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Abstract This study presents the synthesis of TiO2

doped with different amounts of Co and Ni, starting

from a simple metallic titanium powder. A successful

electrophoretic deposition of these materials on ITO

electrodes was achieved for its potential application

as photoanodes. EDX, diffuse reflectance UV–Vis

spectroscopy, and XRD measurements gave infor-

mation on the chemical composition of the material

and the location of the Ni or Co within the crystal

structure of TiO2. Raman spectroscopy suggests that

for a higher content of doping metal above a defined

percentage, the formation of metal oxide is promoted.

A preliminary study of photoelectrocatalytic orange

dye degradation shows higher color removal effi-

ciency as compared to the commercial TiO2 material.

Keywords Ni:TiO2 � Co:TiO2 � X-ray diffraction �
Rietveld refinement � Raman spectroscopy �

Nanocomposites

Introduction

Semiconductor photocatalysis and photoelectrocatal-

ysis have been the subject of many research studies

due to the wide range of applications that have been

explored for the elimination of hazardous pollutants

in air, soil, and water (Han et al. 2009; Zhao et al.

2007; Baea et al. 2008). TiO2 is particularly popular

due to its advantageous characteristics such as high

photo activity, thermal and chemical stability, low

cost and non-toxicity (Castro et al. 2009). On the

other hand, the physical and chemical properties of

TiO2 can be controlled by its particle size, morphol-

ogy, and crystalline phase (anatase, rutile, and

brookite) (Kim et al. 2008).

Nevertheless, the practical applications of TiO2 are

limited by two main issues. While one of them is the

low quantum yield that results from the rapid

recombination of photo-generated electrons and

holes, the other is related to the semiconductor band

gap (3.2 eV) that only absorbs effectively 3–4% of

the solar energy spectrum (Tian et al. 2009).
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For these reasons, several studies have been

carried out in order to improve the photocatalytic

properties of TiO2. The main approach consists on

doping the TiO2 material with metals such as Fe, Co,

Ni, Mn, Au, Ag, and Pt, or with oxides such as WO3

(Li et al. 2008; Gonçalves et al. 2006; Khaleel and

Al-Nayli 2008; Tryba 2008; Glaspell and Manivannan

2005; Sobana et al. 2008; Muruganadham et al.

2006; Tiana et al. 2008). Metals either doped or

deposited on TiO2 are expected to show several

effects on the photocatalytic activity due to different

mechanisms. For instance, the metal may (i) enhance

the electron–hole separation by acting as electron

scavenger and (ii) extend the light absorption of the

semiconductor material into the visible range. In this

way, it has been suggested that a transition metal with

a proper oxidation state replaces some of the Ti4?

centers in the lattice producing an impurity state that

reduces the band gap (Kudo et al. 2007; Khan and

Kim 2009). In spite of a large quantity of literature

dealing with the effect of dopants on the chemical

and physical properties of TiO2, there is very little

information available on the location of the dopant

within the semiconductor structure and its local

environment.

In order to obtain TiO2 doped with transition

metals, several methods have been developed, being

the sol–gel method (Garzella et al. 2003; Tian et al.

2009; Piera et al. 2003; Pacheco et al. 2004;

Gonçalves et al. 2006; Facchin et al. 2000; Eshaghi

et al. 2011; Kisand et al. 2010) the most frequently

employed. However, the synthesis of doped TiO2

starting from metallic titanium mixed with other

metals has not been thoroughly explored.

On the other hand, to the best of our knowledge,

the preparation of electrophoretically deposited films

of TiO2 modified with cobalt or nickel has not been

reported. This approach is advantageous because

electrophoretic deposition allows the control of the

film thickness, porosity, and roughness factor (Es-

quivel et al. 2009, Manriquez and Godı́nez 2007) in a

short period of preparation time as compared to spin

coating, immersion, or impregnation deposit methods

(Kim et al. 2007; Bengtsson et al. 2009; Suriye et al.

2007). Additionally, semiconductor films supported

on optically transparent electrodes (OTE) avoid the

filtration process that is necessary when photocata-

lytic degradation tests are carried out in suspension

(Barakat et al. 2004; Li et al. 2008; Chu et al. 2008,

2009; Esquivel et al. 2009; Selculi et al. 2004).

In this context, the aim of this study is to prepare

and characterize TiO2 films on OTE doped with Co or

Ni using a non-common method that starts from

metallic titanium. The obtained deposits were tested

for a preliminary photoelectrocatalytic degradation of

a model dye (Orange II) in aqueous medium.

Additionally, Raman spectroscopy and X-ray diffrac-

tion analysis led us to propose the cation location

within the TiO2 lattice.

Materials and methods

M:TiO2 synthesis

The synthesis method is a modification of those

reported previously by Martı́n et al. (2003). As

titanium source, metallic titanium powder (99.7%,

Aldrich) was used. A precursor solution was obtained

by dissolving the titanium powder in hydrochloric

acid (HCl, 36.5–38%, J.T. Baker) under stirring

conditions for 3 h at the atmospheric boiling point

(1 g Ti/20 mL HCl). Once the titanium tetrachloride

was obtained in this reaction mixture, nitric acid

(10 vol.%) solution was added drop by drop until a

color change was visible (from purple to light

yellow). This step indicates the complete oxidation

from Ti3? to Ti4?. Then, the solution was cooled and

the dopant salt was added, nickel (as Nickel acetate

99%, Ni(CH3COO)2�XH2O, Alfa Aesar) or cobalt (as

Cobalt acetate 98%, Co(CH3COO)3�4H2O, Caledon)

at different weight percentages (wt%). For both

cations, the wt% used were 5, 20, 40, and 50.

Ammonium hydroxide (NH3 content 28–30%,

Sigma-Aldrich) was used as precipitating agent. The

powder was filtered and washed several times with

deionized water. The TiO2 modified powder was

freeze dried (Free zone 2.5 LABCONCO). The

synthetic process with its corresponding chemical

equations is presented below (Eqs. 1–3).

Ti0 þ 6HCl ! TiCl4 þ 2HClþ 4Hþ ð1Þ

TiCl4 þM2;3þ ! M2;3þ ÿ TiCl4 þ HCl ð2Þ

M2;3þ ÿ TiCl4 þ 2NH4OH

! M:TiO(OH)2 þ 2HClþ 2NH4Cl ð3Þ
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Electrophoretic deposition of M:TiO2 powder

on ITO electrodes

M:TiO2 films were deposited on ITO glass (Indium

Tin Oxide, conductive substrate, 1 cm2 geometric

area) using the electrophoretic method (Manriquez

and Godı́nez 2007). In this way, the glass substrate

was immersed for 60 s at room temperature in a

previously sonicated colloidal suspension (1 g

M:TiO2 powder in 10 mL Ethyl Alcohol absolute,

J.T. Baker), applying a potential difference of 4 V

between a stainless steel sheet and the ITO electrode

(Esquivel et al. 2009). The modified substrates were

then placed in an oven at 550 °C for 3 h in order to

obtain the anatase phase of the modified TiO2 film.

Modified TiO2 characterization and Rietveld

Refinement

Surface morphology analysis of the deposited mate-

rials was carried out using scanning electron micros-

copy (SEM) with a JEOL JSM-5400L microscope.

The accelerating voltage employed was 15 kV.

Energy dispersive X-ray spectroscopy (EDX)

allowed a rough surface elemental analysis and an

approximate atomic relationship between Ti4? and

the M2,3? species (EDX Oxford Inca X-Sight coupled

to a JEOL JSM-6060 LV). Band gap values were

determined from UV–Vis diffuse reflectance mea-

surements (Ocean Optics Spectrophotometer) apply-

ing the Kubelka–Munk theory (Janczarek et al. 2007).

X-ray diffraction analysis (XRD) was performed

using a Bruker-AXS D8 advanced diffractometer

equipped with a Cu seal tube to generate Cu Ka1

radiation (k = 1.5406 Å) 20\ 2h\ 60° in steps of

0.02°. The collected data were refined by the Rietveld

method (Rietveld 1969) using the FULLPROF 05

software, in an attempt to fit the diffraction pattern, in

terms of preferred orientation, peak shape, and

background. The Thompson-Cox-Hastings pseudo-

Voigt function was used to model the peak shape and

the preferred orientation. The background was mod-

eled as a polynomial of six refined coefficients. As

platform, the Anatase–Rutile template was used. The

template was modified by eliminating the rutile phase

and varying all the parameters in the next sequence,

the scale, background, instrumental, cell and FWHM

parameters, preferred orientation, shape, asymmetry,

atomic positions, and the overall B-factor (Torres-

Martı́nez et al. 2008). Raman spectroscopy measure-

ments were acquired with LabRAM HR, Horiba

Scientific setup equipped with a Nd:YAG laser

(k = 532 nm 80 output power 80 mW). The samples

were irradiated with a power of 6 mW over a circular

area of 1.5 lm diameter of using a microscope set

with a 109 objective.

Photoelectrocatalysis degradation test

Degradation experiments were carried out using an

aqueous solution containing Na2SO4 0.05 M pH 3 as

electrolyte and 50 mg L-1 of C16H11N2NaO4S

(Orange II dye, ALDRICH) as a model dye. In these

tests, a vitreous glassy carbon (2 cm2 geometric area)

was used as working, the M:TiO2/ITO (M = 5 and

20 wt% of Ni and/or Co; 2 cm2, geometric area) as

counter, and a Hg/Hg2SO4 as reference electrode. The

experiments were performed under oxygen atmo-

sphere to promote oxygen reduction via two electrons

(Esquivel et al. 2009; Peralta-Hernández et al. 2008).

The experiments were carried out under potentiostatic

conditions applying -0.9 V versus Hg/Hg2SO4 (Vol-

taLab potentiostat/galvanostat, PGZ 301). For the

photo-assisted process, the system was illuminated

using a low-pressure mercury lamp (k = 365 nm,

P = 0.75 l cm-2). UV–Vis measurements were car-

ried out employing a spectrophotometer (Agilent

Technologies) to follow the color disappearing of the

model dye species (k = 487 nm, azo bond).

Results and discussion

Characterization of the Co:TiO2 and Ni:TiO2

Scanning electron microscopy images of the modified

materials show that the morphology in both semicon-

ductor films (Co, Ni:TiO2) is characterized by aggre-

gates (clusters) distributed homogeneously over the

electrode surface (Fig. 1a, b) (Esquivel et al. 2009;

Shieh and Chang 2010). EDX analysis, on the other

hand, shows the expected presence of the dopant metal

(Co or Ni). An approximation of the mole fraction (Xi)

was estimated using the values obtained from EDX

analysis, showing that, as expected, an increase in the

weight percentage of dopant in the preparation

method, results in a larger relationship between the
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cation and the titanium species (Table 1). Elemental

analysis experiments also showed that in the final

material, only a small percentage of the starting

quantities of either Ni or Co used is incorporated in the

resulting modified substance.

To confirm the presence of the dopant, diffuse

reflectance spectroscopy measurements were carried

out. The Kubelka–Munk function (Ananpattarachai

et al. 2009) shows a decrease in the band gap value, an

observation that supports the doping of the TiO2

material. The band gap value obtained for the undoped

TiO2was 3.1 eV, which is in good agreement with that

reported for commercial TiO2 Degussa P25 (3.2 eV).

For the nickel-doped materials, the obtained values

show slight changes around 0.1 eV. In this way, the

obtained values for the TiO2-modified materials with

starting Ni amounts of 5, 20, 40, and 50% were 2.5,

2.4, 2.3, and 2.1 eV, respectively. For the cobalt-

modified materials, the resulting band gap values

were, 2.7, 2.5, 2, and 1.9 eV for 5, 20, 40, and 50 wt%

Co, respectively.

A simple inspection of the obtained XRD patterns

for all the materials with different weight percentages

of Co and Ni did not allow us to establish the

presence of these metals. The diffraction angles

detected in 2h (25.3°, 36.96°, 37.82°, 38.6°, 48.04°,

53.92°, and 55.08°) indicates the presence of the

crystalline anatase phase (Fig. 2a, b). From the

diffraction intensity, a preferential orientation of the

plane (101) can be proposed. In the case of samples

with a high-amount of dopant (above 40 wt%), new

diffraction signals (between 30° and 36° in 2h) can be

Fig. 1 SEM images of

20 wt% samples of

a Co:TiO2 and b Ni:TiO2 at

9750, 91500, and 95000
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associated to the rutile phase of TiO2. This observa-

tion is in agreement with previous studies which

reported that an increment in the concentration of a

doping cation promotes a transformation from the

anatase to the rutile phase (Li et al. 2003; Barakat

et al. 2005). The fraction of anatase, XA, in the

samples of 40 and 50 wt% was calculated using Eq. 4

(Chen et al. 2008):

XA ¼
1

1þ IR
KIA

; ð4Þ

where K is a constant with a value of 0.79, IA
corresponds to the X-ray intensity at the highest peak

for anatase, and IR is the intensity at the highest peak

for rutile.

The fraction of anatase for samples of 40 wt% of

dopant was 0.888 and 0.975 for nickel and cobalt,

respectively. For the samples prepared with 50 wt%

of dopant, the results were 0.739 and 0.887 for nickel

and cobalt, respectively. This information reflects the

effect of the increase of the dopant metal amount in

the change form anatase to rutile. The XRD mea-

surements were carried out with the material depos-

ited on the ITO glass.

The XRD diffraction pattern of the clean ITO

substrate shows signals at 26.48° and 51.56° in 2h.

Table 1 Atomic percentage data and mole fraction (Xi), obtained from EDX analysis of the different wt% of Co and Ni doped TiO2

materials

wt% Xi (initial weight) EDS (Xi) Atomic relationship Co:Ti

(final synthesis)

Cobalt

5 Ti = 0.9613 Ti = 0.3331 1:256

Co = 0.0390 Co = 0.0013 0.4% Co

4% Co O = 0.6663

20 Ti = 0.8603 Ti = 0.3251 1:26

Co = 0.1397 Co = 0.0124 3.8% Co

16.2% Co O = 0.6625

40 Ti = 0.7549 Ti = 0.3233 1:23

Co = 0.2452 Co = 0.0138 4.3% Co

32.5% Co O = 0.6627

50 Ti = 0.7112 Ti = 0.3211 1:17

Co = 0.2888 Co = 0.0184 5.9% Co

40.6% Co O = 0.6605

wt% Xi (initial weight) EDS (Xi) Atomic relationship Ni:Ti

(final synthesis)

Nickel

5 Ti = 0.9609 Ti = 0.3316 1:122

Ni = 0.0391 Ni = 0.0027 0.8% Ni

4% Ni O = 0.6657

20 Ti = 0.8600 Ti = 0.3295 1:57

Ni = 0.1402 Ni = 0.0057 1.8% Ni

16.3% Ni O = 0.6645

40 Ti = 0.7541 Ti = 0.3207 1:16

Ni = 0.2460 Ni = 0.019 6.3% Ni

32.6% Ni O = 0.6603

50 Ti = 0.7105 Ti = 0.3126 1:10

Ni = 0.2897 Ni = 0.0311 10% Ni

40.8% Ni O = 0.6563
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For the modified materials on the other hand, these

signals are present in all the diffraction patterns and

with larger intensities in the deposits corresponding

to 20 wt% of Ni and Co. This is probably related to

the higher porosity of these films as compared to the

rest of the samples (SEM images not shown). As it

was previously mentioned, the surface is formed by

clusters (Fig. 1), and as the weight percentage of the

dopant increases, the deposit becomes more compact

and uniform. The nanometric dimension of these

materials was evaluated employing the Debye–

Scherrer equation (Chen et al. 2008), and for all the

samples under study, an average size value of 18 nm

was obtained.

Additionally, XRD patterns corresponding to Ni

and Co oxides were obtained in order to check the

presence of these species in the modified materials.

The results show their absence in the doped semi-

conductor films. At this point, it can be stated that the

cobalt or nickel is present in the deposit but it was not

known if it is inside the crystalline structure substi-

tuting the titanium(IV) or just present as an interstitial

dopant of the anatase structure. Induced-coupled

plasma (ICP) measurements (\0.006 mg L-1), cyclic

voltammetry, and polarography showed no presence

of nickel or cobalt in solution after electro and

photoelectrocatalysis experiments. This fact suggests

that the metal is protected inside the TiO2 structure

even in acidic media [the Co and Ni are not stable in

acidic mediums (Yang et al. 2009)] or in the presence

of H2O2.

Despite that the Rietveld refinement method is

mainly used for powder samples, we decided to use it

as a first approach for the electrophoretic deposit of

M:TiO2 in order to propose the possible location of

Co2? or Ni2? within the structure of the TiO2, (in an

interstitial position or as substitution of the Ti4?). In

this way, fitting the experimental XRD patterns was

carried out assuming that the metal is actually inside

the crystalline structure as a substitutional dopant

(Li et al. 2005; Djerdj et al. 2006). In Fig. 3a and b,

the Rietveld fittings for the samples prepared from

20 wt% of Co and Ni are presented. In these figures,

the observed (s) and the calculated patterns (–) are

shown along with the difference between them

(residual (D)) and the Bragg positions (j).The result-

ing refinement parameters are listed in Table 2a and

b. Inspection of this data shows that the Ni or the Co

is inserted at the same position of the Ti4? (0, 0.25,

and 0.375, x, y, and z) in the anatase structure. It is

also interesting to note that the fitting parameter v2 is

in some cases slightly above 1.3. This difference is

probably due to the fact that the collection data were

obtained from a diffraction pattern of a deposited film

instead of a powder; which can increase the statistical

error (Djerdj et al. 2006). When the Ni and/or Co

oxide phases were considered on the refinement, no

convergence of the method was achieved.

In good agreement with the data reported for the

undoped anatase phase (Xu et al. 1999), Raman

spectroscopy measurements of the unmodified TiO2

film showed five typical signals (Figs. 4a, 5a), 146(Eg),

199(Eg), 400(B1g), 520(A1g), and 643(Eg) cm
-1.When
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Fig. 2 XRD patterns at different wt% of a Co and b Ni.

Diamond is assigned to the anatase phase and filled circle to the

ITO substrate
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the TiO2 was modified with different amounts of Ni, a

slight displacement of the Eg vibration signals (150,

201, and 643 cm-1) was obtained. In the case of Co, a

larger displacement was observed due to the lower

crystallinity of the relevant vibrations Eg, B1g, and A1g

(157, 206, 402, 519, and 634 cm-1). In addition, it is

In
te

n
s
it
y
 (

a
.u

.)

2θ

 Observed

 Calculated

 Residual

 Bragg Position

(a) 

20 25 30 35 40 45 50 55 60

2θ

(b) 
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 Calculated

 Residual

 Bragg Position
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n
s
it
y
 (
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.u

.)

Fig. 3 Rietveld refinement

plot for the 20 wt% samples

of a Co:TiO2 and

b Ni:TiO2. Observed (s),

calculated (–), difference

between calculated and

observed patterns (D) and

Bragg positions (|)
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important to note that for weight percentages larger

than 40 wt%, it was possible to observe a new signal

located at 694.258 cm-1 for Co: TiO2 (Fig. 4b) that

can be attributed to the A1g mode of Co3O4 (Hadjiev

et al. 1988). Similarly, for the Ni:TiO2 materials, this

peak appeared at 706.622 cm-1 (Fig. 5b). In this case,

the signal could be attributed to NiO according to the

Raman Spectra Database of Minerals and Inorganic

Materials (RASMIN). These signals are not seen by

XRD due to the lack of crystallinity of the relevant

oxides and to the detection limit of the equipment. This

observation suggests that the TiO2 structure allows a

maximum amount of Ti4? substitution by the dopant

Ni2? or Co2?. The remaining dopant cations are

anchored on the TiO2 surface as another phase, such as

Co3O4 and/or NiO.

According to all the physico-chemical character-

ization discussed, the nickel and cobalt species are

part of the TiO2 lattice substituting some of the Ti4?

centers. In this way, as the dopant material wt%

increases, some fraction of this species grows as an

oxide outside of the TiO2 lattice. Additional support

comes from the fact that the phase change from

anatase to rutile is related to increasing amounts of

nickel/or cobalt in the synthetic reaction mixture.

As it has been reported, the highest photocatalytic

activity in degradation tests is presented by the

anatase phase of the TiO2 (Yanga et al. 2010;

Elsellami et al. 2010; Rauf and Ashraf 2009), and a

mixture of phases (anatasa-rutile) should then be

characterized by a smaller photocatalytic perfor-

mance. In this context, it was found convenient to

Table 2 Rietveld refinement parameters for (a) Co and (b) Ni-doped TiO2

(a) Cobalt

Sample 5 wt% Co:TiO2 20 wt% Co:TiO2 40 wt% Co:TiO2 50 wt% Co:TiO2

Radiation X-ray (Cu Ka) X-ray (Cu Ka) X-ray (Cu Ka) X-ray (Cu Ka)

Formula Ti0.996Co0.004O2 Ti0.961Co0.039O2 Ti0.944Co0.056O2 Ti0.94Co0.06O2

M 80.08 82.15 83.15 83.38

Temperature/K 298 298 298 298

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal

Space group I 41/amd I 41/amd I 41/amd I 41/amd

a, b/Å 3.7834 3.7844 3.7839 3.7854

c/Å 9.5047 9.5126 9.5043 9.5114

V/A3 136.0543 136.2361 136.0831 136.2917

v2 2.48 0.771 1.85 1.42

Rwp 14.5 26.6 16.8 20.7

Rp 18.8 45.4 24.8 32.5

(b) Nickel

Sample 5 wt% Ni:TiO2 20 wt% Ni:TiO2 40 wt% Ni:TiO2 50 wt% Ni:TiO2

Radiation X-ray (Cu Ka) X-ray (Cu Ka) X-ray (Cu Ka) X-ray (Cu Ka)

Formula Ti0.992Ni0.008O2 Ti0.983Ni0.017O2 Ti0.938Ni0.062O2 Ti0.989Ni0.11O2

M 80.35 80.84 83.49 86.3

Temperature/K 298 298 298 298

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal

Space group I 41/amd I 41/amd I 41/amd I 41/amd

a, b/Å 3.783 3.7847 3.784 3.7755

c/Å 9.5055 9.5062 9.5016 9.4826

V/A3 136.0314 136.1663 136.0489 135.1663

v2 3.3 1.07 2.09 1.94

Rwp 19.9 44.2 14.5 25.8

Rp 26.5 90.2 19.2 35.8
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carry out some preliminary experiments on the

photoelectrocatalytic degradation of a model dye

(azo Orange II) in aqueous solution using the 5 and

20 wt% of the Co and Ni doped materials as

photoanodes.

Degradation test using the Co:TiO2 and Ni:TiO2

supported on ITO as photoanodes

In the photoelectrochemical experiments for both

modified materials (Co and Ni), the color in solution

 TiO
2

 2% Co

 5% Co

 40% Co

 50% Co

In
te

n
s
it
y
 (

a
.u

.)

(a) 

0 200 400 600 800 1000

400 500 600 700 800

50 %w Co

40 %w Co

20 %w Co

5 %w Co

In
te

n
s
it
y
 (

a
.u

.)

cm
-1

cm
-1

TiO
2

(b) 

Fig. 4 a Raman spectra

corresponding to Co:TiO2

samples with different wt%

of the cation and b zoom in

the 300–800 cm-1 region to

show the presence of Co3O4

(filled diamond)
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was totally removed after 15 min of running the test

(Fig. 6). For the non-modified TiO2, the photoelect-

rocatalytic activity was substantially lower since the

color removal percentage was barely above 50% after

20 min of reaction time. This color removal percent-

age was achieved with the two modified materials

(20 wt% Co and Ni) after 5 min. For 5 wt% of Co

and Ni:TiO2 on the other hand, the same level of

color removal was achieved in 10 and 40 min,

respectively. These preliminary experiments suggest

that the presence of Ni and Co within the anatase

lattice increases the effectiveness of the
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electrophotocatalytic process as evidenced by a faster

color removal rate of the dye Orange II when it is

compared to the undoped TiO2. This observation not

only suggests a potential application of these mod-

ified semiconductor films as photoanodes in water

treatment reactors, but also supports the interpretation

of the location of the dopant metals within the

semiconductor structure.

Conclusion

It was possible to modify TiO2, obtained from

metallic titanium, with Co and Ni. Also, it was

possible to obtain a deposit of the modified materials

on a conductive surface by the electrophoretic

method. Using the Rietveld refinement, it can be

proposed that the Co and Ni are located inside the

TiO2 crystalline anatase structure, substituting some

of the titanium (Ti4?) centers. Raman spectroscopy

experiments, on the other hand, showed the presence

of the oxides Co3O4 and NiO when the starting

amount of doping cation was above 40 wt%. In this

way, it is possible to suggest that there is some point

where Ti4? ions cannot be substituted by Ni or Co

within the lattice. Since in preliminary photoelectro-

catalytic tests, a better performance was observed

with these modified materials as compared to the case

of undoped TiO2, this study also suggests that TiO2

doped with different amounts of Co and Ni can be

used in films that constitute a new promising type of

photoanodes.
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Gonçalves G, Lenzi MK, Santos OAA, Jorge LMM (2006)

Preparation and characterization of nickel based catalysts

on silica, alumina and titania obtained by sol–gel method.

J Non-Cryst Solids 352:3697–3704

Hadjiev VG, Iliev MN, Vergilov IV (1988) The Raman spectra

of Co3O4. J Phys C 21:L199–L201

Han F, Subba Rao KV, Srinivasan M, Dharmarajan R, Naidu R

(2009) Tailored titanium dioxide photocatalysts for the

degradation of organic dyes in wastewater treatment: a

review. Appl Catal A 359:25–40

Janczarek M, Kisch H, Hupka J (2007) Photoelectrochemical

characterization of nitrogen-modified TiO2. Physicochem

Probl Miner Process 41:159–166

Khaleel A, Al-Nayli A (2008) Supported and mixed oxide cat-

alysts based on iron and titanium for the oxidative decom-

position of chlorobenzene. Appl Catal B 80:176–184

Khan R, Kim T-J (2009) Preparation and application of visible-

light-responsive Ni-doped and SnO2-coupled TiO2 nano-

composite photocatalysts. J Hazard Mater 163:1179–1184

Kim HR, Choi KY, Shul Y-G (2007) Preparation of TiO2/SiO2

hollow spheres and their activity in methylene blue pho-

todecomposition. Korean J Chem Eng 24(4):596–599

Kim DH, Choi D-K, Kim S-J, Lee KS (2008) The effect of

phase type on photocatalytic activity in transition metal

doped TiO2 nanoparticles. Catal Commun 9:654–657

Kisand V, Joost U, Reedo V, Pärna R, Tätte T, Shulga J, Saar

A, Matisen L, Kikas A, Kink I (2010) Influence of the

heating temperature on the properties of nickel doped

TiO2 films prepared by sol–gel method. Appl Surf Sci

256:4538–4542

Kudo A, Niishiro R, Iwase A, Kato H (2007) Effects of doping

of metal cations on morphology, activity, and visible light

response of photocatalysts. Chem Phys 339:104–110

Li X, Yue P-L, Kutal C (2003) Synthesis and photocatalytic

oxidation properties of iron doped titanium dioxide

nanosemiconductor particles. New J Chem 27:1264–1269

Li W, Frenkel AI, Woicik JC, Ni C, Ismat SS (2005) Dopant

location identification in Nd3?-doped TiO2 nanoparticles.

Phys Rev B 72:155315-1–155315-6

Li J, Liu S, He Y, Wang J (2008) Adsorption and degra-

dation of the cationic dyes over Co doped amorphous

mesoporous titania–silica catalyst under UV and visible

light irradiation. Microporous Mesoporous Mater 115:

416–425

Manriquez J, Godı́nez LA (2007) Tuning the structural, elec-

trical and optical properties of Ti(III)-doped nanocrystal-

line TiO2 films by electrophoretic deposition time. Thin

Solid Films 515:3402–3413

Martı́n C, Solana G, Malet P, Rives V (2003) Nb2O5-supported

WO3: a comparative study with WO3/Al2O3. Catal Today

78:365–376

Muruganadham M, Swaminathan M (2006) Nano-Ag particles

doped TiO2 for efficient photodegradation of direct azo

dyes. J Mol Catal A 258:124–132
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