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A B S T R A C T   

Semiconducting metal oxide nanostructures have drawn much attention from the researchers due to several 
advantages related to their wide-ranging applications, such as photocatalytic activity and gas-sensing perfor-
mance. In this way, the effect of metal ions on the structural, morphological and electronic properties of the as- 
prepared samples were investigated by X-ray diffraction (XRD), Raman spectroscopy, UV–visible diffuse 
reflectance spectra (DRS), X-ray photoelectron spectroscopy (XPS) and electron microscopy techniques. XRD 
analysis confirmed that all MxTi1− xO2 (M = Nb and W) samples presented only the TiO2 anatase phase despite 
the different amounts of dopant. Additionally, scanning electron microscopy (SEM) showed that the increased 
metal ion content leads to a morphological evolution from anisotropic to isotropic nanostructures, which 
consequently reduces their size. It was observed that the presence of W and Nb as dopants clearly induces a 
change in the surface characteristics of the nanostructures, favoring the photodegradation of cationic dyes, which 
does not occur for Rhodamine (RhB) since the photocatalytic mechanism appears strictly related to carrier 
charges. From the studied samples, W0.29Ti0.71O2 presented interesting ozone (O3) gas-sensing performance, 
which was evidenced by their working temperature (below 150 ◦C), sensor response, stability and good range of 
detection.   

1. Introduction 

The need for a healthier ecosystem makes the development of new 
materials one of the main challenges of applied physics, chemistry and 
materials science. In this way, the development of nanostructured 
semiconductors with improved technological performance appears as an 
important research area. Among them, we can highlight titanium di-
oxide (TiO2), which has been considered one of the most important 
multifunctional materials, especially in anatase crystalline phase, being 
extensively investigated due to its wide range of applications [1–16]. In 
fact, considerable efforts have been devoted to improving the properties 
of such materials, especially through band-gap engineering, allowing 
their application in technological devices, e.g., photocatalysis and 
chemiresistive sensors [1–24]. Thus, the use of transition metals as 
dopants, such as vanadium (V), tungsten (W), iron (Fe), niobium (Nb) 
and so on, appears as a promising strategy to improve the performance 
of photocatalysis or chemiresistive sensors [1–23] On the other hand, 
the doping mechanism of metal ions in TiO2 structures and their struc-
tural and electronic effects, such as the type and different concentrations 

of dopant ions, still attracts the interest of many researchers. 
The main aspects attributed to modifications induced by doping 

could be related to a band-gap reduction, leading to an enhanced sep-
aration of electron-hole pairs, changes in morphology and electronic 
structures [1,2,4–8,12,19–24]. The improvement of the TiO2 properties 
due to the effect of presence of dopants have been associated with the 
introduction of defects in its lattice, creating additional energy levels 
located between bands, and even inhibiting the anatase-to-rutile trans-
formation [1,2,4–8,12,19–24]. As a consequence, during the procedures 
to obtain the nanostructures one often encounters the challenging need 
to precisely control the concentration and location of dopants in a host 
system [2,4,8–11,18,22,25,24,26,27], providing a better understanding 
on the application of such materials [4,8,10,11]. Despite the fact that 
several strategies have been employed to improve the properties of 
doped TiO2, the effect of these strategies could be negative depending on 
the location of the dopant [4,8,10,11]. For instance, Kang et al. reported 
that the photocatalytic performance of metal doped TiO2 is not 
remarkably due to the presence of metal on the TiO2 surface, which can 
block reaction sites [24]. Chang et al. studied the effect of different types 
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of transition metal ions in the TiO2 surface lattice on its photocatalytic 
performance. According to this study, doped Fe, Cu and V ions improve 
the photocatalytic activity, whereas Mn, Ce and W ions cause adverse 
results [4]. Indeed, the distribution, presence and stability of oxygen (O) 
vacancies induced by the dopant element in oxide nanomaterials also 
needs to be further explored in order to control the desired effects 
[4,8,10–12,24]. In a previous work, we reported a detailed study on the 
synthesis of VxTi1-xO2 nanostructures obtained by a simple and 
environmentally-friendly hydrothermal method at low temperature and 
short synthesis time [22]. Additionally, a morphological evolution from 
anisotropic to isotropic nanostructures was observed as a function of the 
V content, where XANES at V K edge and atomic-resolved EELS mea-
surements revealed that the vanadium ions preferentially occupy Ti4+

sites distributed in the particle without any segregation [22]. 
Concerning the application of TiO2 as a gas-sensing layer, there are 

relatively few reports in the literature, mainly because TiO2 is an n-type 
semiconductor with high resistance and poor conductivity, which 
greatly affects its gas-sensing performance [1]. In this regard, the 
addition of metal ion appears as an interesting alternative to improve 
and extend the technological applications of anatase TiO2 as a gas- 
sensing layer [1,8,10]. Epifani et al. studied the use of anatase TiO2 
nanocrystals obtained by solvothermal process in the presence of W and 
their gas-sensing properties towards ethanol vapor. They showed that 
the surface modification of the TiO2 host due to the presence of WO3 
nanocrystal enhanced the sensor response in 3 orders of magnitude 
compared to pure TiO2 [10]. In a second study, Epifani et al. also showed 
that the deposition of V species on the surface of anatase TiO2 nano-
crystals resulted in an improvement of the sensor response up to almost 
2 orders of magnitude compared to pure TiO2, clearly evidencing the 
catalytic effect of V addition [8]. 

Despite the fact that nanostructured semiconductors have demon-
strated various advantages related to their gas-sensing performance to-
wards reducing and oxidizing gases, ozone (O3) has attracted a special 
attention, as it is considered an air pollutant with several adverse effects 
to human health, being commonly associated with morbidities and 
mortality [28–32]. As a matter of fact, many sensor devices based on 
semiconductor oxides, such as V2O5/TiO2 [13], WO3 [33,34], SnO2 
[35], ZnO [28], Ag2WO4 [36] and CuWO4 [37], have been studied to-
wards O3 gas. In a recent study, our group investigated the effect of 
cobalt addition on the ozone gas-sensing properties of nanostructured 
ZnO thin films. We observed an enhanced sensor response as a function 
of Co content, which was linked to the catalytic activity provided by Co 
ions in the semiconductor oxide and the presence of oxygen vacancies on 
the semiconductor oxide surface [28]. However, advances are still 
lacking regarding their working temperature, region of operation 
(concentration) and response and recovery times. 

Therefore, the aim of this work is to provide a detailed investigation 
on the preparation of MxTi1− xO2 (M = Nb and W) nanostructures by 
hydrothermal treatment of peroxo-metal complex, which is considered 
to be a simple and environmentally-friendly methodology. Additionally, 
a combination of spectroscopic techniques, such as Raman, X-ray 
photoelectron spectroscopy (XPS) and UV–visible diffuse reflectance 
spectra (DRS), and electron microscopy techniques was then performed 
to provide comprehensive information about the structural and elec-
tronic characteristics of such materials correlated with their photo-
catalytic activity and ozone gas-sensing performance. 

2. Materials and methods 

2.1. Synthesis of materials 

The oxidant peroxide method (OPM) with crystallization under 

hydrothermal conditions has great potential to synthesize nano-
structured oxide semiconductors to be applied as photocatalysts or 
chemiresistors, especially for being a simple methodology that uses low 
temperatures and no additives [38]. The MxTi1-xO2 (M = W and Nb) 
samples were obtained through the simultaneous decomposition of 
peroxo metal complex by hydrothermal treatment, in a similar proced-
ure already reported by our group [14,22,39,40]. In the first step, the 
peroxo titanium complex was obtained according to the procedure 
described by Ribeiro et al.[41], where a specific amount of metallic Ti 
(99.7%, Aldrich) was added into 80 mL of H2O2/NH3 solution (both 
29.0%, Synth). Peroxo tungsten (W) and niobium (Nb) complexes were 
prepared by dissolving Tungstic Acid (H2WO4, Aldrich) and Ammonium 
Niobium Oxalate (NH4[NbO(C2O4)2(H2O)2]⋅nH2O, CBMM) in an H2O2 
solution, as described by de Castro et al. [14] and Lopes et al. [17], 
respectively. Then, an appropriate amount of the complex solutions 
were mixed in order to obtain MxTi1-xO2 (M = W and Nb) samples with 
desired metal ion content, submitting the solution to a hydrothermal 
cell. The studied amounts of the above mentioned metal ions (x atom %) 
were determined by energy-dispersive X-ray spectroscopy (EDS). The 
synthesis conditions for all samples were set at 200 ◦C for 6 h. The as- 
synthesized samples were centrifuged, washed several times with dis-
tillated water and isopropanol, and dried at 60 ◦C for 8 h. 

2.2. Characterization 

The MxTi1-xO2 (M = W and Nb) samples were investigated by X-ray 
diffraction (XRD) using a Shimadzu XRD 6100 diffractometer with Cu kα 
(λ = 1.5406Ǻ) radiation and a monochromator in continuous mode at a 
scan step of 0.02◦ and exposure time of 1 s. 

Raman measurements were performed at room temperature using an 
FT-Raman instrument (Brucker RAM II) equipped with a Ge detector and 
an Nd-YAG laser, operating at 1064 nm and a maximum power of 100 
mW. The spectra were recorded from 100 to 800 cm− 1. 

The specific surface area (SSA) measurements were carried out at 
liquid nitrogen temperature by applying the single-point BET method, 
monitored from the nitrogen adsorption-desorption isotherms measured 
at 77 K on a Micromeritics ASAP 2420 A (USA) surface area and 
porosimetry analyzer. 

The sizes and morphologies of the samples were determined by field 
emission scanning electron microscopy (FE-SEM) using JEOL JSM6701F 
and Zeiss VP Supra 35 microscopes. The as-obtained samples were also 
studied by transmission electron microscopy (TEM). Conventional TEM 
and high-resolution (HRTEM) studies were performed on a JEM 2100F 
URP operating at 200 KV. Additionally, the chemical analyses of the 
samples were performed by energy-dispersive X-ray spectroscopy (EDS) 
using an EDS Thermo-Noran microanalysis system equipped with a Si 
detector attached to the JEOL JSM 6510 and Oxford SDD 100 mm2 

microanalysis attached to the JEOL 2100F microscope. 
In order to analyze the effect of optical properties of metal ions (Nb 

or W) on TiO2 materials, UV–visible diffuse reflectance spectra (DRS) 
were acquired through a Shimadzu UV2600 in the 250–800 nm range. 
The as-obtained spectra were converted using the Kubelka-Munk func-
tion [42] and normalized. The band-gap of the samples was calculated 
according to the equation proposed by Tauc et al. [43] 

The XPS analysis was performed on a Thermo Scientific K-Alpha 
spectrometer using a monochromatic Al Kα source. The data were 
analyzed using Casa XPS software (Casa Software Ltda., U.K.), and the 
spectra were calibrated using a C 1 s line (284.8 eV) of the adsorbed C on 
the sample surface. 
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2.3. Photocatalytic activity 

The photocatalytic performance of the studied samples was evalu-
ated through the procedures already reported by our group [21,44,45]. 
The photocatalytic activity of the MxTi1-xO2 (M = W and Nb) samples 
was tested for the degradation of Rhodamine B (RhB) and Methylene 
Blue (MB) dyes (Aldrich 95%) in aqueous solutions under ultraviolet 
(UV) light irradiation. In this procedure, an amount of 10 mg of the 
MxTi1-xO2 (M = W and Nb) samples was dispersed in 30 mL of RhB (5 
mg/L) and MB (10 mg/L) solutions, which were subsequently illumi-
nated by six lamps (Philips TL-D, 15 W) in a photocatalytic system 
maintained at room temperature (25 ◦C) in a thermostatic bath under 
vigorous stirring. Aliquots were collected at fixed time intervals (0, 15, 
30 and 45 min). Variations in the absorption band maximum at λ = 553 
nm (RhB) and 664 nm (MB) were measured by performing UV–Vis ab-
sorption spectroscopy measurements of the solution on a Shimadzu 
UV2600 spectrophotometer. 

2.4. Preparation of the sensing platforms and gas-sensing measurements 

To perform the gas-sensing measurements, we adopted a typical 
procedure used by our group [13,36,37]. In the first step, the pure TiO2 
and MxTi1-xO2 (M = W e Nb) samples were dispersed in isopropyl 
alcohol in an ultrasonic cleaner for 30 min, and the suspension was then 
dripped onto a SiO2/Si substrate with interdigitated Pt electrode arrays 
with thicknesses of 100 nm and spaced 50 μm apart. Subsequently, the 
samples were annealed for another 30 min at 500 ◦C in an electric oven 
under air atmosphere. 

The sensor samples were inserted into a specific chamber to allow 
dynamic gas-sensing measurements. Available in our lab [13], this 
workbench provides the control of the substrate temperature and ozone 
concentration. Ozone gas was formed from oxidizing oxygen molecules 
of dry air using a calibrated pen-ray UV lamp (UVP, model P/N 
90–0004-01), providing a concentration range of 12 to 94 ppb (parts- 
per-billion). The ozone levels were calibrated by a toxic gas detector 
(ATI, model F12). The total gas flow rate was kept constant and equal to 
500 SCCM by using a mass flow controller (MFC). The O3 levels were 
calibrated by the same toxic gas detector. The sensor response was S =
Rair/RO3, where Rair and RO3 are the electric resistances of the device 
exposed to dry air and gas, respectively. In addition, the response and 
recovery times were defined as the time required for the resistance to 
reach 90% of its initial value when exposed to the target gas and after 
the detected gas is turned off, respectively [13]. To determine the long- 
term stability over 1 year, the sample was stored and exposed to 20 ppb 
of ozone gas at a working temperature of 100 ◦C every day, and the 
repeated adsorption/desorption cycles were measured. 

3. Results and discussion 

Fig. 1 shows the XRD patterns of the as-obtained MxTi1-xO2 (M = W 
and Nb) samples, where it is possible to confirm that all diffraction peaks 
can be attributed to the TiO2 anatase phase, according to the Joint 
Committee on Powder Diffraction Standards (JCPDS 21–1272). Indeed, 
for both WxTi1-xO2 (Fig. 1a) and NbxTi1-xO2 (Fig. 1b) samples, only peaks 
corresponding to the (101), (103), (004), (112), (200), (105) and 
(211) planes were observed at around 25.3◦, 36.9◦, 37.8◦, 38.4◦, 47.8◦, 
53.8◦ and 54.7◦, respectively. 

The Raman spectroscopy technique was employed to study the 
presence of defects and the nanoparticle size of the TiO2 nanostructures 
[6,8,12,23,26,46]. Fig. 2 displays the Raman spectra obtained for the 

MxTi1-xO2 (M = W and Nb) samples, where a typical spectrum for the 
anatase phase of the TiO2 compound can be seen, revealing good 
agreement with the XRD measurements. The typical Raman-active 
modes of TiO2 anatase were observed at around 147 cm− 1 (Eg), 199 
cm− 1(B1g), 399 cm− 1 (B1g), 517 cm− 1 (A1g + B1g) and 637 cm− 1 (Eg) for 
all studied samples [6,8,12]. On the other hand, from the analysis of an 
expanded view of region 100–250 cm− 1 (Fig. 2b and d) it is clear that the 
presence of metal ions (more specifically Nb and W) caused a shift to-
wards higher wavenumbers for the Eg mode, with a consequent broad-
ening of this peak around 5 cm− 1. This behavior was previously reported 
in the literature and attributed to the presence of oxygen vacancies [12] 
or crystallite size [46]. In fact, the displacement and broadening of the 
Eg peak changed with the increase of dopant (Nb and W) content. Gar-
decka et al. also observed this effect, emphasizing that the crystal lattice 
changes due to the effective doping of Nb+5 and W+4 in the TiO2 host 
structure [26]. Furthermore, the increase in the Nb doping level of the B1 

(g) peak from 2% to 27% led to significant frequency shifts to lower 

Fig. 1. XRD patterns of the as-synthesized MxTi1-xO2 (M = W and Nb) samples: 
(a) WxTi1-xO2 and (b) NbxTi1-xO2. The observed reflections correspond to the 
TiO2 anatase phase (JCPDS file #21–1272). 
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wavenumbers. These changes can be related to the increased average 
distance between ions as a result of Ti+4 vacancies after Nb+5 doping 
and the formation of Nb-O-Ti bonds [23]. 

The morphology of the samples doped with W and Nb ions was also 
studied by SEM (Fig. 3). From the representative images, it was possible 
to verify a direct influence of both ions on the morphological evolution 
of the studied nanostructures depending on their nature or even their 
quantity, as observed in a previous work [22]. Indeed, regardless of the 
metal ion content, it was noted that the different amounts of dopant led 
to the formation of isotropic nanostructures with reduced size di-
mensions, approximately equal to (14.8 ± 0.2) and (23.9 ± 0.4) nm for 
Nb0.27Ti0.73O2 and W0.29Ti0.71O2, respectively. Moreover, it was possible 
to observe a homogeneous distribution in the dimensions and shapes of 
the obtained nanostructures. It is important to highlight that according 
to the SEM images and XRD analysis, the difference observed in the 
Raman results is possibly related to the appearance of network defects 
induced by the presence of ions in the crystal lattice. 

Chemical mapping analyses using the energy-dispersive X-ray energy 
spectroscopy (EDS) technique confirmed the presence of only W, Ti and 
O atoms for the W0.29Ti0.71O2 samples and Nb, Ti and O atoms for the 
Nb0.27Ti0.73O2 samples. The EDS measurements also pointed to a ho-
mogeneous distribution of the doping elements, as shown in Fig. 4a and 
4b, confirming the efficiency of the synthesis methodology used herein. 

In addition, the HRTEM images (Fig. 5) and their respective fast 
Fourier transforms (FFT) of the nanostructures showed that even for the 
largest amount of dopant, the MxTi1-xO2 samples (M = W and Nb) ob-
tained were monocrystalline in nature, with no evidence of segregation 
of the doping material, as previously observed for the VxTi1-xO2 samples 
[22], indicating the success of the proposed procedure for obtaining 
TiO2 anatase phase nanostructures containing Nb and W metal ions. 

The morphological and compositional changes as a result of the 
addition of W or Nb led to modifications of the optical properties of the 
TiO2 nanostructures, causing a slight change in the optical absorption 
band, as observed for the MxTi1-xO2 samples (M = W or Nb) (Fig. 6a). As 
no significant difference was noted between the different amounts of 
dopant, we presented herein only the results related to the highest 
amount in comparison with the undoped sample (pure TiO2). Fig. 6b 
illustrates the absorption spectrum obtained through the Kubelka-Munk 
equation, where it is possible to observe values for the forbidden band 
energy around 3.2 and 3.1 eV for Nb0.27Ti0.73O2 and W0.29Ti0.71O2 
samples, respectively. Even though the values obtained for the TiO2 
samples are within the expected for the anatase phase, there was a 
significant difference when compared to the VxTi1-xO2 samples obtained 
by a similar synthesis methodology [22]. In contrast, there was no sig-
nificant variation between the Nb0.27Ti0.73O2 and W0.29Ti0.71O2 sam-
ples. However, it is worth mentioning that these analyses did not show a 
sufficient bandwidth energy shift from the ultraviolet (UV) to the visible 
region of the electromagnetic spectrum [22]. 

As our purpose was to evaluate the photocatalytic performance and 
gas-sensing properties of MxTi1-xO2 (M = W or Nb) samples, whose 
performance could be related to surface properties, theses samples were 
also analyzed by the XPS technique. Fig. 7a and b show the high- 
resolution (HR) W 4f XPS spectrum of the W0.03Ti0.97O2 and 
W0.29Ti0.71O2 samples. The spectra were deconvoluted considering 
multiple contributions of six components: two peaks at 37.0 and 39.7 eV, 
corresponding to Ti 3p and W 5p 3/2, respectively, and four peaks from 
the W 4f spin–orbit doublet (4f 7/2 and 4f 5/2), with binding energy 
(BE) values at 35.5 and 37.6 eV attributed to the presence of W+6 atoms, 
and at 34.2 and 36.3 eV due to the contribution of the W5+ states 
[4,7,10,47,48]. Thus, the XPS results revealed the presence of Wm+

species, evidencing that the W6+/W5+ ratio increases with the doping 
concentration from 3.6 to 6.7 for the W0.03Ti0.97O2 and W0.29Ti0.71O2 
samples, respectively, thus indicating the higher amount of W6+ ions for 
the W0.29Ti0.73O2 sample. 

Fig. 8a and b display the HR Nb 3d XPS spectra of the Nb0.02Ti0.98O2 
and Nb0.27Ti0.73O2 samples, confirming the presence of spin–orbit 

Fig. 2. Raman spectra of MxTi1-xO2 (M = W and Nb) samples: (a-b) WxTi1-xO2 
and (c-d) NbxTi1-xO2. 
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doublet corresponding to Nb 3d3/2at 207.8 eV and Nb 3d5/2 at 210.6 eV 
and related to the oxidation state of Nb5+ [3,23]. 

Fig. 9 shows the HR Ti 2p XPS spectra for the TiO2, Nb0.02Ti0.98O2, 
Nb0.27Ti0.73O2, W0.03Ti0.97O2 and W0.29Ti0.71O2 samples, revealing Ti 
2p3/2 and Ti 2p1/2 peaks centered at 458.8 and 464.4 eV, respectively, 
which is in good agreement with previous studies [3]. A detailed anal-
ysis of the Ti 2p spin-orbit doublet revealed the contribution of four 

components pointing to the occurrence of the Ti ion in different oxida-
tion states, being the Ti 2p3/2 and Ti 2p1/2 peaks located at 457.4 and 
463.2 eV, respectively, assigned to the presence of Ti+3 atoms, while the 
main components at 459.0 and 464.8 eV were attributed to the presence 
of Ti+4 atoms [3]. 

The relative Ti+3/Ti+4 atomic percentages of the studied samples 
were calculated in relation to the ratio of each area of the respective 

Fig. 3. SEM images of the as-synthesized MxTi1-xO2 (M = W and Nb) samples: (a) TiO2, (b) Nb0.27Ti0.73O2 and (c) W0.29Ti0.71O2.  

Fig. 4. HAADF-STEM images of the (a) W0.29Ti0.71O2 and (b) Nb0.27Ti0.73O2 samples. In the inset: their respective distribution of the W (red) and Nb (blue) chemical 
elements illustrated by the overlapping image due to the presence of the elements. 
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peaks, as shown in Table 1. It was possible to observe a significantly high 
relative atomic percentage for the Nb0.02Ti0.98O2 (Ti+3/Ti+4 = 0.03) and 
Nb0.27Ti0.73O2 (Ti+3/Ti+4 = 0.07) samples compared to the pristine one, 
TiO2 (Ti+3/Ti+4 = 0.02), where the greater presence of Ti+3 for a higher 
Nb content indicated that some Ti4+ ions are reduced to Ti3+ ions, 
compensating additional positive charges associated with the presence 
of Nb5+ ions [3]. For the WxTi1-xO2 samples, high relative atomic per-
centages of Ti+3/Ti+4 were also observed in comparison with the pris-
tine sample, but with no difference related to different amounts of 
dopant (W0.03Ti0.97O2 and W0.29Ti0.71O2). It was expected that the 
greater presence of W6+ or W4+ ions would induce a higher Ti4+ to Ti3+

reduction in order to compensate the additional positive charges. In this 
way, the XPS results for the W0.29Ti0.73O2 samples (Fig. 7) indicates the 
presence of WOx ions on the TiO2 surface, as observed by Epifani et al 
[10]. 

To analyze the photocatalytic activity under ultraviolet (UV) irra-
diation, experiments were performed for the photodegradation of 
Methylene Blue (MB) and Rhodamine B dyes (RhB). The photooxidation 
curves of the MB and RhB dyes catalyzed by the studied samples 

(Fig. 10a and b) reveal that the Nb and W doped samples resulted in 
removal of the organic pollutants (i.e. MB and RhB dyes) used as a probe. 

Table 2 exhibits the reaction rate constants (k) for the MB and RhB 
dye degradation obtained from the pseudo first-order model for the 
MxTi1-xO2 (M = Nb and W) samples. Since the aim of this study was to 
evaluate the ozone-sensing properties and the photocatalytic perfor-
mance of MxTi1-xO2 (M = Nb and W) samples, which could be related to 
the surface area (SA), we obtained specific surface area values (SSA) 
through the BET method, also presented in Table 2. Despite the differ-
ence in their morphology (Fig. 3), there are no significant changes be-
tween the samples with respect to SSA values, except for W0.03Ti0.97O2. 

From the results in Table 2, it can be observed that all samples 
exhibited increased photocatalytic activity for the MB dye compared to 
the pure TiO2, being the samples with higher dopant content 
(Nb0.27Ti0.73O2 and W0.29Ti0.71O2 samples) the ones that presented 
greater photocatalytic activity. On the other hand, Nb0.27Ti0.73O2 and 
W0.29Ti0.71O2 presented a worse photocatalytic activity for the RhB dye 
than the TiO2 sample. Concerning the samples with lower dopant con-
tent, W0.03Ti0.97O2 and mainly Nb0.02Ti0.98O2 showed an improvement 

Fig. 5. HRTEM images of the MxTi1-xO2 (M = W and Nb) samples and their respective fast Fourier transforms (FFT) related to the regions illustrated in (a) 
Nb0.27Ti0.73O2 and (b) W0.29Ti0.71O2. 

Fig. 6. (a) Representative diffuse reflectance spectra and (b) absorbance spectra of the TiO2, Nb0.27Ti0.73O2 and W0.29Ti0.71O2 samples obtained from the Kulbelka- 
Munk equation. 
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in the photooxidation compared to the TiO2 sample. 
The enhancement of the as-studied MxTi1-xO2 (M = W and Nb) 

samples can be explained by the surface interaction between the pho-
tocatalytic activity and the MB dye, which has a cationic characteristic, 
and the presence of metal ions in the structure, which consequently 
induces a change in the surface characteristic of the nanostructures 
[8,10,44]. On the other hand, the photocatalytic activity for the RhB dye 
appears to be strictly related to the electronic characteristics of the 
samples, whose higher activity could be explained by the structural 
defects observed in the Raman and XPS results. Nevertheless, the lower 
activity during the RhB photodegradation for higher amounts of dopant 
could be attributed to the increase in such structural defects with the 
increase of Nb and W, which was also confirmed by the Raman mea-
surements. In fact, the high dopant density might generate some trap-
ping for the charge carriers [7]. When studying WxTi1-xO2 samples, 
Sathasivam et al. demonstrated that the degradation of the reassuring 
dye changed according to the W doping levels in TiO2 films, where 
excess dopants can also be detrimental, leading to a worse photo-
catalytic activity for higher W amounts [7]. According to the authors, 
the carrier mobility was diminished with the increase of the dopant 
amounts, with W4+ ions acting as scattering sites for the charge carriers 
[7]. The presence of Wm+ ions was observed in the XPS results. 

Thus, the presence of W and Nb as dopant clearly induces a change in 
the surface characteristics, favoring the photodegradation of cationic 
dyes which does not occur for the RhB dye, whose photocatalytic 

mechanism appears to be strictly related to carrier charges, as already 
mentioned. 

Electrical measurements were used to investigate the O3 gas-sensing 
properties of the studied samples. Initially, we evaluated their optimum 
operating temperature in the range of 100–300 ◦C under exposure to 20 
ppb of O3 gas for 30 s. Nevertheless, for the pristine TiO2 and NbxTi1-xO2 
samples, no sensitivity towards O3 was observed. Concerning the WxTi1- 

xO2 samples, only the W0.29Ti0.71O2 sample presented sensitivity to-
wards O3 gas in the levels studied. These results make clear that the gas- 
sensing activity is not only attributed to SSA or structural defects. 

As it can be seen in Fig. 11, the W0.29Ti0.71O2 sample presented 
sensitivity towards O3 gas at a relatively low temperature, i.e., 100 ◦C, 
with a maximum response of 9. It is worth mentioning that the chem-
iresistor based on MOXs typically works in the temperature range of 
150–400 ◦C [49,50]. Therefore, the results reported herein demonstrate 
that the insertion of tungsten into the TiO2 matrix is capable of forming a 
sensing structure with ozone detection capabilities. 

Based on the results above, the gas-sensing measurements were 
carried out by exposing the W0.29Ti0.71O2 sample to different ozone 
concentrations (12 to 94 ppb) at a constant working temperature of 
100 ◦C. Fig. 12 shows that the sample was sensitive to all ozone levels 
tested, also exhibiting total recovery after each cycle. The sensor 
response increased as a function of the ozone concentration, reaching a 
maximum response value of 30 at 94 ppb. After several exposure cycles, 

Fig. 7. HR W 4f XPS spectra of the MxTi1-xO2 (M = W) samples: (a) 
W0.03Ti0.97O2 and (b) W0.29Ti0.71O2. 

Fig. 8. HR Nb 3d XPS spectra of the MxTi1-xO2 (M = Nb) samples: (a) 
Nb0.02Ti0.98O2 and (b) Nb0.27Ti0.73O2 samples. 
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it was possible to observe that the W0.29Ti0.71O2 sensor could still detect 
low ozone concentration, indicating good reversibility and stability. 
Regarding response and recovery times, such sample presented a rapid 
detection of approximately 25 s (at 12 ppb of O3), even after consecutive 
exposure cycles at higher O3 levels, and a recovery time of 1.5 min. 

As abovementioned, the W0.29Ti0.71O2 sample detected from 12 to 
94 ppb of O3, thus demonstrating good range of detection which is 
considered to be essential for practical applications [51,52]. The toxicity 
levels of ozone gas allowed for humans can be influenced by a variety of 
parameters (e.g., preexisting disease, age and genetic factors) [51]. 
However, various organizations worldwide recommend a limit of O3 
levels in the air in the range of 50 to 120 ppb for an exposure time of 1–8 
h. [52] 

Fig. 9. HR 2p Ti XPS spectra of (a) TiO2, (b) Nb0.02Ti0.98O2, (c) Nb0.27Ti0.73O2, (d) W0.03Ti0.97O2 and (e) W0.29Ti0.71O2 samples.  

Table 1 
Spectral fitting parameters for the relative atomic percentages (Ti+3/Ti+4) 
related to 2p3/2 transition for the titanium (Ti):   

Ti 2p 3/2  

Ti3+ Ti4+

Sample %Area BE, eV %Area BE, eV Ti+3/Ti+4 

TiO2  1.3  457.3  65.3  459.1  0.02 
Nb0.02Ti0.98O2  2.2  457.2  64.4  459.2  0.03 
Nb0.27Ti0.73O2  4.1  457.2  63.6  459.1  0.07 
W0.03Ti0.97O2  2.5  457.1  64.2  458.9  0.04 
W0.29Ti0.71O2  2.8  457.1  63.9  458.8  0.04  
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To gain further insight into the possible practical application of the 
W-doped sample as an ozone-sensing layer, its long-term stability was 
also evaluated. For this purpose, for approximately 1 year the sample 
was exposed to 20 ppb of O3 at an operating temperature of 100 ◦C. The 
obtained results are shown in Fig. 13, where it is possible to note that 
after a long period of time the sample still detected low ozone concen-
tration, demonstrating the great potential of W0.29Ti0.71O2 materials as a 

gas-sensing layer for the detection of sub-ppm ozone levels. 
As a matter of fact, there are relatively few studies and reports in the 

literature regarding volatile hazardous gas sensors based on TiO2. The 
improvement of the sensing performance of MOX-based gas sensors 

Fig. 10. Photodegradation curves for the (a) MB and (b) RhB dyes under ul-
traviolet light (UV) for the MxTi1-xO2 (M = W and Nb) samples. 

Table 2 
First-order rate constants (k) for MB and RhB dye photodegradation reaction 
under UV irradiation, specific surface area (SSA) and rate constants per unit area 
(k/SA) of MxTi1-xO2 (M = W and Nb) samples.  

Samples KMB 

(min− 1) 
KRhB 

(min− 1) 
SSA (m2/ 
g) 

KMB/SA KRhB/ 
SA 

TiO2  0.00757  0.01843 63 1.2x10- 

4 
2.9x10- 

4 

Nb0.02Ti0.98O2  0.01896  0.02849 51 3.7x10- 

4 
5.6x10- 

4 

Nb0.27Ti0.73O2  0.02055  0.01365 50 4.1x10- 

4 
2.7x10- 

4 

W0.03Ti0.97O2  0.00995  0.01827 36 2.7x10- 

4 
5.0x10- 

4 

W0.29Ti0.71O2  0.02343  0.00879 52 4.5x10- 

4 
1.6x10- 

4  

Fig. 11. Ozone gas-sensing response of the W0.29Ti0.71O2 sample towards 20 
ppb of O3 at various operating temperature. 

Fig. 12. Ozone gas-sensing response of the W0.29Ti0.71O2 sample exposed to 
different O3 levels (12, 20 and 94 ppb) at an working temperature (Tw) 
of 100 ◦C. 

Fig. 13. Long-term stability of the W0.29Ti0.71O2 sample upon an exposure to 
20 ppb of ozone for approximately 1 year. 
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arises from a synergistic combination of multiple factors. Herein, the 
presence of oxygen vacancies or defect concentration on the surface of 
the samples (observed by XPS) might facilitate the chemisorption pro-
cess, which could contribute to an improved the gas-sensing perfor-
mance of the material [6,36]. The Raman results also pointed to the 
presence of structural defects for all studied samples, such as oxygen 
vacancies. Nevertheless, the improvement of the detection capability 
cannot be substantiated only from the viewpoint of oxygen vacancies or 
defect concentration on the surface, since we did not find sensitivity 
towards O3 gas for the pristine TiO2 and NbxTi1-xO2 samples. The 
morphological characteristics, and consequently the surface area, are 
also aspects that can be attributed to sensor performance, yet they 
cannot explain the difference in results obtained for the studied samples. 
Some works report that the surface modification of TiO2 anatase could 
improve the chemiresistive sensor response [8,10,13], as demonstrated 
by Epifani et al. who reported an improvement of 3 orders of magnitude 
in the ethanol sensing properties of TiO2 surface modified with WOx 
compared to pure TiO2 [10]. For the W0.29Ti0.71O2 sample, the sensi-
tivity towards O3 gas could be explained by the presence of WOx on the 
surface of TiO2 particles, as suggested by the XPS results. On the other 
hand, it is well known that for being typical n-type semiconductors the 
working principle of TiO2-based gas sensors is based on the conductance 
change mechanism due to the adsorption/desorption process of 
oxidizing and reducing gases [1,36]. In this way, the electronic char-
acteristics of the studied samples, such as the conductance change 
induced by the introduction of different types and quantities of metal 
ions, clearly play an important role in the sensor performance. 

It is important to highlight that W0.29Ti0.71O2 nanostructures exhibit 
remarkable O3 sensing properties for practical applications. Among 
them, we can cite their relatively low operating temperature, good range 
of detection, good sensor response, stability and reversibility towards O3 
gas sensor. 

4. Conclusion 

In summary, we have employed a simple and environmentally- 
friendly method to obtain doped TiO2 anatase nanostructures (MxTi1- 

xO2 (M = W and Nb)). Changes in the morphology of the studied samples 
were observed as a function of dopant content, yet without a significant 
change in the band-gap due to the presence of W or Nb. The MxTi1-xO2 
(M = W and Nb) samples presented favorable photocatalytic perfor-
mance when employed for the degradation of the MB and RhB dyes, 
indicating a selective performance. Additionally, it was found that 
despite their surface characteristics, their electronic characteristics 
related to different types and quantities of metal ions played an 
important role in their photocatalytic activity and gas-sensing perfor-
mance. For the TiO2 sample containing a higher amount of W 
(W0.29Ti0.71O2), the presence of surface characteristics related to WOx 
species revealed a promising gas-sensing property towards O3 gas, 
especially when at low working temperatures. 
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