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EXAFS measurements by means of synchrotron radiation of Cu-ZnO/ALO; CO shift catalysts
and various reference compounds (Cu, CuQ, Cu,0, ZnO, and spinels) show the presence of CuQ
and ZnO in fresh catalysts and of highly dispersed Cu and ZnO after activation and reduction. The
presence of Cu,O and spinels is excluded within the detection limits. The results are in agreement

with previously reported XANES studies of the same catalyst samples.

INTRODUCTION

Interaction of CO with water vapor (low-
temperature CO shift reaction, LTS) on
copper-zinc oxide/alumina catalysts at low-
temperature (180-250°C) is widely used in
hydrogen plants for ammonia synthesis and
hydrogenation processes (/). The role of
the various components of such catalysts,
or of similar systems in use for methanol
synthesis, has recently been extensively
studied by a variety of experimental tech-
niques (2-6). The question of the composi-
tion and structure of the main active phase
is obviously of interest because the low-
temperature catalyst is rather unstable in
relation to the effect of the reaction me-
dium, temperature and sensitivity to cata-
lytic poisons.

The high activity of the catalysts is due to
the action of a copper (20-50 wt% as ox-
ide)-zinc couple. In the initial activated
state (fresh catalysts), copper is mainly in a
divalent state. However, the catalyst oper-
ates in a reduced state, which is reached by
treatment with H, or CO at about 200°C.
Under these conditions CuO is reduced
to copper rather than Cu,0, as occurs un-
der vacuum conditioning treatments (7),
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whereas zinc oxide remains apparently un-
varied at this temperature. In a reducing
gas above 250°C brass can be formed in the
Cu-Zn0 catalyst (8). With intimate admix-
ture of the catalyst components (as for co-
precipitated catalysts) dissolution of copper
in the zinc oxide phase has been claimed
3, 9.

The present investigation aims at study-
ing the composition of some fresh and re-
duced catalysts. As the usual degree of
dispersion of the active phase(s) on the
amorphous support (typically about 100 A
for the coprecipitated catalysts after activa-
tion by reduction) (1, 9-14) is an obstacle
to many of the traditional methods of struc-
tural investigation, we have chosen the ex-
tended X-ray absorption fine structure
technique (EXAFS) for the study of the cat-
alyst composition. The advantage is that
EXAFS data analysis is independent of
structural order.

EXPERIMENTAL

Materials. Cu,0, CuO, and ZnO were R.
P. C. Erba products; Cu and Zn were avail-
able as sheets (20 X 10 x 0.004 mm) from
Goodfellow Metals, Ltd., ZnAlLQ, was pre-
pared as described in Ref. (14).

Cu~-ZnO/ALO; catalysts were either
commercially available products or sam-
ples prepared on alumina by hot precipita-
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tion of nitrates in aqueous solution with so-
dium carbonate. Reduction of the catalysts
was carried out with a 0.5-3% H, in N, gas
mixture (p 1 atm; space velocity
50,000 h~') in a microflow apparatus for
about 14 h at temperatures from 25 to
230°C. Composition and physicochemical
characteristics of the three ternary cata-
lysts are given in Table 1 (cf. Ref. (14)).
Fresh and activated (reduced) catalysts are
distinguished by a suffix F or R, respec-
tively. Powder samples for EXAFS experi-
ments were mixed with a diluent (BN) and
pressed as tablets with thickness such as to
optimize the contrast at the high-energy
side of the absorption edge. Activated sam-
ples were kept in inert atmosphere (purified
He) throughout the experiments.

Data collection. EXAFS spectra of both
Cu and Zn were recorded at the Synchro-
tron Radiation Facility (PULS) at the Fras-
cati National Laboratories (INFN), Italy,
using the X-ray beam line. The experimen-
tal apparatus has been described elsewhere
(15). The X-rays emitted by the ADONE
storage ring at 1.5 GeV with a typical cur-
rent of 50 mA were monochromatized by a
channel-cut Si(220) single crystal and moni-
tored (as Iy) in a first transmission ioniza-
tion chamber filled with a He/N, mixture.
After passing through the sample, the beam
intensity I was measured by a second, total
absorbing ionization chamber filled with a
Ny/Ar mixture. The apparatus was operated
under control of a PDP 11/03 minicomputer
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which drives the shafts of the monochroma-
tor and records the digitized currents I, and
L

All EXAFS spectra were taken at room
temperature, in air for the standards and
the fresh catalysts and in inert atmosphere
for the activated catalysts. Measurements
were made in about 2-eV intervals (with
fixed angular step) over a scan range of
about 1150 eV, extending up to 750 eV
above the K thresholds of Cu and Zn, with
an integration time of 1 s. Calibration of the
energy scale Ey was performed by attribu-
tion of literature values (16) to the maxima
in the first-derivative edge spectra of metal-
lic Cuand Zn (E% (Cu) = 8980.3 eV, Ek (Zn
= 9660.7 eV).

Data handling. The data are described
as a measurement of the X-ray linear ab-
sorption coefficient u in terms of the inci-
dent beam I, the transmitted intensity 1,
and the sample thickness x, as

Iy

=In-.

7 M)

ux
The EXAFS modulation of the absorption
above the edge is given by

w(k) — uglk) — polk)
Mo(k) ’

where wy is the smooth, atom-like contribu-
tion and up the background (originating
from preedge absorption processes), k is
the photoelectron wave vector:

x(k) =

2

TABLE 1

Cu-Zn0/Al,0, Catalysts Investigated

Sample Composition® Phase analysis Crystallite size (A)
designation (wWt%)
CuO(111) ZnO(110)
Cat. 1 24:47:15 CuO, ZnO 66 94
Cat. 2 29:45:12 CuQO, ZnO, other® — —
Cat. 3 27:52:12 Cu0, ZnO, other® 87 115

4 Cu0: Zn0 : Al,O,; remainder consists of volatiles (H,0, CO,, etc.).

5 Small amounts.
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12
k= [i_r;l (E — Eo)] . (3)
Here E is the incident photon energy, E, the
photoelectron binding energy, m the elec-
tron rest mass, and % relates to Planck’s
constant. (We notice that the reference en-
ergy Eq was fixed, with an arbitrary but uni-
form choice, at the inflection points of the
K-edges of Cu and Zn; the values are listed
in Table 2 of Ref. (/4)). The simple back-
scattering theory gives the relationship be-
tween x(k) and the structural parameters

(17):
N,
kx(k) = 2 5 exp(=207k?)

i

- Fi(k) sin[2kR; + k)], (4)

where R; is the average distance which sep-
arates the absorbing atom from the N;
neighboring atoms defining the ith shell,
with a rms deviation a;; Fi(k) and (k) are
the amplitude backscattering factor and
phase shift, respectively, characteristic of
the selected atom pair. Data processing was
carried out on a UNIVAC 1100/20 com-
puter according to our standard procedure
(18, 19), briefly summarized as follows:

(i) up(k) is extrapolated from the preedge
region where a Victoreen fit (20) has been
used and subtracted from the experimental
data. ue(k) was obtained by means of a
Fourier filtering technique, not zeroing the
high frequencies of noise (18).

(ii) the k-weighted EXAFS spectra were
then Fourier-transformed (FT) from &-
space to R-space using a Gaussian window.
For all Cu-containing samples a back-
Fourier transform (FT~!) was then applied
to the first physically significant peak of
each radial distribution function thus ob-
taining the ky,(k) signal.

(iii) Distance information was easily ob-
tained by first dividing the back-trans-
formed signal by its amplitude envelope,
followed by least-squares fitting of the si-
nusoidal term

o(k,R) = sin[2kR, + (k)] ®

VLAIC ET AL.

according to Ref. (21). To describe the
phase shift function (k) we utilized the
parametrized form proposed by Lee et al.
(22). The experimental values of the param-
eters were extracted from reference com-
pounds (Cu and CuO) constraining the R
values to the crystallographic one without
varying Ey, and then transferring these pa-
rameters to the catalyst samples, allowing
variation of R and E,. The latter adjustment
is required for the definition of

k' = (k? + 0.262467 AEy)? (6)

with k being defined by Eq. (3), and AE,
corresponding to an energy shift with re-
spect to a previously defined value, taking
into account eventually an incomplete
chemical phase transferability (22). The fit-
tings were carried out in the 5-10 A~! inter-
val (k space).

(iv) The relative coordination numbers of
catalysts and reference materials were ob-
tained according to Sayers et al. (23) from
the amplitude envelope of the FT~! signal:

A _ N, R,
lnAs_lnNs+21n_R—,

+ 203 — oDk, (7)

where r and s refer to reference compounds
and samples, respectively. By fitting the re-
sulting curve with a straight line function
the intercept gives the ratio

N: R}
in (X &)
s r
while the slope defines the difference of the
o? values. All fits were conducted in the
interval 25-100 A-2 in k2 space.

In the case of one of the activated cata-
lyst samples, a two-shell fit was carried out
(vide infra) on the ky,(k) signal. The ampli-
tude functions F(k) for the model com-
pounds (Cu and CuO) were parameterized
in the Lorentzian form, as proposed by Teo
et al. (24) for light backscatterer elements.
The experimental parameters were calcu-
lated for the references fixing all known
structural parameters and the previously
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obtained phases at their respective values,
and were then transferred to the sample sig-
nal. These fits were conducted in the range
5-11 A-1in k space.

RESULTS
Copper Coordination

Moduli of the Fourier transform (FT) of
the Cu K-edge EXAFS of fresh and acti-
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F1G. 1. Modulus of Fourier transform of Cu K-edge
EXAFS spectra between k, = 4.0 A-tand kpp = 13.0

A-1. Curves 1-5: fresh Cu-ZnO/ALQ;, Cat. 1F, Cat.
2F and Cat. 3F, CuO, and Cu,0, respectively.
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F1G. 2. Modulus of Fourier transform of Cu K-edge
EXAFS spectra between ky, = 3.25 A1 and kyy =
13.0 A1 (curves 1-4) and kpy, = 4.0 A~' and kg, =
13.0 A-! (curves 5-6). Curves 1-6: Activated Cu-
Zn0/ALO;, Cat. 1R, Cat. 2R and Cat. 3R, Cu, CuO,
and Cu,0, respectively.

vated (reduced) catalysts and of some refer-
ences are given in Figs. 1 and 2. CuO shows



318

three maxima, the first at 1.58 A as com-
pared to 1.50 A in Cu,O (crystallographic
distances: 1.84 A in Cu,0, 1.95 A in CuO).
Fresh catalysts exhibit either one or two
nearest-neighbor peaks with the first in the
range 1.54-1.58 A, but with considerable
lower amplitude than for CuQO, presumably
as a result of high dispersion of the catalyst
particles or a disordered structure.

Metallic copper (Fig. 2) shows a first
shell well-separated from others at greater
interatomic distances. Cat. 1R and Cat. 2R
are essentially similar with maxima at 1.56
and 2.24 A, whereas Cat. 3R shows two
partially overlapping peaks at the same dis-
tances. The weak maximum at 1.56 A (typi-
cal of Cu-O distances) in activated (re-
duced) catalysts is of interest and indicates
oxidized states. In Cat. 1R and Cat. 2R the
Cu-Cu amplitude of the 2.24-A shell is
three times lower than in the case of the
metal; the effect is even more pronounced
for Cat. 3R and may again be interpreted in
terms of highly dispersed particles.

The first shells of the spectra of Fig. 1
were back-Fourier transformed according
to Eqs. 4 and 5 and the function ¢;(k,R)
was determined. The experimental phase
parameters for the Cu-O absorber-back-
scatterer pair were obtained by fitting this
function for CuO with the crystallographi-
cally imposed Cu-O distance of 1.95 A (25)
(Table 2) and were then transferred to Cu,O
and the fresh catalyst samples. The result-
ing numerical results for R and AE, are

TABLE 2

Fitted Experimental Absorber (Cu) and
Backscatterer (O, Cu) Phase Parameters®

Parameter Cu-0O Cu-Cu
g+ by — 2.59564 8.24409
a; + b; (A) -1.43222 —1.24460
a, + b, (AY) 0.04660 0.02595
as + b; (A% —27.99720 —156.55279

« Phase shift function (k) in the parametrized form
Y(k) = ag + by — m + (a, + bk + (a; + b)K? + (a3 +
bs)lk.

VLAIC ET AL.

TABLE 3
Results of Fitting sin[2kR, + (k)]

Curve® Sample Rcé._o AE,
(A) eV)
i Cat. IF 1.93(1) 0.9
2 Cat. 2F 1.94(1) 1.4
3 Cat. 3F 1.94(1) 33
4 CuO 1.95(—) 0
5 Cu,0O 1.84(1) -1.4
2 See Fig. 3.

given in Table 3 and the fits in Fig. 3. The
calculated Cu-O distance in Cu,O con-
forms to the crystallographic value (1.84 A)
(26); for the fresh catalyst samples we con-
firm the Cu-O distance typical of CuO.
Figure 4 reports the ratio of coordination
numbers (according to Eq. (7)) of the three
fresh catalyst samples with respect to CuOQ;
a comparison with Cu,0 is included to test
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TABLE 4

Calculated Oxygen Coordination Numbers for Cu®

Curve?  Sample [N,] [Rs] N, (of—-0)
In N—s + 21in R (AR
1 Cat. 1F 0.330 2.87  ~-0.0011
2 Cat. 2F 0.372 275 —0.0012
3 Cat, 3F 0.121 3.54 0.0001
4 Cu,0O 0.618 1.92 -0.0008

« Referred to N, = 4 for Cu in CuO.
b See Fig. 4.

the reliability of the experimental ampli-
tudes. As shown in Table 4, N¢, for Cu,O is
close to the theoretical value and within the
commonly accepted experimental error
(20%) (27). Also examination of the coordi-
nation numbers of the fresh catalyst sam-
ples conforms to the presence of a highly
dispersed CuO phase. The same procedure
has been applied to activated catalysts (Fig.
2). In view of the strong overlap in the
Fourier transform of Cat. 3R antitransfor-
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F1G. 4. Linear fit of curve of Eq. (7) vs k2 (25-100
A~ in fresh Cu-ZnO/AL,O;s, Cat. 1F, Cat. 2F and Cat.
3F, and Cu,0 (curves 1-4, respectively) with respect
to CuO.
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mation was carried out here in three differ-
ent ranges to isolate the Cu—O contribution
(first peak), the Cu~Cu contribution (sec-
ond peak), and the Cu-O and Cu-Cu en-
semble. Distance information was gained as
above. Table 2 contains the experimental
phase parameters obtained for the Cu-Cu
atom pair in the metal by fitting ¢i(k,R)
using a fixed Cu-Cu distance (2.55 A) (28).
The resulting fits for the activated catalysts
are given in Fig. 5 and R and AE, values in
Table 5. For Cat. 3R the fit refers to the
second peak at 2.24 A. The numerical
results for this sample are apparently not
quite in line with the others; this is due to
the errors induced by the cutoff at the mini-
mum in FT at 1.82 A. By back-transforming
the 1.56-A peak (due to the Cu—O atom
pair) the fit of the corresponding ¢(k,R)
function leads to R = 1.90(1) A and AE =
+3.4 eV. In order to improve the results for
Cat. 3R we have aiso carried out a double-
shell fitting on the x(k) - k vs k signal, taking
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TABLE 5
Results of Fitting sinf2kR; + (k)]

Curve® Sample Rey_cu AE,
(A) eV)
1 Cat. IR 2.56(1) -3.0
2 Cat. 2R 2.55(1) 2.4
3 Cat. 3R 2.60(1) -8.1
4 Cu 2.55(—) 0.0
@ See Fig. 5.

the amplitude parameter values (24) from
Cu and CuO. The parameters of CuO (Ta-
ble 6) were transferred to Cu,O for control
(Table 5) and compared to literature values
(24). As may be seen, B and C values are in
good agreement, but the experimental
value for A is about half the theoretical
value (for an explanation, see note 13 of
Ref. (24)). Figure 6 shows the double-shell
fits for Cat. 3R, and the single-shell fitting
for the nearest neighbors of metallic Cu and
CuO. The beating at k ~ 8.4 A~! is due
to the negative interference between the
EXAFS signal of the two shells Cu-Cu
and Cu-O. The values for Cat. 3R so ob-
tained (Table 7) are now in good accor-
dance with those of the other catalyst sam-
ples. Coordination numbers (referred to the
metal) for Cu in all the activated samples
are given in Table 8 and the fits according to
Eq. (7) in Fig. 7 (for Cat. 3R the maximum
at 2.24 A was used). The low coordination
numbers indicate again the presence of
highly dispersed Cu(0).

TABLE 6

Parametrization of Amplitude Function F(k)*?

Backscatterer A (A) B A C(AY
Expt Theor Expt  Theor Expt Theor
Cu 0.393  0.641 0.1980 0.1842 7.437 7.382
(o] 0.632 1.079 0.4100 0.4096 1.640 1.898

¢ Absorber: Cu.
b Amplitude function in the parametrized form F(k) = A[l + BXk —
(&5
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Zinc Coordination

Figures 8 and 9 show the moduli of the
FT of the Zn K-edge EXAFS spectra of
fresh and activated catalysts in comparison
with the references ZnQO and ZnAl,O4. ZnO
shows maxima at 1.60 and 2.76 A, attribut-
able to Zn—-O and Zn-Zn peaks at 1.98 and
3.23 A (29, 30) respectively. ZnAlLO, is
more structured with peaks at 1.52 A (cor-
responding to Zn-O distances of 1.88 A)
and 3.20 A (Zn-Al of 3.36 A, Zn-0 of 3.38
A, and Zn-Zn of 3.51 A (31)). The FT mo-
duli of all fresh and activated catalysts con-
tain two peaks, at 1.59 * 0.03 and 2.80 =
0.04 A and confirm our earlier conclusion
(14) that Zn is present only in the form of
Zn0. No ZnAl,O, spinel is found within the
detection limits of EXAFS. It is noticed
that the maximum of the first shell is con-
siderably lower in the catalysts than in
crystalline ZnO; for Cat. 1R and Cat. 2R
there is also an inversion of peak heights for
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TABLE 7

Results of Fitting the x(k) - k vs k Signal

Curve Sample Ncuoo Ry o AE, Neu-cu Reu_cu AE,
(A) eV) (A) (eV)
1 Cat. 3R 1.48 1.93(1) —0.55 2.02 2.56(1) -39
2 Cu — —_ — 12.0 2.55(1) 0.0
3 CuO 4.0 1.95 0.0 — — —
¢ See Fig. 6.

the first and second shell. This denotes
small dimensions of the ZnO particles and
high structural disorder in the ZnO phase
for the first two catalysts.

DISCUSSION

The literature suggests various copper
states in Cu—ZnQ/AlL, O, catalysts, namely
as a metal (on the surface of AlLO; or
ZnAlLO,) (32, 33), or as Cu-containing
compounds, such as spinels (34-37) or
solid solutions of copper ions in ZnO or
AlLO; (3, 4). Reported phases are metasta-
ble solid solutions of Zn2* and AI** ions in
CuO, Cu* and AI¥* ions in ZnO, and (Cu,
Zn)AL O, spinels. It appears that the spinel
and CuO-based solid solutions do not deter-
mine the catalyst activity and that the high
activity of Cu-ZnO/AlL,O, catalysts for
methanol synthesis is associated with ZnO-
based solid solutions (with introduction of
Cu* and AP* (3, 4, 38, 39). On the other
hand, Cu* species in solid solution with
ZnO appear not to be greatly active in the
CO shift reaction and Cu,0 (from oxidation
of Cu(0)) is considered to be the active
phase in LTS reaction conditions (6).

TABLE 8

Calculated Copper Coordination Numbers for Cu®

Curve? Sample [N] [Rs] N (o - ad)
In{="|+ =
n N, 2In R A
i Cat. IR 0.807 5.35 0.0022
2 Cat. 2R 0.872 5.02 0.0015
3 Cat. 3R 1.713 2.16 ~0.0001

2 Referred to N; = 12 in metallic copper.
b See Fig. 7.

In agreement with XANES data (14),
EXAFS results of the fresh catalysts show
two highly dispersed oxide phases, ‘‘Zn0O”’
(i.e., ZnO or a ZnO-CuQO solute) and
“Cu0” (i.e., CuO or a CuO-ZnO solute),
in line with XRD data, which indicate
*Zn0O”’ and ““Cu0’’ with small particle size
(Table 2). This is not surprising for Cat. 1,
which was obtained from a single-phase hy-
drozincite precursor (6). Formation of such
solutes is structurally possible on the basis
of ionic radii criteria ("V Zn(I) = 0.60 A;
rV Cu(Il) = 0.57 A but P! Cu(Il) = 0.73 A

140 LU T T T T T
80

k’[l'z]
F1G. 7. Linear fit of curve of Eq. (7) vs k? (25-100

A-2)in Cu-ZnO/ALO;, Cat. IR, Cat. 2R and Cat. 3R
(curves 1-3, respectively) with respect to Cu.
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(40)) and metal-oxygen distances. Whereas
in ZnO the metal coordination polyhedron
is an almost regular tetrahedron (3 x 1.973
and 1.992 A) (30), CuO assumes a highly
distorted octahedral (4 + 2) coordination
for the metal, which is essentially square
planar (2 x 1.951 and 2 x 1.961 A) with two
remote oxygens (2.784 A) (25). The solubil-
ity of CuO in wurtzite is therefore limited to
about 5% (7, 41, 42), and the resulting
quite small decrease in the ¢ dimension es-
capes detection in the line-broadened XRD
pattern. Indications for a solid solution of
ZnO in CuO (‘‘CuQ’’) are also available
(43). It is also known that Cu,0 layers form
with ZnO inclusions for [Zn] < 15% by pas-
sivation of CuZn alloys (44). Detection of
the solutes in low amounts by means of Cu
K- and Zn K-edge EXAFS in the presence
of excess CuO and ZnO appears arduous.
Dissolution of small amounts (2-4%) of

VLAIC ET AL.

CuO in ZnO in Cat. 1 is confirmed by XPS
results (6).

Whereas diffraction work fails to ascer-
tain compound formation (spinels) in our
samples, EXAFS shows evidence for the
absence of ZnAlLQ,, at least in detectable
quantities. Formation of a considerable
fraction of MAIL,O, spinels (M = Cu, Zn)
was previously already excluded for the
same samples on the basis of the near-edge
structure (14).

Activated samples have been subjected
to temperature treatment in a reductive me-
dium. Although low-temperature reduction
does not affect ZnO in Cu-ZnO/Al,O; cata-
Iysts the compound delays hydrogen reduc-
tion of CuO, a process which usually takes
place in two stages (to Cu via Cu,0) at low
temperature (<200°C); at higher tempera-
ture no Cu,0 is formed (45), in accordance
with our XRD, XANES, and EXAFS indi-
cations. By reduction at about 300°C brass
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F1G. 9. Modulus of Fourier transform of Zn K-edge

EXAFS spectra between kyin = 3.9 A-! and kpayx = 13.0

A-1. Curves 1-5: activated Cu-ZnO/ALO;, Cat. IR,
Cat. 2R and Cat. 3R, ZnO, and ZnAl,O,, respectively.
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may be formed (&), but is excluded in our
case.

The presence of Cu as the backscattering
element in the first and probably in the sec-
ond coordination shell is confirmed by the
EXAFS signal of the reduced catalysts
(Fig. 2). The decreased signal intensity with
respect to metallic copper indicates a varia-
tion of the scattering amplitude, probably
as a result of a decrease in coordination
number due to the reduced dimensions of
the metallic clusters. This is in accordance
with the fact that fine dispersions of metal-
lic copper have been reported in other 10—
30% copper catalysts (46) (as in our case)
and relatively large copper crystals in
richer systems (4). It thus appears that we
are dealing with a fine copper dispersion in
contact with ZnO (copper-containing or
not). At this point we notice that Cu(0) is
easily trapped in a ZnO layer, as shown by
Okamoto et al. (47) for reduced Cu-ZnO
catalysts and by Barr and Hackenberg (44)
for passivation of CuZn alloys.

It has been claimed that activated Cu-
Zn0O/AlLO; catalysts contain two forms of
copper, one appearing in and strongly inter-
acting with the zinc oxide phase (further
designated as *“ZnO-R’’) and the other be-
ing a fine copper metal dispersion acting as
a weak electron donor to zinc oxide (4, 48).
The structure of ““ZnO-R’’ has been indi-
cated as a solute of Cu(l) in ZnO. This con-
jecture is based on the following consider-
ations:

(a) Cu(]) fits in with a mechanism of the
catalytic function (in methanol formation)
via chemisorption and activation of CO on
Cu(l) centers and of hydrogen on the sur-
rounding ZnO surface (4).

(b) Cu(l) explains the stabilizing action of
AlLO; by maintaining electroneutrality ac-
cording to

Zn(ID) = Cul) + AlIID)

It appears that ZnO stabilizes catalytically
active Cu(l) (49).

(¢) NIR-VIS absorption spectrum of
Cu(1)/Zn0O differs from Cu(II)/ZnO (3, 50).
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(d) Cu(]) is isoelectronic with Zn(II).

(e) Cu(l) frequently assumes a tetrahe-
dral coordination (47) (though rarely with
an oxygen environment).

(f) Support from the Cu(I)-O bond-
strength (s) bond-length (d) relation.
Namely, if we consider the s—d relation for
Cu(1)=S (51) and bond data for CuiSO; -
Cu"SO; - 2H,0(Cu(I)-S, 2.14 A, Cu(D)-O,
2.11-2.14 A), Cu,0, CuCrO;, and SrCu,0;
(Cu-0, 1.84-1.85 A) (26, 52, 53), the de-
rived equation s = (d/1.686)~7? can be used
to predict a tetrahedral Cu(I)-O bond
length of 2.01 A, close to the mean Zn-O
length of 1.98 A in ZnO.

On the whole, the proposed Cu(I)~ZnO
phase with crystallographic parameters
almost indistinguishable from ZnO (4)
is a highly acceptable hypothesis. Conse-
quently, and also as reduction drives more
copper into zinc oxide (up to 16% in a Cu/
ZnO = 30/70 catalyst, close to the composi-
tion ratio in our samples) (3, 4, 54), this
aspect was carefully considered in the
interpretation of the X-ray absorption spec-
tra. Chemical shifts in the K absorption
edge value for Cu (AEg (Cu)) in reduced
Cu-ZnO/AL,O; catalysts (Table 2, Ref.
(14)) are compatible with both Cu(0) and
Cu(I) valence states (I14), but in the latter
case only with Cu,0 for which the unique
cubic structure with linear oxygen coordi-
nation leads to an atypical AEx Cu(l) value
(55). While the antiphase features of the
XANES spectra of Cu,0 and reduced cata-
lysts at the high-energy side of the Cu K
absorption edge exclude the presence of
Cu(@) as CuyO, the EXAFS signals of the
reduced catalysts show mainly Cu instead
of O as the scattering element in the first
and probably in the second shell. This re-
duces greatly the incidence of the Cu(l)~
ZnO hypothesis for our samples. If one
considers, however, that monovalent Cu
species are expected especially for low
Cu content coprecipitated catalysts they
should therefore not be abundant in our
case and may be below the detection limits.
In the case of Cat. 3R the strong evidence



324

for residual CuO may be the result of in-
complete reduction, eventually by inacces-
sibility of CuO to the reducing gas by a
ZnO shield.

CONCLUSIONS

Fresh Cu-~ZnO/Al,0; catalysts contain
CuO and ZnO in a state of considerable
structural disorder. The presence of CuO-
ZnO solutes (XPS evidence) cannot be dis-
missed from EXAFS data but neither con-
firmed. Reduced (ex situ) catalysts contain
a fine copper dispersion in contact with
Zn0O, but no Cu,0. In one case the reduced
catalyst was found to contain considerable
amounts of residual CuQO. The interpreta-
tion of the results should take into account
the detection limits of the method which is
not expected to be sensitive to low-concen-
tration phases in the presence of other main
phases and may explain the fact that no
spinels and Cu(I)-ZnO solutes were ob-
served.
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