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The effect of the structure of Cu—Ti oxide systems obtained by sol-gel synthesis on
the nature of catalytic centres and catalytic activity in low-temperature CO
oxidation
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It has been shown by X-ray diffraction analysis, EXAFS and XPS methods and in experiments on the low-temperature oxidation
of CO that two types of catalytic oxidation centres are formed during sol-gel synthesis of single-phase Cu-Ti oxide systems
(0.5-5.0 mass% Cu) based on anatase: the first type involves Cu* ions in the [111] crystal planes, while the second type involves
Cu?* ions, which isomorphically substitute titanium ions in the [100] planes of TiO,.

Alkoxo technology is a non-traditional method for the preparation Pure TiQ (sample 14) was inactive in CO oxidation over the

of highly active metal oxide catalyst8. Analysis of recent temperature range studied and provided a noticeable conversion
literature shows that, although this approach is used rathenly at temperatures close to 400 °C. In the presence of
widely for the directed synthesis of materials for electronicsCuO (sample 15), exhaustive conversion of CO requires a
its application to the synthesis of catalysts is only at théemperature of 200-210 °C. Of the Cu—Ti oxides obtained, the
developmental stage. highest activity was displayed by single-phase systems with

In the present work we study the effect of the synthesiempirical formula CyTi, _, 50, (anatase), whepe=< 0.09.
conditions on the structure, catalytic properties and nature of The effective activation energy of CO conversion in the
the active centres in a series of Cu-Ti oxide systems (copp&@w-temperature region (5—7% conversion) and at 150-160 °C
content 0.5-14 mass%) synthesised by the sol-gel méthod6—-10% conversion) was calculated to be 5.6 and 17—-19 kcd| mol
The oxidation of CO was used as the model reaction because refspectively. The latter value is in good accord with that
the high reactivity of this compound and the diversity of itsdetermined for oxides with perovskite structure and corresponds
oxidation mechanisms on oxide catalysts. to the activation energy of oxygen in the latfice.

Analysis of the results in Table 1 shows that for single-phase Analysis of data obtained by EXAFS and XPS (Tables 2 and
Cu-Ti oxides, an increase in copper content from 0.5 t®) and comparison of ion sizes for titanium and copper makes
3 mass% (samples 1-5) decreases the temperature of the stapossible to make an assumption about the structure of the
of CO oxidation from 140 °C to less than 100 °C, while thesurface monolayer of the Cu-Ti oxide single-phase systems
degree of CO conversion at temperatures near 140 °C increasgsthesised. For example, it was shown by XPS that 90%
several-fold. When the copper content is increased to 8 mass&b surface copper is in the 2+ oxidation state, which is
(samples 5-7), the CO conversion at 100-140 °C increasesharacterised by bond energies of 953.0, 943.5-943.0 and
Further accumulation of copper in the Cu—Ti oxide resulted ir956.0 eV. Only 10% of the modifier is present in the 1+ state
phase separation and hence a decrease in the catalytic actiwtjth bond energies of 932.5 and 952.5 eV. The main difference
of CO oxidation over the entire temperature range. This ibetween the surface states of the catalytic systems studied is
evident from the fact that CO conversion on samples 8 and $hat the ratio of the amounts of chemisorbed oxygen (1s) and
which contained 11 and 14 mass% copper, respectively, wasu+ ions for specimen 6 was several times higher than that for
12-50% of that on samples 5-7. specimens 10 and 13 with the same copper content (Table 3).

The data in Table 1 show that a constant copper content in According to EXAFS data, each surface copper ion is
the oxide phase (5 mass%) structure is the factor determinirgyrrounded by six oxygen ions and the length of the Cu-O
the catalytic activity in oxidation (samples 6 and 10-13). Fobonds on the surface is 1.95A (Table 2). Only one longer
example, the ratio of degrees of CO conversion on samplesiteratomic distance was observed, namely, Cu—Me (Me =Ti or
and 10, which have the same phase composition (anatase) i), R=3.04 A, which coincides with the distance in the
different microcrystallite size (13 and 19 nm, respectively), isanatase lattice. Table 3 illustrates the two possible variants of
4:1 at 100-120°C. As the temperature is increased, thitne model consistent with the results obtained. One of the
difference in activity decreases only near 200 °C. The change imodels regards the Cu—Ti distance of 3.04 A as the interatomic
phase composition, which manifested itself as the formation dafistance in the first coordination sphere ofCand describes
rutile and CuO identified by X-ray diffraction (samples 11-13), TiO, modified with copper (anatase). The other model, which
led to a decrease in catalytic activity over the entire temperaturgses the Cu—Cu distance of 2.99 A, describes the copper dimer
range, and exhaustive conversion of CO was not reached eventhe CuO phase. The coordination number of copper was
at 200 °C. estimated as 1 in both models. Probably, the first model is
preferable, since a study of the charge state by the static
magnetic susceptibility method showed that copper is present in
* A mixture of CO with air (0.5vol.%) was used in the catalytic its smgle—phase_omdes as 'smated paramagne@i’c@ns_(d). .
experiment. The experiments were carried out in a flow-through Thus, analysis of the experimental data makes it possible
U-shaped quartz reactor (inner diameter 4 mm) with a stationary catalyl Make an assumption about the structure of the surface
layer (particle size 0.1-0.25 mm). The specimen amount was 8,5 cmmonolayer of the Cu—Ti oxide single-phase systems synthesised.
the gas volume velocity was 50008,rand the temperature range was The C@#* ions can isomorphically substitute 4Tiions in
50-400 °C. The composition of the gas mixture at reactor inlet andnicrocrystallite planes; the difference between the ionic radii
outlet was analysed chromatographically on a column with Porapak @0.72 and 0.68 A, respectively) can cause defects in the crystal
(inner diameter 2 mm, length 1.5 m). The concentration of CO in thdattice.
flow was determined on a Riken Fine IR-550A gas analyser.

T Copper stearate, Cu{{1;;COO), and titanium tetrabutoxide,
Ti(OBu"),, were used as precursors.
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Table 1 Structural characteristics of Cu—Ti oxides synthesised and their catalytic activity in the oxidation of CO (0.5 vol.%) witheximoxygen at a
volume velocity of 50000#.2

Conversion of CO (+1%) at temperature (°C)

Sample . . Copper content Crystallite ~ Specific surface aréa

no. Phase composition, empirical formula(mass%) size/nm m2 gt 100 120 140 150 170 200

1 Anatase CyloosTio 99702+ 0.5 50 120 0 0 1 3 7 16

2 Anatase Cglg;Tig 9045 11 42 120 8 19 22 26 32 49

3 Anatase Cglg,Tig 9045 2.2 28 118 16 39 61 72 86 100

4 Anatase CgloTig o545 25 — 118 20 62 91 97 100 100

5 Anatase ClgsTip odOs4s 31 13 118 55 94 100 100 100 100

6 Anatase ClgeTip 670245 5.0 13 118 49 89 100 100 100 100

7 Anatase ClygTig 9iO05.45, CUO (traces) 8.1 14 110 56 92 100 100 100 100
8 Anatase 80%, rutile 9%, CuO 11% 11.1 46 80 7 21 46 66 90 100
9 Anatase 50%, rutile 36%, CuO 14% 14.1 35 70 9 28 60 74 84 96
10 Anatase CyhygTio 900+ 5.1 19 110 12 22 53 73 93 100
11 Anatase, CuO (traces) 5.0 25 100 2 8 15 20 40 92
12 Anatase 23%, rutile 73%, CuO 4% 51 86 90 2 8 17 25 62 96
13 Anatase (traces), rutile 95%, CuO 5% 5.1 90 30 1 3 5 7 18 92
14 Anatase 0.0 122 120 0 0 0 0 0 0
15 CuO 80.0 — — 0 0 0 7 40 98

aThe phase composition and mean crystallite size were determined on a DRON-3M diffractometer with filteréda@idtion. Identification of crystalline
phases was performed according to X-ray diffraction data for pure compounds published by AB&vhean crystallite size was calculated from the
half-widths of the [200] and [400] lines for anatase using the Sherer eqgti@tienhalf-width MgA}O, at 1600 °C was used as a standebetermined by
the BET method with nitrogen as the sorbate.

The Cu ions (0.93A) can only be connected through oxidation occurs at 140 °Geg. it involves the low-temperature
bridging oxygen above the plane surfaces. The elevation afentres only.
singly-charged copper above the surface allows it to coordinate Figure 1) shows a possible structure for the transition
a large quantity of weakly bound oxygen (Table 3), which iscomplex during the oxidation of CO on the low-temperature
highly reactive even at low temperatures (100-140 °C). centres of Cu-substituted anatase according to the Rideal-Eley
It is known that non-bridging Me=0O bonds in the surfacemechanism, reactions (1)—(8).The elevation of isolated Gu
oxide polyhedra of some transition metals can undergo excitatiaons above the plane surface favours the formation of local
under conditions of thermal treatment, forming reactive aniorareas of increased concentration of weakly bound non-bridging
radicals, which can subsequently dissoctdté.should also be oxygen, which is easily activated at temperatures as low as
noted that the catalytic activity of perovskites AB@n 100-120 °C. XPS data indicated an increased ratio of concen-
oxidation was proved to depend on the energy of the metaltrations of reactive surface oxygen and-@ns on specimen 6
oxygen bond in the anichl0 Even a small weakening of the (anatase) (Table 3).
B—O bond resulted in a sharp decrease in the overall rate of CO
oxidation at low temperatures. In the case of our catalysts, itis Cu---O + CQpe —= Cu----- 0-----CO (1)
most likely that a similar effect was observed in Ty 50, . 0-eCO ——» Cu—] + CO, @
single-phase systems, in which defects appeared on crystallite
faces due to the deformation of the anatase lattice, as described 2Cu--[] + O, —— 2Cu---O 3
above. Replacement of titanium ions with2€ions partially

. ! C2*--0 + CQe —>= Cl#*------0---CO 4
weakens the bonds of chemisorbed oxygen with the surface; ot )
this weakening manifests itself as a decrease in CO oxidation CW*-----0--CO —— Cu*-[] + CO, ®)
temperatures even at a low copper content in Cu—Ti oxides 2cg~-[] + 0, —> 2C#*--O (6)

(Table 1).

Comparative analysis of catalytic and structural data allows As the temperature is increased, the process involves ever
us to assume that the surface of the catalysts synthesisetbre high-temperature active centres containing* Gons,
contains two types of active centres: low-temperature (100-140 °@)here CO chemisorption becomes possible [Figuig].1This
and high-temperature ones (140-200 °C). Probably, the form&nables the Langmuir—-Hinshelwood mechanism, reaction (4), to
centres involve Cuions, whereas the latter ones contair#*Cu occurll When CQ formed desorbs from the catalytic surface,
ions, which isomorphically replace a fraction of the titaniuman oxygen vacancy is formed on the catalyst surface, reaction
ions in the first monolayer of anatase. (5). This vacancy can activate oxygen that comes from the

A comparison of degrees of CO conversion at 120 andas phase, reaction (6). As noted above, at temperatures near
200 °C for samples 2 and 3 (Table 1) shows that the rati@00 °C the differences in catalytic activity of CuO and oxide
of contributions of the low- and high-temperature centres isystems containing over 1 mass% copper almost level off. This
ca.0.6, provided that they are totally involved in oxidation andindicates that the —Cu—-O- fragment participates in reactions
taking into account the increase in the reaction rate with{4)—(6) in all cases: on a modified anatase surface (samples 3—6
increase in temperature (from 120 to 200 °C). At higher

copper content in single-phase systems (specimens 4-7), tot@ble 3 Composition (atom.%) of the surface of Cu-Ti oxide cate
containing 5 mass% copper (samples 6, 10 and 13) according to XP

Table 2 EXAFS results for the coordination environment of copper ions

in the structure of GyyeTiy o/0, (anatase) for the two possible models. Sample no.
Components
. Effective 6 10 13
Interatomic .~ . _Debye—Valler

Model Type of bonddistance/A coordlnauonfacté’r 8R factor Tia+ 20.66 21.32 22.80
number cu 2.76 6.14 5.86
1 Cu-O 1.95 6.20 2.6 26.9 Opotal 76.57 72.53 71.33
Cu-Ti 3.04 0.74 24 Oatice + HO 63.09 60.48 61.07
2 Cu-O 1.95 6.20 2.6 26.4 OLds 13.48 12.06 10.27
Cu-Cu 2.99 0.72 2.3 O,¢dCu¥ 4.90 1.90 1.70
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Figure 1 Possible structures of transition surface complexes during CO I
oxidation on low- &) and high-temperatureb) active centres of Cu—Ti .
oxide single-phase systems.
0
10

and 10), in the presence of coarsely-dispersed CuO phase in the ©
mixed oxide (samples 7-9 and 11-13) and on CuO (sample 13) Cu (mass%)
and on CL!O ('sample 15). . . . Figure 2 Oxidation rate (mol CO mih-1) (curve 1) and conversion ¢
The activation of oxygen probably occurs due to dissociativa g atom of copper [mol CO (g ateg)h4 (curve 2) in the CC
adsorption, and its surface reactive forms can be attached égidation with air oxygen. The volume velocity was 50060 h
copper ions, reaction (3).
It was found that in the low-temperature region, in which
activation of chemisorbed CO does not yet occur, the rate qkeferences

co OX'?at“%n. '”Cred"’.‘]?eg (CUE"E '”UF'QU% 2) as fOpger7 'S 1 M. V. Tsodikov, O.V. Bukhtenko, O. G. Ellert, D. I. Kochubey, S. M.
accumuiated in modriied anatase, Uy _, 50, (samples 2-7). Loktev and S. I. KucheikoProceeding of the 11th Riso International

On the other hand, the plot of CO conversion per 1gatom of symposium on Metallurgy and Materials Science: Structural Ceramics
copper has a maximum at about 3.5 mass% of the modifying processing, Microstructure and Propertiesds. J. J. Betzen, J. B.
metal (curve2 in Figure 2). Thus, it is not only saturation of Bilde-Sorensen, A. Horsewell and B. Ralph, Riso National Laboratory,
the system by the modifying metal that plays a role in the Roskilde, Denmark, 1990, 505.

formation of the structure and catalytic activity in the low- 2 M. V. Tsodikov, O. V. Bukhtenko, O. G. Ellert, V. M. Shcherbakov and
temperature region. It is known that weakly bound, readily R-S'ﬂ'jloigl:g%i- "é‘i‘tigfzcl-zllgfl’g?g 1087.

activated oxygen is concentrated on crystal lattice defects, an : Pl ne : )

the oxidation rate grows as the number of such accumulation 5953”552”1’0'4' K.Kuo, A. Saavedra and R.T. De Angali€:atal,
involving Cur ions increases (curvein Figure 2). In turn, the ¢ K. Chuah, S. Jacnicke and J. V. Laepl. Catal, 1991,72, 51.
inflection of curve2 at copper content above 3.5% may be g proceedings of the 6th International Congress on Catalysis.
caused by the formation of {~Cu-Q-fragments, which are V. M. Kazansky, G. C. Bond, P. B. Wells and F. C. Tompkins, London,
nuclei of the CuO phase. 1976,1, 50.

Thus, we have shown that the concentration of copper used Yu. V. Maksimov, I. P. Suzdalev, M. V. Tsodikov, V. Ya. Kugel, O. V.
as a metal modifier affects the structure of oxide systems and Bukhtenko, Ye. V. Slivinskii and J. A. Navid, Mol. Catal. A: Chem.
hence the catalytic activity in CO oxidation. If the concen- . %/93?5\,1Vgialtg;hcmal Rev. Sci. Eng1604.34, 337
tration of copper in a Cu-Ti oxide does not exceed 8 mass%; . a. eV S = 3% 907
single-phase systems with empirical formula, Ty, 50, 9 'SI'A,;\rakava, A. Vosida and J. Shiokava, Mat. Res. Bull.1980, 15,

(x 5.0'09) in the anatasg mOd.lflcat'on are .formed' In this CaS€ ve.A. Trusova, M.V.Tsodikov, Ye.V.Slivinskii and V.P.Marin,
Cu* ions build on the oxide TiQpolyhedra in the [111] plane Neftekhimiya1995,35, 1 (Petr. Chem.1995 35, 1).

through bridging oxygen, whereas &uons isomorphically 11 G. A. Somorjai, Introduction to Surface Chemistry and Catalysis
substitute the titanium surface atoms in the [100] plane. If the John Wiley & Sons, Inc., New York, 1994.

copper content in the oxide system exceeds 8 mass%, the oxide

contains more than one phase, TiO, (anatase and rutile) and

CuO. Single-phase systems are characterised by catalytically

active centres of two types: low-temperature (110-140 °C)

involving Cu ions and high-temperature (140-200 °C) involving

Cw?* ions.
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