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Abstract: This study is aimed at the preparation of mesoporous Cu-Ti-M oxide composites (M=Ce, Zr, Sn) by combination of template 

assisted hydrothermal technique with the conventional impregnation or novel “chemisorption -hydrolysis” techniques. The obtained 

materials are characterized by nitrogen physisorption, XRD, SEM, FTIR, HRTEM, XPS, TPR and tested as catalysts for ethyl acetate 
oxidation, as a probe VOCs molecule. The regulation of the microstructure, surface and redox properties and the related catalytic behavior 

of the composites by changing of the metal oxide  dopant and preparation technique used is discussed in details. 
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1. Introduction 

The accelerated urbanization and industrialization provide a 
permanently increasing problem with the environmental pollution. 

In response, the recent worldwide conventions related to the climate 
changes, ratified the need of radical reduction of the greenhouse 

emissions via adequate economic, social and scientific approaches 
[1,2]. These conventions determined the volatile organic 

compounds (VOCs) as the dominant air pollutants due to their 

toxic, volatile and carcinogenic features [3]. Recently, the 
application of catalytic and catalytic-hybrid technologies have been 

recommended as the most effective strategies for the VOCs 
elimination [4]. Due to the lower price, resistance to poisons and 

capability of regeneration, the transition-metal based catalysts have 
been considered as promising alternative to the noble ones [4,5]. 

Nowadays, nanotechnology opens new prospects in the 

optimization of the catalysts formula for the effective remediation 
of air from VOCs. Here, the nanostructured porous metal oxide 

composites gain a considerable attention due to their unusual 
texture, morphology and structural characteristics and the related 

with them, superior redox, acidic-base and catalytic properties [5,6]. 

This study is aimed at the development of novel strategy for the 
preparation of nanostructured mesoporous CuO-TiO2-MO2 (M=Ce, 

Zr, Sn) composites. A template assisted hydrothermal technique 

was used for the preparation of TiO2-MO2 mixed oxides with 
equimolar M/Ti ratio, followed by chemisorption, hydrolysis and 

decomposition of copper ammonia complex on them. Alternatively, 
the conventional incipient wetness impregnation technique was 

applied for copper deposition. Special attention was paid on the 
relation between the microstructure, surface and redox properties of 

the obtained materials and their catalytic behavior in total oxidation 
of ethyl acetate, as a representative VOCs. For the purpose, 

nitrogen-physisorption, XRD, SEM, HRTEM, FTIR of adsorbed 

pyridine, XPS and TPR analyses were combined and discussed in 
details. 

2. Materials and Methods  

2.1. Materials 

Ceria-titania, zirconia-titania and tin oxide-titania mesoporous 

oxides with M/Ti (M=Ce, Zr, Sn) molar ratio of 1 were synthesized 
using aqueous solutions of TiCl4 and MCl4 as precursors and  N-

hexadecyl-N, N, N-trimethylammoniumbromide (CTAB) as a 

template according the procedures described in [7-9], respectively. 
After the precipitation of the mixture with 25% solution of 

ammonia, the sludge was subjected to treatment at 373 K for 24 h in 
a closed container. The obtained solid was calcined at 773 K for 10 

h. Copper ammonia complex was prepared from Cu(NO3)2.3H2O 
and aqueous solution of ammonia as described in [7]. Then, the 

TiO2-MO2 solid was added and cooled in ice bath up to 273 K. The 

product was diluted with water and the solid was subjected to 
calcination at 773 K for 4 h. The materials obtained by using of this 

chemisorption-hydrolysis (CH) procedure were denoted as 
CuTiM_A. Incipient wetness impregnation (WI) of the supports 

with aqueous solution of Cu(NO3)2.3H2O and calcination at 773 for 

4 h was applied for the preparation of the samples from the 
CuTiM_W series. For all modifications, the overall amount of 

copper was 8 wt.%. 

2.2. Methods 

Nitrogen physisorption measurements were performed on a 
Beckman Coulter SA 3100 apparatus. A Bruker D8 Advance 

diffractometer with Cu Kα radiation and a LynxEye detector with 

constant step of 0.02° 2θ and counting time of 17.5 s per step was 
applied for the powder X-ray diffraction analyses. The SEM 

investigation was carried out on a FEI Nova NanoSEM450. A FEI 
Talos F200X transmission electron microscope was applied for the 

HRTEM analyses. The XPS measurements were carried out on a 
AXIS Supra electron spectrometer (Kratos Analytical Ltd.) using 

monochromatic AlKα radiation with a photon energy of 1486.6 eV. 
The pyridine desorption spectra were carried out with a 

BioRadFTS-60 spectrophotometer equipped with mid-IR MCT 

detector [9]. The TPR/TG (temperature-programmed 
reduction/thermo-gravimetric) analyses were performed on a 

Setaram TG92 instrument in a flow of 50% H2 in Ar with heating 
rate of 5 K.min-1.  

2.3. Catalytic test 

The total oxidation of ethyl acetate was carried out in a flow 

type apparatus in a flow of 1.21% ethyl acetate (EA) in argon. The 
obtained products were analyzed on-line by HP 5890 GC, equipped 

with flame ionization detector. Absolute calibration method and 

carbon based material balance were used for the elucidation of the 
conversion and products distribution. 

3. Results and Discussion  

The texture characteristics of the obtained TO2-MO2 mixed 

oxide supports and the corresponding copper modifications were 
studied by low-temperature nitrogen physisorption (Fig. 1). 

According to the IUPAC classification, the isotherms are of IV 

type, which is typical of mesoporous materials. 
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Fig. 1 Nitrogen physisorption isotherms  and pore size distribution 

(inset) of the obtained composites. 

The shape of the hysteresis loop was of type H3 for TiO2-CeO2, 

H1 for TiO2-ZrO2 and H2 for TiO2-SnO2 based composites, which 
could be attributed to the presence of irregular inter-particle, 

cylindrical-like or ”bottle”- like mesopores, respectively. The BET 
surface area (Table 1) and total pore volume were much larger for 

the TiO2-ZrO2 support, evidencing the superior role of ZrO2 
additives as structural promotor of titania. After their modification 

with copper, the decrease in the BET surface area and total pore 
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volume (Table 1) combined with some changes in the shape of the 
desorption branch of the isotherms and pore size distribution 

(Fig.1), indicate pore blocking due to the deposition of copper 
particles within the mesopores. This effect was more pronounced 

for the TiO2-CeO2 and TiO2-SnO2 composites, most probably due to 
the lower BET surface area and domination of pores with diverse 

diameter along them, which provokes the agglomeration of CuO 

particles. 

Table 1. BET surface area (SBET), total pore volume (Vtot) and phase 
composition for various samples.   

Sample SBET, 

m2g-1 

Vtot, 

cm3g-1 

Phase Particle 

size, nm 

TiCe 99 0.45 cerianite 12 

CuTiCe_W 69 0.39 cerianite 

tenorite 
12 
45 

CuTiCe_A 76 0.33 cerianite 12 

TiZr 248 0.69 - - 

CuTiZr_W 187 0.60 - - 

CuTiZr_A 193 0.59 - - 

TiSn 107 0.32 cassiterite 5 

CuTiSn_W 70 0.18 cassiterite 5 

CuTiSn_A 79 0.20 cassiterite 5 

In Fig. 2 are presented XRD patterns of the obtained composites 
and data for the phase composition and average crystallite size are 

listed in Table 1.  
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Fig.2. XRD patterns of the obtained composites. 

The broad lines in the patterns of all TiO2-ZrO2 based samples 
(Fig. 2) is attributable to the well-dispersed phase with amorphous 

structure, which well corresponds to the superior texture 
characteristics of these materials (Table 1). Small reflections, 

typical of cassiterite phase with average crystallite size of 5 nm, 

were detected for the TiO2-SnO2 composites. The well-defined 
reflections at 2Ɵ=28.6o, 33.1o, 47.6o and 56.4o in the patterns of 

TiO2-CeO2 composites could be attributed to the partially 
substituted with Ti4+ cerianite phase (PDF 00-065-5923). The 

absence of reflections of any copper-containing phase indicates that 
it is highly dispersed within the TiO2-MO2 supports. Only in the 

case of TiO2-CeO2_W, small reflections of tenorite phase (PDF 00-
89-5899) with average crystallite size of 45 nm was observed. 

The morphology of the samples was well visualized by SEM 
(Fig. 3) and HRTEM-EDS (Fig 3, inset) images. A “coral-like” 

structure of TiO2-ZrO2 support with homogeneously dispersed 
small copper entities in it was observed for both CuTiZr 

composites. Cubic-like CuO aggregates are well-distinguished on 
the TiO2-CeO2 and TiO2-SnO2 supports, when the WI procedure 

was applied. CuO particles with needle-like morphology were 
detected for their CH obtained analogues. Nevertheless the 

similarity in the BET surface area of both supports, the copper 

particles were much smaller in case of TiO2-SnO2, where more 
homogeneous penetration of the individual TiO2 and SnO2 oxides in 

solid solution was also observed. All these results were in line with 
the data, obtained by the XRD and nitrogen physisorption analyses 

(Table 1). 

The variations in the morphology of the copper particles, 
obtained by diverse deposition procedure, could be associated with 

different mechanism of their formation [7]. Stabilization of Cu2+ 

ions by the basic oxygen ions in the interstitial positions of the 

TiO2-MO2 solid solution is probably realized during the incipient 
wetness impregnation procedure. Here, segregation of loosely 

interacted with the support copper entities with the formation of 
larger CuO crystallites on the external surface, is expected as well.  

 
 

  

  
  

Fig. 3 SEM and HRTEM-EDS (incest) images of CuTiCe (a,b); CuTiZr 

(c,d) and CuTiSn (e,f) composites prepared by WI (left) and CH (right) 
techniques. 

During the chemisorption-hydrolysis procedure, interaction 
between the copper ammonia precursor and surface OH acidic 

groups of the support is could be realized. This provokes growth of 

the needle-like CuO crystallites [7], as was also demonstrated by 
the SEM and HRTEM analyses (Fig. 3). Obviously, their dispersion 

is controlled by the texture characteristics and surface acidity of the 
MO2-TiO2 support. 

In Table 2 are listed data from the FTIR study of adsorbed 

pyridine for the various TiO2-MO2 mixed oxides [7-9]. The amount 
of Lewis acidic sites, which dominated in all materials, increased as 

follows: TiSn < TiCe < TiZr. This order was also preserved after 

the normalization of the acidity per unit surface area.  This 
evidences the specific influence of the dopants in titania not only on 

its texture characteristics, but also on the variation of the surface 
acid-base properties.  

Table 2. Pyridine adsorption on various supports 

Sample mmolPy/g mmolPy/m2*10-3 

TiCe 0.08 0.79 

TiZr 0.30 1.20 

TiSn 0.05 0.47 

XPS analyses were performed for the elucidation of the surface 
composition of the samples. For all of them, Ti 2p, Sn 3d, Ce 3d 

and Zr 3p XPS spectra were recorded.  

The Ti 2p spectra consisted of two peaks at ca. 458.5 and 464.2 
eV, attributable to Ti 2p3/2 and Ti 2p1/2 spin-orbit peaks. The Ti 2p3/2 

peak was successfully fitted with two components with binding 
energies (BE) of 458.5 and 455.9 eV for TiO2 and Ti2O3, 

respectively [10].  

The Ce 3d core level spectra are fitted with ten peaks 
attributable to Ce 3d5/2 and Ce 3d3/2 spin-orbit splitting in CeO2 and 

Ce2O3[11].  

The peaks with BE of about 331.9-332.1 eV in the Zr 3p spectra 
correspond to Zr 3p3/2 in ZrO2 phase [12].  
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The Sn 3d spectra exhibited doublet peaks at ca. 486.1 and 
494.5 eV, corresponding to Sn 3d5/2 and Sn 3d3/2 spin-orbit splitting. 

The Sn 3d5/2  peaks were well-fitted with three components with BE 
of 486.6, 485.9 and 485.0 eV which could be assigned to Sn4+ and 

Sn2+ in different environment [13].  

The Cu 2p spectra in the copper containing materials were 

deconvoluted in two peaks with BE of 934.8 and 932.8 eV, which 
are ascribed to copper ions in CuO and Cu2O, respectively [14].  

The presence of ions in different oxidative state for all materials 
clearly evidences strong interaction between the individual 
components in them. This could be realized via replacement of the 

lattice metal ions by the foreign ones or via insertion of the latter in 
the interstitial lattice positions. Obviously, the resulted lattice 

deformations and the need of recovery of the lattice charge balance 
provoke the formation of oxygen vacancies and this process is 

controlled by the metal ions characteristics. In addition, electron 

transfer due to the diverse electron density around the different 
metal ions is expected. 

In Fig. 4a is presented the surface ions distribution, determined 
by the XPS analyses. Generally, the “chemisorption-hydrolysis” 
procedure provoked higher exposure of copper phase on the surface, 

which well corresponded to its higher dispersion, elucidated on the 
base of the XRD (Fig. 2) and HRTEM (Fig. 3) analyses.  

 

Fig. 4 Metal ions distribution determined by the XPS spectra (a) and 

TPR-TG profiles (b) for the obtained CuTiM composites. 

For these samples, the Zr/Ti ratio was close to the expected 

equimolar one, indicating formation of homogeneous TiO2-ZrO2 
solid solution, whish is probably provoked by the similarity in the 

metal ions radius. The preservation of this ratio after the 
modification evidences almost random distribution of the copper 

species within the solid solution. In line with the nitrogen 

physisorption analyses (Fig. 1, Table 1), the extremely lower copper 
exposure for the CuTiZr composites, despite the modification 

procedure used, could be attributed to copper blocking deeply into 
the “cylindrical”–like mesopores of the TiO2-ZrO2 support. 

The deviation in the M/Ti ratio for the TiCe and TiSn 

composites could be attributed to “core-shell” deposition of SnO2 
over TiO2 in the TiSn support, or vice versa for the TiCe one, most 

probably due to diverse precipitation rates of the corresponding 

precursors. Obviously, the lower density of the surface acidic 
groups in the TiSn support (Tables 1, 2) ensures higher dispersion 

of the loaded on it copper species (Figs. 2, 3). In agreement with 
HRTEM (Fig. 3) and XRD (Fig. 2) analyses, the highest copper 

exposure in the CuTiCe composites is probably related to the 
formation of larger CuO aggregates. 

The TPR-TG profiles of copper modifications in hydrogen are 

shown in Fig.4b. Two main effects with a maximum at ca. 390 and 

430 K were detected for CuTiCe_W. They are attributable to the 
reduction of CuO particles with different dispersion to metallic 

copper [15]. The peaks were shifted to lower temperature for 
CuTiZr_W, which well corresponds with the higher dispersion of 

the copper phase in it (Figs.2, 3). Only one narrow TG effect was 
observed for their CH obtained analogues, evidencing presence of 

uniform, small and well-crystallized CuO particles. The TPR effect 
for CuTiZr_A was broader, but shifted to lower temperatures. In 

accordance with the nitrogen physisorption (Fig. 1), XRD (Fig. 2), 

XPS (Fig. 4a), SEM and HRTEM (Fig. 3) analyses this could be 

assigned to the presence of very finely dispersed copper oxide 
crystallites, which are partially blocked in the mesopores. Rather 

different are the TPR profiles for both CuTiSn composites. Here, a 
continuous weight loss is observed above 400 K, and it corresponds 

to simultaneous reduction transformations with the CuO particles 
and TiO2-SnO2 support. These effects are shifted to about 100 K 

lower temperature as compared to the pure TiO2-SnO2 support (not 

shown), which probably originates to the synergistic reduction 
activity of the adjacent CuO and SnO2 particles.  

In Fig. 5a are presented the temperature dependencies of ethyl 

acetate (EA) oxidation on various CuTiM composites.  

500 550 600 650 700 750
0

20

40

60

80

100

 CuTiZr_A
 CuTiZr_W
CuTiCe_W
 CuTiSn_A
 CuTiSn_W
CuTiCe_A

C
on

ve
rs

io
n,

 %

Temperature, K

a

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
u

T
iS

n
_

A

C
u

T
iZ

r_
A

C
u

T
iC

e
_

A

C
u

T
iS

n
_

W

C
u

T
iZ

r_
W

C
u

T
iC

e
_

W

Sp
ec

ifi
c 

ac
tiv

ity
 p

er
 u

ni
t B

ET b

 

0

20

40

60

80

100

C
u

T
iS

n
_

A

C
u

T
iZ

r_
A

C
u

T
iC

e
_

A

C
u

T
iS

n
_

W

C
u

T
iZ

r_
W

C
u

T
iC

e
_

W

Se
le

ct
iv

ity
, %

  CO2  AcAc  C2H4  Et  AA

c

 

  

Fig. 5 Temperature dependencies of ethyl acetate oxidation (a); specific 
catalytic activity per unit suraface area at 575 K (b) and products distribution 
at 50% conversion for various CuTiM composites. 

More of the catalysts slightly differed in their catalytic activity 

despite the varriations in their composition. CuTiCe_A 
demonstrated the highest catalytic activity, while the lowest one 

was detected for CuTiSn_A.  

In order to precise the discussion and to deminish the effect of 
the differences in the BET surface area of the composites (Table 1), 

a specific catalytic activity (SA) per unit surface area was calculated 

(Fig. 5b). Both CuTiCe samples exhibited extremely high specific 
catalytic activity and here, a facile effect of the CH procedure for 

the copper deposition was observed. Just the opposite, the 
traditional incipient wetness impregnation technique provided the 

production of catalysts with improved SA when TiO2-SnO2 mixed 
oxide was used as a support. The SA of CuTiZr composites was 

slightly influenced by the preparation procedure and among the 

studied composites, both of them demonstrated the lowest SA.  

For all catalysts, the main product of the EA oxydation was 
CO2, but acetaldehyde (AA), ethylene, ethanol (Et) and acetic acid 

(AcAc) in different proportions were also detected as byproducts 
(Fig. 5c). The best selectivity to CO2 was found for CuTiSn_A and 

CuTizr_A samples, while their TiCe based analogue possessed 
higher ability to ethanol formation. The samples, obtained by the 

conventional incipient wetness impregnation technique produced 

CO2 with relatively lower selectivity. Ethanol and acetic acid were 
the main byproducts for CuTiCe_W and CuTiZr_W, while  a 

significant portion of acetaldehyde was detected on CuTiSn_W.  

The variations in the SA of the samples (Fig. 5b) and the 
products distribution (Fig. 5c) at selected conversion clearly 

indicated differences in the catalytic sites in them. It is well known 
that the EA oxidation is a step-wise process, where a hydrolysis of 

ethyl acetate with the activity of surface acidic sites is realized as an 
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initial step, followed by oxidation of the produced ethanol and 
acetic acid to acetaldehyde and CO2 [7]. Obviously, the strength and 

the proportion between the surface acidic sites and the redox centers 
in the composites is of the strategical importance for the 

optimization of the catalysts performance in total oxidation of EA, 
with minimum formation of hazardous by-products. A synergistic 

activity of the TiO2-MO2 supports and the loaded on them copper 

species is expected, which could be controlled by the accessibility 
of the active sites to the reactants in the mesoporous structure.  

Thus, the existence of high amount of Lewis acidic sites in the 

titanium doped cerianite type TiCe support (Table 2) provokes the 
hydrolysis of ethyl acetate to acetic acid and ethanol, but the 

formation of larger CuO aggregates on the support external surface 
(Figs. 2, 3) suppresses the redox activity (Fig. 4b). As a result, these 

composites possess a significantly high catalytic activity per unit 

surface area, but low selectivity in total oxidation to CO2. 

For the CuTiSn composites, the facile electron transfer in the 
conjugated Sn4+-Sn0 and Cu2+-Cu0  redox pairs (Fig. 4b) enhances 

the activity in the oxidation of the ethyl acetate intermediates, 
which significantly improves the selectivity in total oxidation of 

ethyl acetate. Obviously, this is facilitated by the higher dispersion 
of the CuO particles, which are grown during the “chemisorption-

hydrolysis” modification procedure. However, the lower density of 

surface acidic sites on the TiO2-SnO2 support (Table 2) provides a 
relatively low ability in ethyl acetate hydrolysis, which decreases 

the catalytic activity per unit surface area. 

Surprisingly, the CuTiZr composites, which were characterized 
with the highest surface acidity (Table 2) and excellent CuO 

dispersion, possessed extremely low specific catalytic activity (Fig. 
5b). This was also accompanied with about 50 % selectivity to 

ethanol and acetic acid formation for the sample obtained by the 

impregnation procedure. Taking into account the N2 physisorption 
analyses (Fig. 1, Table 1) and XPS data (Fig.4b) this could be 

attributed to the dominant activity of the acidic sites of the TiO2-
ZrO2 solid solution and lower accessibility of the CuO particles, 

blocking in the long cylindrical mesopores of the support. 
According to the XPS analyses (Fig. 4a) the improved selectivity to 

CO2 for CuTiZr_A could be related to higher exposure of the 
copper species, provoked by the interaction of the copper ammonia 

with the surface hydroxyl groups on the TiO2-ZrO2 support. 

4. Conclusions 

The template assisted hydrothermal synthesis of TiO2-MO2 

(M=Ce, Zr, Sn) mixed oxides combined with their modification 
with CuO produces high surface area mesoporous nanocomposites. 

The phase composition, dispersion, morphology, surface and redox 
properties of the composites are controlled by the nature of the MO2 

dopant and the peculiarities of the modification procedure used. 

The novel modification procedure including of chemisorption of 

copper ammonia complex on the TiO2-MO2 mixed oxides, followed 
by its hydrolysis and decomposition, provokes the formation of 

more finely dispersed, needle-like CuO particles. In comparison 
with the cubic-like CuO aggregates, formed during the conventional 

incipient wetness impregnation procedure, they improve the 
catalytic activity and CO2 selectivity in total oxidation of ethyl 

acetate. The loaded CuO nanoparticles act in a synergistic mode 

with the acidic sites on the TiO2-MO2 surface, but the catalytic 
performance strongly depend on their location in the porous matrix.  

The high density of surface acidic sites in TiO2-CeO2 supports 

promotes the catalytic activity via acceleration of the ethyl acetate 
hydrolysis, but the lower redox ability of the relatively large CuO 

aggregates on it, suppresses the total oxidation of the intermediates 
to CO2. 

The SnO2 additives to TiO2 decrease the density of the surface 

acidic groups and provides the formation of more finely dispersed 

CuO crystallites. As a result, the CuTiSn composites possessed 
lower catalytic activity, but improved selectivity in total oxidation 

to CO2, especially in the case of the chemisorption-hydrolysis 
modification procedure. 

The superior surface acidity and CuO dispersion in the CuO-

TiO2-ZrO2 composites did not provide the expected improvement of 
the catalytic activity due to the significant blocking of the active 

copper nanoparticles in the low-accessible cylindrical mesopores of 

the support. 
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