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Titania (anatase and rutile)-supported copper systems have been prepared by a conventional 
impregnation technique (2.5% Cu/Ti atomic ratio). The effect of consecutive oxidation/reduction/ 
oxidation and reduction/oxidation treatments at 770 K on the final materials has been studied by 
X-ray diffraction, transmission electron microscopy, temperature-programmed reduction, and 
visible-ultraviolet (diffuse reflectance) spectroscopy, as well as assessment of the texture of the 
solids by nitrogen adsorption at 77 K. Clustered CuO, detected by XRD, is formed on anatase, 
together with dispersed CL?’ species, that are dominant on rutile. On this support, migration of 
copper species into the bulk of the support crystallites takes place, leading to unreactive copper 
species, and so, hydrogen consumption during reduction is lower in rutile-supported systems than 
the expected value to reduce all Cu*’ species to the metallic state. o 1988 Academic press, h. 

INTRODUCTION 

Methanol synthesis catalysts are one of 
the main targets in today’s catalysis re- 
search and copper-based catalysts have 
proved to be highly useful for these pur- 
poses; however, the nature of the catalyti- 
cally active sites in these copper-containing 
systems is still a matter of controversy 
(I, 2), as are the parameters controlling the 
formation of the catalyst precursors and 
their decomposition to the final material. 
On the other hand, steam reforming of 
methanol (CH30H + Hz0 = 3 Hz + COZ) is 
a very interesting, thermodynamically fa- 
vored reaction that proceeds with high se- 
lectivity and activity over copper-contain- 
ing catalysts (3-5). Bearing in mind these 
two facts, it is not surprising that research 
to optimize copper catalysts has deserved 
much attention in recent years. These cata- 

1 To whom correspondence should be addressed. 

lysts usually contain copper supported on a 
suitable oxide support (silica, alumina, 
etc.), but in recent years the so-called 
strong metal-support interactions (SMSI) 
effect (6) has introduced a very outstanding 
variable in the study of oxide-supported 
catalysts; although initially observed with 
noble metals when supported on semicon- 
ducting oxides, it has recently been claimed 
that this effect also results when metals 
such as copper are supported on titania 
(7-10); both electronic and geometric inter- 
actions between the support and the sup- 
ported phase have been claimed to explain 
such SMSI. 

This system, Cu/TiOz (as well as all 
others where titania is used as a support), 
gives rise to a very interesting problem, as 
it is well known that the surface chemistry 
of both crystallographic phases of titania 
(anatase and rutile) is very different, thus 
potentially allowing different interactions 
with the precursors and probably different 
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properties of the supported metal and the 
final catalyst. 

In the present paper, titania (anatase and 
rutile)-supported copper systems have been 
prepared and characterized by different 
physicochemical techniques, including 
X-ray diffraction (XRD), Vis-UV/DR (dif- 
fuse reflectance) spectroscopy, texture 
measurements, transmission electron mi- 
croscopy (TEM), and temperature-pro- 
grammed reduction (TPR). The results ob- 
tained indicate that the nature of the 
support (anatase or rutile) controls the dis- 
persion degree, as well as the reducibility of 
the cupric species, and probably migration 
of these species into the bulk of the support 
crystallites. 

EXPERIMENTAL METHODS 

Preparation of the Samples 

Two titania supports kindly supplied by 
Tioxide (UK) have been used. Support R 
(Ref. NP85/10) had been obtained by the 
chloride process (II), dried at 393 K and 
calcined at 673 K; support A (Ref. NP85/ 
12), obtained through the sulfate process 
(II), had been calcined 2 h at 993 K. Before 
incorporation of the copper species, both 
supports were further calcined in our labo- 
ratory overnight at 770 K to eliminate ad- 
sorbed organic contaminants. A known 
amount of titania was impregnated with an 
aqueous solution of Cu(NO& . 3H20 
(Merck, p.a.) in amounts chosen to yield 
solids with a Cu/Ti atomic ratio of 2.5% 
(ca. 2% Cu, w/w). After having been stirred 
at room temperature for 60 min, the solvent 
was slowly evaporated at 330 K and the 
solid thus obtained was dried overnight at 
380 K. The final material was manually 
ground in an agate mortar and was oxidized 
(02 from S.C.O., 99.95%) and/or reduced 
(Hz, S.C.O., 99.998%) at 770 K for 2 h in a 
dynamic system, using a gas flow of 50 
mlsTp min-‘. 

When naming the samples, the letter indi- 
cating the support is followed by an H 
(reduction) or an 0 (oxidation), to indicate 

the treatment given under the above- 
indicated conditions. 

Apparatus 

Chemical analysis for copper was carried 
out by atomic absorption in an EL-240 
Mark 2 instrument. X-ray diffraction dia- 
grams were recorded in a Philips PW-1030 
instrument, using Ni-filtered CuKa radia- 
tion (h = 154.05 pm) and standard record- 
ing conditions. Transmission electron mi- 
croscopy studies were performed in a 
Siemens Elmiskop 102 apparatus. Nitrogen 
(S.C.O., 99.99%) adsorption isotherms (77 
K) to determine the surface texture of the 
samples were measured in a conventional 
high-vacuum Pyrex system with grease-free 
stopcocks and joints and provided with a 
mercury vapor diffusion pump and a MKS 
pressure transducer to monitor pressure 
changes during adsorption; the system had 
previously been calibrated with helium 
(S.C.O., 99.995%). Analysis of the iso- 
therms for surface area determination and 
porosity assessment was carried out with 
the assistance of a BASIC computer pro- 
gram (42) run in an Apple Macintosh. Elec- 
tronic spectra (visible-ultraviolet/diffuse 
reflectance) were recorded in the range 
900-200 nm in a Shimadzu UV-240 spectro- 
photometer provided with a diffuse reflec- 
tance accessory and a Shimadzu PR-I 
graphic printer, using MgO or parent TiOz 
(anatase, A, or rutile, R) as the reference; 
the samples were kept in a specially built 
quartz cell that enables recording of the 
spectra under controlled atmosphere condi- 
tions. For temperature-programmed reduc- 
tion studies, a mixture of Hz and Ar (5%, 10 
ml mini’) from S.E.O. was used; the gas 
was previously passed through a CO?/ 
acetone trap to withdraw any condensable 
impurity; heating rate (10 K mini’) was 
controlled with a Thea11 Eng. Co. TP-2000 
instrument; a conductivity detector from 
Konik to determine hydrogen consumption 
was coupled to a Hewlett-Packard 3054- 
DL data station. Deconvolution and analy- 
sis of the TPR diagrams and elimination of 
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the baseline were performed with the assis- 
tance of a BASIC program, assuming 
Gaussian-type desorption profiles. 

RESULTS 

Chemical Analysis 

Both in samples obtained from support A 
and in those obtained using support R the 
loading of copper was 1.94% (w/w), equiva- 
lent to a Cu/Ti atomic ratio of 2.5%. 

X-Ray Diffraction 

As samples had to be exposed to air 
during manipulation to place them in the 
diffractometer to record the X-ray diffrac- 
tion diagrams, and partial oxidation of the 
reduced samples on contact with air could 
not then be avoided, only X-ray diffraction 
diagrams of the supports and of all samples 
where the last treatment had been an oxida- 
tion have been recorded. 

From maxima at 352 and 325 pm, corre- 
sponding to the most intense lines of 
anatase (100) and rutile (110) and using the 
equation proposed by Criado and Real (13), 
the weight percentages of anatase and rutile 
have been calculated for all these samples. 
In support R and in samples prepared on 

this support, the percentage of anatase was 
3%, while in support A and samples pre- 
pared with it this percentage was 99%; 
the same crystallographic composition can 
then be safely assumed in the other 
samples. Incorporation of copper and fur- 
ther treatments in hydrogen and/or oxygen 
at 770 K does not modify these percentages 
within experimental error (?2%). 

In copper-containing samples obtained 
with support R no maximum due to diffrac- 
tions by Cu-0 or Cu-Ti-0 species could 
be observed; on the contrary, with samples 
obtained with anatase (support A) a very 
weak peak was recorded at 252 pm that can 
be ascribed to diffraction by (111) planes of 
CuO (14); nevertheless, the intensity of this 
peak is very low in these three samples 
(A-O, A-OHO, and A-HO). 

Nitrogen Adsorption 

Nitrogen adsorption isotherms at 77 K on 
the supports and on samples indicated in 
Table 1 belong to type II according to 
IUPAC’s classification (15), although in 
samples obtained using support A, a strong 
adsorption is observed for low relative 
pressures that suggests a partial character 
of type I isotherm. BET surface area values 

TABLE 1 

Preparation and Texture Properties of the Samples 

Sample Support Treatments at 770 K” &3ET6 &- 6.c w 

A Anatase Calcination 9.4 1.9 
A-O Anatase 0 9.0 1.4 
A-OH Anatase O+H n.m.d n.m. 
A-OH0 Anatase O+H+O 9.1 1.3 
A-H Anatase H n.m. n.m. 
A-HO Anatase H+O 9.6 0.5 
R Rutile Calcination 1.5 - 
R-O Rutile 0 14 - 
R-OH Rutile O+H n.m. n.m. 
R-OH0 Rutile O+H+O 12 - 
R-H Rutile H n.m. n.m. 
R-HO Rutile H+O 14 - 

a 0, oxidation; H, reduction. 
b Square meters per gram. 
’ From the t method. 
d n.m., not measured. 
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for samples obtained on support R were 13 
+ 1 m2 g-i, slightly lower than the value 
calculated for the support calcined at 770 
K, 15 m* g-l. For support A, the BET 
specific surface area was 9.4 m2 g-‘, and 
analysis of the isotherm following the t 
method developed by Lippens and de Boer 
(16) indicates the existence of micropores 
(i.e., pores with a diameter smaller than ca. 
1.6 nm) which equivalent surface area 
amounts to 1.9 m2 g-i. For samples con- 
taining copper obtained with this support 
the specific surface area was 9.3 5 0.3 m2 
g-‘, fairly close to that of the support; the 
surface area equivalent to adsorption in 
micropores was slightly lower than that 
determined for the calcined support. 

Transmission Electron Microscopy 

As for the X-ray diffraction and nitrogen 
adsorption studies, only samples where the 
last treatment had been an oxidation have 
been analyzed. No appreciable difference is 
observed among micrographs of samples 
prepared with a given support after copper 
loading, but differences are observed be- 
tween both sets (on support A and on 
support R) of samples. Samples obtained 
on support R show a cylindric-capsule 
shape, but with a noticeably corrugated 
surface. On the contrary, samples obtained 
with support A display a pillbox-like shape 
with a smooth surface, at least as the mag- 
nification here used enables one to observe; 
in some of these particles, the formation of 
terraces is clearly seen. This different be- 
havior of samples A and R has been previ- 
ously observed by some of us (12) with 
titania samples similar to those used here as 
supports and calcined at 770 K, and so 
these differences are due to the support 
itself and not to the incorporation of 
copper. 

Visible-Ultraviolet Spectroscopy 

Spectra of all 10 samples, using the cor- 
responding parent support as a reference, 
have been recorded. The precursors (i.e., 
after impregnation of the support with the 

copper nitrate solution and drying at 380 K) 
show slightly different colors: Precursor on 
support R is lighter (greenish-blue) and its 
vis-UV/DR spectrum shows a broad ab- 
sorption band centered at ca. 780 nm; pre- 
cursor on support A is sky blue and the 
broad band is centered around 830 nm. In 
both cases, the recorded band may be as- 
cribed to the “Eg + 2T2s electronic transition 
of Cu2+ species in an octahedral oxygen 
environment, distorted by a Jahn-Teller 
effect (17). 

In the reduced state (R-OH, R-H, 
A-OH, A-H) all samples show a bluish- 
gray color that persists after exposure to air 
in the case of samples obtained using sup- 
port R, but that slowly clears for samples 
obtained with support A, suggesting that an 
oxidation from Cu” to Cu2+ takes place in 
these samples even at room temperature. 
After a prolonged exposure to air at room 
temperature, the color shown by these 
samples is identical to that of samples A-O 
and A-OHO. This fact suggests that cop- 
per, in the reduced state after reduction in 
hydrogen at 770 K, is more easily oxidized 
when supported on anatase than when sup- 
ported on rutile. 

Samples R-O, R-OHO, and R-HO 
show a yellowish color and their vis-UV/ 
DR spectra are dominated by a band at 420 
nm; in that of sample R-HO a very weak, 
broad band can be recorded at ~770 nm, 
Fig. 1. For samples A-O, A-OHO, and 
A-HO, a continuous absorption is ob- 
served between 800 and 400 nm, and the 
samples show a light bluish-gray color. A 
very weak absorption at -720 nm is re- 
corded for sample A-HO. That is, the 
absorption between 800 and 400 nm gives 
rise to the bluish-gray color, while only one 
band at 420 nm would account for the 
yellowish color in oxidized R samples. The 
origin of this band (that may be overlapped 
in the continuous absorption shown by oxi- 
dized A samples) has been previously as- 
cribed (18) to the presence of surface per- 
oxide species. Samples A-H and A-OH, 
exposed to air at room temperature for 
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FIG. 1. Electronic spectra (diffuse reflectance) of 
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several days, display spectra that coincide 
with those of samples A-O and A-OHO, 
but a mere outgassing at room temperature 
recovers the original spectra. 

Bands at 720 and 770 nm should be due to 
Cu2+ species in a distorted octahedral oxy- 
gen coordination, and if their positions are 
compared with those of the bands displayed 
by the Vis-UV/DR spectra of the precur- 
sors, they are now recorded at lower wave- 
lengths, indicating that the CL?-0 interac- 
tion has been enhanced after oxidation. 

Temperature-Programmed Reduction 

TPR diagrams for all six oxidized 
samples containing copper are included in 
Fig. 2. In all cases, the baseline has been 
withdrawn and the spectra have been de- 
convolutioned, a minimum of four peaks 
being needed to achieve a good fit with the 

600 700 T/K 

FIG. 2. (a) Programmed reduction profiles of samples A-O, A-OHO, and A-HO. (b) Programmed 
reduction profiles of samples R-O, R-OHO, and R-HO. 
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TABLE 2 

Summary of TPR Data for the Oxidized Samples 

125 

mol HZ/m01 Cu (temperature (K)) 
Total H2 

Sample consumption” 01 P Y 6 

R-O 269.6 0.03(391) 0.29(517) 0.25(573) 0.31(614) 
R-OH0 206.6 0.0X414) 0.29(514) 0.15(576) 0.19(611) 
R-HO 240.8 0.03(367) 0.08(514) 0.36(576) 0.32(623) 
A-O 308.7 0.02(458) 0.30(520) 0.10(564) 0.59(61 I) 
A-OH0 312.5 0.04(447) 0.21(526) 0.22(576) 0.55(616) 
A-HO 314.6 0.03(444) 0.14(523) 0.25(564) 0.61(607) 

” Micromoles H1 per gram catalyst. 

experimental TPR profile. Blank experi- 
ments with unsupported CuO have shown 
that reduction up to 770 K is enough to 
reduce all Cu2+ species to the metailic state. 
A negligible amount of hydrogen was con- 
sumed during TPR of the unloaded sup- 
ports. 

Data on the amount of hydrogen con- 
sumed along the TPR runs in the tempera- 
ture range 298-770 K, as well as the 
amounts corresponding to every one of the 
component bands, are included in Table 2. 
Taking into account the amount of copper 
existing in the samples, and assuming that 
in the oxidized samples all copper exists in 
the divalent state after oxidation at 770 K 
(by the way, thermodynamically favored), 
the amount of hydrogen required to com- 
plete reaction 

CuO + H2 + Cu + HZ0 

is 305.3 pmol H2 (g cat.)-‘. As data in Table 
2 show, this amount of hydrogen coincides, 
within experimental error, with that con- 
sumed along reduction of the oxidized 
samples obtained with support A. On the 
contrary, consumption of hydrogen during 
reduction of the oxidized samples obtained 
with support R is, in all cases, much lower 
than the expected value. Moreover, less 
hydrogen is consumed as the number of 
treatments given to the samples at 770 in Hz 
or O2 increases (R-O > R-HO > R-OHO), 
whichever the order and/or nature of these 
treatments. 

DISCUSSION 

Data included above clearly indicate that 
both supports, rutile (R) and anatase (A), 
interact differently with copper under the 
experimental conditions used in this work. 

Although in no case does heating in oxy- 
gen or in hydrogen at 770 K in the presence 
of copper favor the anatase -j rutile phase 
change, it seems to be clear that on support 
R the copper is in a more dispersed state 
than on support A, as no peak due to 
diffraction by copper-containing species is 
recorded in the XRD diagrams of the 
former samples; this is not the case on 
samples A, XRD diagrams of which show a 
weak peak at 252 pm, ascribed to diffrac- 
tion by (111) planes of CuO. The presence 
of this compound in samples A can be also 
inferred from the electronic spectra: the 
continuous absorption at 800-400 nm, re- 
sponsible for the bluish-gray color of these 
samples after oxidation, is also recorded in 
the Vis-UV/DR spectrum of a mechanical 
mixture CuO/Ti02-A, although in this case 
no absorption is recorded at 420 nm. That 
is, the spectra of samples obtained with 
support A seem to correspond to the con- 
tinuous absorption due to the presence of 
CuO overlapped to the band at 420 nm, 
clearly recorded in the spectra of the R 
samples. 

According to Kobayashi et at. (19), the 
copper loading modifies the final state of 
the catalyst; so, for low copper loading this 
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is highly dispersed on the support surface 
and no evidence of copper-containing spe- 
cies crystallites is found by XRD; however, 
if the metal loading increases, clustered 
CuO is formed, and similar conclusions 
have been reached from ESR results; the 
same effect has been observed by Delk and 
Vavere (7). Nevertheless, this is not our 
case, as copper loading is the same in A- 
and R-supported samples as it is in the 
“low-content” level of Kobayashi and co- 
workers (19). So, the appearance of the 
peak due to CuO in the XRD diagrams of 
oxidized samples obtained on support A, 
and thus the formation of such undispersed 
supported phase, should be a result of a 
different interaction of copper with anatase 
(support A, formation of CuO crystallites) 
or with rutile (support R, no evidence of 
CuO crystallites). Moreover, XRD dia- 
grams of Cu/R samples with the same Cu 
loading (in terms of surface coverage) as 
that for the Cu-A samples showed no peak 
due to CuO. This conclusion can also be 
reached from the Vis-UV/DR data above, 
as the continuous absorption between 800 
and 400 nm is observed with A samples as 
well as with a mechanical mixture CuOi 
TiOz. 

Both supports had been calcined at 770 K 
before loading of copper. Prior to this treat- 
ment, support R had been calcined at 673 
K, while support A had been calcined at 
993 K. Then, successive treatments at 770 
K in oxygen or in hydrogen may have had a 
larger effect on samples R than on samples 
A. According to the data in Table 1, there is 
a steady surface area decrease in samples 
R, from 15 m2 g-’ (unloaded support R) to 
12 m2 g-t (sample R-OHO), as the number 
of treatments at 770 K increases, while for 
samples obtained with support A the spe- 
cific surface area remains nearly the same 
(20.3 m2 g-‘). Unloaded support R submit- 
ted to these treatments shows no change in 
the specific surface area, and so the varia- 
tion observed for series R samples can be 
related to the presence of well-dispersed 
(according to X-ray diffraction data) copper 

in these samples. On the contrary, support 
in samples A had already been stabilized by 
calcination at 993 K during manufacturing 
and so no change in its specific surface area 
is observed after further heatings at 770 K 
in the presence of copper, which on the 
other hand, is more poorly dispersed than 
in samples R. 

According to the TE micrographs, meso- 
porosity in samples R should be related to 
the corrugated surface displayed by these 
cylinder capsule-shaped particles. The 
average geometric specific surface area that 
can be calculated for these particles from 
the micrograph, ignoring this corrugation, 
is ca. 10 m2 g-l, noticeably lower than the 
value obtained by application of the BET 
method. For samples obtained with support 
A this calculation cannot be performed, as 
the pillbox-like shaped particles are ori- 
ented perpendicular to the observing direc- 
tion and its width can hardly be estimated. 
However, formation of terraces in some of 
these particles is undoubtedly observed. 
Dimensions of micropores (d < 1.6 nm), the 
existence of which is concluded from appli- 
cation of the Lippens and de Boer method 
(16), make them unobservable, although 
they can be tentatively located near the 
break edges of the steps forming the ter- 
races. 

The different behavior of copper with 
anatase and rutile has already been pointed 
out very recently by Sermon et al. (10) from 
XPS and TPR measurements. These au- 
thors record two TPR peaks during reduc- 
tion of CuO/TiOz systems that relate to the 
reduction of well and poorly dispersed Cu2+ 
species, instead of to a-two step reduction 
Cu2+ + Cu+ + Cu, as the ESR spectrum is 
significantly unaffected before and after 
reduction at the point between both reduc- 
tion peaks. On silica, Kobayashi et al. (29) 
have reported that reduction through the 
monovalent state takes place for low cop- 
per loading, but Delk and VZvere (7) have 
reported one-peak TPR profiles in Cu/Si02 
and discard this two-step process. If the 
presence of two TPR peaks would be due to 
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a stepwise reduction, the area of both peaks 
(i.e., the amount of consumed hydrogen) 
would be the same for both peaks, and this 
is not the case in Delk and Vavere’s (7) and 
Sermon et al.‘s results (10). 

In our samples, the situation seems to be 
rather more complicated and, as stated 
above, a good fitness between decon- 
volutioned and experimental TPR profiles 
is achieved only iffour peaks are assumed, 
Table 2. Obviously, peak (Y, amounting 
only for 0.02-0.05 mol Hz/m01 Cu, can be 
an experimental artifact due to a miscancel- 
lation of the sloped baseline, but this is not 
the case for peaks /3, y, and 6. Neverthe- 
less, positions of these peaks are nearly the 
same in all six samples, indicating that they 
correspond to reduction of the same type of 
copper species, but existing in different 
amounts on the supports after the treat- 
ments given. In addition, the total con- 
sumption of hydrogen is much lower for 
samples R than the expected value, which 
coincides with that of samples A; this 
“lower-than-expected” consumption of hy- 
drogen has also been observed by Sermon 
et al. (10) on rutile, but not on anatase, 
although these authors do not highlight this 
result. In our opinion, this can be explained 
following Sermon et ul.‘s conductivity re- 
sults with anatase- and rutile-supported 
copper (10); according to these authors, the 
increased conductivity observed after re- 
duction of the Cu/TiOZ-R system is due to 
the partial electron transfer CuO + Ti4+ + 
Cu’+ + Ti3+ and simultaneous intercalation 
of copper to form bronzes, similarly to 
other well-known bronzes of vanadium or 
titanium. If this is the case in our samples, 
migration of copper species into the bulk of 
the rutile crystallites would partially inhibit 
its further oxidation and/or reduction, thus 
leading to a lower hydrogen consumption 
as the number of treatments in oxygen 
and/or hydrogen increases (see data in Ta- 
ble 2). Moreover, if this migration and 
reduction inhibition exists, the “oxidized” 
sample would still contain copper species in 
a nearly reduced state. Finally, reoxidation 

of the reduced A samples takes place even 
at room temperature, while for the R 
samples the reduced copper species exist- 
ing in the bulk of the support crystallites are 
hardly oxidized at 770 K and not at all, of 
course, at room temperature. This migra- 
tion may be assisted by the simultaneous 
sintering of the support crystallites that 
leads to a specific surface area decrease for 
R samples, but not for A samples. It should 
also be noted that the size of the octahedral 
holes in rutile is slightly larger than that in 
anatase (20), and so this migration would be 
easier in the former. 

The relative intensities of the TPR peaks 
also change along the successive treat- 
ments; nevertheless, the position and inten- 
sity of peak 6 for samples A remain un- 
changed (612 i 5 K, 0.58 lr 0.03 mol 
HJmol Cu) and should correspond to re- 
duction of the same amount of the same 
sort of Cu*+ species; taking into account 
that XRD and Vis-UV/DR results above 
indicate the presence of CuO in these 
anatase samples, it can be tentatively con- 
cluded that peak 6 in samples A is due to 
reduction of bulk CuO. In the case of 
samples obtained on support R, the lower 
intensity of peak 6 in the TPR profiles 
would account for a lower content of CuO, 
thus being unobservable by XRD. Reduc- 
tion of clustered CuO cannot account for 
the other TPR peaks instead of for peak 6, 
as both peaks /3 and y display lower areas in 
samples A than in samples R, and these 
CuO species have been detected by XRD 
and Vis-UVIDR in samples A. 

With copper supported on silica, zirco- 
nia, and alumina, Kobayashi et al. (19) 
have also reported a shift and a variation in 
the number of TPR peaks as the copper 
content changes: with copper loadings simi- 
lar to that used here (1.94%) two peaks are 
recorded, and for Cu/SiOz one of these 
peaks is at temperatures as high as 923 K. 
Although these authors relate the different 
behavior to the basicity of the support 
(basic metal oxides, like zirconia, would 
hold weakly the precursor species that then 
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would be more easily reduced), it should be 
noted that White et al. (9) find a different 
sort of interaction between copper and the 
oxide, according to the n- or p-type semi- 
conducting properties of the support, giving 
rise to different electronic metal-support 
interactions. So, the conducting properties 
of the oxide, insulators (silica, alumina), 
n-type (titania) or p-type (zirconia) semi- 
conductor, may account for the different 
strengths of the supported phase-support 
interaction and the ease of reduction; the 
different behavior observed in our work 
with rutile and anatase introduces a new 
variable in this study. 

Assuming that our 6 peak in the TPR 
profiles corresponds to reduction of bulk 
CuO (in other words, nondispersed cupric 
species), the question is still: Which is the 
origin of the remaining two peaks, p and 
y? It is tempting to ascribe them to a 
stepwise reduction of dispersed Cu*+ to 
Cu’, but in such a case both peaks would 
display identical areas, corresponding to 
consumption of the same amounts of hy- 
drogen; this is not obviously the case, and 
the intensities of these two peaks in all six 
samples seem to follow a random change. 
They can be tentatively ascribed to well- 
dispersed copper species interacting in two 
different ways (with different strengths) 
with the support; in addition, in samples R 
another type of copper species should ex- 
ist, which has migrated into the bulk of the 
support crystallites. 
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