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The evolution of copper-based catalysts during a reduction treat-
ment has been followed using X-ray absorption near edge structure
(XANES) in conjunction with a statistical analysis. Using this novel
approach, we will provide evidence of (a) the number and nature of
the active copper phases formed during the genesis of the catalysts,
(b) their dependence on the chemical conditions of the preparation
procedure, (c) the degree of reactivity of these phases toward hydro-
gen, and (d) details on the mechanism of the solid phase transforma-
tions during interaction with this molecule. Transmission electron
microscopy (TEM) is used to complement results concerning the
nature and physical properties (i.e. particle size) of copper phases,
and in order to stress the importance of the XANES findings, con-
ventional temperature programmed reduction (TPR) experiments
are compared with a simulation of the hydrogen consumption oc-
curred in the reduction process using the XANES results.  © 1998
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INTRODUCTION

Real time, real condition in situ techniques are analyti-
cal tools particularly resourceful in the area of heteroge-
neous catalysis (1-3). In the vast majority of cases, active
phases are minority components in catalyst formulations
so many techniques lack the sensitivity to detect or prop-
erly analyze these phases. Additionally, active phases ex-
hibit only short or local range order with poorly resolved
three-dimensional structures (4), afact which hinders an ex-
tensive use of many conventional techniques, such as X-ray
diffraction (XRD) for solid state characterization. Broadly
speaking, the knowledge of the chemical (phase) behavior
of a catalytic solid under the influence of a reactive environ-
ment is a point of vital importance for the understanding
and prediction of its catalytic properties (5), the ultimate
goal in the field of catalysis.

Here, we will show that this type of information may
be obtained by performing a XANES study of copper-on-
alumina catalysts. This system has been the subject of many
investigations since the earliest days of spectroscopic char-
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acterization of catalysts (6) due to the apparent simplicity
of the system and its variety of industrial applications
(7), among which a potential recent addition could be the
treatment of exhaust gas from nonstationary sources (8). In
this system, several copper solid phases are possible: CuO
and CuAl,O, in oxidic environments, and Cu,0O, CuAlO,,
and Cu® in reductive atmospheres. The coexistence of
these phases under some reduction conditions has induced
numerous multitechnique approaches to the problem
(9-11) which, however, have not been able to fully resolve
a number of fundamental questions. Although reduction
processes ascribed to CuO and CuAl,O4 have been distin-
guished (11), it is rather difficult to unequivocally state
whether some Cu?* ions are reduced directly to Cu®
or if Cut can be stabilized under specific experimental
conditions. Cu?* in aluminate matrixes also involves the
additional complication of exhibiting varying fractional
occupancies with the superficial/bulk characteristic of the
copper phase for the two possible symmetry locations, octa-
hedral and tetrahedral (9-11). Finally, certain physical (e.g.
particle size) and chemical (e.g. oxygen vacancies or the
interaction with the support) properties are likely to mod-
ify the thermal behavior of copper phases upon reduction
(12, 13). The combination of these three effects eventually
leads to results open to various interpretations to describe
the reduction behavior of copper-on-alumina catalysts.

In aiming to alleviate the uncertainties related with these
guestions, we will perform a statistical analysis of XANES
spectra taken during the reduction process of two copper-
on-alumina catalysts. XANES results about the initial, oxi-
dized state of the samples will be complemented with TEM
data and the information concerning the reduction process
compared with that obtained from conventional TPR ex-
periments. To a good approximation, the temperature in-
sensitivity of the electronic transitions (in vibronic coupling
absence) means that the XANES technique is a suitable
tool to study reduction or more generally catalytic pro-
cesses. Additionally, the inherent atomic specificity of ab-
sorption techniques and the characteristic good signal-to-
noise ratio of XANES makes it an optimum choice to allow
a successful study of a solid minority component. The bulk
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averaged absorption XANES signal recorded throughout a
reduction treatment can yield a variety of information de-
pending on the type of analysis performed; binding energy
shift based or white line intensity based XANES can give
some indication concerning the average oxidation state of
the active element (14, 15), whereas a more quantitative
treatment using the present statistical approach may fully
capture the phase behavior of the system (16). On the other
hand, it must be mentioned that this last, new approach has
a notable advantage with respect to fitting procedures (as
least squares minimization) as the number of free param-
eters, the number of copper species in our case, is rigor-
ously chosen. Moreover, the expected intensity differences
in the continuum resonances (induced by the different par-
ticle sizes) between a reference compound and supported
particles may bring enough uncertainty to a fit involving
more than two species to strongly limit its usefulness. Note,
however, that the shape of a XANES spectra is dominated
by the local symmetry and the position of the continuum
resonances (CR) by the coordination distances and these
parameters are preserved in a (much) larger extent that the
intensity of the CRs, allowing the unequivocal assignation
of copper species present in catalysts by comparison with
reference materials (8, 16-19). Theoretical studies of the
dependence of these variables with the particle size can be
found in Refs. (18, 19).

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Two CuO/Al,O3 samples were prepared and studied un-
der temperature-programmed reduction (TPR) conditions.
In the first, copper was impregnated onto y-alumina (Pu-
ralox, Condea, Sget =176 m?-g~1) support by adsorption
of Cu?* from a nitrate solution at ambient temperature
while maintaining the pH at 9 using a NH;/NH; OH~
buffer. The second was prepared by incipient wetness im-
pregnation using an aqueous solution of Cu(NQO3), (pH~
1.9). These samples are referred to as 3% Cu/Al,O3(OH)
and 5% Cu/Al,O3(H), respectively, this nomenclature indi-
cating the copper content as determined by atomic absorp-
tion analysis and the pH medium at which samples were
prepared. Both samples were dried in air at 383 K and cal-
cined for 2 h at 923 K. As will be shown, copper loadings
were chosen in such away that common copper phases have
similar particle size distributions.

XANES experiments at the Cu K-edge were carried out
in the ID-24 line at the ESRF Synchrotron, Grenoble. All
samples, catalysts and pure reference compounds, were
measured in an energy-dispersive, transmission mode with
simultaneous calibration of the energy scale with the help of
a Cu foil. A bent perfect Si crystal in a Bragg configuration
was used as a dispersive monochromator. Self-supporting
wafers of the samples were placed in a controlled-atmos-
phere (10% H, in He) cell and submitted to a heat treatment
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of 3 K-min~! from room temperature to 773 K. Typically,
a XANES spectrum was obtained every 10-15 K in a few
seconds recording process. Notice that although the tempo-
ral resolution inherent to a dispersive XANES experiment
is not absolutely necessary to follow the reduction process,
it certainly gives a larger cleanness to the data, eliminating
the average over the compositional (phase) change always
present in conventional XANES data. This point may be of
particular significance in the region of maximum variation
of the reduction process.

The set of XANES spectra taken during the reduction
treatment is analyzed using principal component factor
analysis (PCA), details of which can be found in Refs. (8,
16). The PCA assumes that the absorbance in a set of spec-
tra can be mathematically modeled as a linear sum of in-
dividual components, called factors, which correspond to
each one of the copper species present in a sample, plus
noise (20). Notice that this analysis does not intend to de-
compose a specific copper species in a linear combination
of well-defined references, as erroneously assumed in Ref.
(19). To determine the number of individual components,
an F-test of the variance associated with factor k and the
summed variance associated with the pool of noise factors
is performed. A factor is accepted as a “pure” species (fac-
tor associated with signal and not noise) when the percent-
age of significance level of the F-test, %SL, is lower than
a test level recommended by previous experience (5%) (8,
16, 17). The ratio between reduced eigenvalues, R(r),and an
empirical function, IND, defined by Malinowsky (18) will
be also used in reaching this decision. Once the number of
individual components is set, XANES spectra correspond-
ing to individual copper species and their concentration
profiles are generated by an orthogonal rotation (varimax
rotation) which should align factors (as close as possible)
along the unknown concentration profiles, followed by it-
erative transformation factor analysis (ITFA). ITFA starts
with delta function representations of the concentration
profiles located at temperatures predicted by the varimax
rotation which are then subjected to refinement by itera-
tion until the error in the resulting concentration profiles is
lower than the statistical error extracted from the set of raw
spectra (8, 16). XANES-based simulations of the hydrogen
consumption produced by copper reduction were obtained
by deriving the oxidized species (e.g., Cu?* and Cu™) con-
centration profiles throughout the reduction coordinate.

TEM experiments were carried out using a JEOL
2000FX11 (0.31 nm point resolution) equipped witha LINK
probe for EDS analysis. Microscopy samples were crushed
in an agate mortar and suspended in cyclohexane. After
ultrasonic dispersion, a droplet was deposited on a nickel
grid supporting a perforated carbon film. Several portions
of the sample were examined at low magnifications perfor-
ming simultaneous EDS analysis. Electron difractograms,
micrographs, and, when necessary, dark-field images were
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recorded for selected areas of the sample with compositions
previously characterized by EDS.

Conventional TPR experiments were performed using
the same experimental conditions above described in a U-
shaped quartz reactor. Effluents were monitored with a
thermal conductivity detector connected to the exit of a
Porapack Q column. Individual analyses were carried out
at intervals of 2.5 min. Complementary solid state charac-
terization was performed using X-ray diffraction (XRD)
and UV-visible spectroscopy.

RESULTS

Figures 1A and 2A show representative XANES raw
spectra of the series of approximately 25 taken during
the reduction treatments of the 3% Cu/Al,O3(OH) and
5% Cu/Al,O3(H) samples, respectively. Simple visual ins-
pection of these figures affords knowing that the 3%
Cu/Al,03(0OH) sample is reduced more smoothly and at
higher temperatures than the other sample; however, as
noted in the Introduction, the lack of information regar-
ding the number of chemical species and their character-
istic XANES spectra disables the extraction of additional
information by, for example, fitting procedures. Clearly, the
knowledge of the number of pure species is a first basic step
towards the understanding of the reduction process. For
both catalysts, Table 1 shows %SL values above the cutoff
of 5% from factor 5 upwards; also from this factor the R(r)
approaches one. Finally, the minimum of the IND function
also agrees in the election of four as the number of chem-

TABLE 1

Principal Components Factor Analysis Results

Factor Eigenvalue %SL R(r) IND x 10* Variance®

3% Cu/Al,O3(0OH)
1 323.611 0.00 150.37 4.473 99.390
2 1.94173 0.00 4221 0.818 0.597
3 0.04105 0.00 23.84 0.229 0.012
4 0.00153 0.93 5.58 0.155 0.001
5 0.00024 14.32 1.67 0.159
6 0.00012 20.71 2.10 0.175
7 0.00005 38.09 0.99 0.301
8 0.00004 39.53 0.88 0.427

5% CU/A|203(H)

1 314.212 0.00 73.64 6.314 99.785
2 3.83883 0.00 190.45 0.630 0.207
3 0.01802 0.66 24.61 0.420 0.006
4 0.00647 0.00 28.51 0.132 0.002
5 0.00020 11.03 1.97 0.135
6 0.00009 19.59 1.61 0.144
7 0.00005 28.05 131 0.172
8 0.00003 34.14 1.03 0.224

a\Variance is given in percentage. Values lower than 102 are not re-
ported.
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ical species. The corresponding four XANES spectra are
shown in Figs. 1B and 2B for the 3% Cu/Al,O3(OH) and 5%
Cu/Al,O3(H) samples, respectively. Spectra of Cu?* refe-
rence compounds, CuO and superficial and bulk CuAl,Oy,
are also included in these figures. The superficial copper
aluminate reference corresponds to a low loading (1%b)
copper-on-alumina catalyst in which XPS detects only cop-
per ions in octahedral positions of the aluminate phase
(binding energy 934.2 eV) (21, 22).

Both samples present in the TEM micrographs a domi-
nant ill-crystallized phase of acicular appearance and a
small fraction of large crystals (Fig. 3). Electron diffrac-
tion patterns recorded on these two areas are presented in
Figs. 4A and 4B for the 3% Cu/Al,03(OH) sample while
Fig. 4C shows the corresponding to an ill-crystallized por-
tion of the 5% Cu/Al,O3(H) specimen. On both samples,
the ill-crystallized zones show rings ascribable to alumina
and copper aluminate. No other copper phase is observed.
In Fig. 4, diffraction patterns corresponding to two [112]
oriented Cu,O large crystals (visible on the top of Fig. 3A)
are also presented. In this case, it seems that the high vac-
uum conditions and/or the electron beam of the microscope
induce the reduction of CuO crystals probably due to their
thin section. Dark-field images of the CuAl,O4-like phase in
contact with alumina of both samples were obtained and the
corresponding particle size distributions measured, coun-
ting more than 750 particles presented in Fig. 5.

Finally, conventional TPR experiments are compared
with XANES-based simulated ones in Figs. 6A and 6B.
The reduction processes, expressed as hydrogen consump-
tion, are depicted for each individual reducible Cu?*/Cu*
phase, assuming formal stoichiometries (for instance,
CuO + Hy — Cu®+ H,0). The linear sum of the contribu-
tions from individual copper species is given as a solid line.

DISCUSSION

The first significant difference between these two cata-
lysts is the detection of a CuO-like species for 3% Cu/
Al,O3(0OH), whereas only phases assignable to copper
aluminates appear for 5% Cu/Al,O3(H). Factor analysis
identifies two types of copper aluminates. The first one
corresponds to a superficial aluminate (called CuAl,O4-0;
species 1 in Figs. 1B and 2B), similar, except in fine
details of the local order/disorder denoted by a small
energetic shift in the continuum resonance at ~ 8997 eV,
to a reference spectrum of low loading copper (1%) for
both catalysts. The second one (species 2 in Fig. 2B), here
called “bulk-like” or CuAl,O4-t/o0 which, due to the larger
linewidth of the continuum resonance at ~ 9000 eV (that
contains contributions from octahedral and tetrahedral
cations at ~8997 and 9002 eV, respectively), resembles
to a greater extent the local order around copper centers
present in a highly crystalline CuAl,O4 phase spectrum
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XANES-TPR data for 3% Cu/Al,03(OH). A, Representative Cu K-edge XANES spectra. B, Predicted XANES spectra of individual

copper species (solid lines) and reference compounds (dashed lines): 1, CuAl,O;,-0 phase; 2, CuO-like phase; 3, CuAIO; phase; 4, Cu® phase; CuAl,O,-s,
superficial copper aluminate reference; CuO, copper oxide reference. C, Concentration profiles of the pure components along the reduction coordinate.

Solid lines are only included as a guide for the eyes.

(corresponding to the dotted line in Fig. 2B). Notice that the
CuAl,0O,-t/o phase has a short or local order around copper
cations (which is the physico-chemical property probed
by XANES), similar to that of bulk CuAl,O4, but which
does not have any other common similarity, especially that
concerning long or three-dimensional order. The shape dif-

ferences observed between reference surface/bulk copper
aluminate XANES spectra are induced by the Cu?* local
symmetry; while the superficial phase has only copper in
octahedral positions, the bulk phase contains Cu?* in both
octahedral (40%) and tetrahedral (60%) environments
(21). Our CuAl,04-0 and CuAl,O4-t/o phases approach
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FIG.2. XANES-TPR data for 5% Cu/Al,O3(H). A, Representative Cu K-edge XANES spectra. B, Predicted XANES spectra for individual
copper species (solid lines) and reference compounds (dashed lines): 1, CuAl,O4-0 phase; 2, CuAl,O,-t/o phase; 3, CUAIO, phase; 4, Cu® phase;
CuAl,Oy-s, superficial copper aluminate reference; CuAl,O,-b, bulk copper aluminate reference. C, Concentration profiles of the pure components
along the reduction coordinate. Solid lines are only included as a guide for the eyes.

these situations, although we are not able to detail their
exact copper distributions. As the percentage of copper
loading used on both samples is lower than the formal one
corresponding to monolayer coverage, i.e., to a surface
aluminate phase, the appearance of bulk-like copper alumi-

nate would be considered unlikely. However, using an
acidic solution during the preparation procedure, part of
the Al,O3 support is disolved and can react with Cu?* ions
to form an amorphous (not detectable by XRD) bulk-like
copper aluminate after calcination. On the other hand,
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FIG.3. TEM images for the 3% Cu/Al,03(OH) (3a) and 5% Cu/Al,O3(H) (3b) catalysts. In 3a an arrow locates a Cu,O-like microcrystal (see text
for details).

using a basic medium during the preparation stage, once
the support surface reaches a certain coverage (dependent
on preparation conditions) with copper, the additional
quantity of Cu®* interacts less strongly with the alumina
and forms a dispersed CuO-like phase after calcination.

1188K

The TEM data support the initial, oxidized copper phase
distribution obtained from the factorial analysis of the
XANES data. The 3% Cu/Al,O3(OH) sample shows weak
rings ascribable to oxidized copper aluminate and an indi-
cation of the ease of the system to form copper oxide. In
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FIG. 3—Continued

contrast, the 5% Cu/Al,O3(H) catalyst, which is prepared
in the usual way, impregnation, mainly contains copper alu-
minate in contact with alumina with no indication of the
copper oxide phase presence, in complete agreement with
a recent report (22).

In short, the XANES analysis (corroborated by TEM
data) is able to show the profound implications of the
preparation step in the nature of the active solid state

phases present in a catalyst after calcination. Obviously,
the catalytic consequences of the initial copper phase
distribution are functions of the nature of the reaction
being studied; for instance, for the catalytic reduction
of nitrogen oxides highly dispersed (small) CuO-like
aggregates correspond to the active sites (8), consequently
basic solution preparations would be the optimum choice
to obtain highly active systems.
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FIG. 4. Electron diffraction diagrams for two different zones of the 3% Cu/Al,O3(OH) specimen (4a and 4b) and for one of the 5% Cu/Al;O3(H)
catalyst (4c). In Figs. 4a, ¢ rings are assigned to: (A) alumina and (C) copper aluminate components. In 4b, the diffraction pattern of two [112] oriented

Cu,0 crystals (shown in Fig. 3a) is assigned.

The evolution of these Cu?" phases during the TPR
experiment can be followed in Figs. 1C and 2C. For 3%
Cu/Al;O3(0OH), the CuAl,O4 surface spinel reduction be-
gins at a lower temperature than the CuO-like phase. The
CuAl,04-0 phase is reduced in two steps, with interme-
diate formation of a CuAlO, surface spinel (species 3 in
Figs. 1B and 2B), while CuO directly generates metallic
copper (species 4 in Figs. 1B and 2B). The window of exis-
tence and the temperature of Cu™ maximum concentration

80
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FIG. 5. Particle size histograms (from dark-field images) for the 3%

Cu/Al,O3(0OH) (open bars) and 5% Cu/Al,O3(H) (closed bars) catalyst.

are yielded by the analysis, both parameters being clearly
affected by the catalyst preparation conditions. It must be
noted that the presence of Cu* stabilized in an aluminate
matrix has previously been detected by other physical tech-
niques (XPS, DRS, ...) (23) and infrared spectroscopy of
adsorbed CO (10), but no detailed information concerning
the region of stability and chemical reactivity of this species
was feasible to be reported. Note also that Cu* cations in-
serted in a CuO-like matrix, claimed to exist by several IR
experiments using CO as a probe molecule (9, 10), must cor-
respond to a minority state (of copper) even in areasonable
dispersed catalysts (i.e., high surface-to-bulk ratio phases)
as nosignal attributable to this species was observed. On the
other hand, for the 5% Cu/Al,O3(H) catalyst (Fig. 2C) we
initially detect the reduction of the CuAl,O,-t/o phase and,
only at higher temperatures, that of CuAl,Oy4-s. Both Cu?*
aluminates yield the same Cu* phase (copper in CUAIO,
only occupies twofold linearly coordinated sites) on reduc-
tion.

Notable is the experimental temperature difference ob-
served for the onset of the reduction process of the alu-
minate phases for both samples. Since the occupation of
octahedral positions by copper in aluminate matrixes is
thermodynamically favored (10), the chemical reactivity of
Cu?* ions in tetrahedral positions is expected to be higher
and, therefore, the CuAl,O4-t/o phase should start its reduc-
tion at lower temperatures than the CuAl,O4-0 one. Apart
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FIG.6. XANES-based decomposition of the hydrogen consumption occurred during TPR experiments. A, 3% Cu/Al,O3(OH). B, 5%
Cu/Al,O3(H). Black, CuAl,O4-0 contribution; dark gray, CuO-like contribution; white, CuAl,O,-t/o contribution; light gray, CuUAIO, contribution.
Linear sum of the individual contributions is shown in full line. Conventional TPR data (dashed line) are included for comparison (see text for details).

from thermodynamical reasons, the phase reduction order
of all copper phases present in both catalysts, that can be
easily visualized in Fig. 6, may be interpreted in terms of
two variables: particle size and surface characteristics (i.e.,
vacants/crystalline imperfections). The XRD failure in de-
tecting any copper phase indicates that all of them have an
average crystalline size smaller than 4 nm. Because both
catalysts have a multiphase copper distribution, the typical
use of characterization techniques as EXAFS to measure
particle size will yield average values hardly interpretable.
The dark-field images give, however, phase-selective infor-
mation, although restricted to aluminate phases. Figure 5
shows that the corresponding size distribution is broader
for the 3% Cu/Al,O3(OH) specimen and has a pronounced
tail extending up to 30 nm. To interpret this result, we must
keep in mind that the 5% Cu/Al,O3(H) catalyst distribu-
tion is dominated by the bulk-like copper aluminate while
the 3% Cu/Al,O3(OH) has only a contribution from the
superficial one. Additionally, the superficial copper alumi-
nate particle size is probably driven by that corresponding
to the alumina support. Considering these arguments, we
may conclude that the bulk-like aluminate has an average
size smaller than the superficial one. On the other hand, the

not-so-different particle size distribution of both catalysts
(that can be rationalized by a smaller average particle size
for the bulk-like aluminate) suggests that the differences
observed in the reduction behavior of the superficial cop-
per aluminate of both samples are primarily governed by
the superficial characteristics of this phase. As hydrogen
dissociation on oxides is a highly activated reaction (24),
the existence of a different number and nature of surface
oxygen vacancies that will generate electron-rich copper
cations with a larger potential to initiate the dissociation of
hydrogen may be the key factor in explaining the present
results.

The 5% Cu/Al,O3(H) sample shows an amount of Cu™
after reduction at 773 K, a fact that may be explained con-
sidering that reduction of Cu™ ions in the CuAIlO; phase
involves copper migration towards the external surface (9).
Clearly, this process is restricted to the outermost regions
of the aluminate particles, leaving a core with partially oxi-
dized copper (Cu™) at reduction temperatures below 773 K.
In both systems, Cu® particles are formed at temperatures
above 500 K. The better defined continuum resonances of
the 5% Cu/Al,O3(H) sample (see species 4 in Figs. 1C and
2C) indicates the large number of atoms (large particle size)
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present in the zero-valent clusters of this catalyst with res-
pect to 3% Cu/Al,O3(OH) (18), despite the fact that the
copper content of the zero-valent phases is the same in both
catalysts because about 30% of the active metal is not re-
duced in the 5% Cu/Al,O3(H) specimen at temperatures
below 773 K. As the particle size of the majority oxidized
phase is smaller in the last-mentioned catalyst, it may be
considered that sintering effects play a major role in dri-
ving the differential behavior of both samples during the
reduction process.

To highlight the new insights offered by this XANES
study in the complex chemistry of the reduction process
of copper on alumina catalysts, conventional TPR ex-
periments are compared with XANES-based simulated
ones in Figs. 6A and 6B. Although a quantitative match of
both types of experiments cannot be achieved due to the
important differences in the experimental setups and the
neccessary simplifications made to estimate the hydrogen
consumption from XANES results, the correspondence
observed in both the range and maximum temperature of
reduction reinforces our confidence in the goodness of the
XANES analysis and results. It should be noted, however,
that some shape differences for the 3% Cu/Al,O3(OH)
specimen are observed at the lower side of the TPR peak.
This may be attributed to an overestimation of the CuO-
like phase hydrogen consumption probably due to an
unrealistic estimation of the reduction process stoichiom-
etry originated by the presence of oxygen vacants (small
particle size).

The huge difference in the reduction behavior of samples
prepared in acid or basic conditions is again evidenced in
the conventional TPR peak maxima and shapes, although
information concerning existent phases and chemical be-
havior is strongly limited. The XANES-based decompo-
sition gives, however, the key information which allows
these differences to be properly interpreted. While the 3%
Cu/Al,O3(0OH) sample TPR is dominated by the CuO con-
tribution due to the step-like reduction of the aluminate,
which spreads the corresponding hydrogen consumption
over a large temperature range, for 5% Cu/Al,O3(H) the
absence of this CuO-like phase and the chemical similar-
ity between the Cu?* phases present (both aluminates) in-
duces a strong overlap among the individual contributions
and leads to an apparent “single” peak.

Another interesting feature visible in Figs. 6A and 6B
is the considerable shift in temperature for reduction of
the CuAIQO; phase for the two samples. Again, this can be
attributed to the combined effect of the different particle
sizes and superficial characteristics (i.e., crystalline imper-
fections) of both samples, although the genesis of this phase
(which is only present at the surface of the catalysts) makes
the second point much more important. A large number of
oxygen vacancies may exist in the Cu™ aluminate of the 5%
Cu/Al,O3(H) catalyst as these Cu™ cations seem to have
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a significantly larger 4sp electron occupation (less intense
continuum resonance at ~8983 eV). The catalytic effect
of these vacancies in the hydrogen dissociation may thus
explain the downward shift in the reduction temperature
of the CuAlO; phase observed for the 5% Cu/Al,O3(H)
sample with respect to the 3% Cu/Al,O3(OH) specimen.

CONCLUSIONS

Using this XANES/factor analysis methodology it has
been demonstrated that basic solution preparations favor
the presence of CuO-like phasesin intimate contact with the
support, while acid solution preparations tend to produce
copper aluminate phases (if the calcination temperature is
high enough). This has been confirmed by using TEM. The
analysis gets, even in overlapping traces, the characteristic
reduction temperatures of the copper phases, which seem
to be strongly dependent on the superficial characteristics
of the solids and (to a lesser extent) on the particle size of
the initial, oxidized phases. Consequently, the same phase
(e.g., CuAI,O4-0, or CUAIO,) presents quite different max-
imum temperature of reduction depending on the prepara-
tion procedure of the catalyst. The analysis also reveals the
two-step reduction mechanism of copper aluminates with
appearance of a stable Cut aluminate, the migration of Cu*
ions towards the surface as a previous step for completion
of the aluminate phase reductions, the (expected) direct
copper oxide reduction to metallic copper, and, finally, the
order of reactivity with H, for the two well-dispersed cata-
lystsstudied (CuAl,O4-t/0 > CuAl,04-0 > CuO). All of this
builds up the entire picture of the complex reduction pro-
cess, in contrast with the partial view yielded by conven-
tional methods.
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