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The interaction of cupric ions with v-alumina supports was studied by physical characteriza-
tion of a wide range of catalyst preparations. The results from the different techniques, extended
X-ray absorption fine structure (EXAFS), X-ray absorption edge shifts, X-ray diffraction,
ESR, ESCA, and optical spectroscopy, were combined with prior work to develop a coherent
description of the phases present and cation site distribution in the virgin and aged catalysts.
Apparent inconsistencies between earlier workers are rationalized in terms of the present model
and the details of the experimental probe used. A number of transition y-aluminas appear to
have a similar threshold loading for the appearance of crystalline cupric oxide, ~4 wt%, Cu/100
m?/g support surface area. In the dispersed phase, the cupric ions are predominantly, but not
exclusively, in a tetragonally distorted octahedral environment ; there are some tetrahedrally
coordinated ions present. The relative proportion of tetrahedral to octahedral cupric ions in-
creases with time at caleination temperatures above 600°C until the cation distribution of bulk

copper aluminate is reached; i.e., 609, tetrahedral and 409, octahedral sites.

INTRODUCTION

The state of cupric ions dispersed on
alumina supports has been intensively
studied by a variety of physiochemical
techniques (Z-17). This interest arises
from its general performance as an oxida-
tion catalyst, e.g., for the synthesis of
glyoxal from glycol (12), as a promoter for
the redox behavior of supported transition
metal oxide catalysts, e.g., the reduction
of Ni/Al;O; ecatalysts (13), and to an
overwhelming extent by its presence as a
principal component of many of the base
metal formulations for automobile exhaust
emissions control developed over the last
two decades (74). Unfortunately, there are
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some inconsistencies between the various
results (10). These are further compounded
by the fact that each technique was applied
to different samples, adding yet another
unknown factor into the development of a
cogent model for the relationship between
structure and catalytic behavior. In this
and accompanying papers (10, 15-19), we
formulate a unified picture of the inter-
action of the cupric ions with y-alumina
supports and discuss the implications of
structure for ecatalytic performance and
chemisorption. The present contribution
describes the diverse results from X-ray
diffraction, diffuse reflectance optical spec-
troscopy, ESCA, ESR, X-ray absorption
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edge shifts, and extended X-ray absorption
fine structure (20) (EXAFS) which are
combined to yield a description of the
phases present and the cation site locations
in the virgin and aged catalysts.

EXPERIMENTAL METHODS

A series of catalysts was prepared by
minimum solution impregnation of pre-
formed v-alumina supports by aqucous
copper nitrate solutions. The preparations
were oven-dried at 110°C overnight and
then calcined at selected temperaturces in a
static air muffle furnace.

Two alumina supports were used in this
study : Kaiser KA201 and Harshaw AL0O104.
The KA201 is a nodulized spherical
material. In its “as received” form, it has
not been conditioned at high temperature
and is susceptible to thermal degradation.
For several catalyst preparations, this
support was caleined at 600°C for 6 hr
prior to impregnation; otherwise, supports
were merely oven-dried at 110°C. The
Kaiser material was culled by hand of split
spheres and sieved to 5 X 8 mesh. The
Harshaw AL0104 is a thermally stabilized
$-in. pellet. It showed no changes in
surface area or textural propertics upon
being caleined at 600°C for several hours.
Support properties are shown in Table 1.
Table 2 summarizes the catalysts and some
of their features. The precaleined Kaiser
alumina is designated KAZ201(c).

Surface areas were determined by the
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multipoint BET method using an auto-
mated Micromeritics Digisorb 2500 instru-
ment with N, as adsorbate (assumed cross
section 16.2 A?),

Chemical analyses were performed by
atomic absorption spectroscopy on samples
totally dissolved by concentrated sulfuric
acid digestion.

X-Ray diffraction powder patterns were
obtained with Ni-filtered Cu Ko radiation
using a General Electric XRD-5 diffrac-
tometer. The output from the Nal crystal
scintillation detector was integrated by a
ratemecter and stored graphically with a
stripchart recorder. The collection geom-
etry assumed a flat plate, “infinite”
thickness sample.

ESR spectra were obtained at X-band
frequencies with a modified Varian V-4502
spectrometer cquipped with a Ficldial 11
sweep unit, a 9 in. magnet, and with a
TE102 rectangular or TEO11l cylindrieal
cavity. Variable modulation frequencies
were generated with a PAR-8 lock-in
amplifier and amplified with a Krohn-Hite
DCA-50 power amplificr.

ESCA speetra were measured using a
Varian [EE-15 photoelcetron spectrometer
with base pressures <10-% Torr in the
analyzer chamber. The samples were finely
ground and mounted on the eylindrical
aluminum holder wusing Scoteh brand
double-sided tape.

Diffuse reflectance spectra were obtained
with a Cary 14 spectrophotometer fitted

TABLE 1
Support Properties

Material and Surface 9% Na  Particle True Pore volume (cm?/g)
treatment area density  density
(m2/g) (g/cm?®) (g/cm?) Total Micro= Macro®
Kaiser KA201
As received 306 0.27 1.2, 3.1y 0.51, 0.40y 0.10;
600°C, 6 hr 165 0.27 1.2, 3.37 0.52; 0.40, 0.12;
Harshaw AL0104 75 0.19 1.5, 3.43 0.364 0.25¢ 0.11,

= A pore diameter of 700 A has been chosen as the division between micro- and macropores.
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TABLE 2
Catalyst Preparations

Sample Cu Support Calcination Surface area
No. Wwt9%) material (m?/g)
Temp. Time
(°C) (hr)
1 1.8 £ 0.1 KA201 (c)* 500 12 164 + 3
2 6.1 KA201(c) 500 12 151
3 6.0 ALO104 500 12 80
4 3.9 KA201(c) 500 12 160
5 4.0 ALO104 500 12 83
6 3.6 KA201(c) No. 4 + 600 12 nde¢
7 nd AL0104 No. 5 + 600 12 nd
8 6.1 KA201(c) No. 2 + 600 12 nd
9 6.0 ALO0104 No. 3 + 600 12 nd
10 3.6 KA201 500 12 221
11 3.3 AL0104 500 12 86
12 3.3 ALO0104 No. 11 + 900 12 55
13 4.9 KA2014 500 6 200
14 6.0 AL0104 No. 3 + 900 12 53
15 9.2 KA201 500 12 195
16 8.9 ALO0104 500 12 79
17 9.2 KA201 No. 15 + 900 12 72
18 8.9 ALO104 No. 16 + 900 12 54
19 8.9 ALO0104 500 12 73
20 16 AL0104 No. 19 + addtnl impregn
500 12 74
21 nd AL0104 No. 19 + 900 12 nd
22 nd ALO0104 No. 20 + 900 12 nd

« KA201(c) is the Kaiser support calcined at 600°C for 6 hr prior to the impregnation step.
® No. n 4+ = nth sample was subjected to the additional specified treatment.

¢nd = not determined.

4 This catalyst was prepared several years earlier on the “as received”” Kaiser KA201 support.

with a Cary 1411 diffuse reflectance
accessory. The accessory was equipped with
a MgO-coated integrating sphere. To
minimize the effect of particle size and
specular reflection, samples were mixed in a
steel ball mill with an equal weight of LiF
(21). The finely ground mix was lightly
compacted into 2 3 mm deep well of an
aluminum plate. The powdered sample
surface was smoothed using a glass slide
and the flat surface was mounted directly
against the open port of the integrating
sphere. Spectra were recorded in terms
of the logarithm of the ratio of the
LiF reflectivity to the sample reflectivity,
[logio(Ro/R)]. A baseline of LiF versus

LiF was also recorded for reference
purposes.

X-Ray absorption data (edge and
EXAFS) were collected with a modified
Siemens diffractometer equipped with a
conventional sealed Ag X-ray tube oper-
ating at 15 kV and 30 mA rectified, 0.1 mm
incident and exit slits, a LiF (200) mono-
chromator crystal, and a Xe-filled propor-
tional counter. Scans were begun at 26
= 34.0° and proceeded with 0.01° steps
in 26. The samples were maintained at
77 K. Spectra were obtained in fixed count-
variable time mode with 10° counts per
point per pass. Final data were the sum-

mation of 10 passes per sample. The
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normal sample preparation procedure con-
sisted of grinding the pellet, further
pulverizing it in a Wig-I.-Bug with acctone,
mixing the slurry with Duco cement,
spreading the ecomposite on Al foil, and
then folding the air-dried film on Al foil
to sufficient thickness to serve as the
absorber. Considering the problem of
coincidence counting losses, a good sample
thickness is characterized by I,/I = 3.
Precise  details of the apparatus and
procedure have previously described (20a).

RESULTS
X-Ray Diffraction

Both AL0104 and KA201 are y-transition
aluminas which show a broad peak at
~37.4° 20 (Cu Ka radiation) in their
XRD powder patterns. The two most
prominent peaks for CuO are located at
35.6 and 38.8° 20 (Cu Ka radiation). This
region 1is therefore wvery econvenient to
examine the cvolution of the bulk oxide
buildup as a funection of copper loading.
There is difficulty, however, in determining
incipient bulk aluminate formation because
both the aluminate and the y-alumina are
spinel-type phases and their diffraction
peaks closely coincide. Nevertheless, quali-
tative interpretation of the diffraction
patterns agrees with the composite of
earlier findings (1-3, 5):

1. Low metal loading on moderate
surface area supports (<3 wt9% on 80
m?/g) or moderate to high loadings on high
surface area supports (510 wt9% on
150-300 m?*/g) calcined at temperatures
~500 to 500°C for <12 hr show no
copper-containing phase.

2. Low temperature calcination ( <600°C)
of high loadings (>4 wt%,/100 m?/g) may
show copper oxide but not bulk copper
aluminate.

3. XRD powder patterns of samples
caleined at 900°C show both bulk aluminate
and o-Al;O0;. At the highest loading

studied (16 wt9% Cu in sample No. 22),
only CuAl.O4 was deteeted.

The threshold level for the appearance
of CuO scems to be abrupt and generally
related to the surface area of the support.
None of the preparations using KA201
shows any significant CuO by XRD. The
powder pattern of sample No. 2 (6.19;
Cu/KA201(c)/500°C) does, however, show
the appearance of the oxide. The behavior
of ALG104 is markedly different as illus-
trated in Fig. 1A. The height of the major
CuO diffraction peak (normalized to the
alumina diffraction) plotted as a funection
of metal loading shows remarkable linearity
(Fig. 1B).

ESR

The intensity of the Cu** ESR signals
for the different catalysts were standardized
relative to a CuSO4-5H,0 single erystal.
The results reproduce the findings of
Matsunaga (22) and others (2, 3)!; i.e.,
there is a significant deerease in the relative
ESR signal intensity per cupric ion as the
metal loading is increased. The results for
catalysts prepared with different supports,
A10104 or virgin or precalecined KA201,
follow this same general trend. The only
ESR signal observed is that previously
interpreted as arising from a tetragon-
ally distorted octahedrally ecoordinated
(C4,)Cut ion (2).

ESCA

ESCA measurements made on some of
the eatalysts yielded initially surprising
results (see Table 3). Previous work (4)
had shown a clear identification of the
predominant copper-containing phase pres-
ent in the catalyst using the Cu 2p; binding
energy. Our measurements, even on sample
Nos. 16 and 19 with moderately high Cu

! The labeling in Fig. 3 of Ref. (2) is incorrect,
notation a — d should be reversed (P. A. Berger,
Monsanto Co., private communication).
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(1 Fia. 1. A. X-ray diffraction patterns (Ni-filtered
Cu Kea radiation) of: (a) Harshaw AL0104 (y-
alumina 600°C); (b) catalyst No. 11 (3.3% Cu/
AL0104/500°); (c) catalyst No. 5 (4.0% Cu/
AL0104/500°); (d) catalyst No. 3 (6.09% Cu/
AL0104/500°); (e) catalyst No. 16 (8.99% Cu/
AL0104/500°); (f) catalyst No. 19 (8.99% Cu/
AL0104/500°); (g) catalyst No. 20 (169, Cu/
AL0104/500°). (B) Relative intensity of copper
oxide diffraction as a function of copper loading on
Harshaw AL0104 ~-alumina. [Points (X) corre-
spond to catalysts shown in (A) with the omission
of catalyst No. 19.]

£

loadings on the lower surface area Harshaw
alumina, showed an ESCA signal attribut-
able to CuAl, 0, even though XRD dis-
played prominent peaks from CuO. Re-
peated measurements showed the relative
Cu 2p; to Al 2p binding energies to vary
between that assignable to either phase.
The sensitivity of the Cu 2p; binding energy
to the extreme presence of either CuO or
CuAl,0, is confirmed but the frailty of
the empirical correlation is also evident.

X-Ray Edge Shifts

Results of Cu K-edge shifts, shown in
Table 4, are also disparate with earlier
work (3). Our data were taken concurrently
with EXATFS measurements; consideration
of the latter dictated using lower spectral
24 resolution. Nevertheless, the edge position

N
3
b
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was casily determined as the first maximum
in the derivative of the digitized speetra.
Comparison of these positions with the
WLz, WLge, and CuKjg, impurity X-rays
establish the 2¢ crror of 40.5 ¢V as a
measure of both the preeision and accuracy.
Qualitative comparison of the data shows
sample Nos. 2, 16, and 18 to be nominally
aluminate, whereas sample No. 20 appears
to be a mixture of the oxide and aluminate
phases. The earlier work more clearly
differentiated between phascs. This is a
consequence of the alternate method of
locating the edge in the graphically dis-
played data. The prior work used the
absorption onset determined from the
intersection of the tangents to the curve
above and below that point (3).

Diffuse Reflectance Optical Spectroscopy

Beforc presenting the results, a brief
explanation must be given regarding the
form of the data which were acquired by
the diffuse reflectance technique (24). The
Cary 14 spectrophotometer recorder dis-
plays log (Ro/R) where Ry and R are the
reflectance from the reference and sample,
respectively. This data presentation does

TABLE 3
1SCA Cu 2p; Binding Energies

Sample No. Cu 2pssa Assignment,
binding energye
(eV)
CuOt 933.6
CuAl:0q 934.6
1 (1.8% Cu/KA201(¢)/500°) 034.2 CuAl:O4
2 (6.1% Cu/KA201(c)/500°) 934.5 CuAlyOy
3 (6.0% Cu/AL0104/500°) 934.4 CuAl:O4
16 (8.9% Cu/A10104/500°) 934.8 CuAl:04
19 (8.9% Cu/A10104/500°) 934.45 CuAl;04
933.85 CuO
934.0; CuO/CuAl04
mixture
20 (16% Cu/A10104/900°) 933.7 CuO

2 Binding energies quoted have been corrected relative to
Al 2p = 74.0 V.
5 The CuO sample is a physical mixture with y-alumina.

not relate the reflectance to an analog of
the Beer-Lambert law familiar from trans-
mittance spectroscopy. A phenomenological
theory has been developed which trans-
forms the data to this desired relationship.
It is known as the Schuster-Kubelka—
Munk (SKM) equation which for suffi-
ciently thick samples takes the form:

(1—R? «

?

2R g

TABLE 4
X-Ray K-Edge Shifts

Material Relative edge Other work
position
(eV) Position (eV) Ref.
Copper metal 0.0 £ 05 0.0
CuO -0.7 ~0.67 (23)
Cu0 3.6 3.87 (239)
3.86 3)
CuAl,Oy 5.9 7.94 €))]
Sample No. 2 (6.19, Cu/KA201(c)/500°) 5.8
Sample No. 18 (8.99% Cu/AL0104/900°) 6.2
Sample No. 16 (8.99, Cu/AL0104/500°) 6.1
Sample No. 20 (169, Cu/AL0104/500°) 5.1
3.35 wt% Cu/Kaiser XA331e 7.94 3
8.8 wt%, Cu/Kaiser XA331 7.73 €))
10.5 wt 9%, Cu/Kaiser XA331 7.94 6))
10.3 wt%, Cu/AL0104 45 (3

o Kaiser XA331 is a high surface area (N3 BET 301 m?/g) y-alumina.
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Fic. 2. Diffuse reflectance spectra of : (a) catalyst No. 1 (1.8% Cu/Ka201(c)/500°); (b) cat-
alyst No. 4 (3.7% Cu/KA201(c)/500°); (c) catalyst No. 6 (3.6%, Cu/Ka201(c)/600°); (d) cat-
alyst No. 20 (169 Cu/AL0104/500°); (e) CuALO,; (f) Cu-doped in MgO; (g) CuO.

where R is the reflectance of a sample of per unit path length, and the expression
infinite thickness, « is the absorption (1 — R)?/2R is called the remission coeffi-
coefficient, ¢ is the scattering coefficient cient. Furthermore, plotting the logarithm
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of the remission cocfficient versus wave-
number allows comparison of different
spectra by shifting the ordinate by (—log o).

Representative optical spectra are shown
in Fig. 2. The graphical spectra were
digitized using a Grafacon 1010A curve
digitizer and then processed to the form
consistent with the SKM equation. Quali-
tative relationships are apparent from the
experimental data, but further quantifi-
cation relies on analysis of the transformed
data. Three catalyst samples look similar,
Fig. 2a—¢, No. 2 (1.89, Cu/KA201(c)/
500°), No. 4 (3.79% Cu/AL0104/500°), and
No. 6 (3.69 Cu/AL0104/600°), respec-
tively; but the catalyst with the highest
metal loading, Fig. 2d, No. 20 (16% Cu/
AL0104/500°) is significantly different.

For comparison, Cu?* in an “octahedral”’
environment has a low wavelength band
between 600 and 900 nm, exemplified by
the Cu-doped in MgO spectra, Fig. 2f,
whereas cupric lons in a ‘tetrahedral”
environment have an absorption band
between 1300 and 1600 nm, the predomi-
nant feature of the CuAl.Oy4 spectra (Fig.
2¢). Copper oxide is a semiconductor with
an onset of interband transitions at 900
nm and a peak in this distribution at 700
nm (Fig. 2g). The pure cubic coordination
of Cu*t, either Ty or Oy, should be unstable
according to the Jahn-Teller theorem. The
above generalities on band locations allow
for small distortions; however, significant
reduction in the symmetry leads to splitting
of the absorption bands. Kassman (9) has
calculated the effect of the octahedral (Oy)
to square pyramidal (C,,) distortion. He
notes that in the lower symmetry there are
two ligand field bands; one in the region
ascribed to octahedral symmetry and a
weaker component in the region ascribed
to a tetrahedral field.

All catalysts showed spectra with bands
in the higher and lower wavelength regions,
consistent with both octahedrally and
tetrahedrally coordinated cupric ions. This
is discussed further below. Accepting this
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Fig. 3. Diffuse reflectance spectra of Cu/AlQO;
catalyst No. 10 (3.69, Cu/KA201/500°) (relative
absorbance between samples is not significant): (a)
25 Torr NH; exposure at equilibrium; (b) sample
a reevacuated by heating; (¢) fresh sample; (d)
500 Torr NH; exposure at equilibrium.

assignment of the bands, we can use the
transmission data of Pappalardo (25) for
an order of magnitude quantification of the
results. The oscillator strength of Cu-doped
in ZnO (7T,) is 20 times that of CuSiFs-6H.0
(0y), reflecting the effect of the center of
symmetry in the oetahedral environment.
It is clear from the transformed data that
on both supports there is a much higher
concentration of octahedrally coordinated
cupric ions than the less plentiful, but
always present, tetrahedrally coordinated
jons [Cu(0s)/Cu(Ty) = 10:1].

The changes in the Cu?t optical spectrum
upon adsorption of ammonia are informa-
tive about the accessibility of the cupric
ions. Figure 3 shows the diffuse reflectance
speetra with and without adsorbed NHj
on catalyst No. 10. There is a small but
reproducible shift in the minimum on the
low wavelength side of the octahedral
band refleeting increased optical absorption
in this higher energy region. The tetra-
hedral region is unchanged (not shown).
The spectra are displayed without signifi-
cance for the relative absorbance between
the difference samples.

EXAFS

EXAFS are the small oscillations in the
X-ray absorption coefficient as a funection
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of energy extending upwards from 50 eV
above a characteristic absorption edge of
an atom in the environment of other atoms.
The origin of these features is the inter-
ference between the component of the
ejected photoelectron elastically backsecat-
tered by neighboring atoms and the photo-
electron wave propagating outward from
the absorption center. These waves can
either be in-phase, resulting in constructive
interference with a concomitant increase
in X-ray absorption, or out-of-phase, hence
destructive with a decrease in absorption.
The interference pattern, EXAFS, x(k),
has a frequeney which depends on:

1. The distance between the absorbing
atom and its surrounding coordination
spheres.

2. A phase shift associated with the
photoionization and scattering processes.

and an amplitude reflecting:

1. The number of scattering atoms.

2. The identity of the absorber and
neighbor.

3. The dynamic and static disorder in
the internuclear distances.

This periodic function can be Fourier
transformed to yield a pseudo-charge dis-
tribution ¢(r). Our application of EXAFS
to the understanding of Cu/AlO; catalysts
utilizes this approach to data analysis.

The oscillations were isolated ; any over-
all slope was removed; then, they were
normalized prior to Fourier transformation.
The main stepfunction and monotonic
variation were removed by subtracting a
Victoreen fit to the data below the edge
and a parabolic fit to the general slope
above the edge followed by Fourier filtering.
The programs and techniques used have
been described (20) except for an improve-
ment in the “window function.”

The Fourier analysis of EXAFS is
complicated by the finite range and termi-
nation of the data set which is manifested
in nonphysical side lobes, called Gibbs
oscillations, about the true peak. To

minimize this effect, the data are smoothly
and artificially brought to zero at the
limits, kmin and kma.x, by multiplication by
a window function. This results in a final
radial distribution function which is the
convolution of the Fourier transform of the
window function with the transform of the
data (25). The effect of this smoothing
is a loss of resolution. An effective com-
promise between these competing features
is a Hanning function (27). It was applied
in such a way that the central portion of
the data was unchanged while the initial
and final 10%, of the range was multiplied
by the function 1{1 — cos 2x[ (k — kumin)/
(kmax — Kkmin)}}. This makes the data
follow a smooth, half-cosine bell curve
down to X(k) = 0 at kuin and kma. All
data, for reference materials and catalysts,
were treated in this manner, Furthermore,
the current data have a fairly high noise
level as well as residual noise from the
coincidence loss correction. These noise
spikes were best handled by introducing an
artificial temperature term, exp(—0.005 k?).
The effeets are to slightly reduce the
resolution and amplitude of the transform
and to minimize the ripple effects which
can run through the entire data.

There are some qualitative considerations
{0 be noted in transforming data: (a)
range of transform, (b) exponent of &k used
to multiply x(k), and (c¢) general quality
of data. The optimal values for kmin and
kmax are not the same for all data, but
the validity of comparisons requires that
the transforms be taken over the same
range with the same data reduction. Stern
(28) has noted the desirability of using &*
transforms ; however, any k* transform will
contain the same frequency structure but
will be k-weighted differently. The effect
of increasing n is to weight the transform
to the high k-region of the EXAFS which
produces the best resolution and accuracy
in a manner similar to the effect of high
order diffraction lines; however, this is also
the region of greatest error in the data
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and multiplication by k* will increase the
noise level of the transform. For the
catalysts studied in this work, the EXAFS
signal dampens out quickly and the best
results were obtained with the ! transforms
which werc wused throughout. Various
transforms were performed within the range
2 < k £ 20 encompassing the normalized
data. The most consistent set of results
were obtained for 2 <k <20 and 2
< k € 11; the final coordination numbers
and distances represent an average of
values from these regions. The range
41 € k €11 yielded transforms with
better resolution of various peaks; there-
fore, they were used to fingerprint identifi-
cation of various components. However,
these data could not be used for accurate
quantification since they omit part of the
first EXAFS peak.

The analysis of the data proceeds by (a)
fingerprints, (b) inferences from the ex-
peeted site symmetry in y-Al,Os, and (c)
quantitative assignment of cupric ions to
the spinel model coupled with results from
other physical techniques. For the latter,
the frequency and amplitude information
cnumerated above was parameterized using
standards to yield ecoordination distances
and numbers. Cu0, Cu;0, CuCl, and CuS
served as standards for nonmetal atom near
neighbors, whereas data from copper metal
and Cu,O served to parameterize metal
atom neighbors. Using the linear phasc
approximation (20), phase shifts associated
with the photoionization and scattering
processes result in a transferable displace-
ment of the origin of the radial scale. The
transform yields a real part, an imaginary
part, and the magnitude or modulus; only
the latter is discussed in this work. The
equation for the radial structure function is:

coord shells

Nt (20)
() = L ———

i szo',-

exp[—{r — r;)*/20 /],

exp[—2r;/\]

(1

where

N; the coordination number of the
jth coordination shell;

{;(2k) the transform of the backscatter-
ing amplitude;

A the mean free path of the photo-
electron in the solid;

r; the corrected coordination dis-

tance of the jth shell;

o the pseudo-Debye-Waller factor
relating to the static and dy-
namic disorder in the distance 7;.

Minimizing thermal effects by obtaining
all data at 77 K, the effective coordination
number for an element in a catalyst was
evaluated by grouping the unknown ampli-
tude terms into a pseudo-constant and
assuming transferability from standards to
the catalysts (29a); i.e., from [Eq. (1)]:

C]'A\’Yj,std
(Magn)r;,sm = T (2&)
T2j.std
(Magn) v, .. (72 w1a)
C_-/' =", (Qb)

‘\Vf.scd
(Magn)j.unknown (rzj,unkm,\vn)

c

-’-\ junknown T

(2¢)

This assumption was tested for con-
sistency by comparing results for the three
different transform ranges and between
the different standard materials. Its success
reflects: (a) the low temperaturc of mea-
surement, hence minimizing the effects of
dynamic disorder; (b) the relatively high
error bounds quoted for the numbers
deduced by this method which hides many
of its inadequacies, including static dis-
order; and (c¢) the high correlated motion
between the metal center and its first
coordination sphere, its most applicable
casc.

Qualitative examination of the 4.1 < %
< 11.0 transforms (Fig. 4) reveals similar
EXAFS spectra of CuO and CuAl,04 This
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is not surprising since in both cases the
cupric ions are in an oxygen lattice. There
are sufficient differences, however, to
identify two forms of Cu coordination in
the catalyst samples. The catalyst Nos. 16
and 20 show considerable CuO and spinel
aluminate. Note especially the peaks charac-
teristic of CuO in the region 4 to 6 A.
When catalyst No. 16 was heated to 900°C,
resulting in catalyst No. 18, the CuO phasc
disappears and the CuAl;O, lines are very
sharp. Catalyst No. 2, a lower copper
loading on the high surface area support,
is qualitatively different from the other
materials ; namely, there are no appreciable
peaks attributable to long range ordering.
This is also true for the transforms over a
wider range in £ (sec Fig. 5).

v-Al;O3 is a defect spinel, whereas bulk
CuAl,Q, is a partially inverse cubic spinel
(15). Using the spinel structure (space
group Fd3m) and copper aluminate lattice
parameters, we have calculated the co-
ordination numbers and distances surround-
ing octahedral and tetrahedral metal ion
sites. The most apparent difference between
them is the presence of another metal ion
site at 2.8 A from the octahedral site. This
peak is located at 2.5 A in the transforms
when the phase shift is included. The peak
at 3.0 A in the transform is expected to be
considerably more intense for tetrahedrally
coordinated Cu?". In the latter environ-
ment, this peak reflects both oxygen and
other metal ions as neighbors, whereas
only metal ions are located at this distance
from the octahedral site.

The presence of CuO in some samples
further complicates this analysis since the
binary oxide also has a peak at 3.0 A.
Nevertheless, a reasonable concentration
of octahedrally coordinated Cu?* ions can
be inferred for both catalyst Nos. 16 and

20. When catalyst No. 16 was heated to
900°C, yielding catalyst No. 18, the amount
of octahedral ions appears to decrease from
the disappearance of the 2.8 A peak. Cupric
ions in catalyst No. 2 appear to be octa-
hedrally coordinated because of the absence
of the 3 A peak, whereas the low intensity
of the 2.8 A peak may indicate that few
octahedral sites are next near neighbors to
each other or else their vibrational motion
is poorly correlated, analogous to findings
in comparisons of amorphous and crystal-
line semiconductors (29).

These qualitative arguments can now be
compared to quantitative values for the
first shell coordination numbers and dis-
tances shown in Table 5. Assuming only
octahedral and tetrahedral sites for cupric
ions, the rclative percentages of each
environment can be calculated from the
coordination numbers. The implications of
these results is discussed in more detail
below in conjunetion with the information
from the other techniques.

DISCUSSION

Copper catalysts have been investigated
by a gamut of physical techniques. First
we shall summarize this previous work and
then discuss our results and their relation
to it. As early as 1948, Selwood and Dallas
(30) noted a decrease in the magnetic
susceptibility per unit metal of samples
with loadings greater than 10 to 11 wt9]
copper on a 200 m?/g v-Al,O3 support, and
furthermore, that supported “copper oxide”
has a higher magnetic susceptibility per
metal atom than the bulk material. The
metal loading for the transition also corre-
sponded to the appearance of bulk CuO
in the X-ray diffraction pattern. Matsunaga
(22) extended the picture by comparing

Fia. 4. Fourier transformed Cu K-absorption edge EXAFS (data over range k = 4.1to 11 A1)
(a) CuO; (b) CuAl,Oy4; (c) catalyst No. 2 (6.19, Cu/KA201(c)/500°); (d) catalyst No. 16 (8.99%,
Cu/AL0104/500°); (e) catalyst No. 20 (169 Cu/AL0104/500°); (f) catalyst No, 18 (8.9% Cu/

ALO104/900°),
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Fia. 5. Fourier transformed Cu K-absorption edge EXAFS (data over range k = 2 to 11 A1)
(a) catalyst No. 2 (6.19, Cu/KA201(c)/500°); (b) catalyst No. 16 (8.9%, Cu/AL0104/500°).

ESR with the magnetic susceptibility
results. He concluded that in addition to
bulk CuO there are two kinds of dispersed
states. One kind contributes to both
magnetic susceptibility and resonance ab-
sorption, whereas the other does not give
a detectable ESR signal. It was proposed
that the latter is broadened into the back-
ground by interaction with neighboring
cupric ions. Other ESR work by Berger
and Roth (2) analyzed the signal in terms
of a tetragonally distorted octahedrally
coordinated cupric ion broadened by mag-

netic interactions with surrounding para-
magnetic ions.

As mentioned above, X-ray diffraction
shows no copper-containing phase at low
loading prepared by low temperature
calcination. At higher metal levels, the
characteristic pattern of CuO is seen,
whereas at higher calcination temperatures
(>700°C) bulk CuAly0,is detected (1, 3, 5)
Wolberg et al. also used ESCA (4) and
K-absorption edge shifts (3) to distinguish
between CuO and an aluminate phase on
the supports. They found that the copper

TABLE 5
Coordination Parameter for CuAl,04 and Cu/v-Al,O; Catalysts

Material rL A N, Percentage
(01:Ts)" (04: Ty

Catalyst No 18

(8.897 Cu/AL0104,/900°) 1.91 & 0.05 44 £ 05 20:80 40:60
CuAle4, 327070 Cu

962°C calcination 1.94 4.8 40:60
Catalyst No. 2

(6.19, Cu/KA201(c)/500°) 1.98 5.2 50:40 100:0

a Tet X = fraction of Cu in tetrahedral sites, then X(4) 4 (1 — X)6 = N;; X = (6 — N)/2.
b Values calculated if the octahedral site has only five neighbors. (X = 5 — N).
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on a high surface area alumina was typified
by an aluminate, whereas at a high level of
metal on a lower surface area support, CuO
was predominant., The aluminate phase
was detected even on material calcined as
low as 300°C. Since bulk CuAl;O; has
both octahedral and tetrahedral sites
occupied by cupric ions (15), an additional
question arose when Summers and Klimisch
(5) reported their results of an optical study
as showing only octahedrally coordinated
cupric ions on the alumina supports. Roth
(6) proposed that the discrepancy could
be resolved if it was assumed that ESCA
and K-edge techniques can distinguish
between Cu®*" in CuO and CuAl,O4 but
not between the different coordination
environments within the spinel. This ex-
planation was no longer sufficient when
Lytle and co-workers (31) concluded from
their EXAFS study that both 4- and
6-coordinate cupric ions were present in
CuCr/Al,O; catalysts. More recent reports
of optical spectra of Cu/Al,O; catalysts
identify both octahedral and tetrahedral
Cu?t (9, 11); elsewhere we have proposed
an explanation (10) for the oversight by
Summers and Klimisch.

Consideration of this prior work with
our data in Fig. 1B clearly indicates that
there are two gross regimes that must be
considered (a) the initial interaction with
the support, and (b) after agglomeration
of bulk CuQ. The linearity of the relation-
ship in Fig. 1B can be interpreted to show
that beyond a critical quantity, any
additional copper loading is in the form of
bulk crystalline oxide. At the time that
Fig. 1B was prepared, analytical data were
not available for catalyst No. 19. Using
the plot, a copper content of 9.1 wt9, was
predicted, in excellent agreement with the
value of 8.9 wt9, Cu ultimately determined
by conventional analytical methods.

From these data we can extract a
support capacity of 3.5 wt9, Cu/100 m?/g
for AL0104 ~v-alumina. From our observa-
tion of the appearance of CuO in catalyst

No. 2, prepared using KA201(c), we obtain
a loading capacity of 3.7 wt9, Cu/100
m?/g. Jacobson and Selwood (32) report
similar results on a homemade alumina,
7.5 wt9, Cu on a 250 m?/g support (3 wt9,
Cu/100%/g). The work of Summers and
Klimisch (5) yields a value of 5.5 wt9
Cu/100 m?/g on KA302 support, whereas
51t0 5.5 wt9, Cu/100 m?/g is deduced from
data from Selwood and Dallas (30), A
change in a number of properties also
appears to be correlated with this support
capacity: the magnetic susceptibility
(30, 32), CO adsorption (33) and catalytic
activity (16, 34). The total number of
adsorption sites appears to be generally
related, but not exactly proportional, to
the surface area, approximately 4 wt%
Cu/100 m?/g for the different y-aluminas.
These support sites appear to be saturated
before development of a separate erystal-
line copper phase (vide infra). This behavior
is not general; it is in marked contrast to
Co/Al,0; system (35), where the bulk
spinel Co;0; appears to grow, perhaps
epitaxially, on the support concurrently
with the dispersed phase.

If both crystalline and dispersed phases
are present at the higher loadings, then
we must explain the success of the pre-
viously reported correlations with ESCA
and K-edge shifts which showed the
exclusive presence of one or the other phase.

The observed Cu 2p; photoemission
peaks have a full width at half maximum
between 2.5 and 4.5 eV, whereas the binding
energy difference between the unsupported
binary oxide and bulk copper aluminate
is only 1 eV ; thus, the peaks are not easily
resolvable. Furthermore, ignoring any
effects of charge dispersion or other
pitfalls of quantification, the relative peak
heights for equal quantities of the two
phases would naively be expected to be
inversely proportional to their relative
peak widths; i.e., the CuAl,O, peak should
be about 1.5 times as prominent as the
CuO peak. Therefore, the wuse of the
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maximum of the observed peak to deter-
mine the binding energy would prefer-
entially favor identification of aluminate
as the predominant phase in a catalyst.
The extra peak width, at most 0.5 eV,
would not be conspicuous for these insul-
ating materials. Since the previous workers
used samples in the extreme composition
limits with either no CuO or a threefold
predominance of the oxide, the binding
energy correlation with phase identity was
clearcut. Those of our samples with CuO,
but not nearly as dominant an excess,
catalyst Nos. 16 and 19, were a more
severe test. In these instances, the features
of the individual spectra determined
whether the assignment was in terms of a
single phase or a mixture,

The K-edge correlation has a similar
limitation. The edge for CuO is at lower
energy than that of CuAl,0,. The appear-
ance of CuO follows the presence of the
“aluminate” and therefore CuO is easily
detected by the earlier onset of an increased
X-ray absorption. In the present work,
the determination of the edge position by
its inflection point is more reflective of the
edge structure and the presence of two
phases. Finally, in the extreme case of
catalyst No. 20, with the overwhelming
predominance of CuO, the assignment of
CuO is clear regardless of the method of
locating the peak in the X-ray absorption
and ESCA experiments. Thus, Roth’s
proposition (6) is correct; i.e., these deep
hole probes can distinguish between the
two phases but not between the different
geometric coordinations within the spinel.
Although we shall not try to explain the
binding energy differences, we can question
the role of relaxation about the core hole
since the Auger parameters (36), which
should be a more sensitive probe of this
effect, are the same for both compounds.

As we have shown for ESCA and K-edge
positions, the properties of catalysts in this
composition range are a superposition of
those of copper oxide and the dispersed

cupric ions. The magnetic susceptibility
and ESR results, presented on a per atom
basis, asymptotically approach the bulk
value. Nevertheless, the mere detection of
the characteristic ESR signal at very high
copper loadings demonstrates the existence
of a dispersed phase. Bulk CuO has a very
different broad signal.

Let us now consider the mode of inter-
action of the cupric ions with the support
from the dilute limit to the support
capacity. Optical spectra invariably show
cupric ions in both tetrahedral and octa-
hedral coordination. Although tetragonal
distortion of the octahedral environment
could also explain a peak in the near
infrared region, Kassman (9) has quanti-
tatively analyzed the spectra and found
the low energy band to be bimodal with
components from a tetrahedrally coordi-
nated cupric ion and from cupric ions in a
(4, environment. This two-peak structure
is also apparent in our spectra of a catalyst
prepared in a wet atmosphere (10). The
presence of both coordination environments
is also consistent with the EXAFS results.

The ESR results have been interpreted
solely in terms of the distorted octahedral
site symmetry; however, the absence of a
signal for a tetrahedral species should not
be too of great concern. Relaxation times
for Cu?* in tetrahedral environments have
often been short enough that signals were
observable only at very low temperatures
(37). Furthermore, if some tetragonal
distortion were present, the resonance
peaks would appear at similar g values
as for the distorted octahedron and only
the hyperfine splittings would differ (19, 37).
This would not be detectable when over-
whelmed by the presence of the octahedral
species.

Comparison of the semiquantitative
optical results and the EXAFS coordina-
tion numbers (Table 5) is also revealing.
Even allowing for the large uncertainty in
the coordination numbers and hence in the
calculated cation distribution, it appears
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reasonable to invoke a ‘“‘5-coordinate octa-
hedral” site. This does not preclude the
presence of a loosely bound sixth ligand.
As frequently mentioned, this is also
consistent with optical (9) and ESR (2)
models. The interesting feature is the fact
that this distortion may persist in the
“dispersed surface copper aluminate”
formed by sintering the alumina-supported
copper catalysts. Although X-ray diffrac-
tion and optical spectra show typical bulk
copper aluminate, the EXAFS coordination
numbers must be stretched to the limit of
their experimental uneertainty. Upon re-
flection, this is not as startling as it initially
appears. Bulk CuAl;0. has a surface
enrichment of cupric ions compared to
bulk stoichiometry (8, 38); an observation
of more general nature for Cu*t in octa-
hedral coordination in metal oxides
(8, 38, 39). Earlier ESR work had shown
the accessibility of the cupric ions to the
gaseous environment in samples sintered
at 900°C for 5 days (41), hence, their
presence in an exposed site on the surface.
The resonance itself is also indicative of
the continued dispersion of the phase since
bulk CuAl:0; has no detectable signal;
its absence has been attributed to anti-
farromagnetic interactions between  the
transition metal cations. Comparison of
catalyst No. 4 with No. 6 (Figure 2b and ¢)
and catalyst No. 2 with No. 8 (similar but
not displayed) shows that hecating the
catalysts to 600°C results in an increase
in tetrahedrally coordinated Cu?t. The
noticeable effect on the tetrahedral band
while the octahedral band appears un-
changed is a consequence of the high ratio
of 6-coordinate to 4-coordinate ions and
their relative absorption coefficients ; there-
fore, the observed change in spectra un-
doubtedly reflects only a small redistribu-
tion of the total cations present. Neverthe-
less, these observations coupled with studies
reported elsewhere (5,7, 15) appear to
indicate that the cation redistribution can
proceed to the ultimate formation of the

aluminate with the proper combination of
time with temperatures over 600°C.

The “aluminate phase” detected by
ESCA and K-edge methods is NOT neces-
sarily thin, X-ray transparent domains
analogous to the bulk material. Not only
can the cation distribution be different,
but bulk studies have shown that CuAl,04
is unstable relative to Al;O; and CuO at
temperatures <612°C (41). In contrast,
the surface spinel has been prepared at
300°C (3). The bulk aluminate is a mag-
netically concentrated material with no
detectable ESR signal. As a natural
consequence of their dispersion, the sup-
ported cupric ions do show an asymmetric
resonance typical of Cu?t in an axial
environment, but the signal is broadened
by dipolar interactions with necighboring
paramagnetic ions (42). Furthermore, only
a small fraction of the cupric ions con-
tribute to the ESR signal (2, 40). The
similar lineshape and the absence of a
plateau in the intensity per atom would
indicate that cooperative effects and cluster-
ing exist even at low loadings, contrary
to a model of random site distribution (43).
This does not require the existence of
either CuO or CuAl;0, since the literature
is replete with examples of magnetic
interactions between cupric ions in a wide
variety of materials (44).

Roth (45) has shown that the adsorptive
capaeity of aluminas from excess copper
nitrate solutions depends much more on
their chemical modification than surface
area. Although the adsorptive capacity by
this exchange method was only ~1.5 wt9,
Cu/100 m2/g, preparation by minimum
solution methods involves sufficiently differ-
ent conditions that a higher saturation
limit for the supports can be rationalized
by either a surface complex (46) or ion
exchange (47) model. The limitations of
deposition at higher loading is also visually
apparent during preparation. In the course
of drying, the liquid phase moves out of
the pore structure. Apparently, during the
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final stages the cupric ions are very weakly
bound by the support and a chromato-
graphing effect occurs. A black coating,
CuO, is seen on the upper surface of the
particles at the top of the catalyst bed.
When the sample is ground, the level of
CuQ is below detection by X-ray diffrac-
tion (~0.5 wt9%). This appearance as a
shell structure is distinct from the per-
vasion of the formed support by the oxide
when the support capacity is exceeded.
There are more than sufficient hydroxyl
groups on ¥-Al,O; to accommodate the
support capacity {~4 wt% Cu/100 m?/g)
discussed in this work (48). After drying
and calcination, however, the cupric ions
must be tightly bound to the support since
these catalysts with adsorbed bases show
only a small perturbation of the optical
spectra of freshly degassed samples (Fig. 3).
By contrast, Cu?T-exchanged Y zeolites
change color from light green to blue or
purple after similar treatment (49); this
effect has been quantitatively measured by
their photoacoustic spectra (50).

Finally, there is evidence that CuO does
not exist in X-ray transparent domains
as the support capacity is approached. The
EXAFS radial distribution function for
catalyst No. 2, just at the capacity loading,
does not show the distinct structure of
CuO in the 4 to 6 A region as might be
expected if a reasonable concentration of
CuO domains between 20 and 50 A were
present. As the CuO clusters increased in
number and size, optical absorption in the
region about 500 nm should increase. The
minimum in this region for the dispersed
cupric ions persists until bulk CuO is also
detected by X-ray diffraction. If a random
site model were correct and if essentially
all the eupric ions were to become part of
bulk CuO at very high loadings, then the
extrapolation of the line in Fig. 1B from
these high loadings should pass through the
origin. Our method of determining the
loading capacity actually should avoid any
problems associated with limitations on the

X-ray diffraction technique from domain
size. Any anomalous behavior of this type
should manifest itself just above the
threshold level for agglomeration; none
was noted.

SUMMARY

A variety of physical techniques was
used to study the interaction of cupric
ions with transition aluminas. A unified
picture of the phases present and the
cation site locations has been formulated
using the diverse results. At low concentra-
tions copper enters the defect spinel of the
v-alumina support to yield a well dispersed
phase which is not detected by X-ray
diffraction. The immediate site location
is predominantly a tetragonally distorted
octahedron although ~109, of the ions are
in tetrahedral environments. At tempera-
tures > 600°C, there is a kinetically limiting
transformation tending toward the bulk
spinel cation distribution. The support
capacity for a number of different ~-
aluminas appears similar and generally
related to their surface areas, ~4 wt%
Cu/100 m2/g. In this dispersed phase,
even up to the highest copper loading,
the cations are NOT in microcrystals of
CuO. The environment more closely re-
sembles the aluminate but the transition
metal cation locations and interactions
with each other can differ widely from the
bulk material. After the adsorption sites
of the support are saturated, a discrete
crystalline phase of clustered copper oxide
forms on the surface as detected by its
X-ray diffraction pattern.
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