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The surface properties of a series of impregnated Cu/Al O, catalysts were investigated by a
variety of spectroscopic techniques: X-ray photoelectron spectroscopy (ESCA or XPS), low-
energy ion scattering spectroscopy (ISS), photoacoustic spectroscopy (PAS), and X-ray diffrac-
tion. The surface characteristics of the catalysts are affected by both metal loading and calcination
temperature. At low Cu loadings (<10%), copper ions form a well-dispersed interaction species
with the support. At higher copper contents, segregation of bulk-line CuQO occurs. Reduction by
H, and sulfidation with 15% H,S/H, (350°C), lead to formation of metallic Cu and Cu,S, respec-

tively. © 1985 Academic Press, Inc:

INTRODUCTION

Supported copper catalysts are widely
used in oxidation reactions, alkane dehy-
drogenation, and hydrogenation of alde-
hydes and ketones. Because of the wide-
spread importance of copper catalysts, the
Cu/AlLO; system has been studied exten-
sively by a variety of instrumental tech-
niques including X-ray diffraction (XRD)
(1-5), magnetic susceptibility (I, 6), elec-
tron spin resonance (ESR) (3, 5, 7, 8), dif-
fuse reflectance spectroscopy (DRS) (I, 3,
6, 9, 10, 14), thermal analysis (2, 6, 11),
electron probe microanalysis (12), X-ray
absorption edge shifts (3, 5), extended X-
ray absorption fine structure (EXAFS) (3),
X-ray photoelectron spectroscopy (ESCA
or XPS) (3, 13, 14), secondary ion mass
spectrometry (SIMS) (15), and low-energy
ion scattering spectroscopy (ISS) (16). De-
spite this extensive characterization, the
nature of copper species on catalyst sur-
faces is essentially not well understood. In-
consistencies between investigators have
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arisen presumably because of the different
sampling depths, and sensitivities of the
various techniques used.

The most extensive investigation of Cu/
AlLO; catalysts has been performed by
Friedman et al. (3). By applying several
techniques and combining results with pre-
vious work, a coherent model of the surface
structure was developed, resulting in the
following conclusions (3, 14):

1. At low metal loadings (<4% Cu/100
m?/g support) and at calcination tempera-
tures below 500°C, formation of a ‘‘surface
spinel”’ (which ‘‘resembles’’ CuAl,O,) pre-
dominates. Most of the Cu*? ions are in a
distorted octahedral geometry, unlike bulk
CuAlL,O4 where about 60% are tetrahedral
and 40% octahedral.

2. At higher metal loadings, segregation
of bulk-like CuO may also occur.

3. Calcination at 900°C leads to formation
of bulk CuAl,O,.

Hence, it appears that both metal loading
and calcination temperature are key factors
in determining the extent of metal-support
interaction.

The present study is aimed toward eluci-
dation of the Cu surface species formed on
the oxidic catalysts as a function of metal
loading (1-26% Cu) and calcination temper-
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ature (400 or 600°C). The surface spectro-
scopic techniques of ESCA and ISS, as
well as the ‘““bulk’’ techniques of XRD and
photoacoustic spectroscopy (PAS) have
been employed to characterize the nature
of the catalysts. Although the Cu/ALOs sys-
tem has been studied extensively, the use
of surface-sensitive techniques such as
ESCA and ISS has been limited and mostly
inconclusive, prompting the present study.
In addition to the spectroscopic investiga-
tion, reactivity of the catalysts to H, reduc-
tion and H,S/H, sulfidation was evaluated,
with emphasis on the surface species
formed by these treatments.

This study differs from the earlier work
of Friedman et al.; in their study major em-
phasis was on only a few metal loadings
(ca. 3, 6, 9, and 16% Cu) at different calci-
nation temperatures (500 or 900°C) on alu-
mina supports having different surface ar-
eas (165 and 75 m%g). However, the results
presented here are in qualitative agreement
with their main conclusions given above.

EXPERIMENTAL

Catalyst preparation. Two series of Cu/
Al O; catalysts were prepared by wet im-
pregnation of y-Al,O; (Harshaw Chemical
Co., Alumina No. AL-1401P; BET surface
area: 195 m?g) with an aqueous copper(Il)
nitrate solution. Excess water was evapo-
rated at 90° with stirring. The samples were
dried for 24 h at 110°C, finely ground, and
subsequently calcined in dry air for 5 h at
either 400 or 600°C. Cu(NO;); decomposed
completely after calcination, as indicated
by the lack of a N 1s signal in the wide-scan
ESCA spectra of the catalysts. The cata-
lysts exhibited a wide variety of colors
ranging from pale blue (=2% Cu), to blue—
green (3-8% Cu), to olive green (10 to 17%
Cu), to black (>17% Cu).

Standard materials. All reference com-
pounds with the exception of CuAlL,O, were
purchased from Cerac Inc. and were used
without further purification. XRD pat-
terns of all reference compounds exactly
matched the appropriate ASTM powder
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diffraction file; no stray lines were present.

CuAl,O, was prepared (/7) by mixing
stoichiometric amounts of Cu(NO;), -
6H,0 and Al,(SOy4); - 18H,0 in distilled wa-
ter and heating at 110°C until dry. The re-
sultant mixture was finely ground and
subsequently calcined for 5 h at 950°C.
XRD patterns of the brown product indi-
cated the presence of bulk CuAl,O,, as well
as a small amount of unreacted CuO.
Therefore, the product was repeatedly
washed with 1 M (NH,),CO; to remove
the unreacted CuO (4), rinsed with distil-
led water, filtered, and dried overnight at
110°C. XRD patterns of the washed product
showed only lines corresponding to
CuAl Q4.

ESCA spectra. ESCA spectra were ob-
tained with an AEI ES200A electron spec-
trometer equipped with an AEI DS100 data
system interfaced to an Apple II plus
(48K) microcomputer. The spectrometer
utilizes nonmonochromatized AlKa radia-
tion (1486.6 €V). The anode was operated
at 12 kV and 22 mA. The instrument typi-
cally operates at pressures below 5 x 103
Torr. Samples were mounted in the form of
a powder on a water-cooled aluminum
probe using Scotch brand double-sided
tape.

ESCA binding energies and intensity ra-
tios are the averages of at least three sepa-
rate determinations. For catalyst samples,
the Al 2p line (74.5 eV) of the alumina sup-
port was used as an internal reference for
determination of binding energies. The
binding energy of the Al 2p line was deter-
mined by vacuum deposition of gold on y-
ALO;, referencing to the Au 4f5, line (83.8
eV). The average C 1s binding energy found
on y-AlLO; and all catalyst samples was
285.1 eV. Therefore, binding energies for
all standard compounds were referenced to
the C 1s value of 285.1 eV. ESCA intensity
ratios were determined using the total inte-
grated areas of the Cu 2p3p, (and associated
satellites) and the Al 2p photoelectron
lines. (Note: the Cu 3p line overlaps the Al
2p line; hence the Cu 3p intensity was un-
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avoidably included in calculating the Cu/Al
intensity ratios). In the peak area computa-
tion, the background was assumed to be lin-
ear over the peak width. Intensity ratios
were reproducible to +10% (r.s.d.) or bet-
ter.

ISS spectra. 1SS spectra were recorded
using a 3M Model 525/610 ISS/SIMS spec-
trometer, which employs a cylindrical mir-
ror analyzer (CMA) to measure the energy
of the backscattered ions. Monoenergetic
‘He* ions were used with a primary ion en-
ergy of 2 kV and a current density of ca. 2
x 107 A/cm?, corresponding to a sputter-
ing rate of approximately 4 monolayers per
hour. A typical base pressure of 5 x 107°
Torr was achieved before helium was ad-
mitted to the spectrometer. Spectra were
obtained with a helium pressure in the sam-
ple chamber of 2.0 X 10~ Torr. Samples
(ca. 50 mg) were pressed into pellets (6 X 15
mm) at approximately 5000 psi and
mounted on an aluminum probe with dou-
ble-sided tape. Charge neutralization was
accomplished by thermal electron emission
from a resistively heated thoriated tungsten
filament operated at 2 mA. The E/E, region
from 0.3 to 1.0 was recorded with a scan
time of approximately 3 min. ISS intensity
ratios were determined using Cu and Al
peak heights, measured manually assuming
a linear background over the peak width.
Peak height intensity ratios reported are the
averages of at least three determinations.
Intensity ratios were measured with a pre-
cision of =10% or better.

Photoacoustic spectra. Photoacoustic
characterization was performed at Colo-
rado State University; the spectrometer,
data analysis method, and calibration pro-
cedure have been described previously
(18). Optical spectra in the visible region
were obtained with a xenon arc lamp oper-
ated at 300 W. The typical modulation fre-
quency was 177 Hz. Air was used exclu-
sively as the coupling gas. Normalization of
data was performed against the PAS spec-
trum of carbon black.

X-Ray diffraction. X-Ray powder diffrac-
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tion patterns were obtained at room tem-
perature using a Diano Model 700 diffrac-
tometer employing Ni-filtered CuKa
radiation (1.54056 A). The X-ray tube was
operated at 50 kV and 25 mA. Samples
were finely ground and packed into a plastic
holder having an 18 X 18 X 2-mm opening.
No adhesive or binder was necessary.
Spectra were scanned at a rate of 0.4° min ™!
(in 26).

Determination of the CuO crystallite size
was based on X-ray diffraction line broad-
ening. The mean crystallite size (d) was cal-
culated from the Scherrer equation (19):

K
" Bcos 8’

where \ is the X-ray wavelength (1.54056
;\), K is the Scherrer constant (particle
shape factor), taken as unity, and 8 is the
full width at half maximum (FWHM), in ra-
dians, of the CuO (111) line (35.6° in 20).
Reported crystallite sizes were corrected
for instrumental broadening as described by
Klug and Alexander (19). Because of sig-
nal-to-noise considerations, accurate mea-
surement of the FWHM’s was possible
only for catalysts having copper concentra-
tions of 17% or greater.

Chemical analysis. Bulk Cu concentra-
tions (Wt%) were determined by atomic ab-
sorption spectroscopy using a Perkin-
Elmer Model 2380 A.A. spectro-
photometer. Catalyst samples were dis-
solved by digestion in concentrated sul-
furic acid. For the sake of simplicity, all
metal concentrations are reported as inte-
gral values. Actual concentrations are
within +0.2% (absolute) of the nominal val-
ues.

Chemical reactions. All samples were
pressed into pellets prior to gas-phase reac-
tions. To confirm that the pelleting process
did not induce chemical changes in the cat-
alysts, the ESCA binding energies and Cu/
Al intensity ratios for samples dusted onto
double-sided tape were compared with the
values obtained for samples pressed as pel-
lets. No differences were observed within
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experimental error; hence, it was assumed
that the original powdered catalysts were
identical with the pressed catalysts.

Samples were mounted on an air-cooled
sealable probe with stainless-steel clips.
The probe allows transfer of samples from
the reaction chamber to the ESCA spec-
trometer without exposure to air. The
probe and reaction chamber have been de-
scribed previously (20, 21). The sample
probe was inserted into the reaction cham-
ber in the sealed position, while the reac-
tion chamber was heated to the desired
temperature and allowed to equilibrate un-
der gas flow (50 ml/min). Once the desired
temperature was reached (ca. 30 min), the
probe was opened and the reaction was al-
lowed to proceed for a specified length of
time. After the reaction was completed, the
probe was closed, allowed to cool, and then
transferred to the spectrometer.

For reduction studies, pure H; (99.999%)
was employed (Air Products). Sulfidation
was accomplished with 15% H,S/H, (Air
Products). All gases were used as received
without further purification.

RESULTS

Bulk and Surface Characterization of
Oxidic Cu/A1203

XRD results. The two major diffraction
peaks for bulk CuO are located at 35.6° and
38.8° in 20 (CuKa radiation). This region is
therefore convenient for determining the
presence of bulk-like CuO on catalysts.
There is difficulty, however, in detecting
bulk aluminate formation because both
CuAl,0, and +v-AlLO; are spinel-type
phases, and their diffraction peaks nearly
coincide (3).

The y-AlL,O; support gave broad diffuse
diffraction lines, indicating poor crystallin-
ity. For Cu loadings below 13%, XRD pat-
terns of the catalysts (both 400 and 600°C
calcination) were essentially identical to the
support pattern, indicating highly dispersed
or amorphous Cu species. This finding is
consistent with previously reported results
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F1G. 1. XRD patterns of various Cu/Al,O; catalysts
(6000(:): 17% CU/A1203, 13% Cu/A1203, Hz-treated 13%
Cu/A1203.

(3, 5). However, for Cu loadings of 13% or
more, XRD patterns of the catalysts (both
400 and 600°C) indicated the presence of
CuO as shown in Fig. 1. The intensities of
the CuO diffraction lines increased linearly
(relative to the major y-Al,Os line at 46.0°,
20) with Cu loading (>13%), indicating
build-up of a CuO phase on the catalysts.
Formation of bulk CuO at high Cu loadings
(=13%) can be attributed to agglomeration
of Cu species, presumably due to saturation
of the support. The black color of catalysts
containing greater than 17% Cu is consis-
tent with formation of a CuO phase.

The calculated CuO crystallite sizes are
listed in Table 1. The results show that in
general, there is an increase in the CuO
crystallite size with increasing metal load-
ing and/or calcination temperature. How-
ever, it must be noted that while X-ray line
broadening measurements are useful as a
relative measure of average crystallite size,
the Scherrer formula should not be used for
absolute determinations due to its failure to
account for the effects of microstrain, the
consequences of particle size distribution,
and the uncertainty in correcting for instru-
mental broadening. Hence, the values
listed in Table 1 are meant to be used for
relative comparisons only.

PAS results. Optical spectra of species
on the surfaces of supported catalysts can
provide a great deal of information about
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TABLE 1

Crystallite Sizes of Cu/Al,Os
Catalysts (A x 10-2)e

Catalyst? Calcination
temperature
400°C 600°C
17% Cu 1.8 2.9
22% Cu 2.8 3.5
26% Cu 3.2 3.9

9 Determined by X-ray diffraction
line broadening of the CuO (111) line.

b Because of signal to noise consid-
erations, accurate measurement of
the FWHM'’s was possible only for
catalysts having Cu concentrations of
17% or greater.

their identity. This type of information has
been obtained primarily through diffuse re-
flectance spectroscopy (DRS). PAS and
DRS give the same general information
since the spectra result from the same elec-
tronic processes for both techniques. How-
ever, the application of PAS to the study of
catalysts has been exploited to only a lim-
ited extent (21, 22). Since PAS is relatively
insensitive to light scattering by the sample,
it is potentially more suitable for studying
supported catalysts than DRS.

The interaction of Cu(2+) ions with -
Al,O; has been studied extensively using
DRS (1, 3, 6, 9, 10). The Cu/ALLO; system
shows two main absorption bands due to
Cu(2+) in octahedral (Oh) and tetrahedral
(Td) geometries, with the maxima located,
respectively, in the absorption regions be-
tween 750-800 and 1400-1600 nm (3, 6, 9,
10).

The PAS spectrum of CuAl,O, showed a
broad band from 400 to ca. 650 nm in good
agreement with DRS spectra of CuAl,O, in
the visible region (3, 9). This band has been
attributed to a charge transfer process (9).
This charge transfer band obscures the
presence of any discrete peaks due to Oh
Cu(2+) (9). The PAS spectrometer used in
this study operates in the range 350-750
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nm; hence, the Td absorption band of
CuAL O, could not be observed. The spec-
trum of CuO was rather featureless and
characteristic of signal saturation, which
occurs when the sample acts as a blackbody
absorber. Cu,0O showed a weak absorption
edge from ca. 600-650 nm, with an absorp-
tion band extending to 400 nm.

PAS spectra of Cu/Al,O; catalysts
(=17% Cu) showed weak absorption above
550 nm consistent with DRS results re-
ported previously (3, 9) and characteristic
of Cu(2+) ions in Oh sites of y-Al,O3. For
black catalyst samples (>17% Cu), the
spectra were essentially featureless. (Spec-
tra of catalysts calcined at 600°C were es-
sentially identical to the spectra of catalysts
calcined at 400°C.) The poor quality of the
spectra (=17% Cu) suggested that signal
saturation was being approached, or that
masking of the Cu(2+) Oh band by a
stronger absorber was occurring. This
would occur if a copper species were
formed having a very high absorption coeffi-
cient (i.e., Cu0). Because of the high ab-
sorption coefficient of CuO, its presence in
even small quantities would cause a general
degradation of the PAS spectrum.

ESCA results. The ESCA binding ener-
gies of a variety of copper reference com-
pounds and the y-Al,O; support are sum-
marized in Table 2. CuO and CuAl,O,4 are
useful reference compounds to model the
extreme situations which may exist on ox-
idic Cu/Al,0; catalysts. Cu,O, Cu®, CuSO,,
and Cu,S are useful model compounds for
reduction and sulfiding studies. It must be
noted, however, that although the observed
binding energies for catalysts may be close
to those of bulk compounds, it does not
mean that these compounds are necessarily
present on the catalyst surface.

The Cu 2p3/2 and Cu L3M4’5M4,5(LMM)
Auger lines for CuAl,O4, CuO, Cu,0, and
Cu® are shown in Fig. 2. The Cu 2p3;, bind-
ing energies and bandshapes for CuAl;O,
and CuO differ, with CuAlLO,4 having the
more intense shake-up structure (940-945
eV). The ratio of the satellite intensity to
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TABLE 2
ESCA Binding Energies (eV)*? of Reference Compounds
Sample Cu 2p3n Cu LMM Auger Cu2pin O1ls Al2p Al 25 S2p S2s
auger® parameter?

y-ALO;3 — — — — 531.3(3.0)° 74.52.7)  119.33.2) — _
CuAlbO;  935.0(3.1) 916.5 364.9 954.93.4)  531.12.2) 74525 119325 — —
Cuo 934.1(3.4) 917.5 365.0 954.23.5  530.32.4) — — - —
Cu0 932.6(1.7) 916.5 362.5 952.6(2.2)  530.8,531.9 — — - —
Cu 932.6(1.4) 918.5 364.5 952.4(1.9) — — — — —
CuSO, 936.3(4,4) 915.2 364.9 956.24.8)  532.52.1) — — 169.82.5)  233.4(3.0)
CusS 933.2(L.7) 916.7 363.3 953.1(2.2) — — — 162.92.5  226.92.7)

< Binding energies (B.E.’s) were measured with a precision of +0.15 eV or better.

b All B.E.’s referenced to C 1s = 285.1eV.

¢ Auger values in kinetic energy (K.E.) (¢V). LMM refers to LiMg sMys.

d K. E. (LMM Auger) — K.E. (Cu 2p3p» photoelectron), see Ref. (24).

¢ Values in parentheses are full width at half maximum (FWHM) (+0.2 eV).

that of the main photoelectron line was
found to be 1.10 for CuAlLO4 and 0.45 for
CuO (£10%, r.s.d.). The Auger peaks for
CuAlLO4 and CuO also show a chemical
shift. However, although the chemical
shifts between the Cu 2p;, and Cu LMM
Auger lines for CuO and CuAl,O, are 0.9
and 1.0 eV, respectively (see Table 2), the
Auger parameters (24) (kinetic energy of
the LMM Auger line-kinetic energy of the
Cu 2p3» photoelectron line) for both com-
pounds are the same within experimental
error. Hence, Auger parameters cannot be

Cu LMM Auger

\
ks

Cu 2;):,,2

N

I 1 gt 1
208 916 924

Kinetic Energy leVi

FiG. 2. ESCA spectra of the Cu 2p;; and Cu LMM
Auger lines for copper reference compounds: (a)
CuAl,0y; (b) CuO; (c) Cu,0; (d) Cu®.

]
945 940 935 930
Binding Energy [eV]

used to distinguish between CuO and
CuAlLO, on catalysts.

Cu,0 and Cu® are both easily distinguish-
able from CuO and CuAl,O,, because of
their different binding energies (see Table 2)
and lack of shake-up satellite peaks (see
Fig. 2). The satellite structure of Cu(2+)
compounds (d°) has been attributed to ei-
ther 3d — 4s or ligand-to-metal (O 2p — Cu
3d) transitions (25, 26). Such transitions
are not seen for Cu(l+) compounds or
Cu®(d'%). In addition, the FWHM’s of the
CuQ and CuAl,O4 Cu 2p;; lines are about
twice that of either Cu,O or Cu® (see Table
2). This broadening has been attributed to
multiplet splitting in Cu(2+) compounds
(25). The Cu 2p;, binding energies and
bandshapes cannot be used to distinguish
between Cu;O and Cu because they are es-
sentially identical. However, the Cu LMM
Auger lines of Cu,O and Cu® are separated
in energy by 2.0 eV and have very different
bandshapes, allowing easy distinction be-
tween the two species.

It would appear from the results shown in
Table 2 and Fig. 2, that the binding energies
of the Cu 2ps;, and LMM Auger lines could
be used to distinguish between CuAl,O4 and
CuO on the surface of Cu/ALO; catalysts.
However, ESCA spectra of the catalysts in-
dicate otherwise. The ESCA binding ener-
gies of the catalysts studied are listed in
Table 3. The average ESCA binding ener-
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TABLE 3
Cu/Al,O; Catalysts: ESCA Results*?
Sample Calcination temperature
400°C 600°C
Cu 2pys Satellite Cu 2ps, Satellite
intensity® intensity
1% Cu 934.8(4.9)7 0.40 934.2(4.0) 0.39
2% Cu 934.7(4.2) 0.39 934.0(4.0) 0.38
3% Cu 934.4(3.9) 0.39 934.2(4.2) 0.40
4% Cu 934.6(3.8) 0.43 934.1(4.2) 0.37
5% Cu 934.3(4.0) 0.43 934.0(3.9) 0.39
6% Cu 934.5(4.0) 0.42 934.3(4.0) 0.39
7% Cu 934.6(3.6) 0.43 934.5(4.0) 0.43
9% Cu 934.6(3.6) 0.41 934.6(3.8) 0.47
11% Cu 934.6(3.5) 0.51 934.5(3.9) 0.46
13% Cu 934.6(3.6) 0.55 934.5(3.9) 0.41
17% Cu 934.7(4.0) 0.54 934.1(4.3) 0.41
22% Cu 934.0(4.4) 0.44 934.0(4.2) 0.42
26% Cu 934.0(4.5) 0.47 934.1(4.5) 0.44
CuO 934.1(3.4) 0.45
CuAl,0, 935.0(3.1) 1.10

Note. All catalysts showed the following av. B.E.’s: C 1s, 285.12.7); O 1s, 531.2(3.0); Al 2s; 119.3(3.1).

2 All B.E.’s (eV) referenced to Al 2p = 74.5 eV.

4 Cu 2py; B.E.’s were measured with a precision of 0.4 eV or better (other reported B.E.’s +0.15 eV or

better).

¢ Cu 2p;y, satellite intensity relative to main photoelectron line, +10% (r.s.d.).
4 Values in parentheses are full width at half maximum (FWHM) 0.2 eV.

gies of the Cu 2p;, line for catalysts
calcined at either 400 or 600°C vary with
sample and lie between the values obtained
for CuO and CuAl,Oq. In addition, repeated
measurements of the same catalyst were
found to vary by as much as =0.4 eV, ex-
cept at high loadings (>>17%). At high Cu
loadings, the Cu 2ps» binding energies were
reproducible to =0.10 eV and were charac-
teristic of CuO (see Table 3). On all catalyst
samples, other photoelectron lines (i.e., Al
2s, O 1s, C 1s) showed variation of only
+0.15 eV. The observed variation in the Cu
2ps, binding energy is consistent with the
results of Friedman et al. (3) and is behav-
ior characteristic of a surface having mixed
species, or possibly the result of differential
charging. In addition, it was difficult to as-
sign accurate binding energies to the Cu
LMM Auger lines, because the peaks were

non-Gaussian and very broad due to high
background of the catalyst spectra. Some
representative catalyst spectra are shown
in Fig. 3.

The variation in binding energies ob-
served for the Cu 2p;, and Cu LMM lines
may be partially due to the fact that some
Cu(2+) compounds can undergo reduction
to Cu(1+) during ESCA experiments (27-
29). 1t has been shown that CuO is readily
reduced to Cu;O on heating under vacuum
(27-30); however, CuAlL,O, shows no no-
ticeable reduction under these conditions
(29, 30). The reduction phenomenon has
been attributed to factors such as X-ray
flux, X-ray dose, temperature, and vacuum
pressure. The most recent study, has
shown that the decomposition of Cu(2+)
compounds arises from sample heating in
the spectrometer (29). In this study, such
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FiG. 3. ESCA spectra of the Cu 2p;;, and Cu LMM
Auger lines for Cw/AlLQ; catalysts: (a) 26% Cu, 600°C;
(b) 13% Cu, 400°C; (c) 4% Cu, 400°C.

effects were minimized by water cooling
the ESCA probe. Although it has been
shown that Cu/Al,O; catalysts can undergo
surface reduction on heating under vacuum
(6, 14, 30), no noticeable reduction oc-
curred on the catalyst samples under the
experimental conditions typically em-
ployed in this study.

Consistent with the results of Ertl et al.
(14), we have also found (30) that Cu/AlL,O;
catalysts undergo surface reduction (to
Cu,0) on heating under vacuum (275°C).
However, the extent of reduction was sig-
nificantly less than that of bulk CuO under
the same experimental conditions (6, 14,
30). This lowered reducibility implies that
on CuwAlLO; catalysts, the Cu(2+) ions
have interacted with and are bound to the
support. This postulate is supported by the
fact that bulk CuAl,O4 does not reduce on
heating under vacuum (29, 30). In addition,
the fact that the interaction species reduces
partially, indicates that this species also dif-
fers from bulk CuAl,O, to some extent.

It was noted earlier that the Cu 2ps;; sat-
ellite structure of CuAl,O, was more in-
tense than that of CuQO. Hence, since the
Cu 2p;;, binding energies of the catalysts
varied, giving little information, the satel-
lite intensities were measured to indicate
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which species were present on the cata-
lysts. The Cu 2p;;; satellite intensities (rela-
tive to the main Cu 2p;;, photoelectron line)
obtained for the catalysts are listed in Table
3. Table 3 shows that for all catalysts stud-
ied, the satellite intensities were within ex-
perimental error of the value obtained for
CuO. This result is not surprising for cata-
lysts containing high Cu loadings (>13%)
on which bulk CuO was detected by XRD.
However, since the satellite intensities for
catalysts with low loadings were also within
experimental error of that for CuO, it im-
plies that the dispersed copper species is
different from CuALO;.

The [Cu 2p;;, (+ satellites))/Al 2p ESCA
intensity ratio plotted as a function of bulk
copper content is shown in Fig. 4 for cata-
lysts calcined at 400 and 600°C. The Cu/Al
intensity ratio increased linearly with Cu
content up to approximately 9-10% Cu,
above which, the curves leveled off. The
drastic change in slope indicates an altera-
tion in surface composition at about 9-10%
Cu. At all concentrations, the Cu/Al inten-
sity ratios are slightly larger for catalysts
calcined at 400°C than for those calcined at
600°C.

ISS results. The Cu/AlISS intensity ratio
is influenced by both copper content and
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FiG. 4. ESCA Cu 2p;,/Al 2p intensity ratio vs bulk
copper content at different calcination temperatures:
(@) 400°C; (O) 600°C. (Relative ESCA Cu/Al intensity
ratio of 1.0 = Cu/Al atomic ratio of ca. 0.03 (44).)
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F1G. 5. ISS Cu/Al peak height intensity ratio vs bulk
copper content at different calcination temperatures:
(@) 400°C; (O) 600°C. (Relative ISS Cu/Al intensity
ratio of 1.0 = Cu/Al atomic ratio of ca. 0.2 (45).)

calcination temperature. The Cu/Al ISS in-
tensity ratio plotted as a function of copper
content is shown in Fig. 5 for catalysts
calcined at 400 and 600°C. The results are
consistent with the ESCA data. The Cu/Al
intensity ratio increases with copper con-
tent up to approximately 9-10% Cu. Above
10% Cu, there is a drastic leveling off in the
slopes of the curves, indicating a change in
surface composition. Figure 5 also shows
that the Cu/Al intensity ratios for catalysts
calcined at 400°C are significantly larger
than for catalysts calcined at 600°C. It is
important to note that ISS shows a much
larger difference in the Cu/Al intensity ratio
with calcination temperature than does
ESCA (compare Figs. 4 and 3), illustrating
the value of ISS in catalyst studies. This
difference can be attributed to the differ-
ences in sampling depth between ISS (3 A)
and ESCA (30 A).

Reduction Studies

Reduction characteristics of supported
metal oxides are often quite different from
those of bulk oxides because of metal—sup-
port interactions and changes in dispersion.
Hence, it was of interest to investigate the
reducibility of Cu/Al,O3 catalysts. In this
study, H, reduction was carried out at
350°C for 1 h.

STROHMEIER ET AL.

To evaluate and compare reactivities of
the catalysts, the reduction properties of
bulk CuO and CuAl,0, were determined.
Table 4 lists the Cu 2p3, binding energies
and the Cu Auger parameters for reduced
CuO and CuAl,O,. Included for compari-
son are the values obtained for metallic Cu
and Cu,0. Following reduction, the Cu
2pss lines for both CuO and CuAlO,
showed no satellite peaks characteristic of
Cu(2+). The peaks became narrower hav-
ing FWHM values of 1.8 + 0.2 eV, and had
binding energies characteristic of either
Cu,0 or Cu® (see Table 4). As seen in Table
4, the Cu Auger parameters indicated that
Cu® was the species formed by H; reduction
of CuO and CuAl,Q,. In addition, XRD pat-
terns of reduced CuO and CuAl,O, showed
only lines corresponding to Cu® (major Cu®
diffraction lines at ca. 43.3° and 50.4°, in
26).

Cu/Al,O; catalysts were also found to be
reduced easily under the conditions em-
ployed regardiess of metal loading or calci-
nation temperature, consistent with results
reported previously (6, 10, 11, 14). Table 5
shows the Cu 2psp; binding energies and Cu
2psn/Al 2p intensity ratios for select re-
duced catalysts. ESCA spectra of the Cu
2psp» line of reduced catalysts showed no
evidence of Cu(2+) (for example compare
Figs. 6a and b) and the binding energies

TABLE 4
ESCA Results® for Reduced and Sulfided Reference
Compounds
Sample/Treatment? Cu2py; CuAuger S2  Cu2p3n/S 2p¢
parameter

CuO/H; 932.7 364.4 — —
CuALOW/H, 932.6 364.3 —_ —
Cu® 932.6 364.5 — —
Cu0 932.6 362.5 - -
CuO/H,S/Hy 932.9 363.4 162.7 2.81
CuALOYH,S/H, 933.0 363.3 162.7 2.48
Cu$ 933.2 363.3 162.9 2.75
CuS0, 936.3 364.9 169.8 1.70

¢ B.E.’sin eV (=0.2 eV).

b Treatment for 1 h at 350°C,

€ Alli ity ratios were d with a preg¢ of x10% (r.s.d.)

or better.
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FiG. 6. Cu 2p;» ESCA spectra of 13% Cu/AlLO;
(600°C): (a) oxidic state; (b) following H, reduction for
1 h at 350°C; (c) following 15% H,S/H, sulfidation for 1
h at 350°C.

were characteristic of either Cu,0 or Cu®
(see Table 5). The same result was ob-
tained even for reduction treatments as
mild as 10% H,/N, for 1 h at 250°C. The Cu
2pi»/Al ESCA intensity ratios for reduced
catalysts decreased approximately 40%
compared to the corresponding oxidic cata-
lyst (see Table 5), indicating a decrease in
Cu dispersion on reduction. A decrease in
dispersion would arise from sintering of Cu
species during reduction, forming larger Cu
metal particles.

XRD patterns of reduced catalysts
showed lines corresponding to Cu® (and vy-
ALOs) for catalysts containing 5% Cu or
more (for example, see Fig. 1). There was
no evidence for other Cu species. Reduced
catalysts containing less than 5% Cu
showed only y-AlLO; by XRD. Since XRD
did not show the presence of bulk Cu com-
pounds on oxidic catalysts containing less
than 13% Cu, the appearance of Cu® peaks
for reduced catalysts containing 5% Cu, in-
dicates an increase in particle size on re-
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duction, consistent with the ESCA inten-
sity ratio results.

Sulfiding Studies

It is well known that copper-containing
catalysts used for methanol synthesis are
susceptible to poisoning by sulfur com-
pounds (37). In contrast, it has been re-
ported that for acid-catalyzed reactions, the
activities of various supported catalysts, in-
cluding Cu/Al,O;, were enhanced by pre-
treatment with H,S (32). Hence, the reac-
tivity of Cu/Al,O, catalysts toward sulfur
compounds is of interest. In this study, sul-
fidation was accomplished with a 15% H,S/
H, mixture at 250°C for 1 h.

To evaluate and compare reactivities of
the catalysts, the sulfiding properties of
bulk CuO and CuAl,O4 were determined.
Table 4 lists the Cu 2p;, binding energies,
Cu Auger parameters, S 2p binding ener-
gies, and Cu 2ps;,/S 2p intensity ratios for
CuO and CuAl,O, following sulfidation. In-
cluded for comparison are the values ob-
tained for bulk Cu,S and CuSO,;. ESCA
spectra of the Cu 2psp, lines of sulfided CuO
and CuAlL,O4 showed no evidence of any
Cu(2+) species. The Cu 2p35 and S 2p bind-
ing energies, Cu Auger parameters, and Cu
2psp»/S 2p intensity ratios obtained for both
samples were within experimental error of
the values obtained for Cu,S (see Table 4).
XRD patterns of sulfided CuO and CuAlL,O,
showed lines corresponding to CuO + Cu,S
and CuALO, + Cu,S, respectively; hence,

TABLE 5
ESCA Results® for H, Reduced Cu/AlLO; Catalysts

Sample Reduced catalysts? Oxidic catalysts®
_ Cu 2p3n/Al 2p
Cu2psn  Culpyp/Al2p
5% Cu (600°C) 9329 0.31 0.40
9% Cu (400°C) 932.7 0.48 0.78
13% Cu (400°C) 932.6 0.32 0.75
13% Cu (600°C) 932.9 0.42 0.78
26% Cu (600°C) 932.9 0.45 0.76

9 ESCA B.E.’s (eV) were reproducible to +0.2 eV or better.
5 Treatment for 1 h at 350°C.
¢ ESCA intensity ratios were reproducible to +10% (r.s.d.) or better.
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TABLE 6
ESCA Results® for 15% H,S/H, Sulfided Cu/AL,O; Catalysts

Sample Sulfided catalysts® Oxidic catalysts
Cu 2psn/Al 2p
Cu2py;  Cu Auger S2p Cu2p:n/S2p  Cu2pin/Al 2p
parameter
5% Cu (600°C) 932.9 363.2 163.2 2.17 0.42 0.40
9% Cu (400°C) 932.8 363.3 162.9 2.29 0.70 0.73
13% Cu (400°C) 932.7 363.4 163.2 2.15 0.73 0.75
13% Cu (600°C) 932.7 363.4 162.9 2.10 0.72 0.78
16% Cu (600°C) 932.7 363.5 163.4 2.45 0.71 0.76

« ESCA B.E.’s (eV) were reproducible to =0.2 eV.
& Treatment for 1 h at 350°C.

¢ ESCA intensity ratios were reproducible to £10% (r.s.d.) or better.

sulfidation was not complete under the con-
ditions employed. However, the results in-
dicate that at least within the sampling
depth of ESCA, all Cu(2+) species were
converted to Cu,S.

The reactivity to sulfiding of Cu/AlOs
catalysts was similar to the reactivity of
CuO and CuAl,Oy, independent of Cu load-
ing or calcination temperature. ESCA spec-
tra of the Cu 2p;; lines of sulfided catalysts
showed no evidence of any Cu(2+) species
(for example, compare Figs. 6a and c¢). The
Cu 2ps;, and S 2p binding energies of the
catalysts varied somewhat, but were within
0.5 eV of the values obtained for Cu,S (see
Tables 4 and 6). This large difference was
presumably caused by charging on the cata-
lysts. Unlike the results observed for oxidic
catalysts, the Auger lines of sulfided cata-
lysts were sufficiently intense to be mea-
sured accurately. The Auger parameters
obtained for sulfided catalysts were identi-
cal with Cu,S within experimental error
(0.2 eV) (see Tables 4 and 6). Also, the Cu
2p3,/S 2p intensity ratios for sulfided cata-
lysts (see Table 6) were characteristic of
Cu,S. In contrast to the reduction studies,
the Cu 2ps,/Al 2p intensity ratios for sul-
fided catalysts were within experimental er-
ror of the values obtained for the corre-
sponding oxidic catalysts (see Table 6).
This indicates that there was no major

change in dispersion of Cu species on sulfi-
dation.

XRD patterns of sulfided catalysts con-
taining greater than 5% Cu indicated only
the presence of Cu,S and y-AlLOs. It ap-
pears that sulfiding of the catalysts was
rather extensive, since XRD did not show
any residual CuO or other Cu species, even
at the highest Cu loading (26%).

DISCUSSION

The results obtained in the present study
can be interpreted on the basis of interac-
tions between dispersed copper ions and
the alumina support. Lo Jacono and
Schiavello have reported that when diva-
lent transition metal ions such as Cu, Co,
and Ni are supported on alumina, formation
of a ‘‘surface spinel’’ and/or bulk-like metal
oxide occur, often concurrently (7). In
these types of systems, impregnation of -
Al O; with an aqueous metal salt, followed
by drying and calcination, usually results in
diffusion of metal ions into the support,
forming an interaction species (i.e., a “‘sur-
face spinel’’). Formation of this interaction
species has been previously confirmed us-
ing magnetic susceptibility (3, 5, 6, 14).
DRS (1, 3,6, 9, 10, 14), ESR (3, 7, 8), and
EXAFS (3). Depending on the calcination
temperature and time, only a finite amount
of metal ions can be accommodated in the
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vacant Oh and Td lattice sites of the sup-
port. Once all of the available lattice sites
are saturated, further addition of metal ions
can be accommodated only by segregation
of a separate metal oxide phase. The results
obtained in the present study are consistent
with this general picture.

Nature of Surface Species

In our study, the Cu 2p;, ESCA binding
energies for the catalysts varied with sam-
ple between values corresponding to CuO
and CuAl,O, (see Tables 2 and 3), indicat-
ing a surface having mixed species, or pos-
sibly the result of differential charging.
Hence, ESCA binding energies could not
be used to distinguish between CuO,
CuAlQ4, or an interaction species. The Cu
2psp, satellite intensities were characteristic
of bulk CuO, although XRD indicated that
CuO- was not present in a significant
amount until Cu loadings of 13% of more.
The similarity between the Cu 2ps, satellite
intensities of bulk CuO and the catalysts
(<13% CuO) does not necessarily mean
that well-dispersed or amorphous CuO is
present, but it does imply that the copper
species is different from CuAlL Q4. In fact
that Cu/Al,O; catalysts show lower reduc-
ibility than bulk CuO on heating under vac-
uum also suggests that the dispersed phase
differs from CuO (6, 14, 30).

Although the ESCA results from the
present study were inconclusive as to the
nature of the interaction species, the PAS
results were consistent with previous DRS
studies, indicating the presence of octahe-
drally coordinated Cu(2+) ions on the cata-
lysts (3, 9). Unfortunately, due to the lim-
ited range of the PAS spectrometer, the
presence (or absence) of tetrahedrally coor-
dinated Cu(2+) ions could not be con-
firmed. Hence, the exact nature of the in-
teraction species could not be defined
clearly, although it has previously been
shown that in the ‘‘surface spinel,”” the
Cu(2+) ions are predominantly (~90%) in a
tetragonally distorted octahedral environ-
ment with some (~10%) tetrahedrally coor-
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dinated ions present (3). In contrast, the
Cu(2+) distribution in bulk CuALQ, is 60%
Td and 40% Oh (3) and in CuO is exclu-
sively square planar (3, 34).

In discussing the nature of the copper—
alumina interaction species, it is important
to note, that bulk studies have shown that
CuAl,04 is thermodynamically unstable rel-
ative to CuO and Al,O; at temperatures be-
low 600-700°C (3, 10, 33~35). Table 7 lists
the molar enthalpies of formation for sev-
eral transition metal aluminates at 970 K
(697°C) (34). Table 7 shows that among the
first row transition metal aluminates, for-
mation of CuALQ, is the least favorable (at
ca. 700°C). However, at temperatures of
900-1000°C, formation of bulk CuAl,O, be-
comes thermodynamically favorable (10),
consistent with our bulk preparation (see
Experimental). In fact, it is known that at
900°C, CuAl,04 forms much more readily
than either NiAl,O4 or ZnALO, (). In con-
trast to the thermodynamics of the prepara-
tion of bulk CuAl,Oy, the ‘‘surface spinel”’
has been reported on Cu/Al,O; catalysts un-
der condition as mild as 300°C (5). Simi-
larly, Lo Jacono and Schiavello (/) have
reported that among the catalyst systems
showing spinel formation (i.e., Cu/Al,Os,
Co/AlLO3, and Ni/ALQ;), the copper *‘sur-
face spinel’’ is the most readily formed.
This should not be of too great concern,
since the copper ‘‘surface spinel’’ differs in
structure from bulk CuAl,O4, and the ther-
modynamics of highly dispersed phases are
known to differ from bulk phases. Since the
octahedrally coordinated ‘‘surface spinel”
forms relatively easily, diffusion into tetra-
hedral sites is most likely the process which
is thermodynamically limited, thus, pre-
venting formation of a structure more like
bulk CuAl,O,. At high calcination tempera-
tures (>600°C), the diffusion of Cu(2+)
ions from Oh sites to Td sites has also been
found to be Kinetically hindered (3).

In summary, our results indicate that, at
low copper loadings (=ca. 10%), Cu(2+)
ions form a well-dispersed interaction spe-
cies with the y-Al,0; support. The struc-
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TABLE 7

Molar Enthalpies (AH°) (kcal/mol) of Formation, Reduction, and Sulfidation for Transition Metal Aluminates
at 970 K (697°C)

Compound Formation® H, reduction? H,S/H, sulfidation®
MO + Ale; i MAlzo4 +H,—> MA1204 + st -

MALO, M + AL,O; + H,0 MS + ALO; + H,0

CuALO, +5.2 ~29.0 —33.5 (CuS); —66.2 (Cu,S)*

MnALO, -10.0 +43.4 -2.3

FeAlLO, ~10.8 +15.5 +1.6

CoAlLO, -89 +5.4 +15.9 (CogSg)?

NiALO, -0.74 -22 -20.2

ZnAlLO, —-10.5 +35.4 -7.4

< Obtained from Ref. (33) (calorimetric measurements, reportedly +0.3 kcal/mol or better).
» Estimated from thermodynamic data in Refs. (33, 41).

€2 CUA1204 + st + H2 had CUZS + 2 A1203 +2 Hzo

49 COA1204 + 8 st + H2 —> COgSs +9 A1203 +9 Hzo

ture of this interaction species is different
from both bulk CuO and CuAl,O4, with the
Cu(2+) coordination being predominantly
octahedral (tetrahedral Cu(2+) may or may
not be present). At higher copper loadings,
bulk-like CuO forms on the catalysts. The
ESCA and ISS intensity ratio results are
consistent with the general picture.

Dispersion and Location of Cu Species

The ESCA and ISS Cu/Al intensity ratios
showed similar variations with metal con-
tent (see Figs. 4 and 5). Both plots showed
an increase in the Cu/Al intensity ratio with
increasing bulk copper content. However,
there was a leveling off in the slope of the
curves above approximately 9-10% Cu, in-
dicating an alteration in surface composi-
tion. ESCA and ISS peak intensities from
catalyst surfaces are influenced not only by
surface concentration, but by factors such
as surface area, pore size distribution and
particle size. BET surface area measure-
ments showed that variations in surface
area among the catalysts were less than
20% between the highest and lowest Cu
loadings. Hence, variation in surface area
cannot account for the drastic changes in
slope observed here.

Fung (39), and Kerkhof and Moulijn (40)
have shown that, for supported metal cata-

lysts having similar surface areas, the inten-
sity ratio of ESCA peaks associated with
the dispersed phase and the support will
vary linearly with the dispersed-phase load-
ing, provided that the size and shape of the
supported particles do not vary signifi-
cantly. Any deviation from linearity can be
interpreted in terms of sample inhomoge-
neity or crystallite growth. Hence, the lin-
ear relationship from 0 to ca. 10% Cu seen
in ESCA and ISS (see Figs. 4 and 5) indi-
cates formation of a well dispersed Cu spe-
cies of fairly constant particle size. This
type of behavior would be expected for for-
mation of an interaction type species where
the Cu(2+) ions diffuse into the support
with reasonably uniform distribution over
the support surface. At some critical metal
loading, the support becomes saturated and
further addition of metal results in segrega-
tion of a separate metal oxide phase and
crystallite growth. This phenomenon ap-
parently occurs at ca. 9-10% Cu on the cat-
alysts studied here.

It has been shown that, the total number
of adsorption sites [for Cu(2+)] appears to
be related generally to the surface area of
the AL,O; support. Friedman et al. reported
results from various workers which indi-
cated that for Cw/Al,O, catalysts, satura-
tion of the surface (i.e., monolayer cover-
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age) occurs at a metal loading of
approximately 4-5 wt% Cu per 100 m2g-!
ALO; (3). Above this threshold loading,
formation of crystalline CuO was observed.
Similarly, Lo Jacono and Schiavello found
that a copper ‘surface spinel”’ formed up to
ca. 10 at.% Cu (unspecified surface area),
above which, a CuQ phase segregated (7).

Using Friedman’s saturation value(s),
“‘monolayer’’ coverage of the support used
in this study (195 m?g) should occur at a
copper content of approximately 8-10%.
The break points of the ESCA and ISS
curves occur at approximately 9-10% Cu
(see Figs. 4 and 5) and therefore, can be
attributed to saturation of the support. The
appearance of diffraction lines characteris-
tic of CuO in the XRD patterns of catalysts
with higher loadings (i.e., =13% Cu) is con-
sistent with support saturation. Once the
support is saturated, agglomeration of cop-
per species would occur, forming particles
large enough to be detected by XRD (.e.,
>50-75 A). It is interesting to note that, a
number of changes in catalyst properties
appear to be correlated with the support ca-
pacity, i.e., magnetic susceptibility, CO ad-
sorption, and catalytic activity (3).

The leveling off of the ESCA and ISS
curves due to CuO particle growth can be
rationalized by the fact that a greater vol-
ume of copper atoms becomes inaccessible
to ESCA and ISS detection as the CuO par-
ticle size increases. Since the sampling
depths of ESCA and ISS are on the order of
30 and 3 A, respectively, atoms in the cen-
ter of large particles cannot be detected. If
less Cu is accessible to detection, the Cu/Al
ESCA and ISS intensity ratios will level
off. The suggested increase in CuOQ particle
size with increasing metal loading is consis-
tent with the XRD results shown in Table 1.

It was noted that at all concentrations,
both the ESCA and ISS Cu/Al intensity ra-
tios were lower for catalysts calcined at
600°C than for those calcined at 400°C (see
Figs. 4 and 5). This effect is related to the
extent of metal-support interaction, i.e., as
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the calcination temperature is increased, a
greater percentage of copper ions diffuses
into the y-Al,O; lattice. This effect has been
demonstrated previously (3). If more cop-
per ions diffuse into the support, the Cu/Al
intensity ratios should be lower, exactly as
observed by both ESCA and ISS.

Comparing Figs. 4 (ESCA) and 5 (ISS),
ISS shows a much larger difference in the
Cu/Al intensity ratio between the two calci-
nation temperatures than does ESCA. This
can be attributed to differences in sampling
depths between ESCA and ISS. The larger
difference seen in the ISS plot indicates
that at constant Cu loading, the decrease in
the amount of copper on the surface with
increased calcination temperature is much
greater over the sampling depth of ISS (ca.
3 A), than it is over the sampling depth of
ESCA (ca. 30 A). This has important impli-
cations for catalysis since it is the upper-
most layer of the catalyst surface that is
involved in reactions. The results indicate
that with increased calcination tempera-
ture, the uppermost surface layer is de-
pleted of copper species to a greater extent
than the outer 5-10 atomic layers, presum-
ably due to increased diffusion of copper
ions into the support. Hence, the catalytic
activity should decrease for catalysts pre-
pared at the higher calcination temperature
(relative to those prepared at 400°C) to a
greater extent than that expected from the
ESCA data alone. This result demonstrates
the great value of ISS in catalyst studies,
since ISS has the unique ability to probe the
uppermost surface layer.

Reactivity of Cu Species with H, and
HyYH,S

The reduction and sulfidation experi-
ments illustrate the high reactivity of Cu/
AlLO; catalysts, bulk CuO, and CuAlLO, to-
ward H, and H,S/H,. Hydrogen reduction
of bulk CuO to Cu metal is thermodynami-
cally favorable and known to occur readily
6, 11, 14, 41).
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CuO + H; — Cu + H,0
AHS7c = —21.9 kcal/mol.

Thermodynamic calculations (42) have
shown that, under our experimental condi-
tions, sulfidation of CuO to Cu,S is also fa-
vorable:

2Cu0O + H,S + H, — Cu,S + 2H,0
AH%7:c = —54.4 kcal/mol

consistent with our experimental resuits.
However, the fact that CuAl,O, readily re-
duces and sulfides under relatively mild
conditions is significant, since it is opposite
to the behavior of similar aluminates of Co
(22, 36), Ni (11, 37), Zn (38), and Mn (43),
which are difficult to reduce and/or sulfide.

Molar enthalpies (AH®) of reduction and
sulfidation for a variety of transition metal
aluminates were shown in Table 7. Thermo-
dynamic data for the aluminates were avail-
able only for 970 K (697°C) (34). However,
even though the reduction conditions em-
ployed in this and previous studies (22, 36—
38, 43) were at lower temperatures (i.e.,
400-500°C), the values shown in Table 7
are consistent with observed results and are
useful for comparisons among the various
systems.

Table 7 shows that among the aluminates
listed, H, reduction is favorable only for
CuAlL,O,; and NiALQ,. Previously, it has
been shown that CoALO,, ZnAl,O4, and
MnAIl,O, could not be reduced in hydrogen
at temperatures of ca. 400-500°C (22, 36,
38, 43), consistent with Table 7. This low
reactivity of transition metal aluminates has
been attributed to the stability of divalent
transition metal ions in Td spinel lattice
sites (22, 36). NiAl, O, is known to be diffi-
cult to reduce and is only partially reduced
by H; (11), consistent with the low enthalpy
of reduction (—2.2 kcal/mol). A Kkinetic ef-
fect may also account for the low reducibil-
ity of NiAl,O4. Our experimental results for
H, reduction of CuAl,O, are consistent with
Table 7 and show that reduction to Cu
metal occurs readily, even at 250-350°C.

The thermodynamics for H,S/H, sulfida-
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tion of various aluminates are also consis-
tent with our results and previous studies.
Table 7 shows that H,S sulfidation of
CuAl,O, to CuS is favorable; however, in
the presence of H,, sulfidation to Cu,S is
even more favored. This is consistent with
our results which indicated formation of
Cu,S on sulfided CuAl,Q,.. Previously, it
was shown that CoAl,O4 does not sulfide
(22), and ZnAlL,Q4 (38) and MnAlL,O, (43)
show only low reactivity toward H,S/H,
(500°C). Again, as in the reduction of these
aluminates, kinetic effects probably also
play an important role.

In comparison to bulk CuO and CuAl,O,,
our results have shown that, Cu/Al,O; cata-
lysts readily undergo H; reduction (to Cu
metal) and H,S/H, sulfidation (to Cu,S).
Our results also indicate that the site sym-
metry of Cu(2+) ions (CuO—square pla-
nar; CuAl,0,—60% Td, 40% Oh; Cu/Al,O;
interaction species—predominantly Oh)
has little effect on the reduction and sulfida-
tion properties, in contrast to the Co/Al,0;
and Ni/AlLLO; systems (36, 37). Since both
bulk CuO and CuAl, O, are readily reduced
and sulfided, the high reactivity of Cu/Al,O3
catalysts is not surprising, since the cata-
lysts are composed of similar species (i.e.,
a copper/alumina interaction species which
“resembles’” CuALQy, although the struc-
ture differs somewhat, and/or bulk-like
CuO).

CONCLUSIONS

Several conclusions can be drawn from
this study:

(1) The surface characteristics of Cu/
Al O; catalysts are affected by both metal
loading and calcination temperature.

(2) For Cu/Al,O; catalysts having low
copper contents (<ca. 10%), copper ions
from a well-dispersed interaction species
with the support, which could not be de-
tected by XRD. Results have indicated that
the structure of this interaction species is
different from bulk CuO and CuAl,O,. Al-
though the structure of this interaction spe-
cies is not clearly defined, PAS shows that
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octahedrally coordinated Cu(2+) ions are
present.

(3) At high copper loadings (after satura-
tion of the support, i.e., >ca. 10% Cu), seg-
regation of bulk-like CuO occurs, as de-
tected by XRD. The crystallite size of this
CuO phase increases with metal loading
and calcination temperature.

(4) With increased calcination tempera-
ture, there is a depletion of copper on the
catalyst surface due to increased diffusion
into the support, as demonstrated by both
ESCA and ISS.

(5) Cu/ALLO; catalysts, as well as bulk
CuO and CuAl,O4 are highly reactive to-
ward H, reduction and H,S/H, Sulfidation
(350°C), forming Cu® and Cu,S for the re-
spective reactions.

(6) The comparative ESCA, ISS, XRD,
and PAS results demonstrate the comple-
mentary nature and value of these tech-
niques for the study of supported catalysts.
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