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Abstract

Supported copper—titanium oxide catalysts have been studied by IR spectroscopy, XRD, UV-VIS diffuse reflectance
spectroscopy, ESR, TPR with hydrogen and EXAFS. Different states of Cu?* ions have been found on the surface of TiO,.
The ratio between these states depends on the copper concentration and catalyst preparation method. Chain structures are
formed due to the interaction of Cu?™ ions with TiO,. Their concentration and geometry of their nearest oxygen
environment are determined by the structure of anatase faces. Some of these surface-stabilized Cu?" ions are nucleation
centers of oxide clusters. A noticeable growth of bulk CuO phase is observed after the completion of the formation of chain
structures and oxide clusters. A quantitative estimation of the concentration of these copper forms in the catalysts is reported.
For supported copper—titanium oxide catalysts, chain forms of Cu?* ions are shown to be the most active forms of copper in
NO SCR with ammonia and methane oxidation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Copper—titanium oxide (Cu-Ti—O) cataysts are
active in deep oxidation of CO and hydrocarbons
[1,2] and selective catalytic reduction (SCR) of NO
[3-6]. The prospects of the application of these
catalysts for complex purification of flue gases from
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NO, CO and harmful organic compounds are dis-
cussed in [7]. The activity of this catalytic system in
deep oxidation reactions has been shown to depend
on the surface copper concentration [1,2]. Nanosize
forms of Cu?** ions are claimed to have the main
contribution to the activity in comparison with bulk
CuO phase. Similar conclusions have been obtained
during investigation of the activity of these catalysts
in the NO SCR with ammonia[3].

Various physicochemical methods have been used
for investigation of the state of copper ions in sup-
ported Cu-Ti—O catalysts: ESR, XRD, IR spec-
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troscopy, UV -VIS diffuse reflectance spectroscopy,
XPS, TPR with H,. It has been shown by XRD and
ESR [8] that a low-concentration solid substitution
solution of copper in TiO,, Cu?* ions stabilized on
the surface of titania and CuO phase are formed in
this system. According to the data obtained by IR
spectroscopy of probe molecules (CO), ESR and
UV-VIS diffuse reflectance spectroscopy [9-11],
stabilization of copper ions is due to their interaction
with basic oxygen ions of the TiO, lattice. Adsorp-
tion of copper ions on the anatase surface results in
the formation of two types of Cu?* ions in different
coordination localized on two types of Lewis acid
sites on the surface of TiO, [10,11]. The application
of XRD and XPS in combination with TPR with H,
[12] made it possible to determine the concentration
of Cu?** ions stabilized on the anatase surface and
suggest their possible structure. According to TPR
data obtained in that study, there are two types of
Cu?* ions with significantly different reducibility on
the anatase surface. The high-temperature peak was
ascribed to the CuO phase, while the low-tempera
ture one was related to the interaction of copper ions
with the support. A similar treatment of the TPR
spectra of a Cu-Ti—O system is reported in [13].
However, there are significantly different results. For
example, three peaks in the TPR spectrum have been
observed in [14], and two low-temperature peaks
were ascribed to copper ions with different interac-
tion with the anatase surface. In [15], it has been
shown that the type of the TPR spectrum depends on
the type of TiO, used in the study. Unfortunately, in
the literature there are practically no reports on
systematic investigation of the effect of the catalyst
preparation method and support structure on the state
of Cu®" ions stabilized on the anatase surface. There
structures are not discussed, and no direct correlation
between the state of the active component and cat-
alytic properties of Cu—Ti—O catalysts is reported.
In the present paper results of the study of a series
of Cu-Ti—O catalysts by various physicochemical
methods are reported, and the effect of the structure
of the support surface, the catalyst preparation
method and surface copper concentration on the
states of Cu?* ions s discussed. The investigation of
their catalytic activity in CH, oxidation and NO
SCR with ammonia made it possible to discriminate
the forms of copper most active in these reactions.

2. Experimental
2.1. Catalyst preparation

Titanium oxide synthesized in the laboratory by
precipitation from TiCl, (‘ultra pure’ grade) with
ammonia solution at pH =7 and T = 70°C, as de-
scribed in [8], was used for synthesis of the catalysts.
TiO, had been calcined in the air at 500°C for 4h.
No impurity CI~ ions were detected in the TiO,
sample. Its specific surface area was 74m? g~ * with
the average pore radius of 221 A. The XRD analysis
confirmed the anatase structure of the sample, The
average size of TiO, crystallites was 210-230A.

The catalysts were prepared by incipient wethess
impregnation of TiO, with a Cu(NO,),-3H,0
(‘pure for analysis' grade) solution. The copper con-
tent was varied from 2.4 to 12wt.%. In the text, the
samples will be denoted as I(n) where n is the
copper concentration. One catalyst was synthesized
by equilibrium Cu®* adsorption on the TiO, surface
from 0.47M copper tetraammoniate solution for 3
days according to [10,11]. After the adsorption pro-
cedure, the sample was carefully washed with dis-
tilled water. This catalyst will be denoted as A(1.52)
where 1.52 is the copper content in this catalyst (in
wt.%). All the samples were dried with fast stirring
under an IR lamp at 110°C and calcined in the air at
500°C for 4h.

Copper oxide was prepared by calcination of the
initial copper nitrate in the air at 500°C for 4h.

2.2. Catalysts characterization

IR spectra of CO adsorbed on the TiO, sample
were recorded on a UR-20 (Carl Zeiss Jena) spec-
trometer. Prior to the adsorption, the samples pressed
into pellets with the density 8—12mgcm=2 were
successively calcined at 500°C in oxygen for 1h,
under vacuum for 30min and again in oxygen for
30min. Then, they were cooled in oxygen to 300°C
and evacuated for several minutes to 10~* Torr. CO
was adsorbed at liquid nitrogen temperature in small
portions to the total pressure 1-5Torr. The concen-
tration of adsorbed CO was calculated from the
integral intensity of the absorption bands using ex-
tinction coefficients 1.5cm umol ~! for the 2180-
2190cm ™! band and 1.1cmpumol ! for the 2195—
2200cm™! band [16].
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XRD spectra were recorded on an HZG-4C
diffractometer (Freiberger Prazisionmechanik) with
monochromatic Cu K« irradiation. The mean crys-
tallite sizes of TiO, and CuO particles were deter-
mined from XRD line broadening measurements us-
ing Scherrer equation [17]. The reflex at d = 1.89A
corresponding to (200) anatase face (No. 21-1272,
JCPDS-ICDD) was used for determination of the
TiO, average crystallite size. The average sizes of
CuO crygtals were determined from the reflex at
d = 2.52 A corresponding to (—111) CuO face (No.
5-661, JCPDS-ICDD). Quantitative X-ray diffraction
data were obtained by comparing CuO (—111)
intensity measured for catalyst samples and for phys-
ical mixtures of pure CuO and TiO,.

UV -VIS diffuse reflectance spectra were recorded
in the air at room temperature on a Specord-M40
spectrometer (Carl Zeiss Jena) with an attachment
for diffuse reflectance measurements. The spectra
were recorded with compensation of the absorption
of initid TiO,.

EXAFS spectra of the K-edge of copper absorp-
tion were recorded on an EXAFS spectrometer of
Siberian Synchrotron Irradiation Center using a
transmission technique with the electron energy
2GeV and average stored current during the mea
surements 70mA. A cut-off monocrystal Si (111)
was used as a monochromator. Due to the soft X-ray
energy spectrum of VEPP-3 beam line the intensity
of the third harmonic (at 27keV) is negligible.
Therefore, suppression of harmonics is not needed.
lonization chambers filled with argon were used for
registration of the X-ray radiation. The samples were
prepared in the form of pellets to obtain the absorp-
tion jump at the Cu-K edge 0.4—0.8. The oscillating
component was discriminated according to a stan-
dard procedure [18]. Determination of the radia
distribution of atoms (RDA) function and the curve
fitting procedure were performed for k% (k) in the
range of wave numbers 4.0-12.5A 1 with the use
of EXCURV-92 computer program [19]. Crystalline
copper oxide CuO with known structure [20] was
used as a model compound. The quality of simula-
tion was estimated from discrepancy factors between
the experimental and simulation data ( R-factor).

Before TPR experiments the samples were heated
in oxygen at 500°C for 30min and cooled in oxygen
to room temperature. Then, oxygen was changed for

argon, and argon changed for the feed (10vol.% H,
in Ar), successively. The feed flow rate was
40mimin~1. A gradient-free heater with forced air
circulation was used in the TPR experiments. The
rate of heating from room temperature to 600°C was
10°Cmin~*. During the experiment H,O was frozen
out at —80°C. The hydrogen concentration was de-
termined with the use of thermal conductivity detec-
tor. Parameter P defined in [21] as P = BS/FC,
(B is the heating rate, °Cmin~*, S, the amount of
sample, mol, F the total flow rate, mlmin~*, and C,
the hydrogen concentration in the feed, mol ml—1)
was < 20. According to [21], such P vaue is
optimal for TPR experiments. A constant level of
hydrogen absorption was maintained by changing the
weight of the sample (0.25-0.5mm particle size)
from 20 to 400mg. The catalyst was diluted to
constant volume (1 ml) with quartz glass (0.4—-0.7 mm
particle size) for evening the thermal exchange con-
ditions along the catalyst bed.

ESR spectra were registered in x-range at room
temperature without pretreatment of the samples on
an ERS-221 spectrometer.

The copper concentration in the samples was
determined by atomic absorption spectroscopy. The
content of chloride ions in the TiO, sample was
determined by X-ray fluorescence analysis using a
VRA-20 device with W-anode.

The TiO, porous structure was studied by mer-
cury porometry in the pressure range of 0.13—
200.00MPa. Specific surface area of the samples
was determined by argon thermal desorption.

2.3. Catalytic activity

The catalytic activity of the Cu-Ti—O samplesin
NO SCR with ammonia was studied by a flow
method at 150°C and the following feed composi-
tion: 400ppm NO, 550ppm NH;, 0.5v0l.% O, in
He. The contact time was 0.033s. The activity of the
catalysts was characterized as the NO conversion.
Before the catalytic activity tests, the catalysts with
the granule size 0.25-0.5mm were activated in the
initial gas mixture at 400°C for 1 h. The NO concen-
tration was measured by a chemiluminescent gas
anayzer.

The catalytic activity of the Cu-Ti—O samplesin
the CH, oxidation was studied in a flow ideal-mix-
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ing reactor with vibrofluidized catalyst bed at 500°C
with the following feed composition: 1.5vol.% CH ,,
10vol.% O, in He. The contact time was 0.16s.
Before the tests, the catalysts with the granule size
0.25-0.5mm were activated by oxygen at 500°C for
1h. The concentrations of CH, and CO, were deter-
mined by a gas chromatographic method. The activ-
ity of the catalysts was characterized by the first-order
rate constant.

3. Results
3.1. TiO, study

Fig. 1 presents the IR spectra of CO adsorbed on
the surface TiO, at different surface coverages with
carbon monoxide. At the lowest concentration of
adsorbed CO (0.5 molculesnm™2) the spectrum can
be described by two peaks with maximums at 2203
and 2220cm™?!, with the area of the second peak
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Fig. 1. IR spectra of adsorbed CO with different surface coverage
of TiO,. 1a —the spectrum deconvolution to constituents for CO

coverage 5.6sitesnm™2.

Table 1
Main characteristics of prepared Cu-Ti—O cataysts
Sample  Sger, m?2g™ 1 Cu concentration®

wt.% ionsnm~2°

% of monolayer®©

A(152) 74 152 20 28
124) 61 241 32 45
1(4) 63 405 54 76
I(56) 59 572 78 110
1(8) 59 831 11.8 166
(12) 47 12.25 184 259

& Copper content according to chemical analysis.

P Calculated in assumption of monolayer distribution of copper
ions on the surface.

¢ Monolayer concentration was taken equal to 7.lionsnm~2,
asin[1].

being relatively low (16%). As the amount of ad-
sorbed CO grows, the absorption band is shifted to
lower frequency by 15cm 1. According to [22], such
shift of the absorption band maximum with growing
coverage of the anatase surface with CO indicates
the presence of adjacent Lewis acid sites on the TiO,
surface. The spectrum corresponding to the maxi-
mum concentration of adsorbed CO can be resolved
into three Gauss lines with maximums at 2176, 2188
and 2200cm™! (Fig. 1a). The absorption band at
2200cm™ ! corresponds to the strongest o Lewis
sites. Such sites are four-coordinated Ti** ions lo-
cated primarily on (110), (111) and (11 3) faces of
the anatase surface [23—25]. The concentration of
these sites is about 0.3sitesnm™2. The absorption
band at 2188cm™! corresponds to weaker B Lewis
sites. They are formed by five-coordinated Ti** ions
forming long chains, primarily, on (101), (011) and
(001 faces [23-25]. Their concentration is
4.7sitesnm~2. The observation of the band at
2176cm™! seems to indicate the presence of weaker
Lewis sites with the concentration of 0.6sitesnm™2.
This absorption band has been observed in [22]. In
[25] it was supposed to correspond to surface Ti**
bonded with hydroxyl groups.

3.2. Investigation of Cu—Ti—O catalysts

Table 1 presents the main characteristics of stud-
ied copper—titanium oxide catalysts.

3.2.1. XRD
CuO phase was not observed in sample A(1.52).
Table 2 presents the dependence of the CuO content
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Table 2

XRD data for Cu-Ti—O samples

Sample  CuO content Mean crystallite size of
wt%Cu ionsnm~2  CuO particles, A

12.4) 0.4 0.4 400

1(4) 0.5 0.7 450

1(5.6) 1.2 1.6 450

1(8) 23 33 310

1(12) 3.8 5.7 310

CuO - - 460

according to X-ray data on the copper concentration
for catalysts prepared by impregnation. In samples
1(2.4) and 1(4) the CuO content is very low. Further
increase of the copper concentration in the catalysts
leads to the growth of the CuO content. The maxi-
mum CuO content corresponding to about 30% of
introduced copper is observed in sample 1(12). Note
that this sample has significantly lower surface area

90 -

80 -

(Table 1). The mean crystallite size of the CuO
particles is also presented in Table 2. One can see
that the CuO dispersion in samples with low copper
contents (2.4-5.6%) is comparable to that of bulk
CuO prepared from copper nitrate. Further increase
of the copper concentration to 12% results in a
significant decrease of the CuO average crystallite
size (Table 2).

3.2.2. UV-VIS diffuse reflectance spectroscopy

An absorption bands at 12,200cm ™! and a charge
transfer band at 25,000cm ™! are observed in diffuse
reflectance spectra of samples with low copper con-
tents A(1.52) and 1(2.4) (Fig. 2). According to [26],
the absorption band at 12,200cm™* can be ascribed
to d—d transitions in Cu?** ions in the octahedral
coordination with elongated axial distances Cu-0,
while the band at 25,000cm™! corresponds to the
charge transfer Cu—O-Ti [9,27]. Note that TiO, has
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Fig. 2. UV-VIS diffuse reflectance spectra of Cu—Ti—O samples and CuO.
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the adsorption edge about 27,000cm™?. The interac-
tion of copper ions with oxygen anions of anatase
lattice seems to lead to change of Ti—O bond energy
and to appearance of the adsorption band at
25,000cm 1. An increase of non-selective absorp-
tion in the range of 26,000-12,000cm™~? is observed
in the spectrum of sample 1(4), whilethe 12,200cm ™!
band is shifted to 14,000cm~! (Fig. 2). The spectra
of samples 1(5.6), 1(8) and 1(12) characterized by
even more intensive non-selective absorption are very
similar and not much different from the spectrum of
bulk CuO (Fig. 2).

An increase of the copper content on the TiO,
surface seems to result in the copper aggregation
and, then, growth of the linear size of oxide clusters.
As aresult, the axial Cu—O bonds weaken while the
in-plane Cu—-O bonds strengthen. This leads to a
blue shift of d—d transitions. In the limiting case, the
structure of bulk CuO can be considered both as a
six-coordinated complex with long axial bonds [28]
or as a sguare complex where axial bonds are not
taken into account. The appearance of oxide clusters
and relatively large CuO particles, in turn, leads to
the appearance of non-selective absorption, which is
typical for bulk CuO.

323 ER

ESR spectra of al catalysts prepared by impreg-
nation are similar with asinglet at g=2.14 (AH =
250 G). A weakly resolved hyperfine structure is
observed only in the spectrum of sample 1(2.4) with
the concentration of paramagnetic Cu?* ions corre-
sponding to 10.4% of the total copper content or
0.3ionsnm™2. Further increase of the copper con-
centration leads to a sharp drop of the ESR spectrum
intensity. Starting from the copper content of 5.6%,
the concentration of paramagnetic Cu?* ions does
not change and stays at 0.13-0.14% (wt.).

3.2.4. EXAFS

In the curves of radial atom distribution (RDA)
obtained by EXAFS (Fig. 3), only distances shorter
than 5A were analyzed due to a significant contribu-
tion of multiple scattering for longer distances.

Table 3 presents interatomic distances and coordi-
nation numbers calculated from EXAFS data. Be-
sides the first coordination sphere, only distances

Cu—Cu or Cu-Ti were taken into account during the
processing of the experimental data. Such constraint
was used due to the fact that EXAFS spectroscopy
has a limitation on the number of independent vari-
ables (13) for the particular experimental data [3Q],
for that Debye—Waller factors were fixed on 0.008 A?
during fitting procedure for all coordination spheres
excluding first Cu—O sphere. Upon fitting for each
sphere R and N were varied, with E, being con-
stant. Furthermore, the account of scattering only on
cations describes the experimental data fairly well.
This can be seen from the values of discrepancy
factor between the experimental and simulation data
(R-factor) presented in Table 3.

According to the data presented in Table 3, the
interatomic distances and coordination numbers in
samples with the copper content above 2.4% are
close to those of bulk CuO. Certain discrepancies of
the coordination numbers may be due to the presence
of regions with significantly overlapping peaks. In
this case, random mismatches both to higher and to
lower values can be observed due to the interference
of the peaks and their correlation.

Main differences from the spectra of CuO are
observed for samples with low copper contents
A(152) and 1(2.4). In these samples the nearest
copper-metal distance is by 0.06 A longer than the
Cu—Cu distance in CuO equal to 2.87A (Table 3).
As the first Ti—Ti distance in anatase is equa to
3.04A and a number of coordination spheres corre-
sponding to the CuO structure are not observed in
the radial atomic distribution curves (Table 3), this
distance might correspond to a Cu—Ti distance. The
next distance observed for sample A(1.52) is equal to
3.82A. This distance is egual for CuO and TiO,
structures (Table 3). However, due to the lack of
intermediate distances corresponding to the structure
of CuO clusters, it is natural to ascribe this distance
to copper ions cqordinated in the anatase structure.
The distance 3.6 A observed for sample 1(2.4) is not
present in the structures of copper oxide and anatase.
The distances 4.76 and 4.89 A are close to the third
Ti-Ti distance in TiO, (Table 3), while the distance
3.4A corresponds to the CuO structure.

A peak at distances exceeding 5A is observed in
the RDA curve of bulk CuO (Fig. 3). The appear-
ance of this peak in the RDA curves of catalysts
indicates the formation of CuO clusters with more
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Fig. 3. Experimental curves k% (k) (3a) and functions of RDA (3b) calculated for cooper local surrounding of the Cu-Ti—O samples: (a)
A(1.52); (b) 1(2.4); (©) 1(4); (d) 1(5.6); (&) 1(8); () 1(12); (g) bulk CuO.

than 4—6atoms. The intensity of this peak depends analysis RDA curves, it is possible to clam that
on the size of the clusters and the fraction of copper clusters with more than 4—6 copper atoms are not
present in the form of such clusters. Based on the observed for samples A(1.52) and 1(2.4). They ap-

Table 3
EXAFS data for Cu-Ti—O catalysts and bulk CuO
A(L52) 1(2.4) 1(4) 1(5.6) 1(8) 1(12) CuO Tiod
RP N¢ R N R N R N R N R N R N Rd N
Cu-0 194 32 195 35 194 36 193 37 192 41 193 40 194 35 194 4
Cu-M* 293 18 294 12 28 27 28 33 28 36 287 48 287 36 304 4
Cu-M?2 305 40 305 40 308 40 309 70 300 30 379 4
Cu-M?3 312 20 314 20 318 20 312 20 310 20 48 8
Cu-M* 340 12 337 21 337 30 338 36 339 42 343 21
Cu-M>3 382 15 360 10 370 05 383 10 38 10 38 10 381 20
Cu-M?8 476 7.0 467 03 467 03 467 5
Cu-M" 489 05
Rfactor, %  19.1 19.9 20.3 18.1 195 22.6 19.0

& XRD data for TiO, with anatase structure [29]. i
PR is distance from a copper atom to an oxygen atom or a cation (Cu or Ti) in A.
N is the coordination number. .
4R is distance from a titanium atom to an oxygen atom or atitanium cation in A.
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pear only in sample 1(4). At higher copper contents
the RDA curves of the catalysts at distances exceed-
ing 5A are similar to that of CuO. One should bear
in mind that using only EXAFS data it is impossible
to distinguish two limiting cases of copper organiza
tion: when about one half of copper isin the form of
CuO phase, the rest being in clusters with the num-
ber of atoms less than four to six (1); and when most
copper is in small clusters containing four to nine
copper atoms (2).

3.25. TPR

The copper reduction in Cu-Ti—O catalysts stud-
ied was as high as 70—-80%. Meanwhile, the TiO,
reduction degree did not exceed 0.3% with hydrogen
absorption observed only at the high-temperature

4a
L2
L3 A
L1 L4
B
AN B
1(12)
1(8)
1(5.6)
‘/L I4)
_________ Q_ug_"__'__,’ \ \"_"“A(1 52)
L 1 1 e | 1 1 L J
0 100 200 300 400 500

Temperature, °C

Fig. 4. TPR spectra of Cu—Ti—O samples. 4a — example of a
spectrum deconvolution to constituents.

10 -
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—o0— L2
—v—1L3
gl —e—L4

TPR forms content, Cu®" ions /nm?

/v
———— o
2+
—_— o
L 1 1 L 1 L 1
4 6 8 10 12

Cu content, wt.%

Fig. 5. Dependence of concentration of forms distinguished in the
TPR spectrum on the copper content.

edge of the temperature range studied. During the
processing of TPR spectra of Cu-Ti—O samples, the
background related to the reduction of TiO, was
subtracted.

Fig. 4 presents TPR spectra of the catalysts stud-
ied and CuO sample prepared from copper nitrate.
The reduction of bulk CuO takes place at much
higher temperatures than that of the catalysts, and
only one peak similar to the one reported in [31] is
observed in the TPR spectrum of the catalysts. The
analysis of complex TPR spectra of Cu—-Ti—O sam-
ples has shown that TPR spectra of al cataysts
prepared by impregnation can be described by a set
of four peaks (L1-L4): L1-135°C, L2-140°C, L3-
160°C and L4-230°C. Peaks L1 and L2 have almost
the same maximums but very different linewidths.
As an example, the deconvolution of the TPR spectra
of sample 1(5.6) is shown in Fig. 4a. The dynamics
of changes in the integral intensity of individua
peaks as a function of the copper concentration is
presented in Fig. 5 as the number of Cu?* ionsnm™2.
At the copper content of 2.4%, peak L1 dominatesin
the TPR spectrum with a minor contribution of peaks
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Fig. 6. Activity of Cu-Ti—O catalystsin CH , oxidation and NO SCR with anmonia as a function of the content of form L1.

L3 and L4. An increase of the copper content to 4%
results in a significant growth of the intensity of
peak L1 and appearance of a very weak peak L2, the
intensity of peak L3 remaining constant. Note that
the intensity of peak L1 reaches its maximum value
equal to 4.3ionsnm™? at this copper concentration
(Fig. 5). Its intensity decreases to 2.9ionsnm™?2 at
the copper content of 5.6% and is no longer changed
with subsequent increase of the copper concentra-
tion. Parallel to the decrease of the intensity of peak
L1 at the copper content of 5.6%, the contributions
of peaks L2, L3 and L4 grow. At the copper content
of 8%, peaks L2 and L3 reach their maximum values
of 0.6 and 3.4ionsnm™2, respectively. An increase
of the copper concentration to 12% leads to a signifi-
cant growth of the contribution of peak L4 (Figs. 4
and 5). Only two peaks L1 (1.6ionsnm~2) and L3
(0.4ionsnm™2) are observed in the TPR spectrum of

sample A(1.52) prepared by equilibrium adsorption
(Fig. 4).

3.3. Catalytic activity

The investigation of the catalytic activity of cop-
per—titanium oxide catalysts in deep oxidation of
CH, and NO SCR with ammonia has shown a
relationship between the activity of the catalysts in
the above reactions and the content of form L1. The
catalytic activity grows with the increase of the
concentration of Cu®* ionsin form L1 (Fig. 6).

4. Discussion

According to the TPR data, there are four forms
of Cu?* dabilization in the catalysts studied (L1—



200 O.V. Komova et al. / Journal of Molecular Catalysis A: Chemical 161 (2000) 191-204

L4). The dependence of the concentration of high-
temperature form L4 on the copper content (Fig. 5)
is similar to that of the CuO phase determined from
the XRD data (Table 2). Therefore, peak L4 must be
related to the reduction of bulk CuO. The tempera-
ture corresponding to the maximum of the peak of
CuO reduction in Cu-Ti—O samples is lower than
the reduction temperature of CuO sample prepared
from copper nitrate. Apparently, smaller CuO parti-
cles are formed on the surface of the catalysts, and
this results in a decrease of the reduction temperature
[15].

The temperatures corresponding to the maximums
of peaks L1-L3 practically do not change with the
growth of copper content (Fig. 4). Moreover, there
are maximum surface concentrations of these forms.
A significant growth of the concentration of the CuO
phase is observed only when these maximum con-
centrations are reached (Figs. 4 and 5). This indi-

cates that peaks L1-L3 are related to surface Cu?*
compounds. Structural or energetic differences be-
tween them leading to different reduction tempera-
tures may be caused by the structure of the support.

Faces (001), (101) and (011) are known to be
the main faces on the surface of nanosize TiO,
supports with the anatase structure [23-25]. It is
these faces that are places of localization of B Lewis
sites[23-25]. In[12], it has been supposed that chain
structures are formed from Cu?* ions on the surface
of anatase face (001) where five of six oxygen
anions in the nearest octahedral environment of a
copper cation belong to the anatase lattice. However,
EXAFS data obtained in this study do not support
this hypothesis. In our opinion, the formation of two
types of one-dimensional band structures where Cu?*
ions occupy crystallographic positions of Ti** ions
(Fig. 7aand b) is most probable for face (001) since
coordination numbers for Cu—O bond no more than

O O (TiO,)
<O Cu
© 0 (Cu0)

Fig. 7. Possible stabilization structures of Cu* ions on TiO, surface (a, b, ¢) and structure of a CuO cluster (d).
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4. In this case, copper ions are adsorbed on low-co-
ordinated oxygen ions of the anatase surface located
near B Lewis acid sites. Judging from structures
presented in Fig. 7a and b, it is possible to suppose
that different strength of the Cu—Cu bond is due to
the fact that in one case (structure A) the Cu—Cu
interaction involves x?—y? orbitals (Fig. 7a) where
this interaction is strong, while in the other case
(structure B) it involves z? orbitals (Fig. 7b) where
this interaction is weak [26]. Suggested structures are
in a good agreement with the EXAFS data. In both
discussed structures the nearegt Cu—Ti distance cor-
responds to the distance 2.93A observed for sample
A(152) and distance 2.94A observed for sample
1(2.4) (Table 3). The distance 3.82A corresponds
either to the Cu—Cu distance in the chains of both
structures or to the Cu—Ti distance typical to Cu?*
ions located in node positions of Ti** ions. The
distances 4.76 and 4.89 A observed for sample 1(2.4)
(Table 3) are close to the Ti—Ti distance equal to
4.85A. Therefore, it can be ascribed to a Cu—Ti
distance. According to the EXAFS data, copper ions
are four-coordinated in al samples. Meanwhile, ac-
cording to the electron spectroscopy data, the coordi-
nation of Cu?* ions is close to octahedral in the
samples with low copper contents. This octahedron
is most symmetric at the lowest concentrations, and
its axial stretching grows with the increase of the
copper content. This contradiction can be explained
by the coordination of water present in the samples
a the axial positions. As Ti—-OH, and Ti—-O dis-
tances are different, the former would not have a
significant contribution to the radial distribution
curve. As the copper content grows, the mean length
of the chains of copper ions increases as well. This
results in strengthening of the interaction between
adjacent copper ions and weakening of Ti—-OH,
bonds. Note that water coordination at the axial
positions is more natural for structure A. In structure
B the existence of two copper igns in octahedral
coordination at the distance of 3.8A is possible only
in the case of a strong distortion of the structure.
Faces (101) and (011) are known from the
anatase crystal symmetry [32] to be identical and
contain many extended step defects. In contrast to
face (001), the structure of these faces does not
alow the formation of a structure where Cu®* ions
in four-coordinated oxygen environment occupy

crystallographic positions of Ti** ions. However,
Cu?* ions can be adsorbed on the surface of these
faces between low-coordinated oxygen anions, which
are also located near B Lewis acid sites. This would
lead to the formation of structure C (Fig. 7c). The
existence of such structures does not contradict the
EXAFS data For instance, the distance 3.4A in
sample 1(2.4) (Table 3) can be ascribed to the dis-
tance Cu'-Ti' (Fig. 7c), while the distance 4.89A
(Table 3) corresponds to Cu'-Ti" (Fig. 7c). The
distance 2.94A (Table 3) is in a good agreement
with the nearest distance Cu—Ti. Suggested structure
is less energetically favorable than structures A and
B because here one of the equatorial oxygen atomsis
coordinately saturated. It is natural to suppose that
the coordination of Cu?* ions shown in Fig. 7c is
not rigid and can be changed with an increase of the
surface copper concentration.

Let us discuss the attribution of possible surface
structures to the forms of reduction of copper ions. A
comparison of the concentration of form L1 with the
concentrations of Lewis adsorption sites of different
strength unambiguously indicates that these sites are
not related to the strongest «-sites as the concentra-
tion of the latter is significantly lower than that of
form L1. Meanwhile, the maximum concentration of
form L1 (4.3ionsnm™2) practically matches the con-
centration of B-sites (4.7 sitesnm~2). Form L1 can-
not be attributed to isolated Cu?* ions only as its
growth with the increase of the copper content from
2.4 to 4% (Fig. 5) is accompanied by a substantial
decrease of the intensity of the ESR signal. More-
over, the concentration of paramagnetic Cu?* ions
determined by ESR (~ 0.2—-0.3ionsnm™2) is signif-
icantly lower than the concentration of form L1.
Therefore, Cu®* ionsin different structures A, B and
C (Fig. 7a—c) can be attributed to this reduction
form. This is true both for isolated Cu?" ions and
ions organized in chains of variable length. The large
width of peak L1 in the TPR spectrum seems to
indicate a great variety of copper states. Form L1
prevails in the samples with low copper concentra
tion, and its maximum content is observed for sam-
ple 1(4) with the surface copper concentration 5.4
ionsnm~2 (Table 1).

According to EXAFS, in sample A(1.52) there are
no distances typical to structure C (Fig. 7¢) located
onfaces(101) and (011). This may be explained by
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a number of reasons. First, copper was deposited on
the surface of sample A(1.52) from a basic solution
(pH = 11) in contrast to catalysts prepared by im-
pregnation where the copper nitrate solution was
acidic (pH = 3-4). Furthermore, NH} ions and NH,
molecules present in the solution may block surface
sites where copper ions are stabilized. Second, the
preparation of sample A(1.52) was performed under
equilibrium conditions leading to the formation of
the most energetically favorable states of Cu?* ions.

Surface forms of Cu?" ions accounting for nar-
row reduction peaks L2 and L3 in TPR curves (Fig.
4) may be attributed to two different types of oxide
clusters with the structure similar to CuO. Such
attribution is favored by the dynamics of changes in
the concentration of TPR forms of Cu?* ions with
the growth of surface copper concentration. At low
copper concentrations (< 4%) Cu®* ions are stabi-
lized in form L1. When the anatase surface coverage
with Cu®* ions increases, some of L1 sites become
nucleation centers of form L3. Indeed, noticeable
growth of the concentration of form L3 is accompa-
nied by a decrease of the concentration of form L1
by about 35% when Cu concentration increases from
410 5.6% (Fig. 5).

The formation of clusters of Cu?* ions can be
imagined as follows. The distance O'-Q" (Fig. 7c)
is about 2.9A. That is close to the distance between
two linked oxygen atoms in the CuO structure (Fig.
7d). We believe that a pair of oxygen atoms O'-O'"
can be a site of the formation of an oxide cluster
with CuO structure bonded with the surface of the
support. The size of the oxide cluster seems to be
limited by the pore structure of the support. A simi-
lar pair can be formed on face (001) as well if a
CuO structural unit is embedded near structure A
between O, O? and O® (Fig. 7a) or near structure B
between O*, O° and O° (Fig. 7b). In this case, the
nearest Cu—Cu distance approaches 2.87 A, which
corresponds to the Cu—Cu distance in the CuO struc-
ture (Table 3). Note that the formation of such
structures is less energeticaly favorable than the
formation of chain structures A and B where the
coordination sphere of a Cu?* ion is formed only by
low-coordinated oxygen anions of the anatase lattice.

Unfortunately, the study performed did not allow
us to distinguish the difference between oxide clus-
tersL2 and L3. Very low concentration of cluster L2

in comparison with that of L3 can be explained by a
number of reasons. Either the number of sites where
such clusters are formed is very low, or their forma-
tion is energetically unfavorable, or there is a limit
on their growth (for example, pore size). Form L2 is
not observed in the spectrum of sample A(1.52) (Fig.
4), for which the distance typica to structure C
located on (101) and (011) faces of TiO, is not
observed. Therefore, one can suppose that oxide
cluster L2 is localized on the above faces.

The growth of the contribution of oxide clusters
L3 at copper contents above 5.6% (Figs. 4 and 5)
makes it possible to explain the decregse of the
average crystallite size from 450 to 310A observed
by XRD (Table 2). The presence of large CuO
crystallites in samples 1(2.4) and 1(4) and absolute
mismatch between the pore size of initial TiO, and
size of CuO crystallites indicates that in this case
bulk CuO is localized on the external surface of the
support rather than in the TiO, pores. Some of the
impregnating solution can be moved to the external
surface of granules during drying of samples impreg-
nated with copper nitrate, while the following calci-
nation can result in the formation of large CuO
crystallites.

The investigation of the nature of the states of
Cu?* ions on the surface of Cu-Ti—O catalysts and
tests of their catalytic activity in the CH, oxidation
and NO SCR have shown that chain stabilization
forms of Cu?* ions (L1) are most active in these
reactions. Redox transformations of Cu®" ions are
known to occur on copper-containing catalysts dur-
ing methane oxidation or NO SCR with ammonia
[33-35]. According to the TPR data, copper ions in
form L1 are reduced easier than ions in other forms,
i.e. they are characterized by an easier electron trans-
fer (Fig. 4). This characteristic seems to be one of
the causes of higher catalytic activity of this form of
Cu?* ions in the reactions studied. Moreover, Cu®*
ions in from L1 have lower coordination numbers
(Fig. 7a—c). This can be another reason of their
higher reactivity.

5. Conclusion

The application of a wide number of physico-
chemical methods and purposeful synthesis of sam-
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ples made it possible to characterize the state of
Cu?* ions in Cu-Ti—O catalysts more comprehen-
sively. Copper ions in different states are present in
the samples of Cu—Ti—O studied by us. The state of
copper oxide forms on the TiO, surface is deter-
mined by its structure, the copper concentration and
the catalyst preparation method. At low copper con-
centrations Cu?* ions preferably interact with low-
coordinated oxygen atoms of the anatase lattice with
the formation of chain structures of variable length
with low number of isolated Cu?* ions. The concen-
tration of these forms and the geometry of the near-
est oxygen environment of Cu®* ions are determined
by the structure of TiO, faces. The most energeti-
caly favorable structures are formed on face (001).
As the copper concentration grows, some of the
surface oxide copper—titania forms become nucle-
ation centers of oxide clusters. The size of the latter
seems to be limited by the size of anatase pores.
Noticeable growth of bulk CuO phase takes place
after completion of the formation of surface-stabi-
lized Cu®" ions and oxide clusters. The ratio of the
forms of copper can be changed in favor of more
energetically favorable ones by the application of
another preparation method — equilibrium adsorp-
tion technique. The investigation performed made it
possible to make quantitative evaluation of the con-
tents of different copper forms on the anatase surface
and show that surface-stabilized chain forms of Cu?*
ions are most active in the CH, oxidation and NO
SCR with ammonia.
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