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Unsupported copper-aluminum and copper-chromium oxides
were prepared by mixing solutions of the nitrates and calcining
at 1223 K, followed by treatment with washing solutions of either
ammonium carbonate or nitric acid in order to extract uncombined
copper oxide. Ammonium carbonate was only effective for removal
of dispersed CuO, whereas nitric acid removed both dispersed and
crystalline CuO. Catalyst activity for CO oxidation increased with
the extraction treatments, particularly with the nitric acid wash-
ing solution, indicating that the active sites are copper species de-
rived from CuAl,O4 and CuCr,04 spinels rather than from CuO.
The CuCr,0,4 catalyst exhibited higher activity, suggesting that Cu
species in tetrahedral coordination lead to higher activity. Also, pre-
reduction with H produced higher activity than prereduction with
CO, which can be attributed to a higher surface concentration of
active species or their precursors after the former treatment. Activ-
ity results, together with TPR and XPS characterization point out
that both Cu® and Cu'* species are involved in the mechanism of
CO oxidation. (© 1998 Academic Press

INTRODUCTION

Copper-based oxides are catalysts for a variety of im-
portant reactions (1-4), including CO oxidation which is
related to both fundamental and pollution control studies
(5-7). Although noble metal systems work very well for
this reaction, the so-called base metal catalysts have de-
served increasing attention for their significant activity and
lower cost. Among the base metal catalysts, the copper-
chromium pair seems to be one of the most efficient (8, 9).
Although several studies have been reported on the char-
acterization of alumina-supported copper oxide catalysts
(10-13), a clear correlation between activity for CO oxida-
tion and catalyst structure has not been found. In the more
interesting copper—-chromium-based catalysts the informa-
tion is even more scarce.
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In previous work, attempts have been made to relate sur-
face structure and composition of supported Cu and Cu—Cr
oxide catalysts with the catalytic behaviour (13-15), sug-
gesting that the locus of catalytic activity for CO oxidation
is a copper center. However, the specific nature of the ac-
tive sites is still uncertain, despite the extensive research
frequently undertaken on supported metallic (16-20) and
oxidic (21-23) copper catalysts. Thus, from the study of the
interaction of CO with oxygen adsorbed on Cu(100), (110),
and (111) single-crystal by Habraken et al. it was concluded
that the CO oxidation reaction proceeded via a Langmuir—
Hinshelwood (LH) mechanism involving adsorbed CO
molecules and oxygen atoms (16, 17). Choi and Vannice
also arrive at the conclusion that the CO oxidation over
supported, prereduced Cu crystallites proceeded through
an LH mechanism invoking noncompetitive adsorption
between O, and CO (20). They proposed that under
reaction conditions the catalyst surface is a thin overlayer
(two or three monolayers) of Cu,O with O, vacancies, al-
lowing CO adsorption on exposed Cu™ species, or possibly
on Cu,O/Cu interface sites, while O, would interact with
Cu atoms to maintain the Cu,O layer. On the other hand,
Boon et al. have demonstrated the importance of the oxy-
gen vacancies in copper oxide for the oxidation of CO (21).
Recently, Panayotov and Mehandjiev (22), in the study of
the interaction of NO and CO, and mixtures of O, + CO,
NO + CO, and NO + O, + CO, with the CuO surface, con-
sidered that under the reaction conditions Cu* and Cu°
centers were formed. Consistent with this, in our previous
studies of CO oxidation over alumina-supported copper
oxide catalysts it was also found that Cu™ and/or Cu® are
the active sites for CO oxidation (15, 23). More recently,
Jernigan and Somorijai (24) showed that the rate of CO oxi-
dation at 573 K decreased with increasing copper oxidation
state.

A problem inherent to these catalysts, mainly on the
alumina-supported systems prepared by impregnation of
alumina with metal salt solutions, is the possible presence
of several phases or surface species of the metal. Thus,
the oxidic Cu/Al,O3 catalysts generally contain CuO, a
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“surface Cu—Al,Os-like spinel” and bulk CuAl;Oy, in con-
centrations which depend on the preparation conditions
(11). The Cu-Cr/Al,O3 catalysts show an even more com-
plicated picture. In addition to the above compounds, they
can also contain CuCr,04, Cr,03, Cr3Oy4, and other possible
compounds (25, 26).

Therefore, the variety of phases that may be present in
these catalysts makes the interpretation of the catalytic re-
sults difficult. For example, in alumina-supported copper
catalysts, an inverse relationship between catalytic activity
and copper dispersion measured by XPS has been observed:
the catalysts with low copper concentration showed a cer-
tain deactivation through use, whereas copper dispersion
increased (15). The contrary was observed for chromium-
containing catalysts (27). The copper chromite catalyst is
another example in which an increase in catalytic activity
upon pretreatment with carbon monoxide was of the same
order of magnitude as the surface copper enrichment ob-
served by AES (14). However, the origin of this surface
copper enrichment has not been clarified.

Within the above scope, the objective of the present work
is to study a simplified catalytic system by eliminating the
support, in order to gain further insight into the nature of
the copper species present on the surface of bulk CuAl,O4
and CuCr,0, catalysts, to follow their transformation upon
pretreatment and reaction, and to attempt to relate them
with the catalytic behaviour for CO oxidation.

EXPERIMENTAL

Catalyst Preparation

The CuAl,O4 and CuCr,04 catalysts were prepared by
mixing the stoichiometric amounts of the corresponding ni-
trate saltsolutions, followed by calcination as described pre-
viously (28). Briefly, the mixtures were evaporated slowly at
343 Kwith continuousstirring, dried at 383 K overnight, and
calcined at 1223 K for 24 h. The mixed oxide CuAl,O4 and
CuCr,04 catalysts will be designated as CuAl and CuCr, re-
spectively. The surface areas were 3 and <1 m?/g, respec-
tively. In order to remove single oxide impurities, such as
CuO and/or Cr,03, two extraction treatments were em-
ployed:

(i) An aliquot of the samples was treated with a 1 M
(NH4),CO3 solution and maintained under vigorous stir-
ring as reported elsewhere (29). Metal compound leaching
is confirmed by the colour of the solutions which turned
blue after treatment of CuAl,O4, and green in the case of
CuCr,0,4. Afterwards, the solids were separated by filtra-
tion and the procedure was repeated until no coloured so-
lutions were observed. Finally, the samples were washed
with distilled water until pH=7 and dried at 383 K. The
filtrates were collected and analysed by atomic absorption
spectrometry.

(ii) Another aliquot was treated with a concentrated
HNOj solution, following a procedure similar to that for
the alkaline treatment. In this case, coloured solutions were
observed only after induction periods, which means that the
extent of metal leaching increases with its concentration in
solution. The surface area of these leached samples were
essentially unchanged. The leached catalyst samples will be
designated as CuAl and CuCr, followed by a hyphen and
AC or H for the treatments with ammonium carbonate or
nitric acid, respectively.

Catalyst Characterization

X-ray diffraction patterns were recorded with a Philips
diffractometer PW 1730 with Cu anode and Ni filter. Ap-
proximate concentrations of the compounds were esti-
mated from the intensity of the more intense XRD peak
of each compound.

Temperature programmed reduction (TPR) experiments
were carried out in a continuous flow system provided with
a thermal conductivity detector. Details of the experimen-
tal setup can be found elsewhere (30). Catalyst reductions
were performed either with mixtures of 15 vol% Hy/N;
or 15 vol% CO/He. The heating rate was 20 K/min, and
the total flow of the reduction mixture (reduction agent +
diluent) was 30 ml/min. The characteristic peak tempera-
tures, Tm, correspond to the maximum rate of H, consump-
tion.

Photoelectron spectra were recorded with a Fisons
ESCALAB 200R spectrometer equipped with a Mg Ka
X-ray source (hv=1253.6 eV) and a hemispherical elec-
tron analyser. The X-ray source was operated at 120 W. The
samples were ground to a fine powder and then pressed into
small stainless steel cylinders and mounted onto a manipu-
lator which allowed the transfer from the preparation cham-
ber into the spectrometer. Before the analysis, they were
outgassed or reduced in H, or CO atmospheres at 523 K.
The residual pressure in the ion-pumped analysis chamber
was maintained below 3 - 10~° Torr (1 Torr = 133.33N - m~?)
during data acquisition. The C 1s peak at a binding energy
of 284.9 eV was taken as an internal standard. The accuracy
of BEs values was within 0.2 eV. Ratios of the atomic con-
centrations in the outer surface layer of the catalysts were
estimated from the corresponding XPS peak area ratios us-
ing the relation Cu/M = (lcy/Im)(om/0 cu)(Am/Acu)f(KE),
where |, o, and 1 are the normalized intensities (after
s-shaped background substration), the effective ionization
cross section, and the escape depth, respectively. The func-
tion f(KE) = (KEcy/KEm)*® (M = Al, Cr) was taken to ac-
count for the efficiency of the detector. Cross section de-
termined by Scofield (31) and escape depths calculated by
Penn (32) were used. The spectra were decomposed with
the least squares fitting routine provided by the manufac-
turer with a Gaussian-to-Lorentzian ratio of 80/20 and after
subtraction of an S-shaped (Shirley) background.
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Activity Measurements

The catalytic activity for oxidation of CO was measured
in a flow reactor at atmospheric pressure. Details of the
apparatus and operation conditions have been described
elsewhere (13, 28). The oxide catalyst samples were
pretreated in situ at 573 K for 3 h in either CO or H,.
The temperature of reaction was maintained at 473 K. A
mixture of 17% CO in air was employed as reactant feed,
and the total flow was 180 ml min~1. The catalyst samples
(ranging from 0.05 to 0.40 g) were diluted to 2.5 g with alu-
mina in order to obtain a catalytic bed of appropriate size.

RESULTS

X-Ray Diffraction and Extraction

XRD patterns of the CuAl and CuCr catalysts (Figs. 1a
and 1d) showed the typical diffraction lines of bulk CuAl;O4
and CuCr,04, accompanied by small peaks of crystalline
CuO in the CuAl sample, and both Cr,O3 and Cr3O4 in the
CuCr catalyst. The extent of metal leached in basic and acid
media from both CuAl and CuCr catalysts is presented in
Table 1. By treatment with (NH4)2CO3 only a small fraction
of copper (0.15% as CuQ) was removed in the CuAl cata-
lyst. The XRD pattern of this leached sample (Fig. 1b) does
not differ substantially from that of the original catalyst
(Fig. 1a). Furthermore, aluminium was not detected in the
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FIG.1. XRD patterns of CuAl and CuCr catalysts: (a) CuAl;
(b) CuAl-AC; (c) CuAl-H; (d) CuCr; () CuCr-AC; (f) CuCr-H; O,
CuAl,Oy4; @, CuO; [, CuCr,04; L, Cr,03; A, Cr30g4.

TABLE 1
Catalyst Characterization by XRD and Metal Extraction

Percentage metal extracted with

(NH,),CO; NHO;
Phases detected
Catalyst by XRD? cuw® cr* Al cu crt Al
CUAl  CuAl,0494.7),CuO0 015 — ndf 51 — nd
CuCr  CuCry04(84.8), 011 001 — 012 003 —

Cr203, Cr304

2 In parenthesis the percentage of the more abundant phase.
b Expressed as CuO.

¢ Expressed as Cr,0s3.

9 Not detected.

extraction solution, confirming that the CuAl,O,4 phase was
not affected by the alkaline treatment. A similar amount of
CuO (0.11%) and traces of Cr,O3 (~0.01%) were leached
by (NH4),CO3 treatment from the CuCr sample (Table 1).
However, copper oxide was not observed in the XRD pat-
tern of the original CuCr sample (Fig. 1d), which remained
essentially the same after (NH,4),CO3 treatment (Fig. 1e).
These results suggest that the copper extracted from both
preparations was present as a very dispersed copper oxide
phase not detectable by XRD. The treatment with ammo-
nium carbonate solution seems to solubilize exclusively this
copper oxide phase, leaving intact bulk crystalline copper
oxide.

With the more severe HNOj; treatment, the percentage
of CuO removed from the CuAl sample was almost identi-
cal to the quantity of CuO estimated from XRD (Table 1).
Also, as in the alkaline treatment, no aluminium was elim-
inated by the HNOj treatment. For the CuCr catalysts the
results of extraction with HNO3z were similar to those ob-
tained with carbonate treatment; i.e., no additional elim-
ination of simple oxides was observed (Table 1). Accord-
ingly, no peaks of CuO appeared in the XRD pattern of
the CuAl-H sample (Fig. 1¢), while no significative changes
were observed in the CuCr-H sample as compared to its
untreated CuCr homologue (Figs. 1d and 1f).

X-Ray Photoelectron Spectroscopy

The XPS binding energies (BE) of some characteristic
core levels of Cu, Cr, Al, and O in CuAl and CuCr samples
are compiled in Table 2. Regardless of the composition of
the samples and of the extraction treatment employed, the
wide Cu 2p3; sighals obtained with all samples could be fit-
ted satisfactorily to two principal peak components at about
935.3 and 933.8 eV for all the oxidic samples (Tables 2-4).
The value of BE for the Cu 2p3/; peak at 933.8 eV in CuAl
is comparable with those reported for Cu?* in CuO (10, 12,
33,34), while thatat 935.3 eV is similar to the value given for
Cu?* in CuAl,O4 (12, 35). Note, however, that the ratio of
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TABLE 2
Binding Energy Values (in eV) of CuAl and CuCr Catalysts

Catalyst Cu 2p3;2 Al 2p Cr2p O1s

CuAl 933.9 745 — 531.9
935.3 529.7

CuAl-H 933.8 745 — 530.7
935.3

CuCr 933.8 — 576.6 531.2
935.2 529.4

CuCr-H 933.9 — 576.5 531.3
935.3 529.6

intensities of the two peaks do not change upon treatment
with HNOs3, although bulk CuO was removed with such
treatment, as shown by XRD. Thus, an alternative assigna-
tion of the peaks to Cu?* coordinated tetrahedrally—high
BE—and octahedrally—low BE—could be considered (see
below).

The BE for the Al 2p peak was in close agreement with
that for APt in Al,O; ™ -type compounds (10, 36), confirm-
ing that the main phase present is CuAl,O4. Some insight
into the surface copper species can be derived from the
analysis of the O 1s peak. The O 1s signal of the calcined
sample shows two overlapping peaks at 531.9 and 529.7 eV
(Fig. 2), assigned to lattice oxygen ions in different chemi-
cal environments. After HNOj treatment, Cu and Al signals
remained the same as for the nonextracted samples, while
the O 1s signal showed a single peak at 530.7 eV. As no
aluminum was extracted by HNOs, this suggests that the
removed O 1s peak could be related to a copper oxidic
species, probably CuQ, in agreement with the XRD results
and chemical analyses of extraction solutions.

The CuCr sample showed typical peaks of Cu’* (BE at
933.8 and 935.2 eV) and Cr** (BE at 576.6 eV) and two
peaks of O>~ (BE at 529.4 and 531.2 eV) (Table 2). After
leaching only achange in relative intensity of the O 1s peaks
was observed (Fig. 2). In the case of copper chromites, sim-
ilar Cu 2pg3y; signals have been reported elsewhere (37) and
assigned to Cu?* located in two different types of sites. In
general, the high BE signal is assigned to tetrahedrally co-
ordinated sites (A-type sites of the spinel structure) while
those at about 933.8 eV are assigned to spinel B-type sites,
of octahedral symmetry (37, 38). Note that the same assig-
nations could be made to the two signals observed in the
case of the CuAl samples, although in that case the low
BE signal must account for octahedral spinel sites of both
CuAl,O4 and CuO.

The Cu 2p3, core level spectra of the three CuAl, CuAl-
AC, and CuAl-H catalyst samples, outgassed and reduced
with CO or H; are displayed in Fig. 3. The binding energies,
reduction percentages, modified Auger parameter, and rel-
ative exposure of copper are compiled in Table 3. The fresh

(unreduced) samples (Fig. 3A) showed two peaks at 933.8—
933.9 and 935.2-935.3 eV, accompanied by the characteris-
tic Cu®* shake-up satellite peak (33, 34). The intensity of
the low BE peak is slightly higher than that of the high
BE one, and washings do not change the relative sizes of
the peaks. For these three fresh CuAl samples, no reduced
copper was detected. The ratio of Cu?* satellite-to-principal
Cu 2p3p peak (Isat/lpp), between 0.67 and 0.72, was rather
low as compared to the 1.1 values reported by Hercules et
al. for CuAlL,O4 (12). However, d’Huysser et al. have dis-
cussed that a normal spinel should present high Isat/lpp
values, e.g., 0.86 for CuCr,0,4 (36), while inverse spinels,
such as CuAl,O4, must show lower values (37, 38). The
modified Auger parameter (¢« A’) of copper was used to un-
ambiguously determine the chemical state of copper. This
parameter is defined by

oA =1253.6 + (KE Cu mm — KE Cu 2ps0),  [1]

where KE Cu v and KE Cu 2p3y, are the kinetic energies
of the Auger electron and core-level photoelectron, respec-
tively, and 1253.6 eV is the energy of the incident photons.
The ¢ A’ values at 1851.2-1851.4 eV for the fresh CuAl sam-
ples allow us to conclusively establish that copper is present
as Cu®* ions (4).

After reduction by CO (Fig. 3B and Table 3) the Cu 2p
signal was transformed in three overlapping peaks at about
935.3, 933.7-933.8, and 932.8 eV. This fitting to three com-
ponents was based on the fact that the position of the signals
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FIG. 2. O1score level spectrafor CuAl and CuCr catalysts unleached
and leached with HNOg: (a) CuAl; (2') CuAl-H; (b) CuCr; (b") CuCr-H.
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FIG.3. Cu 2ps, core level spectra for CuAl catalysts: (A), unreduced samples; (B), CO reduced samples; (C), H,-reduced samples. (a) CuAl;

(b) CuAI-AC; (c) CuAl-H.

was different and the full width at half maximum (FWHM)
was ca 1 eV wider than that for the parent outgassed sam-
ples. The first peak closely corresponds to the original peak
assigned to Cu?*[Th] in CuAl,O,. The second peak, at
933.7-933.8 eV, can be attributed, in agreement with the
assignment of a similar peak of fresh outgassed samples, to
Cu?*[Oh] sites. Thus an important amount of copper re-
mains unreduced, in agreement with the resistance of the
spinel structure to reductive decomposition (39). The third
peak at 932.8 eV fits well with metallic Cu®, but it cannot
be excluded that a small proportion of Cu™ species could
be also present. Comparison with the unreduced samples
shows that the Cu?*[Th] sites are reduced to a higher ex-
tent than the (Oh) ones, particularly for the CuAl sample.
This finding agrees well with others in the study of reduc-
tion behaviour of CuO/Al,O3 catalysts (43). The fraction
of reduced copper in these three CO-prereduced samples
reaches values of 11-14% and simultaneously the ratio of
satellite-to-principal peak decreases. It can also be noted
that the CuAI-AC sample displays a somewhat lower per-
centage of reduced copper. For these samples, the Cuym
peaks were broad, suggesting that more than one reduced

copper species are formed. By applying peak synthesis pro-
cedures, two different values of the modified Auger param-
eter at 1851.2-1851.5 and 1849.3-1849.5 eV were observed.
Whereas only Cu™ species are responsible of the latter com-
ponent, it is thought that both Cu?* and Cu® species may
be involved in the former one.

When the reduction was carried out in H; (Fig. 3C) two
peaks were observed: A very small peak at about 934.4-
934.3eV of Cu?*, itssatellite signal hardly being observable,
and another more intense at about 932.7-932.9 eV, assigned
to Cu®. This assignment is supported by the small FWHM of
the latter peak, which is characteristic of an ordered struc-
ture such as a Cu crystal, and also for the decrease of the
ratio between the satellite line of copper and its principal
Cu 2p3; peak (Isat/lpp), summarized in Table 3. For these
H,-prereduced samples, the high percentages (87-90%) of
metallic copper are accompanied by a strong decrease of
satellite line (Isat/lpp =0.15-0.23). The Auger parameter
(1851.0+0.1 eV) confirms that Cu® is the major copper
species present at the surfaces of these samples.

For CuCr samples (Fig. 4 and Table 4), the Cu 2p3; signal
of the outgassed CuCr, CuCr-AC, and CuCr-H unreduced
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FIG. 3—Continued

samples showed two overlapping peaks (Fig. 4A): one at
about 935.2 eV assigned to Cu?*[Th], and another peak at
about 933.8 eV attributed to Cu?*[Oh]. In this case, the first
(high BE) signal is larger than that due to octahedral sites.
After washings, the difference is still more noticeable, sug-
gesting preferential removal of octahedrally coordinated
Cu?*. The Auger parameter at ca 1851.2 eV is good evi-
dence for copper in a Cu?* state (25, 40, 41). The Cr 2p3p»
core level spectrum of the CuCr samples (not shown) ap-
peared at a BE near 576.5 eV, which is typical of Cr* ions
(14, 23). These Cr signals were practically unchanged irre-
spective of the washing procedures and reduction pretreat-
ments.

Significant changes in the Cu 2p3, line profile were ob-
served for the three CO-reduced CuCr samples (Fig. 4B).
For these samples the Cu 2p3; line could be fitted to three
components positioned at similar BE as for the CuAl coun-
terparts. The first two have shapes and BEs similar to those
of the unreduced samples, although it is clear than the peak
at about 935.2 eV decreases strongly with respect to that
at ~933.8 eV. The percentages of reduced copper (Cu®)
ranged between 22 and 32% and simultaneously the ra-
tio of the satellite-to-principal peak decreased with respect
to the unreduced samples. For the H,-reduced CuCr sam-

ples (Fig. 4C), Cu 2p3, peaks were fitted to two compo-
nents: a minor component at 934.3-934.4 eV associated
to unreduced Cu?* ions in CuCr,0O4 and a major one at
932.7-932.9 eV due to Cu®. Metallic copper percentages
for Hp-reduced CuCr samples were almost twice those of
the CO-reduced counterparts while the Isat/lpp ratio de-
creased substantially. Although the Cuppm line was rather
broad, the measured ¢ A’ value indicated that the major
copper species is Cu’.

The relative exposure of copper at CuAl and CuCr cata-
lyst surfaces has been evaluated by means of the equation:
Cuex =Cu/M (M = All, Cr), where Cu/M is the atomic ratio
of copper relative to aluminium or chromium. Quantita-
tive results of total Cu and Cu® exposure are compiled in
Tables 3 and 4. From these results, it is evident that the
catalyst prereduction with CO and H; leads to a surface
enrichment of the total copper exposure and the formation
of metallic Cu®, as compared to the outgassed samples. It
is also clear that Cu exposure in CO-prereduced samples is
about seven times higher on CuCr samples than on CuAl.
Upon Hs-reduction, copper exposure for CuAl samples in-
creased with respect to the CO-reduced samples, whereas
Cu exposure drops strongly in CuCr with respect the CO-
reduced counterparts. These tendencies suggest that, during
reduction with CO, copper is segregated towards the CuAl
and CuCr surfaces, where it suffers sintering whose extent
is more important for CuAl samples. In other words, the
copper phase generated under mild reduction conditions
(CO) is more stable on CuCr samples than on CuAl.

Temperature-Programmed Reduction

As important differences in catalytic activity were ob-
served when samples were pretreated with H, or CO (see
below), the TPR spectra were recorded using the two re-
ducing agents. The TPR of CuAl (Fig. 5) showed two main
peaks with either H, or CO as reducing gas, the peak sep-
aration being larger in the case of reduction by CO. The
first reduction peak at Tm between 528-549 K with CO
and at 555-565 K with H,, disappeared when the CuAl was
treated with HNO3 and bulk CuO was leached, according to
the XRD results. The intensity of these low Tm peaks, how-
ever, corresponds to a larger extent of reduction than that
due to the amount of CuO present (Table 5). Consequently,
this low temperature peak is attributed only in part to crys-
talline CuQ. It is possible that in the presence of bulk-like
CuO part of the Cu?* ions from the spinel phase could be
reduced while the single oxide is transformed to the metal.
The high Tm bands are complex in shape, especially those
found when reducing in CO. The difference in Tm between
the higher temperature signals was large: in H, at 705 K; in
CO at 1078 K. This shows that while CuO is easier to reduce
in CO than in Hy, the reduction of CuAl,O, is considerably
more difficultin CO than in H,. After alkaline treatment no
significant differences with the fresh catalyst were detected.
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TABLE 3

XPS Analysis of CuAl,04 Samples Subjected to Different Pretreatments

Intensity ratio Atomic ratio
Pretreatment Cu 2p3p(eV) aA? %Cu® CuZH/Cupral Cu/Al cuY/Al

CuAl (vac) 933.9 1851.4 0 0.69 0.48 0.0
935.3

CuAl-AC (vac) 933.8 1851.2 0 0.72 0.42 0.0
935.2

CuAl-H (vac) 933.8 1851.3 0 0.67 0.39 0.0
935.3

CuAl (CO) 932.8 1851.3
933.8 1849.3° 14 0.56 1.55 0.22
935.2

CuAl-AC (CO) 932.8 1851.2
933.8 1849.5° 11 0.64 1.34 0.15
935.1

CuAl-H (CO) 932.9 1851.5
933.9 1849.3° 13 0.54 0.74 0.10
935.2

CuAl (Hy) 932.7 1850.9 87 0.23 1.72 1.49
934.3

CuAl-AC (Hy) 932.8 1851.0 90 0.15 2.00 1.80
934.3

CuAl-H (H,) 932.9 1851.2 88 0.20 147 1.29
934.4

@ The modified Auger parameter (¢A’) is defined by the equation: « A’ = 1253.6 + (KE_uym — KE Cu 2p3j), where
1253.6 is the energy of the X-ray exciting source and KE; ym and KE Cu 2psy, are the Kkinetic energies of Auger copper

line and photoemitted Cu 2ps; electron, respectively.
b Shoulder resolved by deconvolution.

The TPR profiles of the CuCr catalysts (Fig. 6) show
broad signals with maxima in the 878-912 K region; the gen-
eral shape of the peaks is slightly different in either reducing
gas, showing asymmetry to the low Tm side in the case of
H, and to the high Tm side with CO. In this sample, the
HNO; treatment did not lead to peak disappearance, as
observed for the CuAl-H sample. Only a small shoulder
positioned at low Tm (about 788 K) was removed, which
can be attributed to a very small amount of CuO. The asym-
metry of the main signal could be the result of two closely
overlapping peaks of similar intensities, reflecting reduc-
tiog in two steps (from Cu?* to Cu™ and then from Cu™ to
Cu).

Catalytic Activity

Catalytic activities, in the form of rate of CO conversion
per gram (r =mlmin~tg~1), of the catalysts at 473 K and af-
ter 5 h on-stream are shown in Fig. 7. It can be seen that the
(NH,4).CO3 treatment induced an increase in activity for
both CuAl and CuCr catalysts. An additional increase re-
sulted for the CuAl-H catalyst and practically no change oc-
curred for the CuCr-H, ascompared with its alkaline treated
homologue. Pretreatment with H, produced higher activi-
ties for all the catalysts as compared to CO pretreatment.

On the other hand, CuCr was generally more active than
CuAl, whether the sample was unextracted or extracted,
and irrespective of the reducing agent, except for the CO-
reduced CuCr-Ac sample which had an activity comparable
to that for the CO-reduced CuAl-Ac sample.

DISCUSSION

As long as the formation of copper oxide is very com-
mon when mixed copper-metal oxides are prepared, dif-
ferent acid and alkaline extraction treatments have been
developed to remove this impurity for characterization pur-
poses (12, 29, 42). However, for catalytic studies it is nec-
essary to take care in the nature of the extracting com-
pound to avoid the incorporation of new impurities that
can affect significantly the catalytic behaviour. For exam-
ple, the HCI method (42) can affect the catalytic properties
of the mixed oxide by incorporating the chloride ion. Thus,
(NH4),CO3 extraction (29) appears to be the best among
the methods reported, because this compound is very sol-
uble and residual ammonium and carbonate should be re-
moved by heating at low temperatures. However, in the
present work, complete removal of CuO was not possible
using the (NH,),CO3 treatment; only the fraction of amor-
phous or very dispersed CuO was removed. By applying
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FIG. 4. Cu 2ps; core level spectra for CuCr catalysts: (A), unreduced

(b) CuCr-AC; (c) CuCr-H.

a stronger extraction with HNOj3 all unmixed copper oxi-
dic species were apparently removed, including crystalline
CuO, as shown by the bulk characterization techniques. Al-
though the Cr,O3and Cr;O,4 impurities from the CuCr sam-
ple were not removed with either of the two treatments,
these compounds were not active in the reaction condi-
tions used in this work (27) and, therefore, no influence in
the activity should be observed.

The results obtained in this study showed that untreated,
and (NH4),COs- and HNOs-treated CuAl and CuCr sam-
ples provide interesting information about the different
species present in the solids and their participation in the
oxidation of CO. Thus, for CuAl the catalytic activity in-
creased significantly after extraction with (NH,),COs, par-
ticularly for the CO-pretreated sample, and even more for
that extracted with HNOj3. This enhancement in activity is
paralleled by a more or less complete removal of CuO, as
revealed by XRD, chemical analysis, TPR, and XPS results.
For CuCr, an increase in catalytic activity was also observed
after (NH,),COj3 treatment, but no significant further in-
crease occurs with HNO3 extraction, which is consistent
with no additional removal of CuO from the CuCr by this
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samples; (B), CO reduced samples; (C), Hy-reduced samples. (a) CuCr;

latter treatment. These changes in catalytic activity and the
above characterization results indicate, in agreement with
previous studies (10, 15, 20, 23), that the most important ac-
tive centers for CO oxidation are associated to surface cop-
per species in low oxidation states (Cu™ and/or Cu®) derived
from the spinel-type structure. The CuO phase, present as
animpurity on the catalyst surface, acts apparently as adilu-
ent of the active sites due to its low activity and because the
Cu® (from CuO) can be reoxidized directly to CuO, while
Cu® (from a surface spinel) can be oxidized and stabilized
as Cu™. Hierl et al. (43) reported that the reoxidation of
H,-reduced CuO/Al,O3samples with O, treatment at 953 K
led to the formation in a first step of supported Cu,0O, which
was then oxidized to supported CuO. The coexistence of
Cu™ on the catalyst surface seems to be essential for the
catalytic activity (see below).

In fact, for both CuAl and CuCr samples maximum ac-
tivity was found after prereduction, especially with Hy,
conditions in which a high surface enrichment of total
copper occurred, as compared to bulk concentration (14).
Also, the presence of increasing amounts of reduced cop-
per species in the surface was observed by XPS. Table 4
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shows that the surface of CO- and H,-reduced CuCr cata-
lysts appears highly enriched in metallic copper. These re-
sults are in agreement with our previous findings (14) and
also with recent results of Makarova et al. (44), showing
that migration of copper ions from the bulk CuCr,O4 spinel
structure to the surface occurs by reduction in H,. Hence,
copper ions associated to the spinel-type structure are re-
sponsible for the observed Cu-enrichment on the surface
of CuCr,0, catalysts.

The higher activity of reduced copper has been recently
demonstrated by Jernigan and Somorijai (24). These authors
found the following order of activity: Cu®> Cu™ > Cu?*,
when studying the oxidation of CO on a model catalyst sys-
tem consisting of thin films of copper supported on graphite.
The oxidation state of copper was controlled by proper
choice of the reaction atmosphere and was monitored by
XPS. Thus, not only the surface enrichment in total copper
indicated above, butalso an intrinsic enhancement of the ac-
tivity is brought about by the reducing pretreatments since
the catalyst surface is enriched in Cu®. However, it must
be noted that the activity difference between Cu® and Cu™
decreased significantly when subsurface oxygen is present
under the thin film of metallic copper (24). Also, Sadykov
and Tikhov (45) in a recent comment pointed out that the

results obtained on a thin layer catalyst model by Jernigan
and Somorijai (24) cannot be extrapolated to bulk phases,
where the defect structure of the solids influences the cat-
alytic activity. In a similar way, it can be advanced that the
changes in phase composition with the O,/CO gas phase
ratio observed in the case of thin layer or single-crystal cat-
alytic models could not be valid for real catalysts. Thus, our
previously obtained results showed substantial amounts of
Cu™ ions in reaction conditions characterized by experi-
mental conditions similar to those employed in the present
work by a high O,/CO ratio, compared with that reported
by Jernigan and Somorijai (24) for the range of stability of
Cu™ species.

Since the XPS results indicate that the reduced sur-
face copper species consist predominantly, or only, of Cu®
species, it can be thought, in principle, that such species
may be the active sites for CO oxidation. Thus, a possi-
ble correlation between the rate of CO conversion to form
CO; and the surface concentration of Cu® species was at-
tempted. The Cu® concentration was calculated from the
Cu/M (M = Al, Cr) atomic ratio and the percentage of re-
duced copper (Cu®) obtained by XPS (Tables 3 and 4). No
satisfactory linear correlation between activity per gram of
catalyst and Cu® concentration was found and, particularly,
for the CuCr samples in which the data appear highly scat-
tered. Therefore, the surface concentration of Cu® species,
as determined by XPS, does not seem to be the only factor
determining the activity of these catalysts.

An alternative explanation to the observed phenomena
could be the following. The prereduction of the catalysts
within the XPS pretreatment chamber is likely more
severe than that taking place under reaction conditions,
in which the prereduced catalysts are brought in contact
with the CO + O, mixture. Under reaction conditions, the
formation of Cu* by reoxidation of some Cu® species is
probable, since dispersed Cu® becomes easily oxidized.
Consequently, it must lead to a coexistence of Cu® and
Cu™ species, as it seems to occur for the nonseverely
CO-prereduced CuAl and CuCr samples according to XPS
results. If the formation of Cu™ species by CO-prereduction
(or by instantaneous oxidation after admitting the CO + air
feed) is appreciable, it should occur in a larger extent under
reaction conditions. The present CuAl and CuCr catalysts
were not examined by XPS under reaction conditions, but
similar alumina-supported CuO and CuCr,0O, catalysts
pretreated in situ in environments similar to that of reaction
(i.e., pretreated in a CO + air mixture), were previously
studied by XPS (23). The results showed that the dominant
Cu species present in CO-pretreated catalysts were trans-
formed to a mixture of Cu® and Cu™ species when they were
exposed afterwards to a CO + air mixture similar to that
used in the reaction and, also, that the observed catalyst
deactivation caused by the addition of water was due to
the oxidation of the Cu* and Cu® to Cu?* species. Other
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TABLE 4
XPS Analysis of CuCr,04 Samples Subjected to Different Pretreatments

Intensity ratio Atomic ratio
Pretreatment Cu 2p32 (€V) aA? %Cu® CuZH/Cupral Cu/Cr cu’/cr

CuCr (vac) 933.8 1851.4 0 0.75 0.42 0.0
935.2

CuCr-AC (vac) 933.7 1851.2 0 0.85 0.37 0.0
935.2

CuCr-H (vac) 933.9 1851.2 0 0.79 0.35 0.0
935.3

CuCr (CO) 932.8 1851.2
933.8 1849.4° 26 0.96 11.3 2.94
935.2

CuCr-AC (CO) 932.8 1851.2
933.7 1849.4° 26 0.96 11.3 2.94
935.1

CuCr-H (CO) 932.9 1851.3
933.9 1849.2° 32 0.67 7.0 2.24
935.2

CuCr (Hy) 932.7 1850.9 51 0.41 3.0 1.55
934.3

CuCr-AC (H,) 932.8 1851.0 52 0.59 3.1 1.60
934.3

CuCr-H (Hy) 932.9 1851.1 50 0.43 3.0 1.50
934.4

2 The modified Auger parameter (aA’) is defined by the equation: a A’ = 1253.6 + (KE_um — KE Cu 2p3p,), where
1253.6 is the energy of the X-ray exciting source and KE yv and KE Cu 2p3; are the kinetic energies of Auger copper
line and photoemitted Cu 2pa, electron, respectively.

b Shoulder resolved by deconvolution.

authors (20, 22, 46) have also proposed the coexistence of TABLE 5
Cu®and Cut, or possibly Cu,0/Cu’ interface species, under o ) )
steady-state reaction conditions over supported CuO cata- Quantitative Data Derived from TPR Profiles
lyst. Choi and Vannice proposed a Langmuir-Hinshelwood
Amount of
reducing gas
Cu content -
Sample Weight Ex-Cu® NEx-Cu® LowTm°® Total
074 code (mg) (mmole) (mmole) (mmole) (mmole)
; = m Hydrogen
o S|¢ N X CuAl 40.4 0.026 0.211 0.051 0.256
c = CUuAI-AC 36.7 0.023 0.192 0.041 0.228
o ©° CuAl-H 41.7 0 0.230 — 0.242
a G| 549 CuCr 30.8 — 0.133 — 0.142
g § 1072 CuCr-AC 315 — 0.136 — 0.143
@ 2|, 905 /\ 186 CuCr-H 29.0 — 0.125 — 0.128
3 3 T Carbon Monoxide
o o CuAl 39.7 0.025 0.208 0.053 0.260
T o 528 1078 CUAI-AC 439 0.028 0.230 0.055 0.285
. CuAl-H 48.2 0 0.266 — 0.268
. \ 837 J\ 1)85 cucr 34.6 — 0.149 — 0.140
B CuCr-AC 37.0 — 0.160 — 0.166
| | | [ | | 1 ] | 1
400 800 1200 400 800 1200 CuCr-H 329 - 0.142 - 0.146
Temperature (K) & Amount of Cu present as CuO (extractable by washings with HNOs3).
b Amount of Cu that cannot be extracted by treatment with HNOs.
FIG.5. TPR profiles of CuAl catalysts with CO and H;: (a) CuAl; ¢ Amount of reducing gas consumed in the peaks at 555-565 K (Hy) or

(b) CuAI-AC; (c) CuAl-H. 530-550 K (CO).
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FIG.6. TPR profiles of CuCr catalysts with CO and H,: (a) CuCr;
(b) CuCr-AC; (c) CuCr-H.

reaction mechanism between adsorbed CO molecules on
surface Cu* species, or possibly on Cu,O/Cu° interfaced
sites, and chemisorbed O atoms on Cu® species (20).
Furthermore, it was demonstrated that the reoxidation
of Hy-reduced copper aluminate led to the formation in
a first step of supported Cu,O (43). Thus, there seems to
exist an extended agreement in the literature that both Cu°
and Cu™ are essential for CO oxidation on copper-based
catalysts. The abundance and relative distribution of these
two copper species on the catalyst surface during the
reaction, which will depend essentially on the prereduction
state of the catalyst and the gas phase composition during
the reaction, will determine the catalytic activity. Once

500
[Jco

400 I
‘o
£ 300}
E
E
2 200
2
j3]
<

100~

CuAl CuCr  CuAl-AC CuCr-AC CuAl-H  CuCr-H
FIG.7. Catalyst activity in CO oxidation at 473 K of the CuAl and

CuCr catalysts.

the copper is reduced to Cu® in the prereduction step, the
reduced surface is partially oxidized during the course of
the reaction and formation of Cu™ to some extent would
occur.

To check this hypothesis the Cu 2ps3, core level and the
X-ray induced Auger spectra of CuAl-H samples after re-
duction with H; and also subsequently treated under con-
ditions similar to those of reaction (i.e., 300 Torr of 1/1
COJ/O;, ratio at 523 K for 1 h) in the preparation cham-
ber of the spectrometer, were recorded. The XPS spec-
tra of the Cu 2ps3, peak of the reduced CuAl (Fig. 8A)
and CuAl-H (Fig. 9A) catalysts were significantly changed
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FIG. 8. Cu2ps;core level spectra (A) and modified Auger parameter
of copper for the CuAl catalyst subjected to reduction under H; at 523 K
and subsequently exposed to the reaction mixture (CO + O,) at 523 K for
1h.
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FIG.9. Cu2psz;core level spectra (A) and modified Auger parameter
of copper for the CuAl-H catalyst subjected to reduction under H, at 523 K
and subsequently exposed to the reaction mixture (CO + O,) at 523 K for
1h.

after exposure to the CO + O, reaction mixture, resulting
in a broadening and a shift to higher BE of the Cu 2p3y, sig-
nal, and the shake-up satellite peak increased significantly
in intensity. Such changes in the XPS spectra are consis-
tent with metallic copper being partially oxidized to Cu®*
under reaction conditions for both CuAl and CuAl-H sam-
ples. The increased intensity of the Cu LVV peak around
1849 eV observed in the Auger parameter spectrum of the
CuAl-H sample after being exposed to CO + O, (Fig. 9B)
indicates the formation of Cu™ species on the surface of this
catalyst under reaction conditions, in agreement with our
previous proposal. Obviously, these Cu* species result from

the partial reoxidation of the metallic copper on the surface
of the reduced CuAl,O, spinel, since the amount of Cu® has
significantly been reduced after CO + O, exposure, as the
XPS spectrum shows (Fig. 9A). By contrast, in the surface
of the CuAl catalyst after exposure to the CO + O, mix-
ture (Fig. 8B) the Cu™ species are not detected; apparently
all the reoxidized metallic copper and, also, the initial Cu*
species, formed during the prereduction step, have been
completely oxidized to Cu?* and, therefore, this catalyst is
less active than the CuAl-H one. The nonstabilization of
Cu™ species on the surface of the CuAl catalyst under the
reaction conditions used is thought to be due to the presence
of some bulk CuO on the surface catalyst and its mechanism
of reduction and reoxidation. Thus, these results show the
important role played by the Cu™ species on the oxidation
of CO over copper-based catalysts.

As the CuAl and CuCr catalysts have a spinel structure
that is generally difficult to reduce, it is evident that prere-
duction with CO may lead to a catalyst surface relatively
that is poorly reduced and, therefore, with low catalytic ac-
tivity, while prereduction with H, should lead to a catalyst
surface that is highly reduced and thus with higher activity.
The TPR profiles of the CuAl samples confirmed the dif-
ference in reducibility with CO and Hy; the high Tm peak
(due to the mixed oxides) is at a lower temperature with
H, than with CO. In the case of the CuCr samples, the dif-
ferences in the TPR profiles were rather in the extent of
reduction and the relative proportion of the two high tem-
perature overlapped peaks than in their position. However,
these apparently small differences in reducibility seem to
exert a large influence on the activity of the CuCr samples.
The appearance of two overlapped peaks of similar sizes in
the TPR of CuCr samples suggests a reduction in two steps:
from Cu?* to Cu™ (first peak) and from Cu* to Cu® (second
peak). This is consistent with previous findings that the re-
duction of CuCr,O4 by H; at 493 K led initially to cuprous
chromite Cu,Cr,O4 (47). These steps are not observed in
the CuAl samples because the direct reduction of Cu?* to
Cu? is favoured. CuCr,04 is a normal spinel without dis-
tortion (48, 49) and with 90% of Cu?" in tetrahedral sites
in the surface (37), while CuAl,Oy is a cubic spinel with a
tetragonal distortion (11) and only 60% of Cu?* in tetra-
hedral sites (11, 42). These structural differences probably
result in different reduction mechanisms and also can ac-
count for the easier H,-reduction of the CuAl samples, as
compared with the CuCr samples, as shown by Figs. 5 and 6.
This is consistent with the higher extent of reduced copper
which was obtained by XPS for the H,-reduced CuAl cata-
lysts as compared to their CuCr counterparts (Tables 3 and
4). Despite the high reductions reached by the Ho-reduced
CuAl samples, they had lower activities because the copper
concentrations in the surface layers was approximately half
that present on the CuCr samples reduced by H,. Another
important parameter which may also influence the catalytic
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behaviour is the stability of the reduced Cu* species. Such
aspecies can hardly be stabilized in a CuAl,O4 spinel struc-
ture for electroneutrality reasons (10), while on CuCr,04
it seems to be stabilized through the formation of surface
Cu,Cr,Qy, as result of the reduction of well-dispersed CuO
on CuCr,04 (49), or Cu occupying a defective CuCr;04
structure (14). Thus the role of chromium seems to be
to avoid the aggregation of the dispersed Cu°, stabiliz-
ing a certain concentration of Cu* under reaction condi-
tions.

It should be noted that, contrary to present work,
alumina-supported copper catalysts calcined at 773 K were
found to be more active when pretreated with CO instead
of H, (15). A possible explanation for this contradiction
is the formation by calcination at 773 K of species which
are not stable upon firing at 1223 K. These species could
be sites or local defects in the crystal lattice, with more co-
ordination vacancies which may lead to different carbonyl
species more active than those derived from the precursor
calcined at 1223 K. The formation of copper carbonyl com-
pounds in the catalysts calcined at 773 K was previously
postulated (15, 27), suggesting a possible participation of
carbonyl species in the redox mechanism involved in the
catalytic oxidation of CO.

Finally, we want to point out, on the basis of the present
results and previous findings (13-15, 27, 28), that the spe-
cific nature of the copper active sites seem to be greatly
sensitive to the conditions of preparation and pretreatment
and, also, to its coordination in the structure. Consequently,
the activity of the Cu-based catalysts in CO oxidation will
be strongly dependent on the mentioned parameters.

CONCLUSIONS

The catalytic activity for CO oxidation of Cu and Cu—Cr
oxide catalysts can be significantly increased by washing the
catalyst powders with alkaline or acid solutions in order to
remove low-activity precursor phases such as bulk CuQ re-
maining on the catalyst surface. The nitric acid treatment
has a stronger effect than ammonium carbonate treatment
because of its large extraction of CuO. The extraction of
less active bulk CuO enhances the formation of more active
surface reduced copper species (Cu™ and/or Cu®) derived
from the spinel-type structure in the prereduction state of
the catalyst and under reaction conditions. The CuO phase
acts apparently as a diluent of the active sites. Prereduc-
tion with H; leads to higher surface concentration of re-
duced copper species than prereduction with CO and thus
higher activity. As such reduced copper species can be stabi-
lized in a CuCr,04 spinel more than in the parent CuAl, Oy,
the former sample presents higher activity than the latter
one.
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