodgau, Germany).

3. Results and Discussion
3.1. Characterization of Synthesized Fe/TiNTs

e  Morphology analysis

Figure 1 shows SEM images of TiNTs and Fe/TiNTs synthesized with 1.0 wt% of
Fe3*-ions. There are no differences in the average morphology of both TiNTs and Fe/TiNTs,
having a tubular and uniform structure with an average outer diameter of 23-48 nm and
length of 10-15 um, respectively. This indicates that the doping process does not change
the morphology of nanotubes.

Figure 1. SEM images of TiNTs (a) and 1.0 wt% Fe/TiNTs (b).

TEM images in Figure 2 confirmed the SEM results and also proved that nanotubes
were hollow and tubular in structure. Furthermore, it is observed from TEM images that
nanotubes were multilayered and showed a variance in diameters for both TiNTs (a, b, c)
and Fe/TiNTs (d, e, f).

Figure 2c clearly shows the multilayered structure of the TiNTs. The dispersion of the
nanotubes can be depicted in Figure 2a,d for TiNTs and 1.0 wt% of Fe/TiNTs. While the
shape and structure of the Fe/TiNTs is comparable to the TiNTs and within the deviations
observed within the single sample sets, a slightly improved dispersion is observed with
the doped sample. The diameters of nanotubes for TiNTs in one region is 23-24 nm and
47-48 nm shown in Figure 2b, while this in another region is 35 nm, as shown in Figure 2c.
In the case of Fe/TiNTs in one region is 24-29 nm and 39-42 nm, shown in Figure 2e, and in
the other region, it is 32 nm, shown in Figure 2f. TEM shows smaller diameter for Fe/TiNTs
compared to TiNTs, and interspaces between the layers of Fe/TiNTs are too close, and
are not clearly visible. On the other hand, in the case of TiNTs, the layers of nanotube are
clearly visible.
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Figure 2. TEM images of TiNTs (a—c) and 1.0 wt% Fe/TiNTs (d—f).

e  Phase analysis

The PXRD diffractograms (represented in Figure 3) for the Fe/TiNTs with different Fe(III)
content, which were heat-treated at 400 °C in air for an hour, show the presence of anatase
TiO; (ICSD coll. code 154604), and at high Fe3* concentration, the presence of rutile.

A101
R(110)
R(101) R(111) A200 R(211)

M, N 2 wt.% Fe

%W . . ) L wt.% Fe
0.3 wt.% Fe

MM e pont g o

Mm 0.1 wt.% Fe

e . 0.07 wt.% Fe

M " 0 wt.% Fe

1 1 1 1
20 30 40 50 60 70

201/°

Figure 3. XRD patterns of Fe/TiNTs and TiNTs.

The TiNTs (undoped) annealed at 400 °C show only anatase reflections (ICSD Coll.
Code 63711) with broad reflections but starting at 0.30 wt% Fe, the presence of rutile
(ICSD Coll. Code 63710) is already very obvious, suggesting that Fe’* promotes a phase
transformation to a rutile phase which is bulk, i.e., a phase separation from nanocrystalline
anatase forming bulk rutile. The FWHM of the (101) anatase plane increases from ~1° in the
undoped TiNT to ~1.4° in the Fe/TiNT sample with 2.00 wt% Fe. Furthermore, the anatase
(200) reflection shifts by ~0.2° to the right from the undoped to the doped sample with the
highest Fe content, indicating a contraction of the unit cell along the 2 and b dimensions
due to a slightly smaller Fe®* jonic radius (0.64 A) than Ti** (0.68 A). Thus, in the synthetic
route used for doping of Fe into anatase TiNTs, a phase separation of rutile (presumably
free of Fe** and other defects) occurred simultaneously at higher Fe** concentration. No
reflection for eventually formed crystalline Fe,O3 was observed in the XRD pattern, which
indicates that the iron atoms are incorporated into the structure of TiO;. The presence of
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amorphous Fe;O3 is unlikely, because after a heat treatment over 150 °C, any possibly
formed amorphous Fe;O3 should be converted into a crystalline form [42].

The formation of rutile could be due to the surface oxygen vacancy concentration
of anatase grains increasing in Fe/TiNTs [43]. Mixed phases of anatase and rutile have
previously been shown to outperform pure anatase or pure rutile materials in photocatalytic
applications, which was attributed to a band alignment between the polymorphs. The
combination of the added states by the dopant and the induced band alignment, thus, are
promising an enhanced photocatalytic performance of the Fe/TiNTs.

e  Specific surface area and pore size distribution

The specific surface area of the hydrothermal Fe/TiNTs and TiNTs was determined by
both the Brunauer-Emmet-Teller and Barrett-Joyner-Halenda methods, and the latter is
specifically useful for the determination of pore diameters from gas sorption isotherms.

Table 1 shows the BET-specific surface area and BJH surface area of pores of TiNTs
doped with different weight percentages of Fe>*.

Table 1. Specific surface area (BET) and surface area of pores (BJH) of Fe/TiNTs.

Name of the Sample BET Surgace Area BJH Surface éArea of Pores
(m?/g) (m?/g)
TiNTs 356 384
0.07 wt% Fe/TiNTs 335 365
0.10 wt% Fe/TiNTs 334 375
0.30 wt% Fe/TiNTs 301 316
1.00 wt% Fe/TiNTs 270 300

A decrease in the BET-specific surface area was observed when the concentration of
Fe®* jons was increased due to the doping process. The doping caused the formation of
nanotubes with smaller diameters confirmed by isotherm plots (explained at the end of this
part). Changes in the diameter of some nanotubes could have caused such a decrease in BET-
specific surface area. The high values of BET are due to a multilayer of nanotubes which
were verified with TEM analysis. Figure 4 shows the pore size distribution of Fe/TiNTs and
TiNTs using the BJH method. It indicates that most of the pores have diameters in the range
of 20-40 nm and these pores are attributed to empty spaces as a result of hollow nanotubes,
and pores with bigger diameters could be due to agglomeration and generated bundles
of nanotubes. Similarly, if we look at the pore diameter between 20-40 nm, a decrease in
the pore diameter occurs at a critical dopant concentration of 1.0 wt% Fe, with a change in
the line shape to coalesced bimodal, starting at 0.3 wt%. This is in good agreement with
TEM results. TEM shows that overall diameters of 1.00 wt% Fe/TiNTs are smaller than
normal TiNTs. The pore volume was also decreased at this particular range of diameters for
higher-doped samples. Two possible reasons might be caused by these phenomena. The
first one is some blockage of Fe/TiNTs might have occurred during the washing process
by the free iron ions. The second possibility could be the formation of thicker layers of
Fe/TiNTs generating smaller interspaces between layers. As a result of these findings,
the BET surface area of Fe/TiNTs was decreased compared to TiNTs, which is in good
agreement with the findings.

From Table 1, it furthermore can be deduced that the cumulative surface area of pores
determined by the BJH method is higher with respect to the BET surface area. Thus, it
can be concluded that all samples contain micropores. The BET surface area is expected
to be higher than the surface area calculated by the BJH method. The BET surface area
was calculated within the range of adsorption relative pressure of 0.05-0.3, in which the
monolayer formed. The BJH is based on the Kelvin equation and it calculates the width of
the defined shape pores, which means, in this method, that the shape of the pore was ideal,
e.g., spherical pore, conical pore, slit pore, or others. With the BJH method, the surface
area of the pores from BJH can be calculated. Normally, BET is higher than BJH because
BET calculates overall surface areas, whereas BJH only calculates the surface areas of pores.
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However, in our samples, the agglomeration of TiNTs generated new “pores”, which will
be treated as a specific new type of pores by the BJH model. Therefore, the BJH is higher
than BET. Other than that, the BJH model uses different shapes for the pores which will
generate a huge difference in the surface area results.

5 2

- =0.00 wt% Fe/TiNTs

§ 1.5 0.07 wt% Fe/TiNTs

T_:-‘ =0.10 wt% Fe/TiNTs

> 0.30 wt% Fe/TiNTs
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Figure 4. Barrett-Joyner—Halenda (BJH) pore size and volume analysis of Fe/TiNTs and TiNTs.

On the other hand, when we check the isotherms, in Figure 5, the Fe-doped amount is
higher (1.0 w% Fe/TiNTs, the blue isotherm just drawn below the black isotherm, which
means the blue one has fewer pores than the black one, which is TiNTs).

40
o |[=Tints
S >°]|= 1.0 wt% Fe/TiNTs
E 30
5 25
E 20
2
o 15
'g 10
<
Z 5 - ———————
(S
0.2 0.4 0.6 0.8

Relative Pressure (p/p°)

Figure 5. Isotherm plots for 1.0 wt% F/TiNTs and TiNTs.

e Incorporation of Fe** ions into the crystal structure of TiNTs

ESR was used to study the doping of Fe3* into TiNTs. It is a sensitive spectroscopic
technique for examining paramagnetic species, and can detect small quantities down to
0.01 wt% Fe®* dopant level and give information about the environment of the param-
agnetic Fe3*- dopant ions within Fe/TiNTs [6]. Thus, continuous-wave ESR spectra of
Fe/TiNTs with various Fe>* concentrations were measured at room temperature (Figure 6).

g=423
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W“-‘_/\”-_m 2 wt.% Fe

e ———
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0.3 wt.% Fe

0.1 wt.% Fe
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| 1 1 |
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Figure 6. ESR spectra of pure and Fe-doped TiNTs with different concentrations.
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All of the ESR spectra for Fe/TiNTs samples contain two broad single-line resonances.
One resonance occurs at g = 1.99 with a symmetric line shape and the other at g = 4.23 with
a very slightly asymmetric line shape, the former being more than twice bigger than the
latter and the peak-to-peak widths approx. 8.5 and 9 mT for 0.3% Fe®* loading, respectively.

Both of these resonances are also present with very small intensity in the pure TiNTs sample.

The high-field resonance (g = 1.99) is assigned to a substitutional high-spin (S = 5/2) FeITIiIV

at the only octahedral Ti site in anatase, and the low-field (g = 4.23) to a Fe!l Ti site next to
a charge-compensated O vacancy V¢, [44—46]. No additional resonance is resolved for the
rutile side phase in the high Fe**-containing samples because its incorporation into rutile is
reported to require higher than 400 °C heat treatment [47].

Therefore, the ESR results are in agreement with the incorporation of Fe3* ions into
the crystal structure of anatase TiNTs.

e  Absorption shift from UV light to visible light and determination of band gap

To study the light absorption behavior of Fe/TiNTs, UV-Vis diffuse reflectance (DRS)
of the TiNTs with different amounts of Fe doping was measured. Spectra of TiNTs and
Fe/TiNTs are shown in Figure 7. It is observed that TiNTs only absorb in the UV region
(>400 nm), while Fe/TiNTs show considerable absorption in the visible region.

100
80
Anatase
- = 0.00 wt% Fe/TiNTs (R)
Q 60 0.07 Wt% Fe/TiNTs
< =0.10 wt% Fe/TiNTs
X 407 0.30 wt% Fe/TiNTs
= 1.00 wt% Fe/TiNTs
204 =2.00 wt% Fe/TiNTss
200 300 400 500 600 700 800

Wavelength(nm)

Figure 7. UV-Vis diffuse reflectance spectra of TiNTs and Fe/TiNTs.

This enhancement is observed in the range of 400 to 600 nm, particularly with the
higher concentration of dopant, where the absorption edge becomes more apparent and
shifts further into the visible light region.

The Kubelka-Munk function was used to analyze diffuse reflectance data, from which
the optical band gap was estimated via a Tauc plot, according to the following equation:

F(R) = (1 — R)*/2R 1)

By plotting [F(R)*hv]'/2 vs. hv and extrapolating the linear part of the curve to
[F(R)*hv]}/2 = 0, the indirect band gap was determined for all samples [48]. R describes
the absolute value of reflectance, h the Plank constant, and v the light frequency. Figure 8
shows the measured band gap for Fe/TiNTs, TiNTs, and anatase nanoparticles as a second
reference. It is clearly observed that the band gap for Fe/TiNTs was narrowed compared to
the references (TiNTs and anatase NP). The band gap for the anatase NP was found to be
3.15eV and 3.14 eV for TiNTs. A trend of the narrowing of the band gap is observed (3.15,
3.14, 3.10, 3.07, 2.95, 2.84 eV) as the amount of dopant in Fe/TiNTs is increased (0.0, 0.07,
0.1, 0.3, 1.0, 2.0 wt%). These results are in good agreement with the literature [15,16,34,49].
The shifting of absorption from UV to the visible region and narrowing of the band gap
for Fe/TiNTs is ascribed to doping transition metal into TiNTs, more precisely to an
electronic transition from the valence band of the dopant (Fe?’Jr / Fe4+) to the conduction
band of TiO; [3]. As a consequence, the doping, in turn, should considerably enhance the
photocatalytic properties of TiO, under visible light illumination.
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Figure 8. Plots of [F(R)*hv]'/2 vs. hv of the TiNTs and Fe/TiNTs.
3.2. The Course of Hydration Reaction

The heat evolution of Portland cement hydration was studied by isothermal calorimetry.
The heat evolution (dQ/dt (J/gh)) and cumulative heat (J/g) during 24 h hydration of cement
in the presence and absence of both TiNTs and Fe/TiNTs with 2.00 wt% in cement are shown
in Figure 9. As is observed, the induction period of hydrated cement in the presence of both
types of nanotubes was shortened compared to the pure cement. Also, the cumulative heat of
hydration of cement was increased for both samples with respect to the reference. The increase
in the cumulative heat evolution and a higher rate of heat evolution indicate improvement
in the hydration reactions of cement. The impact of shortening the induction period and
increasing cumulative heat development is seen more efficiently in the presence of Fe/TiNTs
compared to references. As observed from Figure 9, both the rate evolution and cumulative
curves stayed higher with 2.0 wt% Fe/TiNTs during 24 h hydration.
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Figure 9. Heat evolution (a) and cumulative heat evolution (b) of OPC in the presence and absence of
TiNTs and Fe/TiNTs during the 24 h hydration.

As we declared in our previous work [38], the reason for this acceleration could be
due to the high specific surface area of TiO; tubes which in turn produce further nucleation
sites for the hydration reaction. As is observed, the effect of improvement on hydration
was notable for the Fe/TiNTs sample and this is feasibly due to the created active sites
by replaced iron with titanium in the crystal structure of TiO, nanotubes. The replaced
iron dopant with titanium in the crystal lattice of TiO, nanotubes generated a spatial
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environment for TiNTs, and as a consequence of that, the charge difference was increased
within the surface of TiO; nanotubes. This increased charge difference facilitates more
nucleation sites for the formation of portlandite [50].

e  Evaluation of Photocatalytic Activity

The photocatalytic activity of the Fe/TiNTs was evaluated by the degradation of
methyl orange (MO), a model compound for photocatalytic wastewater treatment. A
doping concentration of 2.0 wt% was chosen for these experiments based on the evaluation
of the light-absorption properties of doped materials. Figure 10 shows the photocatalytic
degradation process of MO in the presence of Fe/TiNTs and undoped TiNTs. The pho-
tocatalytic activities of Fe/TiNTs were evaluated by monitoring the degradation of MO
under light irradiation at 365 nm. Figure 10a optically shows the degradation of MO in
the presence of both Fe/TiNTs and TiNTs after the first minute, 2 h, and 8 h. As expected,
the efficiency of degradation increases with time. The solution containing Fe/TiNTs was
almost decolored after 8 h illumination, while TiNTs still showed an orange color. Similar
observations are inferred from Figure 10b, showing the concentration profile of MO under
illumination, without or with TiNTs or Fe/TiNTs. Totals of 10% and 93% of MB were
degraded after 2 h and 8 h illumination in the presence of Fe/TiNTs, while only 4% and 68%
of MO were degraded with the addition of TiNTs. Figure 10c shows the absorbance of the
MO solution with respect to the wavelength dependence of the photocatalytic degradation.
A superior decrease in the absorbance maximum of MO was observed in the presence
of Fe/TiNTs compared to TiNTs and pure MO solution. Potential explanations for these
observations are that either doped Fe®* ions act as a charge carrier trap and inhibit the
hole-electron recombination, and/or the induced transformation of anatase TiNTs to mixed
anatase/rutile TiNTs during doping facilitates an efficient separation of photogenerated
electron-hole pairs (due to band alignment between these phases).

Fe/TiNTs 1.2

—MO
—MO + TiNTs
—MO + Fe/TiNTs

5 10
Time (h)

—MOo Cc
—MO + TiNTs (2h)

/ MO + Fe/TiNTs (2h)
MO + TiNTs (8h)
—MO + Fe/TiNTs (8h)

430 530 630
Wavelength (nm)

Figure 10. Photocatalytic degradation process of MO in the presence of the Fe/TiNTs in comparison
with TiNTs, after 2 h and 8 h irradiation. Here, (a) shows degradation images under LED (365 nm)
light illumination; (b,c) show the degradation concentration and absorbance spectra of MO under
UV-visible light in the presence and absence of both of Fe/TiNTs and TiNTs, respectively.

Concerning our finding, previous researchers like Sina et al. [51] reported 47% MB degra-
dation in the presence of 2.0% of Fe-doped TiO; nanoparticles after 3 h. Also, Mishra et al. [52]
found 80% degradation of MB after 2 h for 1.0 wt% Fe-doped TiO, nanoparticle sample.

4. Conclusions

In this work, both Fe/TiNTs and TiNTs were synthesized by a modified hydrothermal
method. Without using an autoclave, in one step, Fe/TiNTs were obtained, which means
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that facile, cheap, and large amounts of Fe/TiNTs can be synthesized. The products were
characterized by using SEM, TEM, XRD, ESR, UV-Vis, and gas adsorption studies and the
following results were achieved:

e  TiNTs were successfully doped with iron and the initial wt% of iron with respect to
anatase for the synthesis of Fe/TiNTs were 0.0, 0.07, 0.1, 0.3, 1.0, and 2.00 wt%.

e SEM and TEM confirmed the formation of both types of nanotubes, TiNTs and
Fe/TiNTs.

e TEM confirmed that the nanotubes were hollow and with a tubular structure. They
consist of multilayers with an average outer diameter of 23-48 nm and length of 10-15
um, respectively.

e XRD proved the doping process of TiNTs with Fe**- ions, via altering on the XRD
pattern. The FWHM of the (101) anatase plane increased from ~1° in the undoped TiNT
to ~1.4° in the Fe/TiNT sample with 2.00 wt% Fe. Such an observation is expected to be
a direct effect of doping of anatase TiNTs with Fe?* ions. Furthermore, rutile formation
within the anatase structure was observed upon doping higher levels of Fe?*, which is
expected to enhance charge separation within the TiNTs and, consequently, enhance
the photocatalytic efficiency of the material.

e  ESRis in agreement with the interpretation that Fe>* ions were incorporated into the

111
cc

crystal structure of anatase TiNTs occupying an octahedral site and another Fe site
next to an O vacancy Vg,.

o  DRS showed an enhancement of light absorption in the visible region in the range of
400-600 nm. Particularly with the higher concentration of dopant, the absorption edge
becomes more apparent and shifts further into the visible light region.

e A decrease in the optical band gap of Fe/TiNTs samples was revealed by DRS propor-
tionally to the dopant concentration.

e  The highest BET-specific surface area for the nanotubes was obtained for the pure
TiNTs with 356 m?/g. As the wt% of iron in the samples increased, a decline in the
values of BET-specific surface area of Fe/TiNTs was observed. Even though the doped
samples showed lower surface areas than their undoped counterparts, their catalytic
activity significantly surpassed the TiNTs, which highlights the beneficial nature of
Fe3* doping.

e Animprovement in the hydration of Portland cement was observed in the presence of
2.0 wt% Fe/TiNTs compared to the references. The induction period was decreased

and an acceleration was observed.

Finally, the photocatalytic activity of the samples was evaluated by degrading methyl
orange in the presence of Fe/TiNTs and TiNTs. The samples were illuminated by a
light-emitting diode (LED), and then the degradation was followed via UV-Vis spec-
troscopy. Fe/TiNTs (2.0 wt%) showed the highest efficiency to degrade MO up to 93% after
8 h illumination.

On the basis of the abovementioned results, it can be concluded that the doping of
TiNTs with Fe®* was successful and more effective when the dopant wt% was higher. The
synthesized Fe/TiNTs can be utilized in various fields depending on their desired aspect as
a photocatalyst.

We believe that our product has the potential to be used as a component of future
concrete. Our product has a wonderful feature, which is enhanced photocatalytic activity at
higher wavelengths. This remarkable property will give self-cleaning property to concrete
not only outdoors but even in indoor environments, such as kitchens, where the intensity
of UV radiation is limited. Smaller percentages (1-2 wt% or even lower) are sufficient for
application in concrete. We only need a small amount of our product to use on the top layer
of concrete, where it is needed. Furthermore, it has a high specific surface area which can
contribute to the reinforcement of UHPC concrete.
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