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Copper Oxide Supported on Alumina

IV. Electron Spectroscopy for Chemical Analysis Studies

INTRODUCTION

Due to a lack of sufficiently sensitive
electron detection systems, scientists in the
early days of X-ray applications to spec-
troscopy elected to develop X-ray absorp-
tlon edge spectroscopy rather than X-ray
photoelectron spectroscopy. Siegbahn and
co-workers (1) in Uppsala developed the
first modern high-resolution X-ray photo-
electron spectrometer and demonstrated its
application to chemistry. They called their
technique electron spectroscopy for chemi-
cal analysis (ESCA). We wish to report
here an example of the application of
ESCA to catalysis, namely, to the study of
the dispersed surface phases of copper
oxide supported on alumina.

In the Sieghahn technique, one irradiates
a sample with an X-ray beam of a known
constant frequency, and detects the in-
tensity of a beam of electrons emitted from
the sample as a function of their kinetic
energy. After allowance for spectrometer
corrections, the difference between the
energy of the source, ,, and the kinetic
energy, Ey, equals the binding energy of the
electrons in the atoms, &y,

Eb=E$——Ek'—q’,

where & is the work function of the
spectrometer.

On the other hand, in X-ray absorption
edge spectroscopy, one monitors the inten-
sity of the transmitted X-ray beam as a
function of its frequency. In the X-ray
photoelectron speectra, the electronic energy
levels are observed as peaks, whereas in the

X-ray absorption edge technique they show
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up as sharp discontinuities called edges. In
both cases one can detect chemical shifts.

Previously, we have studied the copper
oxide-supported-on-alumina system by
XRD (2), EPR (3), and X-ray K-absorp-
tion edge spectroscopy (4). In addition,
Selwood and co-workers (5) have studied
this system using magnetic susceptibility
measurements. The overall picture which
emerged from these studies is that, depend-
ing on the ratio of the cupric ion concen-
tration to the surface area of the alumina,
the surface phase will assume the molecular
structure of copper aluminate, CuAl,Oy, or
copper oxide, CuO, (4). With this back-
ground in mind, we have investigated the
applicability of ESCA to the study of the
structure of the supported catalysts, using
the cupric system as a probe.

EXPERIMENTAL METHODS

The ESCA measurements were made on
the Varian Associates Induced Electron
Emission (IEE) prototype spectrometer
(6). This instrument uses AlKe radiation
(1486.5 eV) and incorporates the retarda-
tlon voltage device to increase the resolu-
tion. Instead of determining the work fune-
tion of the spectrometer which might
change from one sample to another, the
measured voltage for each sample was cali-
brated with the carbon 1s line which has a
binding energy of 284 eV. The samples
were ground to a fine powder and mounted
on a cylindrical metal rod.

The procedure used in catalyst prepara-
tion has been described previously (2, 3).
ESCA measurements have been made on
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TABLE 1
Binping ENERGY SHIFTS
Sample Binding Shift, of Shift of
energy of binding energy K-absorption
Cu Support surface  Calcination Cu2pss from Cu® edge from
No. (wt %) area (m?/g) temp (°C) (eV) value? (eV) Cu® value? (eV)
1 CuAl04 934 .20 3.20 7.94
II CuO 933.25 2.25° 3.864
II1 10.3 72 500 933.35 2.35 4.50
IV 10.3 72 900 934.10 3.10 7.73
\' 8.8 301 500 934 .40 3.30 7.73

e Cu® 2p3/2 binding energy equals 931 eV; Ref. (1), App. 1.

b From Ref. (4).
¢ Compare with 2.5 + 0.8 in Ref. (7).

4 Compare with recently published value of 3.87 [Verma, L. P., and Agarwal, B. K., J. Phys. C 1, 1658

(1968)].

samples consisting of 8.8 wt 9% copper on
Kaiser Chemicals, XA-331, y-alumina with
surface area of 301 m2/g caleined at 500°C
[run 5 in Table 1 of Ref. (4)] and 10.3 wt
% copper on Harshaw 0104 y-alumina with
surface area of 72 m?/g caleined at 500 and
900°C (runs 11 and 14, respectively). The
reference materials, CuO and CuAlO,,
were the same used in the earlier X-ray
K-absorption edge study (4).

REsuLTs

Table 1 displays a summary of the bind-
ing energies of the Cu2p;,, Ly line for
both reference and supported catalyst sam-
ples. For comparison in the last column we
have included the X-ray K-absorption edge
shifts with respect to copper metal. The
accuracy of the binding energies is +0.5
eV; however, the uncertainty in the relative
shifts is of the order of only 0.2 eV. Our
result on the CuO is in good agreement
with that reported in the literature (7).
Figure 1 presents the actual form of the
peaks. They all were recorded under the
same conditions which demonstrates that
the peak height is proportional to the per-
centage of Cu in the sample. The peak
position was determined as the center of the
horizontal line at half of the maximum
peak height.

We have looked at the Cu2p,,, line for
the CuO and CuAl,O, and found the same
shift, the binding energies were 968.0 and

967.5 eV, respectively. The Al2p spin
doublet was not resolved and was the same
for the aluminas and copper aluminate:
73.6 eV. The Ols line of CuAl,O, and the
aluminas were 530.7 ¢V and that for the
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Fic. 1. ESCA spectra of supported copper and
reference samples; sample numbering is the same as
in Table 1.
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CuO had a larger line width and was
centcred around 530.3 eV. Once more, al-
though in all the quoted binding energies
the absolute uncertainty was =+=0.5 ¢V, the

differences between samples did not exceed
+0.2 eV.

Discussion

The current study demonstrates the
feasibility of using ESCA to characterize
the molecular structure of supported sur-
face puaSCS Our results here bup]‘)OI‘L the
earlier assignment of the surface phases.
The high surface area alumina, 300 m®/g,
impregnated with ahout 10 wt % cupric
ions and caleined at 500°C, assumes the

copper aluminate the

lower surface area alumina, 75 m?/g, under
the same conditions, forms copper oxide
surface phase. Only upon caleination at
900°C does the copper oxide phase react
with the support to form a copper alumi-
nate phase. It is interesting to note that
ESCA can differentiate between the bind-
ing energies of inner electronie shells of two
cuprie species, in which the only difference
is in the oxygen packing around them and
not in the valence state, Actually, one
would expect splitting of the copper alumi-
nate peak, as here we have a case of mixed
spinel with copper ions distributed between
octahedral and tetrahedral interstices (8).
We could not detect this splitting. The
difference in shifts observed in this experi-
ment and the X-ray K-absorption edge
measurements are due to the fact that we
look at different quantities. Here we ob-
serve the binding energy of the 2p.,. level,
whereas, in the X-ray K-absorption edge
measurement, one looks at the difference in
energies between the 1s and the valence
shell. ESCA can be used to look at the

=
valence shell also. However,

into several additional problems. The lines
are broader, their intensities lower, and
there are more chances of overlapping
peaks from the different elements in the
sample. In the future we believe that this
range should be studied more carefully and
then a more meaningful quantitative com-
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sorption edge spectroscopy could be made.

As far as our qualitative study goes, the
results from the two techniques are in good

agreement.
Our observation

show that both have the same immediate
environment in the alumina and the copper
aluminate samples. Any perturbations of
these lines due to the copper present in the
aluminate are less than =0.5 eV. On the
other hand, the oxygen environment in
CuO is quito different. Oxygen atoms are
l)UIlUC(l Ullly LU LUPI)CI atolllb auu lll a Ulb—
torted octahedral configuration. The broad
peaks at about 8 ¢V higher binding energies
observed for all the Cu2p,,. lines were ob-
served for the Cu2p,,. lines too, but were
the Al2p

the Al2p
These peaks of lower Kkinetie energy pos-
sibly have their origins in transitions in-
volving excited atoms or in secondary
collisions between ejected photoclectrons
and other atoms.

The advantages which we can foresee for
ESCA over the other techniques which
were applied to the copper-on-alumina case
are the following. EPR (3) and magnetic
susceptibility (5) studies are applicable to
paramagnetic samples only. XRD (2)
failed in many cases to detect surface
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phases % of supported ma-
terial, and is completely ineffective in all
cases below ~3 wt %. X-ray absorptlon
edge (4) 1s limited to certain ranges in the
periodie table and in many cases the resolu-
tion between the different cases is very low
(9). It seems that ESCA does not suffer
from all of these disadvantages, and has a
great additional advantage of being able,
in the same run, to look at all the other
elements, cxecept H and He, in the sample.
The largest disadvantage of the technique

would appear to bo in the nece831ty for

ESCA promises to be a useful tool for
the study of supported catalysts as well as
pure chemical compounds which happen to
be used as catalysts (10). It should be
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structure of highly dispersed phases which
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cannot be characterized by XRD or other
generally applicable techniques.
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of Benzophenone

ExXpPERIMENTAL METHODS

Reduction of Benzophenone (Ia)

(a) Deuteriumolysis to diphenylmeth-
ane-a,o-d. (Ila). To a dry 300-ml hydro-
genation flask containing 10 ml of
CH;CO,D and 1.82¢g of 10% Pd-C cata-
lyst, prereduced with 60 ml of D,, was
added 9.1 g (0.05 mole) of Ia dissolved in
50 ml of CH.CO.D. Reduction at 25° at
atmospheric pressure for 5.4 hr consumed
2535 ml of D,. The catalyst was filtered
out with Dicalite and the filtrate was made
basic with 10% NaOH. Extracting with
ether (2 200 ml), drying (MgS0Q,), con-
centrating by rotary evaporation under
reduced pressure, dissolving in 100 ml
petroleum ether, bp 60-68°, and filtering
through a 0.5-in. (o0.d.) combination ecol-
umn (2 in. of silica gel on top and 1 in. of



