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Abstract
TiO2 and TM-doped  TiO2 (TM = Re, Ru) anatase crystalline nanopowders were synthesized by a simple hydrothermal 
method. Samples with nominal TM/Ti ratio of 0.01 were prepared for this study. Their structural, microstructural and 
optical properties were studied. The lattice parameters of the different prepared samples were calculated and their mean 
crystallite sizes determined to be in the range 15–7 nm, the lower values being obtained for the doped crystallites. The 
samples’ specific surface areas were determined and correlated with their mean crystallite sizes. The incorporation of 
the dopant elements results in an increase of the optical absorption in the visible range. The samples’ optical bandgap 
and Urbach energies were calculated from UV–Vis diffuse reflectance spectra. The photocatalytic behavior of the syn-
thesized samples was investigated for the rhodamine B and phenol degradation processes, the kinetics of the different 
photo-oxidation reactions being also studied. The results showed that doping either with Re or Ru can lead to enhance-
ment of the  TiO2 photocatalytic efficiency and that, among the synthesized samples Ru-doped  TiO2 is the most efficient 
photocatalyst for both the Rhodamine B and phenol photodegradation reactions.
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1 Introduction

Organic pollutants with high toxicity and difficult deg-
radation features have been a growing concern due to 
their detrimental environmental and ecological impact. 
Thus, the development of efficient processes to remove 
recalcitrant organic substances from wastewaters and air 
has been attracting a great attention and is currently a 
research topic of major importance. Different oxidation 
processes are currently used to oxidise organic com-
pounds and convert them into less harmful end products 
or even lead to their complete mineralization into  CO2 and 
 H2O [1–5]. Among them, semiconductor heterogeneous 
photocatalysis has enormous potential to treat organic 
contaminants, having gained growing acceptance as an 

effective wastewater treatment method to degrade a 
broad variety of harmful compounds. Although a wide 
variety of semiconductors have been reported to be effec-
tive photocatalysts [4–13],  TiO2 is still the most widely 
used semiconductor in photocatalysis because it is a cost 
effective non-toxic compound, chemically and biologically 
inert, thermally stable, superhydrophilic, and capable of 
promoting the oxidation of numerous organic compounds 
[14–20].

TiO2 is a wide bandgap metal oxide semiconductor that 
can occur at standard temperature and pressure in three 
polymorphic phases: rutile, anatase and brookite. Among 
them, rutile and anatase phases are those that present 
the greatest technological interest. The rutile phase has 
an indirect bandgap of ~ 3 eV and exhibits a tetragonal 
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structure with a P42/mnm space group and standard lat-
tice parameters a = b = 4.584 Å and c = 2.953 Å [21]. The 
anatase phase has an indirect bandgap of ~ 3.2 eV, exhib-
iting also a tetragonal structure with a I41/amd space 
group and standard lattice parameters a = b = 3.7852 Å and 
c = 9.5139 Å [22]. Both phases consist of different arrange-
ments of the same  TiO6 building block, where the Ti atom 
sits at the center and is surrounded by six O atoms at the 
corners of a distorted octahedron. Rutile is the most closed 
structure, being almost 10% denser than anatase. Rutile 
is thermodynamically stable at any temperature while 
anatase phase is metastable at temperatures below 600 °C 
[23], although in the form of nanoparticles it can be stable 
up to 800 °C [24]. In particular,  TiO2-anatase exhibits the 
highest photocatalytic activity [17, 25–27].

The  TiO2 photocatalytic ability to degrade organic pol-
lutants in aqueous solutions results from the photogen-
erated electron–hole pairs promoted upon the absorption 
of UV light, and their ability to inducing the formation 
hydroxyl radicals [28–32]. These radicals are strong oxi-
dizing species that interacts with the organic pollutants 
present in the aqueous solution, leading to their progres-
sive degradation and subsequently mineralization [30–32]. 
However, the application of  TiO2 as photocatalyst is yet 
limited by the high recombination rate of photocharge 
carriers and its wide bandgap, which lie in the UV region. 
Therefore, much effort has been expended to reduce the 
recombination rate of  TiO2 and to enhance its photocata-
lytic efficiency under both UV and visible light irradiation. 
Several approaches have been undertaken, including dop-
ing with non-metals such N, C and S [33–36], transition 
metals (TM) including Fe, Co, Cr, Cu, Mo and Ta [37–43] or 
rare earth metals such as Ce, La, Eu and Ga [44–49], induc-
ing structural defects such as  Ti3+ or oxygen vacancies 
[50–52], and coupling  TiO2 with noble metals [14, 53, 54], 
narrow bandgap semiconductors [55, 56], hydroxyapa-
tite [57] or graphene [54] giving rise to  TiO2-based hybrid 
structures with improved properties. Among the dif-
ferent approaches, the incorporation of dopants in low 
concentrations into the  TiO2 lattice have been shown to 
be a simple an effective way to reduce the electron–hole 
recombination rate and enhance absorption in the visible 
region of the electromagnetic spectrum. In particular, TM 
doping may induce structural defects and localized d-band 
states in the forbidden gap region that may decrease the 
bandgap energy and act also as active trap centers of elec-
trons to reduce charge carrier recombination [41, 58–60]. 
In addition to structure and compositions leading to 
lower recombination rates and to more efficient radiation 
absorption,  TiO2-based photocatalysts should have high 
adsorption capability and thus a high specific surface area. 
However, it is still a challenge to prepare semiconductor 
nanocrystals with controllable size, shape and doping. In 

particular, the synthesis of nanoparticles with sizes under 
10 nm still remains a major challenge. They usually require 
complex synthesis procedures and/or suffer from aggrega-
tion or poor monodispersity, which strongly compromise 
their photocatalytic efficiency and limit their large-scale 
industrial production.

This work reports on the synthesis of  TiO2, Re-doped 
 TiO2 and Ru-doped  TiO2 anatase nanoparticles by a swift 
and cost effective hydrothermal method and on their 
structural, microstructural and optical properties. The 
photocatalytic ability of the prepared samples for the 
degradation of organic pollutants under UV–Vis irradiation 
was evaluated using both rhodamine B (RhB) and phenol 
as pollutant models, the kinetics of the different photo-
oxidation reactions being also studied.

2  Experimental

2.1  Materials

All reagents were of analytical grade and were used as 
received. Solutions were prepared with bi-distilled water.

2.2  Nanoparticles synthesis

The undoped  TiO2 and TM-doped  TiO2 samples were pre-
pared as follows: a  TiCl3 solution (10 wt% in 20–30 wt% 
HCl) diluted in a ratio of 1:2 in 2 M HCl was used as the Ti 
source. To this solution a  NH4OH 4 M solution was added 
dropwise under vigorous stirring, until the complete pre-
cipitation of a white solid. The resulting suspension was 
kept at rest for 15 h at room temperature, and then filtered 
and rinsed with deionised water in order to remove the 
remaining ammonium and chloride ions. Crystallization 
of the  TiO2 precursor was done in aqueous solution in an 
autoclave at a temperature of 200 °C, for 6 h. Re-doped 
and Ru-doped  TiO2 nanopowders were synthesised using 
the same chemical procedure by adding the required 
molar amount of metal trichloride to the titanium trichlo-
ride solution. Samples with nominal TM/Ti atomic ratio of 
0.01 were prepared for this comparative study.  TiO2 sample 
is white while  Ti0.99Re0.01O2 and  Ti0.99Ru0.01O2 samples are 
grey in colour.

2.3  Photodegradation experiments

The photodegradation experiments were conducted using 
a 250 mL refrigerated photo-reactor [11]. As a radiation 
source, it was used a 450 W Hanovia medium-pressure 
mercury-vapour lamp, the total irradiated energy being 
40–48% in the ultraviolet range and 40–43% in the visible 
region.
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Rhodamine B and phenol were used as pollutant mod-
els to evaluate the photocatalytic activity of the different 
prepared nanopowders under UV–vis irradiation. The cata-
lytic photodegradation experiments were performed by 
adding 20 mg of powder to 150 mL of a 10 ppm RhB and 
20 ppm phenol solutions. Three runs were performed for 
each photodegradation experiment (error < 6%). Prior to 
irradiation, suspensions were stirred in darkness for 60 min 
to ensure adsorption equilibrium. During irradiation, sus-
pensions were sampled at regular intervals, centrifuged 
and analyzed by UV–vis or by gas chromatography–mass 
spectrometry (GC–MS), depending on the organic com-
pound (see below). For convenience, the adsorption 
period is marked as − 60 min in the graphics.

2.4  Characterization

X-ray powder diffraction was done with a Philips X-ray 
diffractometer (PW 1730) with automatic data acquisition 
(APD Philips v3.6B), using Cu Kα radiation (λ = 0.15406 nm) 
and working at 40 kV/30 mA. The diffraction patterns were 
collected in the 2θ range of 20°–60° with a 0.02° step size 
and an acquisition time of 2.0 s/step. An instrumental 
broadening of 1.61 × 10−3 rad was measured from a stand-
ard macrocrystalline and strain-free silicon sample. The 
Kα2 contribution was removed before the XRD data treat-
ments. The 2θ angular position of the diffraction peaks and 
their full-width at half-maximum, β, were calculated by fit-
ting the experimental diffraction lines with a Pseudo-Voigt 
function. The β values were corrected taking into account 
the instrumental broadening.

Transmission electron microscopy (TEM) images were 
taken with a JEOL 200CX electron microscope operating 
at 200 kV. Specific surface areas were obtained by the 
Brunauer–Emmett–Teller (B.E.T.) method, from nitrogen 
(Air Liquide, 99.999%) adsorption data at − 196 °C, using 
a Quantachrome mod NOVA 2200e volumetric apparatus. 
The samples, weighing approximately 55 mg, were previ-
ously degassed for 2.5 h at 300 °C at a pressure lower than 
0.133 Pa. A SpexFlourolog 3–22/Tau 3 equipment was used 
for photoluminescence (PL) spectra measurements, with 
excitation and emission wavelength at 315 and 425 nm for 
TA solutions and using 280 mn excitation wavelength for 
solids analyses. The diffuse reflectance spectra (DRS) were 
obtained using a spectrometer Shimadzu UV-2600PC 
equipped with an ISR 2600plus integrating sphere. The 
same equipment was used for monitoring the absorption 
of the RhB solutions. The phenol solutions were monitored 
using a GC–MS, products conversion was monitored by 
taking samples and analysing them using a Shimadzu 
QP2100-Plus GC/MS system with a Tecknokroma TRB-5MS 
capillary column.

3  Results and discussion

3.1  Structure and morphology

Figure 1 shows the diffractograms of the undoped and 
TM-doped  TiO2 prepared samples. The diffraction reflec-
tions were indexed to the  TiO2 tetragonal anatase phase, 
using the ICDD-JCPDS Database Card No. 21-1272. All the 
XRD patterns show broad peaks matching the expected 
diffraction peaks of the (101), (103), (004), (112), (200), 
(105) and (211) anatase  TiO2 planes, with similar relative 
intensities to the standard database card. No traces of 
rutile or brookite secondary phases were observed. Fur-
thermore, the XRD patterns of all doped samples show no 
signs of undesirable phases such as TM-dopant clusters 
or TM oxides. This result seems to support the assump-
tion that the dopant elements are homogeneously dis-
tributed in the anatase matrix as intended. Taking into 
account Bragg’s law dhkl = �∕2 sin �hkl and the 2θ angular 
positions of the (101) and (200) peaks in the XRD patterns 
of Fig. 1, the lattice parameters a and c as well as the unit 
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Fig. 1  X-ray diffraction patterns of the undoped  TiO2, Re-doped 
 TiO2 and Ru-doped  TiO2 nanoparticle samples
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cell volumes, Vcell = a2c, of the synthesized samples were 
calculated (see Table 1). The obtained lattice parameters 
for the undoped  TiO2 nanoparticles are in good agreement 
with the parameters reported in the standard  TiO2 anatase 
ICDD-JCPDS Database Card No. 21-1272, showing that the 
unit cell volume contracted only 1.2% relative to its stand-
ard value. On the other hand, the Re- and Ru-doped sam-
ples show a slight increase of their Vcell values as a conse-
quence of the increase in the c parameter in comparison to 
the undoped  TiO2 sample,  Ti0.99Ru0.01O2 being the sample 
with the highest c and Vcell values. The increase of these 
parameters is most probably related to the increasing ionic 
radius of  Re3+ (r = 0.63 Å) or  Ru3+ (r = 0.68 Å) when replacing 
 Ti4+ (r = 0.605 Å) [61] in the  TiO6 octahedra building blocks 
of the  TiO2 matrix, as well as the increase in the number 
of O vacancies induced by doping due to the unbalanced 
electrical charge and consequent cation repulsion. The 

clear change in the parameter c in comparison to a sug-
gests that the dopant metal ions substitute  Ti4+ preferen-
tially at body centered and face centered lattice sites in the 
anatase matrix [42, 62].

The samples’ mean crystallite sizes, <D>, were evaluated 
by Scherrer’s equation [63] using the (101) plane reflec-
tions. The undoped  TiO2−δ sample shows a <D> value of 
13.2 nm, while samples  Ti0.99Re0.01O2 and  Ti0.99Ru0.01O2 
have mean crystallite sizes of 10.2 nm and 7.2 nm, respec-
tively. The decrease in <D> inferred for the doped samples 
may be attributed to lattice distortions induced by the Re 
and Ru doping or to the possible formation of TM–O–Ti 
bonds that may prevent grain growth, in a similar manner 
to that observed for Mo-doped  TiO2 [42].

The morphology and structure of the nanoparticle 
samples were further investigated by transmission elec-
tron microscopy. Figure  2 shows three representative 

Table 1  Lattice parameters, 
unit cell volumes, crystallite 
sizes, optical bandgap 
energies and Urbach energies 
of the different synthesized 
nanoparticles

a Values calculated from XRD data using the Scherrer equation
b Values calculated from TEM image analyses

Sample Lattice parameters Crystallite size 
(nm)

SBET  (m2  g−1) Eg (eV) EU (meV)

a (Å) c (Å) Vcell (Å
3) Scherrera TEMb

Undoped  TiO2 3.786 9.396 134.673 13.2 14.3 78.3 3.26 ± 0.09 97.8 ± 0.8
Ti0.99Re0.01O2 3.787 9.412 135.011 10.2 10.6 119.3 3.21 ± 0.11 301.4 ± 6.3
Ti0.99Ru0.01O2 3.787 9.529 136.313 7.2 7.7 159.7 3.34 ± 0.09 329.1 ± 20.5
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tribution histograms
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bright field TEM micrographs of the different synthesised 
samples, as well as the respective particle size histograms. 
As can be seen, the undoped  TiO2 sample is composed 
of single crystalline nanoparticles of square or elongated 
shape with an irregular surface microstructure while those 
of doped samples present a much more uniform surface 
microstructure. The samples’ particle size follows a lognor-
mal distribution with mean sizes in good agreement with 
the size of the coherent diffracting domains calculated 
from the XRD pattern using Scherrer’s equation.

The samples’ specific surface area, SBET, was evaluated 
by the B.E.T. method, the SBET values thus determined 
being shown in Table 1. For pristine  TiO2 sample this is 
78.3 m2 g−1. As expected, the TM-doped samples have 
higher SBET values in comparison to that of the undoped 
sample due to their smaller crystallite size.  Ti0.99Re0.01O2 
and  Ti0.99Ru0.01O2 samples exhibit specific surface areas of 
119.3 m2 g−1 and 159.7 m2 g−1. The importance of crys-
tallite size for the photocatalytic activity of anatase  TiO2 
has been clearly demonstrated [64, 65], its photocatalytic 
activity increasing with decreasing crystallite size. Moreo-
ver, it has been reported that the introduction of metal 
ions in the anatase  TiO2 matrix may lead to an increase of 
SBET and to a decrease of the pore size via a filling effect 
[49, 66], thus favoring also the  TiO2 photocatalytic activity.

3.2  Optical spectroscopy

Optical characterization of the samples was done by meas-
uring their diffuse reflectance, R, in the UV–Vis-IR region. R 
is related to the absorption Kubelka–Munk function, FKM, 
by the relation FKM (R) = (1 − R)2/2R, which is proportional 
to the absorption coefficient [67]. The samples’ absorption 
spectra are shown in Fig. 3. As can be seen, all samples 
exhibit high absorption in the UV region and a strong 
decay as the visible region is approached. Nevertheless, it 
should be noted that TM-doped samples show absorption 
in all the visible region. On the other hand no significant 
shifts in the optical absorption band edge can be seen for 
the TM-doped samples compared to the undoped  TiO2. 
The indirect optical bandgap energies, Eg, of the different 
samples were calculated by plotting fKM = (FKMh�)

1∕2 as a 
function of hν, where h is the Planck’s constant and ν the 
radiation frequency, and by extrapolating the linear part 
of the curve to zero absorption [9], as shown in the upper 
panel plots of Fig. 4. The obtained Eg values are given in 
Table 1. The optical bandgap energy of the undoped  TiO2 
sample was estimated as 3.26 ± 0.09 eV close to the  TiO2 
anatase bulk reference value (3.2 eV). The  Ti0.99Re0.01O2 and 
 Ti0.99Ru0.01O2 samples exhibit Eg values of 3.21 ± 0.11 eV 
and 3.34 ± 0.09  eV, respectively. The slight blue shift 
observed for the Ru-doped  TiO2 bandgap is probably due 
to the Burstein–Moss (MB) effect [68, 69], since the average 

crystallite size of this sample (7.2 nm) is not in the range of 
the Bohr radius of the first excitonic state of the anatase 
 TiO2 (rB = 0.86 nm) [59], and thus the quantum confine-
ment effects associated with the nanosized crystallites are 
certainly very weak. Accordingly to the MB model, above 
the Mott critical density the partial filling of the conduc-
tion band leads to a blocking of the lowest states and thus 
to a widening of the bandgap.

Although the TM-doped samples show optical bandgap 
energies similar to the Eg value estimated for the undoped 
 TiO2 sample, their Urbach energies, EU, are substantially 
higher as will be shown below. The Urbach energy is asso-
ciated with the width of the Urbach tail, which follows the 
exponential law � = �0 exp(h�∕EU) , where α is the optical 
absorption coefficient and �0 is a constant [70]. EU is often 
interpreted as the width of the tail of localized states in the 
bandgap [71]. Since the absorption Kubelka–Munk func-
tion FKM is proportional to the sample’s absorption [67], 
the Urbach energies of the different synthesized nanopar-
ticles were estimated from the slopes of ln(FKM) plotted as 
a function of the photon energy, in an energy range just 
below the bandgap, as shown in the lower panel plots of 
Fig. 4. The calculated EU values are given in Table 1. As can 
be seen, while the undoped  TiO2 sample has an EU value 
of 97.8 ± 0.8 meV, samples  Ti0.99Re0.01O2 and  Ti0.99Ru0.01O2 
present EU values of 301.8 ± 6.3 meV and 329.1 ± 20.5 meV, 
respectively. These remarkable EU differences between the 
undoped sample and the TM-doped samples are related 
to the higher density of localized states in the bandgap, 
which might be associated with structural disorder/smaller 
crystallite sizes of both Re- and Ru-doped samples [71, 72] 
and/or with their crystal structural features inducing dif-
ferent crystal field strength splitting of the localized transi-
tion metal 3d-states along with oxygen defect band states, 
in a similar manner to that observed for e.g. Fe-doped  TiO2 
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nanoparticles [73], Co-doped  SnO2 [9] nanoparticles and 
Co-doped  TiO2 films [59, 60]. Nevertheless, the increase in 
the number of localized states in the bandgap may lead 
to a broadening of the absorption band tail and even 
to a decrease of the recombination rate of photocharge 
carriers via electron trapping phenomena [74] and thus 
to an increase of the materials’ photocatalytic activity as 
intended.

3.3  Photoluminescence spectroscopy

To evaluate a possible photo-generated charge-carriers’ 
recombination reduction due to metal doping, the pho-
toluminescence (PL) of the different synthesized nanopo-
wders was analyzed. The samples’ PL spectra are shown in 
Fig. 5. In  TiO2 nanoparticles, the emission peak at ~ 400 nm 
is attributed to the bandgap transitions [75]. As can be 
seen from the obtained PL spectra, the Re- and Ru-doped 
 TiO2 samples show a clear intensity decrease of this peak. 
This result indicates a more efficient inhibition of the 
recombination of the photo-generated charge carriers of 
the doped semiconductor samples. The recombination 
reduction is more effective for the Ru-doped  TiO2 sample 
and may anticipate a better photocatalytic performance 
for this sample. This effect should be due to a more effi-
cient electron–hole separation resulting from the creation 
of new energetic levels in the forbidden zone.

3.4  Pollutants photocatalytic degradation

The potential photocatalytic ability of the different syn-
thesized samples for the degradation of organic pollutants 
was studied by monitoring the photodegradation of two 
organic compounds in the presence of the different pre-
pared samples. To evaluate their photocatalytic flexibility, 
a cationic compound (rhodamine B) and an anionic com-
pound (phenol) were chosen as model pollutants.
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3.4.1  RhB photodegradation

The photocatalytic efficiency of the undoped and TM-
doped  TiO2 samples on the degradation of 10 ppm RhB 
solution was evaluated for 75 min of irradiation, after 
60 min in dark. For comparative purposes the dye pho-
tolysis was also evaluated. The plots of Fig. 6 show the RhB 
absorption spectra during irradiation in the presence of 
the different prepared samples. The RhB typical absorption 
spectrum is characterized by one broad absorption band 
centred at 554 nm [76], which was used as a reference for 
the RhB photodegradation analysis. The dye adsorption 
is confirmed by the intensity decrease of the peak at t = 0 
compared to the initial intensity. As can be seen, during 
irradiation the intensity of the characteristic dye absorp-
tion band gradually decreases with time, which indicates 
a progressive degradation of the organic compound. Tak-
ing into account the variation of the 554 nm absorption 
peak intensity, the RhB photodegradation profiles were 
plotted for all the samples tested and shown in Fig. 7. 
The photolysis profile is also shown as a reference. After 
60 min in the dark, about 33%, 30% and 27% of the ini-
tial dye were removed from solution by adsorption, using 
 Ti0.99Ru0.01O2,  Ti0.99Re0.01O2 and undoped  TiO2 nanoparti-
cles, respectively. After turning on the lamp, all samples 
demonstrated catalytic activity for the RhB photodegrada-
tion reaction, the more efficient photocatalyst being the 
Ru-doped  TiO2 sample. Indeed, a decrease of about 92% 
of the initial dye concentration was achieved after only 
20 min of irradiation using  Ti0.99Ru0.01O2 nanoparticles as 
catalyst, the RhB being almost completely decomposed 
to colourless end products after 30 min of illumination. 
In comparison, decreases of about 97% and 92% of the 
initial RhB concentration were achieved for  Ti0.99Re0.01O2 
and undoped  TiO2-δ samples, respectively, after 30 min of 
irradiation.

3.4.2  Phenol photodegradation

The photocatalytic efficiency of the undoped and TM-
doped  TiO2 nanoparticle samples for the degradation 
of a 20 ppm phenol solution was studied for 75 min. 
Figure 8 shows the degradation profiles of the phenol 
solution in the presence of each prepared sample as well 
as the photolysis profile. First of all, it should be noted 
that the phenol adsorption by the different nanopow-
der samples is much lower than that observed for RhB. 
Indeed, after 60 min in dark (t = 0), only Re-doped  TiO2 
was able to remove 11% of the initial phenol from solu-
tion by adsorption. Secondly, as for RhB degradation, all 
synthesized samples are catalytic for the phenol photo-
degradation reaction. Best results were also obtained for 
 Ti0.99Ru0.01O2 nanoparticles. After 45 min of irradiation, 

the phenol degradation was practically complete (98%) 
using this sample as a photocatalyst, while for the same 
irradiation period  Ti0.99Re0.01O2 and undoped  TiO2 sam-
ples achieved only 93% and 92% of phenol degradation, 
respectively.
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up to 75 min of irradiation
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3.4.3  Kinetics studies

The RhB and phenol photodegradation profiles previously 
discussed allow us to go further into the kinetics of the 
several photo-oxidation reactions studied and compare 
quantitatively the photocatalytic efficiency of the differ-
ent synthesized nanoparticle samples. At low concentra-
tions, the photocatalytic degradation rate of most organic 
pollutants follows the pseudo-first order kinetics model 
[73, 77, 78] described by the rate equation dC/dt = − kapC, 
whose integration leads to the relation C = C0 exp(− kapt), 
where C0 stands for the pollutant concentration at t = 0, 
C is the pollutant concentration at time t, and kap is the 
apparent reaction rate constant. The half-life, t1⁄2, of the 
organic pollutants can thus be calculated as t1⁄2 = ln 2/kap. 

Figure 9 shows the ln (C0/C) versus t plots for the degra-
dation reactions of 10 ppm RhB solution using the differ-
ent prepared nanomaterial samples as photocatalysts for 
30 min of irradiation. The respective kap and t1⁄2 parameters 
are given in Table 2. As can be seen, good linear fits hav-
ing R-squared great than 0.99 were obtained, which show 
that the RhB photodegradation reactions are described 
by the pseudo-first order kinetics model. The apparent 
first-order rate constants were deduced from the slope of 
the fitted straight line, with estimated kap values of 8.28 
× 10−2 ± 2.68 × 10−3 min−1, 1.07 × 10−1 ± 5.20 × 10−3 min−1 
and 1.32 × 10−1 ± 5.07 × 10−3 min−1 for the reactions using 
undoped  TiO2,  Ti0.99Re0.01O2 and  Ti0.99Ru0.01O2 nanopar-
ticles as photocatalysts, respectively. Therefore, for the 
experimental conditions used, the photocatalytic effi-
ciency of Ru-doped  TiO2 for the RhB photo-oxidation reac-
tion is ~ 37% higher than the  TiO2 photocatalytic efficiency. 

Similar results were obtained for the phenol photo-
degradation. Figure  10 shows the reaction kinetics of 
20 ppm phenol solution for 45 min using the different 
prepared nanoparticle samples as photocatalysts. The 
deduced kinetics parameters are shown in Table 2. As for 
the RhB, also the phenol photodegradation reactions fol-
low pseudo-first order kinetics. An apparent reaction rate 
constant of 9.58 × 10−2 ± 5.89 × 10−3 min−1 was obtained 
when using  Ti0.99Ru0.01O2 nanoparticles as photocata-
lyst, while kap values of 5.92 × 10−2 ± 1.44 × 10−3  min−1 
and 5.55 × 10−2 ± 1.13 × 10−3 min−1 were deduced for the 
reactions in the presence of  Ti0.99Re0.01O2 and undoped 
 TiO2 nanoparticles, respectively. Thus, the Ru-doped  TiO2 
sample shows photocatalytic efficiency for the phenol 
photodegradation reaction about 42% higher than that 
of undoped  TiO2.

Overall, these results confirm that doping either with 
Re or Ru can lead to an enhancement of the  TiO2 photo-
catalytic efficiency and that Ru-doped  TiO2 are the most 
efficient photocatalyst for both the RhB and phenol photo-
degradation reactions, among the synthesized  TiO2 based 
nanopowder samples. Comparison with other  TiO2-based 
photocatalysts should be made with caution because not 
only is the literature extensive, but the conditions under 
which the photodegradation assays are carried out are 
quite different in both photocatalyst/organic compound 
concentrations and irradiation conditions. Nevertheless, 
our results shows that all the synthesized samples offer 
better photocatalytic performance for the studied reac-
tions than the commercial Degussa P25  TiO2 [79, 80], nano-
structured  TiO2 [81] and  TiO2 modified by post-treatment 
with phosphorous acid [79]. In particular, Ru-doped  TiO2 
seems to be a very promising photocatalyst, with a photo-
catalytic performance being seemingly better than other 
 TiO2-based materials such as Fe-doped  TiO2 [80] and 
C–N–S tridoped  TiO2 [82] or even than the more complex 
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Fig. 9  Kinetics of the RhB pho-
todegradation reactions using 
undoped  TiO2, Re-doped  TiO2 
and Ru-doped  TiO2 samples as 
photocatalyst

Table 2  Apparent first-order 
rate constants and half-life 
values of both RhB and 
phenol photodegradation 
reactions using the different 
synthesized nanoparticles as 
photocatalysts

Sample RhB photodegradation Phenol photodegradation

kap  (min−1) t1/2 (min) R2 kap  (min−1) t1/2 (min) R2

Undoped  TiO2 8.28×10−2 ± 2.68×10−3 8.02 ± 0.20 0.997 5.55×10−2 ± 1.13×10−3 12.54 ± 0.16 0.999
Ti0.99Re0.01O2 1.07×10−1 ± 5.20×10−3 7.39 ± 0.48 0.993 5.92×10−2 ± 1.44×10−3 11.39 ± 0.22 0.997
Ti0.99Ru0.01O2 1.32×10−1 ± 5.07×10−3 6.20 ± 0.50 0.991 9.58×10−2 ± 5.89×10−3 7.79 ± 0.42 0.993

Fig. 10  Kinetics of the phenol 
photodegradation reactions 
using undoped  TiO2, Re-doped 
 TiO2 and Ru-doped  TiO2 sam-
ples as photocatalyst
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 TiO2/C-dot [83] and porous  TiO2-SnO2 nanocomposites 
[84].

4  Conclusions

TiO2, Re-doped  TiO2 and Ru-doped  TiO2 anatase nanopow-
ders samples with a nominal TM/Ti ratio of 0.01 were suc-
cessfully synthesized via a simple hydrothermal method, 
which is cost effective. The lattice parameters of the dif-
ferent prepared samples were calculated and their mean 
crystallite sizes determined to be in the range 15–7 nm, 
the lower <D> values being obtained for the TM-doped 
samples probably due to lattice distortions induced by 
Re and Ru doping and/or to the possible formation of 
TM–O–Ti bonds that may prevent grain growth. The incor-
poration of the dopant elements results in an increase of 
the optical absorption in the visible range. The optical 
bandgap and Urbach energies of the samples were cal-
culated. Although the TM-doped samples show optical 
bandgap energies similar to that estimated for the  TiO2 
sample (3.26 ± 0.09 eV), their Urbach energies are signifi-
cant higher. EU values of 97.8 ± 0.8 meV, 301.8 ± 6.3 meV 
and 329.1 ± 20.5 meV were obtained for the undoped  TiO2, 
Re-doped  TiO2 and Ru-doped  TiO2 samples, respectively. 
The higher EU values deduced for the doped samples 
might be related to the higher density of localized states 
in the bandgap associated with structural disorder/smaller 
crystallite sizes of both Re- and Ru-doped samples and 
with localized transition metal 3d-states in the bandgap 
along with oxygen defect band states induced charge 
compensation.

The photocatalytic behavior of the synthesized sam-
ples was investigated for the RhB and phenol degrada-
tion processes under UV–Vis irradiation, the kinetics of 
the different photo-oxidation reactions was also studied 
and the apparent first-order rate constants and half-lifes 
determined. Results showed that doping either with Re or 
Ru can lead to an enhancement of the  TiO2 photocatalytic 
efficiency and that Ru-doped  TiO2 are, among the synthe-
sized samples, the most efficient photocatalyst for both 
the RhB and phenol photodegradation reactions. The high 
photocatalytic efficiency observed for the Ru-doped  TiO2 
sample is probably connected with its higher SBET value, 
which allows more organic molecules to attach to the 
active sites of the photocatalytic nanoparticles, and to the 
increase in the number of localized states in the bandgap 
that may induce a broadening of the absorption band tail 
and electron trapping phenomena.
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