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Abstract
The synthesis of photocatalysts for organic pollutants degradation is a topic of fundamental interest and practical impor-
tance, in particular if using green methodologies. In this study, Methyl Orange (MO) and Indigo Carmine (IC) photo-
degradation on composite TiO2 nanostructures containing silver or nitrogen was examined. TiO2 nanotubes (NTs), TiO2 
nanoparticles (NPs) and Ag NPs were prepared by microwave-assisted chemistry (MWAC) using different precursors. The 
photocatalysts were characterized by XRD, TEM, UV–Vis, BET, XPS and EIS techniques. The degradation rate of MO by 
the TiO2 NTs@Ag NPs photocatalyst, under UV–Vis illumination, was about six times higher than that exhibited by the 
pristine TiO2 NTs. Additionally, the photodegradation rate of MO on TiO2 NTs@Ag NPs under visible light (λ ≥ 400 nm) was 
more than three times higher than pristine TiO2 NTs irradiated with UV–Vis light. TiO2 NPs prepared using a water-soluble 
titanium complex [TALH: Titanium(IV) bis(ammoniumlactato)dihydroxide] as precursor, presents high photodegradation 
rate for IC and MO under UV–Vis and only visible light irradiation. The presence of nitrogen in the TiO2 NPs lead to lower 
band gap values, compared to pristine NTs, which may explain the visible light activity of this photocatalyst. Additionally, 
Mott–Schottky analysis gave information about the donor density and the absolute position of the flatband potential of 
the nanostructured TiO2 thin film electrodes showing a correlation between those parameters and the photocatalytic 
observed activity. The present work also shows that a green methodology, such as MWAC, coupled to a mild water-soluble 
precursor, like TALH, may lead to its use in environmental remediation applications with direct utilization of solar light 
as a sustainable technology.

Keywords  Nanoparticles · Nanotubes · TiO2 · Silver · Visible light · Photocatalysis · Dyes

1  Introduction

During the present century, the preparation of nanoscale 
materials has allowed the syntheses of a wide diversity of 
nanostructures, such as nanotubes (NTs), nanoparticles 
(NPs), nanorods (NRs), nanoplates and Quantum Dots 
(QDs). In the photocatalytic field, titanium dioxide (TiO2) 
is still one of the mostly investigated materials for the 

photodegradation of pollutants. It competes efficiently 
with many different non-TiO2 oxides nanomaterials for 
the generation of hydrogen (water splitting reaction) [1]. 
The main reasons to use TiO2 are: good chemical stability, 
high catalytic activity, non-toxicity, easy availability and 
low cost [2, 3]. In photocatalytic studies, the most used 
commercial powder dispersion of TiO2 is the well-known 
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AEROXIDE®TiO2 P25. This powder finely divided is also rec-
ognized as the standard in photocatalysis [4].

Noble metal NPs can also improve the photocatalytic 
activity of TiO2 due to their surface plasmon resonance 
(SPR) effect, allowing visible light activity [5–8]. The col-
lective oscillation of electrons at the surface of metal NPs 
can be induced by light irradiation which results in the 
enhancement of the photocatalytic activity. Recently, a 
series of studies have been carried out on the SPR phe-
nomena. For example, bimetallic Ag–Pt–TiO2 nanocom-
posites prepared by the sol–gel method showed higher 
photocatalytic activity under visible-light irradiation than 
the monometallic nanocomposite [9]. Silver/silver chloride 
nanocubes, well-dispersed on TiO2 nanofibers showed also 
higher photocatalytic activity by visible light illumination 
than pure TiO2 and Ag/TiO2 nanofibers for the decompos-
ing of organic contaminants [10]. The SPR was also veri-
fied with the impregnation of Cu NPs in TiO2-graphene 
(P25-GR) nanocomposite fabricated from P25 titania and 
graphite oxide by hydrothermal method [11]. The nano-
composites showed visible light absorption and increase 
in the degradation rate of Methylene Blue compared to 
the P25-GR composite.

The conventional synthesis of TiO2 and noble metal 
nanostructures that use hydrothermal or solvother-
mal synthesis generate important thermal gradients 
throughout the reaction system leading to non uniform 
kinetic reactions [12–14]. Those methods also require 
long reaction times and high temperatures favoring 
the aggregation of particles and have been recognized 
more than a decade ago as inefficient and energy-con-
suming [15]. In this sense, microwave irradiation has 
shown much promise as an alternative for delivering 
efficiently energy to a reaction system. The main merits 
of microwave-assisted chemistry (MWAC) over conven-
tional heating methods include homogeneous heating, 
fast nucleation processes, good reproducibility, simple 
control of the reaction parameters, possibility to use 
non toxic organic solvents and last but not least, it pro-
vides a scale-up platform for applications in the indus-
try [15–17]. TiO2 nanostructures synthesized by MWAC 
have been reported in the past [18–20] and recently the 
work was intensified [16, 21–29]. Preparation of P-doped 
nanostructures of Fe2O3–TiO2 mixed oxides [21], selec-
tive oxidation of TiO2 nanoestructures [22], noble-metal 
free co-catalysts decorating inorganic–organic hybrid 
materials [16], controlled morphologies and phases of 
BiVO4 [27], CdS NRs-carbon NTs for the H2 production 
[28] and synthesis of Au/SnS2 nanoflowers [29] are cur-
rent examples of the efficient use of MWAC for prepara-
tion of several new nanostructures. Titanate NTs, deco-
rated with anatase NPs, have been recently prepared by 
a microwave assisted hydrothermal reaction in one step 

[30]. In spite the photocatalysts synthesized were attract-
ing interest from the point of view of the new nanostruc-
tures generated, the visible light activity was not clearly 
observed. The authors used an excitation light from UV 
light (380 nm) and the used dye, Remazol blue, degraded 
49.5% at the end of 60 min of irradiation without the 
catalyst. In another work, TiO2 NT array photoelectrodes 
prepared by anodization process were decorated with 
Ag–AgBr NPs [24]. The NPs were deposited by micro-
wave reduction strategy. The prepared photocatalysts 
exhibited better photocatalytic performance in the wide 
range of solar spectra than the pure TiO2 NTs. However, 
the authors used a traditional anodization process as a 
first step of the syntheses, which cannot be considered 
a green methodology.

In many typical syntheses of TiO2 nanostructures the 
precursors are dissolved in organic solvents. Contact with 
the atmosphere needs to be avoided together with the 
presence of water, because they are easy to hydrolyze. 
For example, TiO2 nanosheets were fabricated by hydro-
thermal treatment of a mixed solution of tetrabutyltitan-
ate and hydrofluoric acid [12]. Titanium (IV) isopropoxide, 
which can be also flammable, is as well a frequently chemi-
cal used for the preparation of TiO2 nanomaterials [25, 31, 
32]. If green methodology is pursued for the preparation 
of new photocatalysts, environmentally green solvents 
must be used. Over last years, the interest in the synthe-
sis of titania using water-soluble titanium complexes has 
increased. The use of new water-soluble titanium com-
plexes has allowed the preparation of crystalline nano-
structures with controlled hydrolysis reactions and shapes 
[33–37]. In this sense the use of a stable water-soluble tita-
nia precursor, such as titanium(IV) bis(ammoniumlactato)
dihydroxide (TALH) represents one interesting and simple 
alternative for the preparation of TiO2 nanostructures [33]. 
TiO2 porous thick films, which are suitable to work as pho-
toelectrodes in dye-sensitized solar cells were prepared 
using TALH by the “doctor blade” technique and UV curing 
[38]. TiO2 NPs were assembled with TALH to produce films 
of TiO2 with low roughness, high refractive index and high 
transmittance [39].

In the present work, we extend our previous investiga-
tions on the synthesis of new photocatalysts [8, 40–43]. 
The TiO2 NTs, TiO2 NPs, and Ag NPs were prepared using 
a green microwave-assisted method. The NTs or the NPs 
were impregnated with Ag NPs or Nitrogen respectively to 
investigate their visible light activities. The results showed 
that the degradation of prototype dyes occurs by means of 
photocatalysis under UV–Vis and using only visible irradia-
tion. Finally, to the best of our knowledge, the combina-
tion of a water soluble precursor, such as TALH with MWAC 
to produce TiO2 NPs with visible light activity, in only one 
step, has not been reported so far.
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2 � Materials and methods

2.1 � Materials

Titanium(IV) bis(ammoniumlactato)dihydroxide (TALH, 
50 wt% in H2O), aqueous ammonia solution (28.0–30.0% 
of NH3), sodium hydroxide, Nafion perfluorinated resin 
solution (5 wt% in mixture of lower aliphatic alcohols 
and water) and silver nitrate were purchased from 
Sigma–Aldrich and used as received. Titanium dioxide 
NPs powder, AEROXIDE®TiO2-P25 from EVONIK (a mix-
ture of about 75% anatase and 25% rutile) was received 
from Degussa Corporation. Ethylene glycol, ETG ≥ 99% 
(Sigma–Aldrich), Methyl Orange (MO) (100%) and Indigo 
Carmine (IC) (100%) were obtained from Merck, Brazil. 
Polyvinylpyrrolidone (PVP, MW 68,400 g mol−1, Synth) 
was also used as received.

2.2 � Microwave‑assisted chemical synthesis

Microwave irradiation was carried out mainly in a com-
mercial instrument MARS 6 (CEM Corporation). The tem-
perature during irradiation was continuously monitored 
by infrared temperature sensors. Two types of TiO2 nano-
structures, NTs and NPs, were prepared from two differ-
ent precursors TiO2-P25 and TALH respectively.

In a typical synthesis of TiO2 NTs a thermal treatment 
already reported was adapted [44] by using microwave 
irradiation as excitation source. The preparation started 
by mixing 0.75 g of the P25 in 50 mL of NaOH 9 mol L−1. 
The mixture was heated for 2 h at 180 °C (300 W) in a Tef-
lon cup with continuous magnetic stirring. After cooling 
and pH neutralization with HCl solution (0.1 mol L−1) the 
precipitate was washed with distilled water, ethanol and 
dried at ambient temperature. Finally, the products were 
thermally treated at 400–600 °C for 3 h under ambient 
atmosphere with a heating rate of 5 °C min−1.

TiO2 NPs were prepared following a thermal hydrolysis 
procedure already reported [45], but again in the present 
work microwave irradiation was used. Typically, 5 mL of 
a 50 wt% aqueous TALH solution with the addition of 
45 mL of 0.1 mol L−1 solution of NH3 was transferred 
into a 70 mL Teflon cup and irradiated by microwave for 
15 min at 160 °C (800 W). Then, the solution was cooled 
down in air. The resulting TiO2 NPs were dried in a Petri 
dish at 50 °C for 3 h. Finally, the NPs were calcinated in air 
at 400 °C for 4 h with a heating rate of 5 °C min−1.

Silver NPs were prepared adapting the polyol method 
previously described using ETG as solvent and PVP as 
stabilizing agent [46]. Typically, PVP (1.95 g), silver nitrate 
(0.012 mol L−1, 0.025 g) and ETG (25 mL) were mixed and 

stirred under ultrasound until total PVP dissolution. The 
solution was then introduced into a homemade Teflon 
reactor and irradiated at medium power for 15 or 30 s, 
using a commercial Panasonic Microwave oven (1600 W 
of maximum power). Then the solution was cooled 
down, washed twice with acetone (170 mL), and centri-
fuged at 6000 RPM for 10 min. The precipitated NPs were 
resuspended in deionized water.

Finally, the effect of visible light sensitization of Ag NPs 
in the degradation activity of MO was studied impregnat-
ing the prepared TiO2 NTs with the Ag NPs. The TiO2 NTs 
(1 g) were dispersed in 20 mL of Ag NPs suspension and 
stirred for 2 h under atmospheric conditions. The nano-
structures were collected by centrifugation, dried at 60 °C 
overnight and finally thermal treated at 450–600 °C for 1 h 
with a heating rate of 10 °C min−1.

2.3 � Characterization

The optical properties of the TiO2 nanostructures were 
measured using a double-beam CARY 5000 spectropho-
tometer (Varian) in the wavelength range of 200–800 nm. 
The bandgap values of samples were determined by 
UV–Vis measurements with an integrated sphere. The 
Kubelka–Munk model was used to determine the band-
gap assuming that the sample scattering coefficient 
was constant for the UV–Vis wavelength range [47]. The 
phase identification of the nanostructures was conducted 
with X-ray diffraction using a Siemens Goniometer D500 
equipped with Cu Kα radiation at 40 kV and 20 mA. The 
data were collected for scattering angles (2θ) ranging 
from 20° to 80° with a step size of 0.05°. The results were 
analyzed using the Crystallographica Search-Match (CSM) 
software. The nanostructures were also characterized by 
transmission electron microscope (TEM) JEOL JEM 1200 
ExII system (Microscopy Center, UFRGS) and using a trans-
mission electron microscope with a field emission gun 
(FEG-TEM/STEM: JEM 2100F URP) at the Brazilian Nano-
technology National Laboratory (LNNano), Campinas, SP, 
Brazil.

TiO2 thin films for Mott–Schottky measurements were 
prepared using from 5 to 10 mg mL−1 of titanium dioxide 
precursors in Nafion solution. The films were prepared 
by casting 500 μL of the precursor mixtures on cleaned 
Fluorine doped Tin Oxide (FTO) glass substrates. After 
each coating, the samples were kept at 353 K overnight 
in air atmosphere, for solvent evaporation. Mott–Schottky 
analysis was performed at a frequency of 1 kHz with 10 mV 
of amplitude, with various potentials applied to a standard 
three-electrode cell on an Autolab potentiostat PGSTAT30. 
The cell employed Na2SO4 0.5 mol L−1 as the electrolyte 
solution, a platinum foil as the counter electrode, a satu-
rated calomel electrode as the reference electrode and 
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FTO/TiO2 electrodes, with 1 cm2 exposed area, as working 
electrodes.

X-ray photoelectron spectroscopy (XPS) spectra meas-
urements were carried out using a conventional electron 
spectrometer (Omicron Gmbh, Germany) equipped with 
a high performance hemispherical energy analyzer and a 
seven-channeltron detector. Al Kα radiation was used as 
the excitation source. Surveys spectra were recorded with 
pass energy of 50 eV, whereas selected atomic signals were 
acquired with 10 or 20 eV of pass energy depending on 
the intensity signal measured. In the spectra, the position 
of the C–C/C–H was specified, and other peaks of differ-
ent carbon environments were fixed relative to this peak, 
set at 285.0 eV. The deconvolution of the selected atomic 
regions was carried out using the Casa XPS software pack-
age. The XPS signals were analyzed and peak-fitted after 
the subtraction of a Shirley background using Gaussian-
Lorenzian peak shapes.

The specific surface area and pore size distribu-
tion of the TiO2 nanostructures were calculated from 
the adsorption/desorption isotherms of N2 at 77  K by 
multi-point Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) method using a Micromeritics 
Tristar II 3020 V1.01 instrument.

2.4 � Photocatalytic measurements

The photodegradation experiments were carried out 
using aqueous solutions of MO or IC in a quartz photo-
chemical reactor. An unfiltered or filtered light from a 
high pressure Xe/Hg lamp of 350 W (Sciencetech Inc.) was 
used. A Long Wave Pass Filter, 25.4 mm, 400 ± 5 nm cut-
on (410–1200 nm) from Newport Corporation was used 
when only visible light was allowed to enter the reactor. 
Solutions of 35 mL of MO (12 ppm) or IC (35 ppm) were 
irradiated at selected time periods and the changes in 
concentrations of the dyes were monitored regularly by 
measuring the absorbance at the correspondent wave-
length (465 nm and 610 nm for MO and IC respectively).

3 � Results and discussion

3.1 � Pristine and Ag loaded TiO2 nanotubes

The XRD pattern of prepared TiO2 NTs by MWAC and 
thermal treated at 400 °C is shown in the Fig. 1. Diffrac-
tions peaks that are assigned to anataseTiO2 are clearly 
observed in the calcinated material. The peaks at 2θ val-
ues  = 25.2°, 37.8°, 48°, 54.5°, 62.6°, 75° and 82° can be 
attributed to the anatase phase (JCPDF 87-597) and also 
agree with previous reported data [44].

The morphologies of the TiO2 NTs were analyzed 
by TEM and the results are presented in Fig. 2. The TEM 
results show well-shaped and randomly oriented NTs with 
open ends under the present MWAC conditions. The TiO2 
NTs have approximate outer diameters of 8.5 nm, inner 
diameters of about 3.7 nm and micrometer long. The wall 
thickness was on average lower than 2.5 nm. The optical 
properties of the TiO2 NTs were investigated by the UV–Vis 
absorption spectra. The measured band gap absorption 
was 3.47 eV, being slightly higher than the accepted 3.2 eV 
for the intrinsic band gap absorption of pure anatase (see 
Fig. S1 in Supporting Information, SI, for more details). The 
discussion on the band gap measured for the several pre-
pared photocatalysts will be discussed in the photocata-
lytic activity section.

Silver NPs were prepared using PVP as stabilizing 
specie. Figure 3 shows the results of the analyses car-
ried out to characterize the prepared Ag NPs. The UV–Vis 
spectra of the Ag NPs stabilized with PVP can be seen in 
Fig. 3a. Ag/PVP NPs show a stronger photoabsorption 
in the visible region at about 400–410 nm mainly due 
to the surface plasmonic resonance (SPR) effect of the 
Ag NPs [48]. Figure 3a also shows that there is a shift 
to longer wavelengths in the UV maximum absorption. 
Because the dielectric constant of the medium and the 
stabilizing specie (PVP) were the same and only the 
time of irradiation changed, the shape and position of 
the plasmon absorption in the SPR maximum has to be 
related to changes in particle size of prepared Ag NPs 
[49]. The change in the maximum from 398 nm (15 s) to 
longer wavelengths, 409 nm (30 s), is due to changes in 
the NPs size. Figure 3b shows that the Ag NPs formed 
with 15 s of microwave irradiation has a main bimodal 

Fig. 1   XRD pattern of the prepared TiO2 NTs by microwave irradia-
tion at 180 °C and thermal treated at 400 °C. A Anatase
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distribution with NPs diameter distributions below 1 and 
2 nm (0.75 ± 0.05 and 1.8 ± 0.1 respectively). When the 
irradiation time increased to 30 s, a multimodal size dis-
tribution of Ag NPs was obtained with NPs sizes ranged 
from about 1–12 nm (see Fig. S2 in SI).

XPS spectroscopy was also used to confirm the pres-
ence of silver and its oxidation state. The results are shown 
in Fig. 3c, d. Figure 3c shows clearly the presence of Ag 
3d signals together with the N 1s, corresponding to the 
PVP. The Ag 3d5/2 and Ag 3d3/2 peaks appear at 368.8 eV 

Fig. 2   TEM image of TiO2 NTs 
prepared by microwave irradia-
tion at 180 °C and calcinated at 
400 °C (left). The external and 
internal NTs diameters were 
calculated and they are also 
shown (right)

Fig. 3   Characterization of the 
prepared Ag NPs by MWAC 
adapting the polyol method: 
a UV–Vis absorption spectra at 
two different microwave irra-
diation times, b TEM analyses, 
c XPS survey spectrum and d 
XPS signal analyze of the Ag 3d 
envelope
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and 374.8 eV, respectively, with the splitting of the 3d dou-
blet of 6.0 eV, supporting what should be expected [50]. 
Additionally, Fig. 3d evidences a partial oxidation of the 
Ag NPs in an amount lower than about 10% that shows 
the presence of Ag2O or AgO 3d signals in the spectrum. 
Due to the similarity in the binding energy between Ag2O 
and AgO and the maximum resolution that it should be 
expected in the apparatus used here (~ 1 eV), it is difficult 
to differentiate between Ag2O and AgO.

Finally, the TiO2 NTs were impregnated with the pre-
pared Ag NPs. Figure 4 shows the XRD pattern of the TiO2 
NTs loaded with the silver NPs after thermal treatment car-
ried out at 600 °C. The presence of Ag can be confirmed 
with the peaks at 2θ = 38.1°, 44.2° and 58° corresponding 
to the planes (111), (200) and (103), respectively (JCPDF 
1-1164). The other peaks marked with the letter A in Fig. 4 
refer to the peaks attributed to the anatase phase (see also 
Fig. 1). Additional signals at 24.5°, 29.8°, 32.8° and ~ 67° 
appeared in Fig. 4. It was previously observed that TiO2 NTs 
thermal treated at 600 °C or higher temperature exhibited 
new DRX signals superimposed onto the pattern of typical 
anatase phase [51]. These new peaks could be assigned 
to the Na2Ti6O13 or Na2Ti3O7 compounds (peaks marked 
with * in Fig. 4), originated from the presence of NaOH 
in the synthesis of the TiO2 NTs. Ferreira et al. have pro-
posed a general formula after washing the TiO2 NTs in acid 
medium as Na2−xHxTi3O7·nH2O, 0 ≤ x ≤ 2, where the Na+ 
was exchanged by H+. When the temperature increased 
to 600 °C and over they observed that the final products of 
thermal decomposition were Na2Ti6O13 or Na2Ti3O7.

The optical properties of the Ag NPs loaded TiO2 NTs 
were investigated also by the UV–Vis absorption spec-
tra. The measured absorption spectra of these samples 

showed that the band gap absorption was 3.5 eV very 
close to pristine TiO2 NTs. It was previously observed that 
for photocatalysts loaded with low content of silver, the 
band gap is similar to pristine TiO2. However, when the 
amount of silver was increased, a lower values of band 
gaps were measured [49]. The Fig.  3d shows that the 
amount of silver on the surface region quantified by XPS is 
below 5%. In the present study, the Ag NPs have diameters 
smaller than 2 nm before the impregnation process, but 
after the thermal treatment at 600 °C partial dissolution 
and reduction of Ag+ can proceed [52]. In the work car-
ried out by Amarjargal et al., TiO2 microrods were prepared 
by a reflux method followed by heat treatment. Under 
their experimental conditions, reduction of Ag+ to Ag0 
was observed at temperatures over 500 °C. The authors 
assumed that total reduction of silver ions due to the high 
redox potential of Ag+ and the low electronegativy of the 
TiO2. In the present work the wall thickness of the TiO2 
NTs was about 2.5 nm. It may allow diffusion of the silver 
ions to the surface through TiO2 NT walls without reach a 
complete reduction of silver ions.

The impregnation of the TiO2 NTs with Ag NPs led to 
changes in the specific surface area and pore dimen-
sions measured by BET and BJH methods. Compared to 
pristine TiO2 NTs, the specific surface area and the pore 
volume measured after Ag NPs impregnation decreased 
22 and 26% respectively (see Table 1). However, the pore 
size decreased less than 5% with the impregnation of the 
Ag NPs. Similar results were already observed in the past 
and they were interpreted as a blocking effect of the TiO2 
capillaries by the silver clusters [49, 53]. Those effects were 
also observed for commercial TiO2-P25 NPs [49, 54]. Even 
so, the presence of Ag NPs is more beneficial for photo-
catalytic reactions as they improve the interfacial charge 
transfer between the organic pollutant and TiO-2 NTs.

3.2 � TiO2 nanoparticles using TALH as precursor

TiO2 NPs using an environmentally green solvent were pre-
pared using TALH, a stable water-soluble titania precursor, 
which represents an interesting and simple alternative for 
the preparation of TiO2 NPs. Figure 5 shows the XRD pat-
tern of the prepared TiO2 NPs by MWAC before and after 
thermal treatment at 400 °C. Diffractions peaks typical 

Fig. 4   XRD pattern of the prepared TiO2 NTs by microwave irradia-
tion at 180  °C and impregnated with Ag NPs, thermal treated at 
600 °C for 3 h. A Anatase. * Na2Ti6O13 or Na2Ti3O7

Table 1   Structural characteristics of the photocatalysts: TiO2 NTs 
and TiO2 NTs@AgNPs

Sample Pore dimension

SBET (m2 g−1) Volume (cm3 g−1) Size (nm)

TiO2 NTs 234.0 0.669 12.9
TiO2 NTs@Ag NPs 181.4 0.494 12.3
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from anatase TiO2 (JCPDF 87-597) are clearly observed in 
the material before and after calcination. TiO2 NPs were 
formed with a high degree of crystallinity before calcina-
tion. The results showed that the present synthesis of TiO2 
NPs does not need a further thermal treatment for its use 
as a photocatalysts, because the prepared NPs presented 
high crystallinity and 100% of the most active TiO2 phase 
(anatase) just after the MWAC process.

Figure 6a, b present a typical TEM image of the pre-
pared TiO2 NPs showing their main size distribution cen-
tered at about (5 ± 1) nm. The optical properties of the TiO2 
NPs were also measured and a band gap of 3.1 eV, slightly 
lower than a typical TiO2 anatase, was obtained. Because 
TALH is an ammonium lactatodihydroxide titanium com-
plex and the synthesis was carried out with the addition 
of NH3, some degree of nitrogen doping or impregnation 
may be expected after microwave irradiation and calcina-
tion. By XRD analysis (Fig. 5) no presence of nitrogen in 
the structure was detected probably because its concen-
tration was below the detection limit of the equipment. 
To confirm the existence of nitrogen in the TiO2 NPs, XPS 
measurements were carried out and the results are shown 
in the Fig. 6c. The survey XPS spectrum shows that the O/
Ti ratio is ~ 2.2 very close to the theoretical ratio of 2. In 
spite the survey spectrum showed very week N 1s signal 
intensity, the inset of Fig. 6c demonstrated the presence 
of nitrogen in the surface region. This result together with 
the low band gap of 3.1 eV measured may indicate a small 
degree of nitrogen doping during the TiO2 NPs synthesis.

3.3 � Photocatalytic activity

The dependence of the degradation rate of MO, used as 
one prototype dye to test the photodegradation activ-
ity, on the concentration of pristine TiO2 NTs was first 

Fig. 5   XRD pattern of the prepared TiO2 NPs by microwave irradia-
tion from a stable water-soluble titania precursor (TALH) before and 
after thermal treatment at 400 °C. TT Thermal treatment

Fig. 6   a TEM image of TiO2 
NPs prepared by microwave 
irradiation from a stable 
water-soluble titania precursor 
(TALH) after thermal treatment 
(TT) at 400 °C in air for 4 h. b 
Average size calculation of the 
TiO2 NPs diameter. c Survey 
XPS spectrum of the prepared 
TiO2 NPs after TT
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determined over the range 1–5 mg mL−1 (see Fig. S3 in 
SI). As expected, Fig. S3 showed that the degradation rate 
increased, with the increasing concentration of TiO2 NTs 
approaching to a maximum value of about 2.5 mg mL−1. 
Concentrations higher than about 2.5–2.7 mg mL−1 led to 
a decrease in the MO degradation rate. Two well known 
factors are responsible for those results: aggregation of 
the TiO2 NTs at high concentrations, which decreases the 
number of the surface active sites and light scattering 
effects of the TiO2 NTs when the concentration increases. 
As a consequence of the Fig S3 results, the concentration 
used for the present degradation study for the TiO2 NTs 
and TiO2 NTs@Ag NPs photocatalysts was 2.5 mg mL−1.

In photocatalysis the reaction is initiated when a pho-
toelectron is promoted from the filled valence band of a 
semiconductor photocatalyst to the empty conduction 
band (CB) as a result of the photon absorption. The process 
leads to a highly reactive hole in the valence band (VB) and 
an electron in the CB that is trapped by surface adsorbed 
O2 generating several reactive oxidative species. The final 
HO. radicals formed on the irradiated semiconductor sur-
face are extremely powerful oxidizing agents and they 
are the basis of the Advanced Oxidation Processes (AOPs) 
that constitute a promising technology for the treatment 
of wastewaters containing organic compounds [55, 56]. 
The Langmuir–Hinshelwood mechanism can be used to 
express the rate of the heterogeneous photocatalytic deg-
radation of a dye according to the following mathematical 
equation [57]:

where r represents the initial rate of photooxidation, C is 
the dye concentration that depends on time t, k is the reac-
tion rate constant, and Kad is the adsorption coefficient of 
the dye on the photocatalyst. Pseudo-first-order reaction 
conditions can be applied when the dye concentration is 
low enough and the product KadC is very small compared 
with 1, leading to the integration of Eq. (1) led to Eq. (2):

where kapp = kKad is the apparent pseudo-first-order reac-
tion rate constant and C0 is the initial concentration of the 
dye.

Figure 7 shows the linear relationship of the natural 
logarithm of the ratio between the initial concentration 
of the dye and the concentration after photocatalytic deg-
radation (ln(C0/Ct)) versus the corresponding irradiation 
time for the MO degradation. It can be observed in Fig. 7 
the results achieved under UV–Vis irradiation and with 
only visible illumination (λ ≥ 400 nm) for pristine TiO2 NTs 

(1)r = −
dC

dt
=

kKadC

1 + KadC

(2)ln
C0

C
= kKadC = kappt

and Ag NPs loaded TiO2 NTs. Those results indicate that 
the photocatalytic degradation of MO can be described 
by the first-order kinetic model for both photocatalysts 
(Eq. 2). The value of kapp obtained from the slopes of the 
linear curves show that under UV–Vis illumination the TiO2 
NTs@Ag NPs photocatalyst is about six-folds higher than 
pristine TiO2 NTs for the MO photodegradation. Irradiation 
of the pristine TiO2 NTs with only visible light (λ ≥ 400 nm) 
almost did not produce any MO degradation. On the 
contrary when TiO2 NTs@Ag NPs photocatalyst was illu-
minated with visible light the MO photodegradation pro-
cess is evident. The kapp calculated is more than three times 
higher than pristine TiO2 NTs illuminated with UV–visible 
light. The above results demonstrated that the SPR effect 
is efficient for the photocatalytic decomposition of MO 
under UV–Vis and also with only visible light exposure.

The photocatalytic properties of TiO2 NPs prepared 
using TALH as precursor were tested for the photodegra-
dation of Indigo Carmine (IC). Figure 8 shows the results 
obtained when a solution of 35 ppm of IC was mixed with 
1 mg mL−1 of the prepared TiO2 NPs and illuminated. IC 
has a low photodegradation rate under UV–Vis irradia-
tion, but no degradation was detected under only visible 
illumination (see Fig. 8). The kapp calculated for IC irradi-
ated with UV–Vis light showed that the presence of TiO2 
NPs in the solution increased the photodegradation rate 
nearly 14 times. Irradiation with only visible light illumi-
nation of the IC solutions in the presence of the TiO2 NPs 
prepared using TALH as precursor showed that the pho-
todegradation is about twice times more efficiently than 
the irradiation of IC solution with UV–Vis light or IC solu-
tion with UV–Vis light in the presence of commercial P25 
TiO2. A comparison with commercial P25 TiO2 NPs is also 
included in Fig. 8 for only visible light irradiation. As can 

Fig. 7   Kinetics of Methyl Orange photocatalytic degradation on 
pure TiO2 NTs and loaded with Ag NPs under UV–Vis and visible 
light illumination (λ ≥ 400 nm). MO concentration = 12 ppm



Vol.:(0123456789)

SN Applied Sciences (2020) 2:543 | https://doi.org/10.1007/s42452-020-2343-x	 Research Article

be seen in the figure no increase in the IC degradation rate 
was observed under the presence of P25 TiO2 NPs. This 
result shows the very low absorption coefficient of P25 for 
photons at wavelength longer than 400 nm. The presence 
of nitrogen in the surface region of the TiO2 NPs prepared 
by MWAC (see Fig. 6) and its lower band gap measured 
may explain their visible light activity.

The stability of the TiO2 NPs photocatalyst prepared 
using TALH as precursor was evaluated by cycling experi-
ments and the results are shown in Fig. 9 for the degra-
dation of MO. After each cycle the catalyst was collected 
by centrifugation and washed with distilled water. Then 
the washed catalyst was used again with a fresh MO solu-
tion for the degradation of the dye. The data indicates 
that the catalyst was reusable at least for three runs. After 
the first cycle the degradation rate remained constant for 
more two repeated cycling runs, showing its outstanding 
stability.

Finally, to understand better the band structures 
of the TiO2 samples and the photocatalytic results, 
Mott–Schottky analysis was carried out. Electrochemical 
impedance spectroscopy allows obtaining information 
about the donor density (ND) and the absolute position 
of the flatband potentials (Vfb) of the nanostructured 
TiO2 thin film electrodes [58–62]. Figure 10 shows that 
all samples have a quasi-linear behavior with positive 
slopes, indicating the characteristics of n-type semicon-
ductors [58]. The Vfb and the ND of the TiO2 thin films 
were obtained from Mott–Schottky plots (taken in the 
dark, see Fig. 10) and using the following equation :

where �TiO2
 is the permittivity of the semiconductor elec-

trode, ε0 the permittivity of free space, e the elementary 
charge, V the applied potential, k the Boltzmann’s Con-
stant, T the temperature during the experiments and C the 
space charge capacitance. By using Eq. (3), a plot of (1/C2) 
vs V would lead to a straight line, intersecting the potential 
axis at Vfb. By the slope of the line the respective ND can 
then be calculated.

For n-type semiconductors it is possible to assume that 
the difference between the Vfb and the energy level of the 
conduction band (CB) minimum is negligible [63, 64]. By 
this way the valence band (VB) level can be calculated if 
the band gap energy is known from optical measurements. 
A summary of the calculations is presented in Table S1 (SI). 
Films that exhibited a more negative Vfb were found to 
have higher ND values and also showed higher photocata-
lytic activities compared to TiO2 P25. The donor density of 
the TiO2 NTs@Ag NPs and TiO2 NPs (TALH) improved about 
4.9 and 4.3 respectively in relation to TiO2 P25 (see Fig. 10 
and Table S1). It is possible that the enhancement in the 
ND is originated from the incorporation of Silver and Nitro-
gen respectively, which modified strongly the CB level of 
those photocatalysts (see Table S1 in SI). This effect is also 
observed when the photocatalytic activity is compared 
between pristine TiO2 NTs and TiO2 NTs@Ag NPs. Fig-
ure 10a shows a more negative Vfb for the TiO2 NTs@Ag 
NPs photocatalyst with and approximately 1.5 improve-
ment in the donor density measured in relation to pure 
TiO2 NTs (see Table S1 in SI). Taken into account that the 
specific surface area of the TiO2 NTs@Ag NPs photocatalyst 

(3)
1

C2
=

2

�TiO2
�0 e ND

(

V − Vfb −
kT

e

)

Fig. 8   Kinetics of the photodegradation of Indigo Carmine solu-
tions with and without the addition of TiO2 NPs prepared using 
TALH as precursor. The results under UV–Vis and visible light 
irradiation (λ ≥ 400  nm) are presented together. IC concentra-
tion = 35 ppm. NPs concentrations = 1 mg mL−1. A comparison with 
the commercial P25 TiO2 is also included

Fig. 9   UV–Vis photocatalytic degradation cycling curves for the 
photodegradation of Methyl Orange, MO, solutions in the pres-
ence of TiO2 NPs prepared using TALH as precursor. MO concentra-
tion = 12 ppm. NPs concentrations = 1 mg mL−1
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decreased only 22% in relation to TiO2 NTs, the about six-
folds more efficiency in the MO photodegradation under 
UV–Vis illumination of the silver impregnated NTs (see 
Fig. 7) can be assigned to the intrinsic electronic proper-
ties of this photocatalyst.

4 � Conclusions

The present study exemplifies that the microwave-assisted 
synthesis methodology is an effective and green strategy 
to prepare nanostructures, such as nanotubes and nano-
particles. The prepared photocatalysts showed excellent 
photodegradation properties of aqueous solutions of the 
two tested prototypes dyes. The results demonstrated that 
the impregnation of TiO2 NTs with Ag NPs led to a photo-
catalyst with more than six times higher activity than pris-
tine TiO2 NTs. Additionally, the prepared TiO2 NTs@Ag NPs 
photocatalysts were active under only visible light irradia-
tion with a photodegradation rate more than three times 
higher than pristine TiO2 NTs irradiated with UV–Vis light. 
These results illustrate the importance of the Ag NPs SPR 
effect for the induction of photodegradation processes 
with only visible light irradiation. TiO2 NPs synthesized 
by MWAC with a main size distribution about 5 nm were 
prepared using a different water titania precursor (TALH) 
and the addition of NH3. The TiO2 NPs showed high activ-
ity for the photodegradation of IC solutions under UV–Vis 
and also under only visible illumination. The presence of 
nitrogen in the TiO2 NPs and the lower band gap measured 
may explain the visible light activity of this photocatalyst. 
The reusability of this photocatalyst was tested for the 
degradation of the MO dye showing excellent properties 
at least for three cycles. Mott–Schottky measurements 

showed that the photocatalytic activity increases with 
increasing donor density and increasing negative shift of 
the flatband potential.

The present work also suggests that the use of micro-
wave radiation as a mild and green method coupled to a 
water soluble precursor, such as TALH may lead to its use 
in environmental remediation applications with direct uti-
lization of solar light as a sustainable technology.
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