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CwTiO, catalyst was synthesized by cogelling CuSQO,, or
CuCl,, with titanium ethoxide. Samples were nanocrystalline
with titania phase concentration that depended on copper precur-
sor and sample annealing temperature. Phase quantitative analy-
sis was performed by refining crystalline structure. The fresh
samples prepared with CuSQO, contained almost amorphous
rutile with an average crystallite size of 1.4(1)nm. Average
crystallite sizes correlated well to BET areas, which were large
for fresh samples and for those calcined at 400°C, and only a few
square meters per gram for those calcined at 800°C. Hydrogen
consumption of the samples prepared with CuSO, was 20 times
larger than in those prepared with CuCl,. Reduction temperature
and hydrogen consumption, which are determined by copper—
titania interaction, can be explained in terms of the main defects
found in nanocrystalline titania phases: titanium vacancies and
hydroxyls in their crystalline structure. © 1999 Academic Press
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crystalline titania; copper titania interaction; amorphous rutile.

INTRODUCTION

The low cost and availability of copper and its activity as
a catalyst for decomposition of nitrogen oxides (NO,) make
it very attractive to substitute for noble metals in this kind
of reaction (1-6); copper also enhances hydrogen activation
(7). To be used as a catalyst, copper is supported on oxides,
which determine its dispersion and active surface area.
From them, titania is one of the most used oxides (1, 8-10).
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Copper supported on titania (Cu/TiO,) has been mainly
used to selectively reduce nitrogen oxides (11-13). These
oxides bring down stratosphere’s ozone concentration, and,
together with sulfur oxides, represent the predominantly
undesirable components responsible for atmospheric con-
tamination (14). Titania is also a good catalyst support,
because it has a high resistance to sulfur poisoning
(7,9, 15-16).

Titania crystallizes in different phases, brookite, anatase,
and rutile. The stable phases at low sample calcining tem-
peratures are brookite and anatase (17), which transform
into rutile when they are annealed at higher temperatures.
Brookite and anatase, however, can be stabilized at high
temperatures by the ions present in the synthesis (18-20),
which inhibit their transformation into rutile. Therefore, to
understand Cu/TiO, catalyst behavior, it is necessary to
analyze its titania phases and their transformations between
each other.

When copper is supported on titania, the different copper
oxidation-reduction cycles determine the stability of the
metallic phases responsible for the catalytic behavior.
Therefore, these cycles should be analyzed in detail, for
example, by studying copper oxide reduction as a function
of temperature and titania phases concentration. Catalyst
thermal treatment, copper precursor, and synthesis method
also have an enormous effect on its catalytic properties (8).

One of the best techniques to study copper reduction is
the temperature programmed reduction (TPR). Here, cata-
lysts are exposed to a reducing gas stream (for example H)
while temperature is linearly increased. This technique pro-
vides the temperature at which reduction takes place, and
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the H, amount consumed during reduction process. Under
certain conditions, H, consumption can be correlated to the
amount of reduced metal. In general, TPR results provide
information about metallic dispersion, metal-support inter-
actions, and catalytic activity and selectivity.

For the present study, TPR technique was used to ana-
lyze the reduction of Cu/TiO, catalyst prepared by using
the sol-gel method with two different copper precursors.
Reduction results were correlated with the titania phase
concentrations and their average crystallite size, both deter-
mined by using X-ray diffraction and crystalline structure
refinement.

EXPERIMENTAL
Cu/ TiO, (1.0 wt% Copper) Synthesis

Copper precursor, CuSO,-5H,O (Baker 99.9%) or
CuCl, (Baker 99%), was dissolved in deionized water; sul-
furic acid (Baker 98%) or hydrochloric acid was added until
obtaining pH 3. To this solution, refluxed and stabilized at
70°C, titanium tetraecthoxide (Alfa Products 99%) dissolved
in absolute ethanol was dropped, stirring and refluxing
continuously until gelling.

Fresh samples were dried at 70°C; thereafter, they were
calcined in air at 400 or 800°C during 4 h.

TPR Analysis

TPR experiments we performed by using a TPD/TPR
Micromeritics 2900 equipment with a thermal conductivity
detector. About 30 mg of the sample previously annealed at
the desired temperature was put in a quartz container. To
stabilize the basis line, the gas mixture (Linde UHP) con-
taining 30% nitrogen in helium was fluxed through the
sample; thereafter, this gas mixture was substituted for the
reducing gas (Linde UHP, 9.97% hydrogen in argon). Re-
duction was analyzed from room temperature to 650°C at
20°C/min.

X-Ray Diffraction

X-ray diffraction analysis was performed at room temper-
ature with CuKo radiation in specimens prepared by pack-
ing sample powders in a glass holder. Intensity was
measured by step scanning in the 26 range between 20 and
110°, with a 20 step of 0.02° and a measuring time of 2 s per
point. Crystalline structures were refined with the Rietveld
technique by using DBWS-9411 (21) and WYRIET (22)
programs. To determine average crystallite size, peak pro-
files were modeled with the pseudo-Voigt function modified
by Thompson et al. (23), which has average crystallite size as
one of the profile-breadth fitting parameters (24). Standard
deviations, showing numbers of last figures variation, are
given in parentheses. When they correspond to parameters
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obtained from the refinement, their estimated values are not
estimates of the total probable error, but only of minimum
possible probable errors based on their normal distribution
(25).

BET Specific Surface Area

Specific surface areas were determined with an ASAP
2000 equipment that has nitrogen as adsorptive. BET
areas were calculated from the nitrogen isotherms, from
which mean pore size was also obtained by using the BJH
method.

RESULTS AND DISCUSSION

Samples were crystalline with phase concentrations that
depended on copper precursor and sample annealing tem-
perature (Figs. 1 and 2). For their quantitative analysis, the
different titania phases and tenorite (CuO) were modeled.
Brookite was modeled with an orthorhombic unit cell de-
scribed by space group Pbca; anatase was modeled with
a tetragonal given by space group 14, /amd. Rutile was also
modeled with a tetragonal unit cell but with the symmetry
described by space group P4,/mnm. Tenorite was modeled
with a monoclinic unit cell that had the symmetry of space
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FIG. 1. Temperature dependence of X-ray powder diffraction patterns
of the samples prepared with CuSO,. Upper tick marks correspond to
rutile, middle marks, to tenorite, and lower marks to anatase.
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FIG.2. Temperature dependence of X-ray powder diffraction patterns
of the samples prepared with CuCl,. Below the samples annealed at 800°C,
the upper tick marks correspond to tenorite, the lower marks to rutile.
Below the diffractogram of the sample calcined at 400°C, the upper tick
marks correspond to brookite and the lower marks to anatase.

group C2c¢. Atom positions in the unit cell of titania phases
were obtained from Bokhimi et al. (17).

For CuSO, precursor (Fig. 1), the fresh samples and those
calcined at 400°C contained 58.0(5) wt % anatase (Table 1)
with an average crystallite size of 3.5(1) nm (Table 2), and
42(1) wt% rutile with an average crystallite size of 1.4(1) nm
(it was almost amorphous). BET area of these samples was
219 m?/g (Table 3) showing that they were composed of

TABLE 1
Concentration of Titania Phases as a Function of Calcining
Temperature
T Brookite Anatase Rutile
Sample °C) (Wt%) (Wt%) (Wt%)
Prepared with CuSO, 70 — 58.0 (5) 42 (1)
400 — 58.0 (5) 42 (1)
800 — 16.2 (9) 83.8 (9)
Prepared with CuCl, 70 45.3 (8) 52.7(5) 2.0(2)
400 46.7 (7) 46.8 (5) 6.5(2)
800 — — 100
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TABLE 2
Average Crystallite Size of Titania Phases as a Function of
Calcining Temperature

T Brookite Anatase Rutile
Sample (°C) (nm) (nm) (nm)
Prepared with CuSO, 70 — 3.5(1) 14 (1)
400 — 3.5(1) 1.4 (1)
800 — 65 (5) 128 (3)
Prepared with CuCl, 70 44(2) 4.6 (3) 12 (2)
400 5.2 (3) 5.9 (4) 12 (2)
800 — — 56 (2)

single-crystal particles that produced pores with a mean
diameter of 7.7 nm. When samples were calcined at 800°C,
anatase was partially transformed into rutile with an aver-
age crystallite size of 128(3) nm, which gave rise to a BET
area of only 5m?/g and a low hydrogen consumption
(Table 3). The nontransformed anatase, which had an aver-
age crystallite size of 65(5) nm, was stabilized by the sulfate
ions in the sample (20).

The samples prepared with CuCl, and calcined at 70°C
were a mixture of brookite, anatase, and rutile (Fig. 2).
Titania phase concentrations did not change when samples
were annealed at 400°C (Table 1). Brookite and anatase, the
main phases, had average crystallite sizes of 4.4(2) and
4.6(3) nm respectively, which, together with the BET area of
85.5 m?/g (Table 4), indicate that these samples were also
composed of single-crystal particles. When samples were
calcined at 800°C, brookite and anatase were transformed
into rutile with an average crystallite size of 56(2) nm, reduc-
ing sample BET area to only 4.6 m?/g.

In the X-ray analysis, tenorite (CuO) was detected only
when samples were calcined at 800°C (Figs. 1 and 2). This
technique did not identify copper oxide in the samples
annealed at lower temperatures. Since copper oxide reduces
around 400°C, a better technique to identify it and its
transformations at these temperatures is the thermo-pro-
grammed reduction.

To analyze the reduction of copper supported on titania,
the reduction profile of pure tenorite was used as a base
reference. Its TPR curve had a single maximum centred at
371°C (Fig. 3), which is in accordance with reported litera-
ture (26). In this temperature range, pure titania does not
absorb hydrogen.

When samples were prepared with CuSO,, the TPR
curve of fresh and calcined samples at 400°C had a single
reduction maximum (Figs. 3a and 3b), which were at 535
and 495°C respectively. They occurred at higher temper-
atures than in pure CuQO, evidencing an interaction between
CuO and titania. The samples calcined at this temperature
contained similar concentrations of nanocrystalline anatase
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TABLE 3
TPR Data of CuO and the Catalysts Prepared with CuSO4 and Calcined at Different Temperatures
Temperature of reduction Total H, BET Mean pore
maxima (°C), and partial H, consumption area diameter
Sample consumption (mmol H,/g of Cu) (mmol H,/g of Cu) (m?/g) (nm)
CuO 371 (18.63) 18.63 — —
Calcined at 70°C 535 (19.20) 19.20 — —
Calcined at 400°C 495 (13.64) 13.64 219.5 7.7
Calcined at 800°C 217 (0.032), 396 (0.836) 0.87 5.0 9.9

and rutile (Table 1). The small crystallite sizes favored
a strong interaction between copper and titania.

Although anatase and rutile concentrations for both cal-
cining temperatures (70 and 400°C) were almost the same,
the reducing temperature was different, 535 and 495°C,
respectively. This difference can be explained by taking into
account the fact that hydroxyl concentration in sol-gel
titania depends on its calcining temperature (17). The con-
centration in the samples calcined at 70°C is higher than in
those calcined at 400°C. Therefore, if we assume that hy-
droxyls promote the interaction between titania and CuO,
this interaction will be stronger in the samples calcined at
70°C. Consequently, they should have a higher reduction
temperature.

The TPR curve of the samples calcined at 800°C had two
reduction peaks (Fig. 3c); the main peak was broad with its
maximum at 396°C. Since the samples calcined at this
temperature were a mixture of anatase and rutile with very
different average crystallite sizes, each reduction peak can
be associated to one crystallite size.

Large crystallite sizes diminished the interaction between
CuO and titania. This reduction can be explained in two
ways. First, titania phases have titanium vacancy concentra-
tion that decreases as crystal size increases (17). A high
vacancy concentration would favor the interaction of cop-
per oxide with titania support. Second, hydroxyl concentra-
tion in titania crystalline structure decreases as crystallite
size increases (17). If hydroxyls favor the interaction be-
tween copper and titania, this interaction would be weaker
at higher crystallite sizes.

Hydrogen consumption depended on sample annealing
temperature and copper precursor (Tables 3 and 4).
Hydrogen consumption per gram of copper was 19.20 mmol
H, for fresh samples, 13.64 mmol H, when they were
calcined at 400°C, and 0.836 mmol H, when calcining
temperature was 800°C. The large reduction of hydro-
gen consumption for this last temperature can be
explained by assuming that titania partially covered the
copper.

The samples prepared with CuCl, absorbed 20 times less
hydrogen than when they were prepared with CuSO,
(Tables 3 and 4). Hydrogen consumption varied between
0.44 and 0.65 mmol H, per gram of copper. This suggests
that copper strongly interacted with titania.

TPR curves of the samples prepared with CuCl, and
calcined at 70 and 400°C had three reduction maxima (Fig.
4). The peak a 274°C, which corresponds to a weak interac-
tion, should correspond to the phase with the largest aver-
age crystallite size (Table 2), rutile. In the samples calcined
at 400°C, the TPR maxima at 525 and 328°C can be asso-
ciated to copper in the phases with the smaller average
crystallite size, brookite and anatase, respectively. The ab-
sorption peak at 205°C corresponds to the interaction of
copper with the crystallites of larger size, rutilie crystals. The
shift of these peaks and the change in intensities, compared
to fresh samples, could be produced by the difference in
hydroxyl concentration in the samples.

TPR curves of the samples calcined at 800°C, which only
contained rutile (Fig. 2 and Table 1), had one reduction
peak at 413°C and another at 613°C (Fig. 4c). The peak at

TABLE 4
TPR Data of Catalysts Prepared with CuCl, and Annealed at Different Temperatures

Annealing Temperature of reduction Total H, BET Mean pore
temperture maxima (°C), and partial H, consumption area diameter
(°C) consumption (mmol H,/g of Cu) (mmol H,/g of Cu) (m?/g) (nm)

70 274 (0.05), 417 (0.03) 497 (0.53) 0.61 — —
400 205 (0.37), 328 (0.11), 525 (0.16) 0.65 85.5 34
800 413 (0.42), 617 (0.02) 0.44 4.6 5.5
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FIG.3. TPR curves of the samples prepared with CuSO, and calcined
at different temperatures: (a) 70°C, (b) 400°C, (c) 800°C. CuO is shown as
a reference. At( ) represents attenuation factor; At(0) = 1.0.

613°C could indicate either a strong interaction between
copper and titanium oxide or rutile partial reduction.

CONCLUSIONS

The titania phases formed in fresh Cu/TiO, catalyst de-
pend on copper precursor. When it was CuSO,, anatase
and rutile were present with similar concentrations; rutile
was almost amorphous. For the CuCl, precursor, brookite
and anatase were the main phases having similar concentra-
tions; rutile was an impurity.

Fresh samples were nanocrystalline, with single-crystal
particles that gave rise to large BET areas and high hydro-
gen consumption. Hydrogen consumption and reduction
temperatures were determined by the interaction between
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FIG. 4. TPR curves of the samples prepared with CuCl, and calcined
at different temperatures: (a) 70°C, (b) 400°C, (c) 800°C. At( ) represents
attenuation factor; At(0) = 1.0.
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copper and titania phases. Since these phases are titanium
deficient and have hydroxyls in their structure, this interac-
tion was strongly affected by these defects.

Hydrogen consumption of the samples prepared with
CuSO, was 20 times larger than in those prepared with
CuCl,. This suggests that copper titania interaction is
stronger in the samples prepared with this last precursor. It
is expected that the catalytic properties of Cu/TiO, would
also depend on the copper precursor.
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