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Produced by templated sol-gel method mesoporous nanosized titania powders modified with 3d-metal 

ions have been characterized by XPS and TPR methods. Metal species formed on the titania surface were 

investigated. The TPR analysis showed that reduction behaviors of the M
n+

/TiO2 were strongly affected by 

the synthesis method, preparation conditions and interactions between the dopant metal and TiO2 matrix. 

It was found that Ti–O–M– bonds formation during sol-gel synthesis with  applying nonionic triblock 

copolymer Pluronic P123 as organic template and calcination at 550 °C promoted high-dispersion states 

of doped 5 % metals. The XPS and TPR showing dopants exist as divalent and trivalent ions for M
n+

/TiO2, 

where M=Co, Ni, Mn, and as monovalent and divalent ions in the case of Cu/TiO2. 
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INTRODUCTION 

Modification of TiO2 for improving its 

photocatalytic activity is still of vital importance in 

both theoretical and applied fields. For example, 

doping of 3d-metals on titania surface was studied 

[1–3]. Several powdered semiconductors were 

reported to be effective for photocatalytic 

degradation of dyes, cyanide, pesticide, chloro-

organic compounds, hazardous Cr(IV) ions 

photoreduction, drinking water denitrification [4–9]. 

However, there is still an urgent need to produce 

highly active photocatalysts with developed porous 

structure and high surface area. Recently, we 

discovered that Co, Ni, Mn and Cu doped TiO2 are a 

group of active catalysts for UV light induced 

photoreduction of NO2 in aqueous solution 

selectively to N2 avoiding of producing nitrate and 

ammonia as main nitrogen-containing products [10]. 

The photoactivity of 3d-metal doped TiO2 was 

greatly affected by the state of metal, that is, the 

crystal size and the reduction degree.  

Solid catalysts with high specific surface area, 

high homogeneity, and controlled redox properties 

are important in catalytic converters. Chemical and 

physical properties of solid catalysts depend mainly 

on the procedures and conditions of preparation. It is 

known that the Co/TiO2 catalyst is considered to 

have a strong metal support interaction and shows 

high activity in CO hydrogenation [11–14]. This 

interaction is an important factor used for 

determining the properties of M
n+

/TiO2 catalyst such 

as dispersion and reduction behavior of metal 

species. The main interest in the studies of this kind 

of catalysts is the identification of nature of the 3d 

metal species and verification of their relation with 

its activity in the catalytic and photocatalytic 

processes. In our previous papers [10, 15, 16] 

photocatalytic denitrification of water and 

electrochemical reduction of oxygen using M
n+

/TiO2 

powders and films as catalyst were investigated. 

Some peculiarities of these redox processes can be 

explained as a result of coexistence of dopant ions in 

multivalent states. 

In this paper physicochemical properties of 

mesoporous powders of titanium dioxide modified 

with transition metal ions (cobalt, nickel, manganese 

and copper) were investigated by XPS and H2-TPR 

methods. 

EXPERIMENTAL 

Mesoporous ТіО2, Co
n+

/ТіО2, Ni
n+

/ТіО2, 

Mn
n+

/ТіО2 and Сu
n+

/ТіО2 powders were 
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synthesized via templated sol-gel method 

according to [17] using Ti(OiPr)4, CuSO4·5H2O, 

Co(CH3COO)2·4H2O, Ni(HCOO)2·2H2O, 

MnCl2·4H2O as titania and 3d-metal sources, 

Pluronic Р123 as template and acetylacetone as 

complexing agent. The molar ratios of the 

components were as follow: Pluronic P123: 

acetylacetone : НNO3 : Ti(OiPr)4 = 0.1 : 1 : 2 : 2. 

After gelation and gel ripening, it was dried in air 

at room temperature for 2 h. Then the dried 

powders were calcined at 400 °C. P123 burns out 

at these temperatures and this process should be 

carefully carried out for keeping the ordered porous 

structure of the oxide powder.  

The electronic structure of the sol-gel powder 

surface was explored by X-ray photoelectron 

spectroscopy (XPS) by a electron spectrometer 

(Е МgКα =1253.6 eV, P = 10
-7
 Pa) with a 

PHOIBOS-100 energy analyzer SPECS (USA). 

The spectra of 3d-metal levels were decomposed 

into peak couples with parameters of spin–orbit 

separation ∆Ep (3d3/2 − 3d5/2) = 6.0 eV and ratio of 

intensities was I 3d3/2/3d5/2 = 0.66. Full width at 

half maximum height (FWHM) was 1.0 eV. The 

decomposition was carried out by Gauss–Newton 

method, the area of peaks were determined after 

subtraction of the background by Shirley method. 

Temperature programmed reduction by 

hydrogen (TPR) of the samples was carried out 

using a gas mixture 10 % H2/Ar as reducing agent 

(flow rate = 60 cm
3
/min). The sample (0.25 g) was 

inserted in a quartz tube and treated in a helium 

flow at 350 °C for 1 h and cooled to ambient 

temperature. Then the sample was heated at a rate 

of 10 °C/min up to 800 °C in the reducing mixture. 

The hydrogen consumption was measured with a 

thermal conductivity detector.  

RESULTS AND DISCUSSION 

As we reported previously [16], after calcination 

at 450 °C XRD patterns of M/TiO2 powders showed 

the anatase nanocrystalline phase formation. The 

average size of crystallites varying from 8 to 20 nm 

was determined using Sherrer equation applied to the 

most intensive peak. Particle sizes evaluated from 

TEM images of M
n+

/ТіО2 powders (Fig. 1, a-d) 

coincides with XRD data.  

 

   
    

0 5 10 15 20
0

10

20

30

p
*
, 

%

d, nm

 

0 5 10 15 20
0

10

20

30

d, nm

p
*

, 
%

 

0 10 20 30
0

10

20

30

40

d, nm

p
*
, 

%

 

10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

Р
*

i

d, nm

 
a b c d 

Fig. 1. TEM images and the histograms of the anatase crystal size distributions for Co
n+

/ТіО2 (a) Ni
n+

/ТіО2 (b), 

Mn
n+

/ТіО2 (c) and Cu
n+

/ТіО2 (d) powders with dopant concentration 1 % 

 

Investigation of the adsorption-desorption 

isotherms of nitrogen at –196 ºC and the pore size 

distribution for the powders calcined at 450 ºC 

showed that a mesoporous structure with an 

average pore size of 2.5–6 nm with specific surface 

(SBET) from 147 (pure TiO2) to 224 m
2
/g for 

manganese samples  was formed.  

The characteristic bands of Co
2+

 and Co
3+

 in 

octahedral and tetrahedral oxygen environment 

registered in diffuse reflectance spectra [17] 
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indicated the formation of Co3O4 spinel phase. 

Crystallization of M/TiO2 powders after heat 

treatment at 650 °C led to appearance of absorption 

bands belonging to Ni
2+

 or Mn
3+

 ions in an 

octahedral environment. XPS analysis was carried 

out to determine the chemical and electronic 

structure of formed nanoparticles and the valence 

states of selected elements. 

Electronic structure of М/ТіО2 powders 
studied by XPS. The XPS result of the undoped 

TiO2 shows the binding energy (BE) of Ti2p3/2 

458.4 eV, which corresponds to BE for pure TiO2 

[18]. For Mn/TiO2 a shift to lower BE is observed. 

This shift can be associated with formation of Ti–

O–Co and Ti–O–Mn bonds. In the case of Ni-

doped titania Ti2p3/2 BE shifts to higher values as 

compared with undoped TiO2. In accordance with 

[18, 19], a BE 459.5 eV is an evidence of 

tetrahedrally coordinated titanium ions in titania 

lattice, whereas a BE of Ti2p3/2 458.5 eV concerns 

octahedrally surrounded titanium ions. Since the 

high-energy shift of Ti2p3/2 could be related with 

change in coordination from octahedral to 

tetrahedral, the obtained results can point at change 

in coordination number at forming of Ti–O–Ni 

bond. 

The XPS spectra of O1s region for the 

M
n+

/TiO2 systems are presented by three peaks 

revealing different oxygen states. The peak 

positioned at 528.1–530.6 eV corresponds to O
2–

 

anions in titania lattice, the peak positioned at 

530.6–532.3 eV corresponds to oxygen in surface-

active OH-groups, and the peak positioned at 

532.2–533.7 – to adsorbed on the surface oxygen-

containing anions of acid residues [20, 21]. 

The XPS spectra of 2p3/2 region for Co, Ni, Mn 

and Cu of the M
n+

/TiO2 samples are collected in 

Fig. 2. It is seen that Co2p3/2 exhibits a principal 

peak with a shoulder and a strong shake-up satellite 

(Fig. 2 a). The peak with the shoulder may be 

deconvoluted into two components: 780.3 eV 

(more intense peak) and 781.6 eV (less intense 

peak). Absence of photoelectron peaks with BE 

below 780 eV is indicative of Co
0
 absence [22], so 

cobalt in the Co/TiO2 exists as oxide species. It is 

commonly recognized that in identifying Co 

species the satellite structure plays the main role to 

discern Co
2+

 [23, 24]. The intense satellite 

observed in the Co2p3/2 XPS (Fig. 2 c) implies a 

high contribution of divalent cobalt. Accordingly to 

[25–27], the peak appearing at 780.3 eV is likely 

may be assigned to Co3O4 species and the peak 

appearing at 781.6 eV – to highly dispersed Co
2+

 

species, near to isolated divalent cobalt cations 

[28, 29]. It is in agreement with broadened satellite 

structure shape, pointing at the satellite origin from 

different Co
2+

 type species. Co3O4 is known to 

have tetrahedral Co
2+

 ions and octahedral Co
3+

 ions 

[30] and the DRS results received earlier [17] 

showed the presence of the tetrahedral Co
2+

 and 

octahedral Co
2+

 ions in the Co/TiO2. The 

significant intensity of satellite prevailing over the 

intensity of either of the peaks centered at 780.3 

and 781.6 eV is also consistent with this 

interpretation assumption. Taking into account the 

XPS result and DRS data [17], we can conclude 

that cobalt on the titania surface exists in Co3O4 

(containing Co
2+

 and Co
3+

 ions), CoO, and CoTiO3 

species. 

The Ni2p3/2 XPS spectrum of Ni-doped TiO2 

(Fig. 2 c) shows a peak located at 856.0 eV with a 

distinct shake-up satellite at 6.5 eV higher BE 

values. The binding energies for nanosized nickel 

oxide species between 855.3 and 856.7 eV were 

found to be typical of Ni-doped systems, in 

particular for Ni/TiO2 [31, 32], the BE shifting to 

higher values with increasing TiO2 content. This 

BE is more close to that of Ni2p3/2 in Ni2O3 and 

Ni(OH)2 (Ni
2+

–compounds with ionic type of 

bond) than in NiO [32, 33]. Consequently, it can be 

speculated that nanosized Ti–Ni–O contains Ni
2+δ

 

species, i.e. Ni
3+

 ions along with Ni
2+

ions, and 

these Ni
2+

 ions are highly dispersed to be 

considered as isolated ions with decreased electron 

density (the cations of the titanates) rather than 

those of bulk oxide. 

The XPS spectrum of the Mn-doped TiO2 

(Fig. 2 c) contains two peaks corresponding to 

Mn2p3/2, attributable to Mn
2+

 at 639.6 eV and to 

Mn 
3+

 at 641.6 eV, and a satellite feature at about 

646.0 eV due to Mn
2+

 ions. These BE values are 

similar to those of corresponding bulk manganese 

oxides [34], thereby indicating the presence of 

manganese as oxide-type species. 

Fig. 2 c shows Cu2p3/2 XPS spectrum of the 

Cu/TiO2. The peaks at 931.7 and 933.3 eV confirm 

the presence of Cu
+
 and Cu

2+
 in the Cu-doped TiO2 

crystal lattice. Ti
4+

 was successfully deconvoluted 

from the Ti2p BE for 0 and 5 % Cu-doped TiO2. 

Ti
3+

 peaks can also be found in the spectrum for the 

Cu/TiO2. These peaks are indicative of TiO2 and 

Ti2O3 or Cu2TiO3 and Cu3TiO4. The reduction of 

Ti
4+

 into Ti
3+

 may be attributed to the presence of 

Cu species in the TiO2. Additionally, the formal 

charge generated from the substitution of Cu
2+

 by 

Cu
+
 can also be compensated via the 
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transformation of Ti
4+

 into Ti
3+

. Oxygen vacancies 

in the Cu-doped TiO2 structure may also cause the 

reduction of Ti
4+

 into Ti
3+

. 

Таble 1. The binding energy of core electrons for 

synthesized M
n+

/TiO2 powders 

The value of the binding energy, 

eV 

O1s1/2 

Sample 

Ti2p3/2 

Ті–ОН Ті–О–Ті 

TiO2 458.4 531.5 529.7 

5 % Сo/TiO2 458.1 531.8 529.3 

5 % Ni/TiO2 459.6 532.3 530.6 

5 % Mn/TiO2 457.3, 

458.2 
530.6 528.1 

5 % Сu/TiO2 456.4, 

458.2, 459.3 
531.8 528.5 

 

TPR study of М/ТіО2 (М - Co, Ni, Mn, Cu). 

Temperature-programmed reduction (TPR) was 

performed to investigate the reducibility of the 

titania doped with 3d metal ions. The results of the 

H2-TPR experiments are presented in Fig. 3. It is 

seen that the unsupported TiO2 is characterized by 

a weak reduction behavior (Fig. 3 a), exhibiting a 

H2 consumption of low-intensity in region        

300–800 °C. 

The profile of the Co/ТіО2 shows weak 

hydrogen consumption up to 400 °C, and a 

predominant consumption is observed at region 

400–800 °C, revealing two distinct reduction 

regions. Reduction behavior of Со3О4 is 

controversial in the literature, some authors 

observed a single step for the Со3О4 reduction 

[28, 36], while many others reported about a two-

step process, involving with CoO in the reduction 

[24, 30, 37, 38]. The two-step reduction process 

consideration supposes that the ratio of the low-

temperature peak corresponding to Со3О4 + Н2 → 

3СоО + Н2О reaction to the high-temperature peak 

corresponding to СоО + Н2 → Со + Н2О reaction, 

should be 1:3 theoretically. But, the profile of the 

Co/ТіО2 obtained by sol-gel technique and 

calcinated at 550 °C doesn’t confirm this ratio. 

Thus, the single-step reduction of Co3O4 can be 

proposed, the corresponding peak is centered at 

500 °C. High-temperature peak is likely to belong 

to reduction Co
2+

 particles strongly bound to the 

support. This is consistent with the XPS data and 

the DRS results received earlier [17], which indi-

cate the Co
2+

 species along with the Co3O4 species. 

It should be noted that the reduction peaks for 

the Co/ТіО2 is shifted to high temperatures. Since 

the shift of the cobalt reduction peaks to higher 

temperatures demonstrates an intensity of the 

cobalt/support interaction, this shift can be 

explained due to a strong interaction between 

cobalt and TiO2. It is known that the interaction 

increases with a higher dispersion of cobalt on the 

support surface [36], and at low-loading cobalt the 

titania has a tendency to stabilize CoO and to resist 

reduction [38]. Therefore, reduction behavior of 

cobalt oxide species in TiO2 doped with small 

cobalt amounts is strongly affected by supports 

[24]. The presence of highly dispersed CoTiO3 

and/or CoO in addition to Co3O4 species was 

reported also in [39]. 

From Fig. 3 c it can be seen that the TPR 

profile of the Ni/TiO2 powder contains two distinct 

peaks of hydrogen consumption corresponding to 

different reducible species. The reduction peak of 

lower intensity with a maximum at 210 °C can be 

assigned to a reduction of Ni2O3 to NiO [31] and 

nickel ions with formal oxidation number higher 

than +2. The intense reduction peak with a 

maximum at 460 °C is attributed to reduction of 

NiO species resulted from the Ni2O3 and of NiO 

interacted with TiO2. Doped nickel oxide species 

usually possess higher reduction temperatures than 

those of pure oxides due to interaction of nickel 

with support. Owing to the interaction of nickel 

with TiO2, NiO reduces at higher temperatures as 

compared with free NiO which normally reduces at 

285–305 °C [40]. 

The position and form of reduction peak for 

dispersed NiO depends on method of preparation, 

composition and calcination conditions of samples, 

since these factors cause to different nickel disperse 

states, sizes of nickel oxide particles and interaction 

degrees with TiO2, resulting in variable reducibility 

of nickel-containing particles. It is known [31, 32], 

that reduction of nanosized NiO in composite 

systems Ni–Ti–O occurs at temperatures from 300 

to 600 °С depending on the degree of bonding with 

the surface and accessibility of nickel to be 

reduced. 

Hydrogen consumption at 300–400 °C is 

assumed to correspond to reduction of bulk NiO on 

TiO2 surface, and hydrogen consumption at the 

temperatures above 400 °C is assigned to NiO 

significantly bonded with titanium dioxide [31]. 

Thus the 5 % Ni/TiO2 is likely to interact at the 

average degree with the support. An appearance of 

insignificant H2 consumption observed at about 

600 °C is probably due to reduction of spinel 

NiTiO2, whith characteristic reduction at 550 °C 
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[40]. Fig. 3 d depicts the H2-TPR profile of the 

Mn/TiO2. Insignificant H2 consumption at        

250–400 °C, according to the literature [41], may 

be assigned to reduction of Ti
4+

 to Ti
3+

 due to 

interaction with manganese oxides. 
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Fig. 2. XPS spectra of TiO2 powders doped with 5 % Со, Ni, Mn, Cu. Binding energy of Ti2p - (а), O1s- (b) and         

2р-electrons of dopant ions (c) 
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Fig. 3. TPR-profiles of ТіО2 and 5 % M
n+

/TiO2 powders: ТіО2 (a), Co/TiO2 (b), Ni/ТіО2 (c), Mn/ТіО2 (f), Cu/ТіО2 (e) 

 

A broadened appearance of the TPR profile is 

rather typical for Mn-containing systems, due to an 

occurrence of manganese species as non-

stoichiometric MnOx oxides. The presence of 

different oxide species and, consequently, a 

reduction performance of manganese oxides is 

influenced by a preparation procedure, quantitative 

composition and heat treatment conditions [42]. 

Also, an inherent reducibility of the support plays a 

great role in a manganese reduction behavior 

because the support oxide determines the reactivity 

of the bridging Mn–O–support functionalities.  

High-valent ions of transition metals are 

reduced at lower temperature as compared to low-

valent ions. Thus, in accordance with [41–43], a 

MnO2 reduction process occurs at 250–400 °C. 

Since no significant H2 consumption is observed 

below 450 °C, it can be assumed that noticeable 

MnO2 amounts have not been formed after the 

calcination of the Mn/TiO2 at 550 °C in air. It 

agrees with the reported data [44] about 

stabilization of low-valence manganese oxide 

species by support in the systems containing small 

amounts of manganese. This is in the accordance 

with the obtained XPS data, where no obvious 

occurrence of Mn
4+

 was fixed. 

Reduction of Mn2O3 to MnO happens 

according to [42, 43, 46, 47] in the temperature 

interval of 350–600 °С through the formation of 

intermediate Mn3O4 in two steps; the temperature 

ranges are usually 350–500 °С (Mn2O3 → Mn3O4) 

and 450–600 °С (Mn3O4 → MnO). Thus, two 
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intense overlapping bands in the TPR profiles with 

maxima at 650 and 730 °C can are assigned to 

reduction of Mn2O3 to Mn3O4 and then to MnO, 

respectively. However, both processes happened at 

more high temperature as compared with that in the 

literature, it is likely to be caused by rather strong 

interaction between the manganese oxide species 

and TiO2. 

The TPR profile of Cu/TiO2 (Fig. 3 e) exhibits 

several reduction peaks. Bulk CuO is known to be 

reduced at the temperature above 300 °C [47]. But 

for CuO in composition of CuO–TiO2 systems the 

reduction of copper species shifts towards low 

temperatures [50–52]. Due to hydrogen spillover 

under the reduction conditions, small TiO2 particles 

may loose interstitial oxygen and form oxygen 

deficient TiOx species. These species are unstable 

and draw oxygen to form TiO2 again. Therefore, 

the CuO matter contacting with them is reduced at 

relatively low temperature than other CuO particles 

[51]. Also, taking into account that a sol-gel 

method stabilizes the CuO phase in a highly 

dispersed state [49], a peak at 176 °C is ascribed to 

isolated superficial copper ions or well-dispersed 

CuO species on the support. A reduction peak 

centered at 266 °C may be interpreted as a result of 

reduction isolated Cu
+
 ions, their insignificant 

amount is likely to occur in the Cu/TiO2 after 

calcination. A peak with maximum at 375 °C 

reflects the reduction of large CuO particles. With 

regard to this temperature, most probably these 

particles are close to bulk CuO (but their 

concentration is insufficient for the particles to be 

detected by XRD).  

However, an interpretation of the copper-based 

catalysts is controversial, because of assumption of 

some authors [53, 54] about possible realization of 

stepwise reduction process (i.e. Cu
2+

 → Cu
+
, then 

Cu
+
 → Cu

0
). Proposing the stepwise reduction, the 

reduction peak at 176 °C can be associated to 

reduction of isolated Cu
+2

 ions and finely dispersed 

CuO, in both cases to Cu
+1

. And the high 

temperature peak (375 °C) corresponds to a 

reduction of Cu
+1

 to Cu
0
. Also, the temperature of 

the high-temperature peak (375 °C) coincides that 

found in the work [54], and it may be indicative of 

stepwise reduction process. 

At the temperature above 500 °C one can 

observe insignificant hydrogen consumption 

associated with TiO2 reduction, which shifts 

towards low temperatures indicating enhanced 

reducibility properties of TiO2 interacting with 

copper species, in accordance with the literature 

data [49]. This shift in the reduction temperature of 

TiO2 can be explained by presence of Cu
0
 clusters 

(formed after reduction of CuO species) that may 

catalyze the reduction of Ti
4+

. 

CONCLUSION 

• The TPR analysis showed that reduction 

behaviors of the M
n+

/TiO2 were strongly affected 

by the synthesis method, preparation conditions 

and interactions between the dopant metal and 

titanium dioxide matrix.  

• Sol-gel synthesis using high concentration of 

organic components calcinations at 550 °C and 

applying TiO2 as a support promoted high-

dispersion states of doped 5 % metals, the XPS and 

TPR showing dopants to exist as divalent and 

trivalent ions for M
n+

/TiO2, where M=Co, Ni, Mn, 

and as monovalent and divalent ions in the case of 

Cu/TiO2. 
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PФEС и ТПВ дослідження M/TiO2 (M=Co, Cu, Mn, Ni) порошків, одержаних золь-гель методом 
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Одержані темплатним золь-гель методом мезопористі нанорозмірні порошки діоксиду 

титану, модифікованого йонами 3d металів, досліджені методами PФЕС и ТПВ. Встановлено 

валентний стан йонів металів на поверхні діоксиду титану. Аналіз термопрограмованого 

відновлення воднем показав, що відновлювальна здатність M
n+

/TiO2 залежить від методу синтезу 

та умов термообробки. Показано, що формування Ti–O–M зв'язків при золь-гель синтезі, 

присутність нейонного триблоккополімера Pluronic P123 як органічного темплату та 

термообробка при 550 °C стабілізують високодисперсний стан металовмісних сполук. Методами 

PФЕС та ТПВ показано співіснування дво та тривалентних йонів металів для  M
n+

/TiO2, де M=Co, 

Ni, Mn, та моно- і дивалентного стану у випадку Cu/TiO2. 

Ключові слова: мезопористі M
n+

/TiO2 порошки, Co
n+

, Ni
n+

, Mn
n+ 

та Cu
n+

 перехідні метали, 

РФЕС,  H2-TПВ 
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Полученные темплатным золь-гель методом мезопористые наноразмерные порошки диоксида 

титана, модифицированного ионами 3d металлов, изучены методами PФЭС и ТПВ. Установлено 

валентное состояние ионов металлов на поверхности диоксида титана. Анализ 

термопрограмированного восстановления водородом показал, что восстановительные 

способности M
n+

/TiO2 зависят от метода получения и условий термообработки. Показано, что 

формирование связей Ti–O–M при золь-гель синтезе, присутствие неионного триблоксополимера 

Pluronic P123 как органического темплата и термообработка при 550 °C  стабилизируют 

высокодисперсное состояние металлсодержащих соединений. Методами PФЭС и ТПВ показано 

сосуществование двух- и трехвалентных ионов металлов для  M
n+

/TiO2, где M=Co, Ni, Mn, и моно- 

и дивалентного состоянии в случае Cu/TiO2. 

Ключевые слова: мезопористые M
n+

/TiO2 порошки, Co
n+

, Ni
n+

, Mn
n+ 

и Cu
n+

 переходные 

металлы, РФЭС,  H2-TПВ 
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