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Silver-zinc alloy catalysts were prepared by impregnation of a-alumina supports with mixed
silver nitrate and zinc nitrate solutions. They were characterized in terms of exposed metallic
surface area and surface composition, employing selective chemisorption of oxygen and hydrogen.
A dramatic enrichment of the surface with Zn was observed and was not altered after exposure of
catalysts to reaction conditions. XPS analysis indicates that surface Zn atoms are in the 2+ valence
state. Kinetic parameters of ethylene epoxidation and combustion were found to be nearly unaf-
fected by the presence of Zn atoms on the surface of the catalysts. EXAFS analysis indicates that
silver atoms exhibit absorption characteristics which are nearly identical to atoms in a silver foil,
which was used as a standard. Thus, silver atoms are coordinated mostly to other silver atoms,
indicating that Ag—Zn clusters consist of a central core of primarily silver atoms with Zn atoms

primarily on the surface.

INTRODUCTION

The effects of geometric and electronic
factors in catalysis by alloy or bimetallic
catalysts were investigated with silver-
based alloys under ethylene oxidation con-
ditions. Ethylene oxidation was selected as
a probe reaction because the structural
sensitivity of kinetic parameters is well es-
tablished in this system (/-3). Further-
more, there are reasons to believe that this
reaction is also sensitive to the electronic
structure of catalytic surfaces. The mode of
oxygen adsorption, in terms of its atomic or
diatomic nature, appears to play a major
role in mechanistic and kinetic factors. The
dissociative or nondissociative adsorption
of oxygen on silver is expected to be influ-
enced significantly by the electronic struc-
ture of its surface since the electron trans-
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fer requirements of the two processes are
different.

The alloying metals selected for this
study are palladium and gold, whose elec-
tronegativities are higher than that of silver,
cadmium and zinc, whose electronegativ-
ities are lower than that of silver. Other
criteria applied in this selection included
bulk composition range in which mono-
phasic alloys can be achieved, expected
surface composition range, and thermody-
namics of alloy formation.

In previous publications (4—6), the ef-
fects of alloying silver with palladium, cad-
mium, and gold on kinetic parameters in
ethylene epoxidation and combustion were
presented. In the case of Ag—Pd alloy cata-
lysts, turnover frequency of epoxidation
was found to decrease, while that of com-
bustion was found to increase with increas-
ing Pd content. Activation energies of both
reactions were found to be independent of
surface composition. In the case of Ag—Cd
alloy catalysts, turnover frequency of epox-
idation was found to increase with increas-
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ing Cd content of the surface, while that of
combustion was found to be nearly inde-
pendent of surface composition. Activation
energies of both reactions, especially that
of the epoxidation, were found to decrease
with increasing Cd content. Over Ag-Au
alloy catalysts, both specific rates exhibited
maxima at a surface composition of 10-15
atom% Au, while catalytic activity was to-
tally eliminated over surfaces containing
30% or more Au.

These results were interpreted primarily
in terms of near-neighbor electronic inter-
actions between dissimilar atoms (atoms
with different electronegativity), affecting
the electron structure of surface silver
atoms and in terms of geometric alterations
of surfaces. In the present communication
the effects of alloying silver with zinc on
kinetic parameters in ethylene oxidation
are presented. Zn is of the same electro-
negativity relative to silver as cadmium,
therefore, qualitatively similar results
would be expected, if indeed electronic in-
teractions are responsible for observed al-
terations in catalytic performance of silver.

EXPERIMENTAL

Supported silver-zinc alloy catalysts
were prepared with bulk compositions in
the range 0-20 atom% Zn. Monometallic
catalysts of Ag and Zn were also prepared,
all with a metal loading of 5 wt%. The
support employed was a-alumina of low
surface area (Carborundum, SAHT-99)
crushed to a particle size between 0.1 and
0.4 mm. Catalysts were prepared by simul-
taneous impregnation of the support with
known amounts of mixed silver nitrate and
zinc nitrate solutions of appropriate con-
centration. The volume of the solution used
was in slight excess of the pore volume of
the support. The impregnated supports
were then dried in an oven overnight at
100°C and reduced in flowing hydrogen for
24 h at 200°C. By means of a General Elec-
tric counter diffractometer with Ni-filtered
CuKa radiation, catalysts were examined
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with respect to alloying achieved by X-ray
diffraction. Scanning was performed be-
tween 30 and 80° (26).

Total surface area was obtained by the
BET method, using argon as adsorbate at
the temperature of liquid nitrogen. The ex-
posed metallic surface area of the catalysts
and the surface composition of the alloy
particles were determined by selective che-
misorption of oxygen and hydrogen. Ad-
sorption experiments were conducted in a
constant-volume high-vacuum apparatus
(Micromeritics, Accusorb 2100E) which
achieves a dynamic vacuum of 107¢ mm
Hg. Selective chemisorption of oxygen was
conducted at 200°C at O, pressures up to 25
mmHg and of hydrogen was conducted at
220°C at H, pressures up to 100 mm Hg.
Experimental details and surface pretreat-
ment procedures have been reported else-
where 4, 5).

Kinetic parameters were obtained in an
isothermal, packed-bed, tubular reactor, in
the temperature range 217-235°C, at a pres-
sure of 15 atm. The feed composition con-
sisted of 3.0% ethylene, 3.3% oxygen, and
93.7% nitrogen. Oxygen concentration was
kept at low levels to prevent phase separa-
tion of the alloy catalysts during reaction.
Further details of kinetic experiments have
been reported in an earlier publication (4).

X-ray absorption spectra were measured
on the C2 beamline of the Cornell High-
Energy Synchrotron Source (CHESS). The
electron beam energy and current were 5.3
Gev and ~25 mA, respectively. Silicon
(111) crystals were used. All measurements
were made in the transmission mode with
an argon-filled ion chamber as the incident
flux monitor and a xenon-filled sealed ion
chamber to measure the transmitted inten-
sity. The sample edge steps were less than
1.5 Aux to minimize problems from thick-
ness effects.

Samples, in fine powder form, were
pressed inside brass cartridges of 1 cm in-
side diameter. The large amount of sample
used eliminated the possibility of pin holes
and other nonuniformities. Sample car-
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tridges were precooled in liquid nitrogen
and placed inside a copper pipe immersed
in a liquid nitrogen bath. Ends were capped
with styrofoam to minimize frosting. The
X-ray beam was transmitted along the axis
of the cylinder through the sample.

The amount of catalyst used in sample
preparation was determined on the basis of
equal surface density with the standard. A
double fold of a commercially available
(AESAR) Ag foil of 13 um thickness was
used as a standard. Surface density was
computed by

W = A In(ly/1)
T Wal(/p)a — (/pke]

0y

where W, is surface density (g/cm?), I, is
the incident flux, recorded in the front ion
chamber, and I is the flux recorded at the
back ion chamber, after absorption. Wy, is
the weight fraction of the element under in-
vestigation, while (u/p), and (u/p)y are the
X-ray absorption coefficients above and be-
low the absorption edge (Ag-K edge), re-
spectively. Values of 55.21 and 9.2 cm?/g
were assumed (7). Application of Eq. 1 to
the standard Ag foil gives a surface density
of 27.3 mg/cm?. Since the catalyst samples
consisted of 4 wt% Ag, a total surface den-
sity of 683 mg/cm? is required, which cor-
responds to a silver surface density of 27.3
mg/cm?, identical to that of the standard.
Problems with ‘‘thickness’’ effects are
avoided by choosing an appropriate sample
thickness (in the vicinity of one absorption
length). By matching the absorption of
standard and unknown, residual thickness
effects tend to cancel. This is not a major
problem in this work, however, because of
the low level of harmonic radiation at the
energies used.

Data analysis was done following stan-
dard procedures (8), which include normal-
ization to unit edge step, conversion from
energy to X-ray wavenumber K, back-
ground subtraction by means of a four-
region cubic spline function, Fourier trans-
form, and filtering. The energy zero was
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taken at the midpoint of the edge. Signals
from higher shells damp out more rapidly
with K than that of the first shell because of
their larger Debye—Waller factors. To en-
hance the contributions of higher shells rel-
ative to the first sheli, the transform range
was restricted to 3.3 < K < 11.9 A~'. The
backscattering amplitude and phase for
atoms of high Z, such as silver, exhibit con-
siderable structure, which introduces side
lobes and peak splitting in the transforms if
not divided out beforehand. The experi-
mentally determined amplitude and phase
for the first shell of Ag foil were divided (or
subtracted) out of the catalyst data prior to
transformation. Because of this division no
additional K weighting was necessary. A
strongly tapered (4 A~! width at each win-
dow edge) Hanning K-space window was
then applied to minimize truncation ripple.
These precautions minimize spurious struc-
ture in the Fourier transforms from the am-
plitude and phase modulation.

RESULTS AND DISCUSSION

Examination of phase diagrams of
Ag-Zn alloys indicates that monophasic
random solutions can be obtained up to a
Zn content of 30 atom%. To ensure that
monophasic alloy catalysts were used in
this study, the maximum zinc content of
alloys used was 20 atom%. Catalysts were
also subjected to X-ray diffraction analysis
before and after exposure to reaction condi-
tions. Diffraction peaks from a number of
crystal planes were recorded and lattice
constants were obtained by plotting cos?d
versus ag and extrapolating to 6 = 90°, Lat-
tice constants thus obtained are shown in
Fig. 1 as a function of bulk alloy composi-
tion. These results compare favorably with
those reported in the literature (9), which
are also shown on the same figure. The
small differences can probably be attrib-
uted to the fact that the results of this
study are based on small supported alloy
particles while those of Ref. (9) are based
on bulk alloys. X-ray diffraction analysis of
catalysts after exposure to reaction condi-
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F1G. 1. Lattice constants of Ag—Zn alloys as a func-
tion of bulk composition.

tions indicated no phase separation of the
alloys during reaction.

Surface Composition of Ag—Zn Alloy
Particles

The fact that surface composition can dif-
fer substantially from bulk composition in
equilibrated alloys has been demonstrated
theoretically and experimentally (10, 11).
An experimental scheme based on selective
chemisorptive titrations was developed to
determine surface composition of alloy par-
ticles as a function of bulk composition.
The technique was verified in preliminary
experiments employing argon physisorp-
tion and oxygen and hydrogen chemisorp-
tion on pure zinc powders, zinc dust, and
supported zinc crystallites. Results are
summarized in Table 1. The good agree-
ment in exposed surface area of zinc pow-
der and zinc dust obtained with argon
physisorption and oxygen chemisorption at
200°C indicates that oxygen adsorption can
be used to determine the number of surface
atoms. It is well-known that monolayer
coverage of silver surfaces can also be ob-
tained with oxygen at 200°C. Therefore, ox-
ygen chemisorption can be used to deter-
mine the total number of exposed atoms of
Ag—7n alloy particles since O, does not ad-
sorb on a-ALQO; supports at this temper-
ature.
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Hydrogen chemisorption on Zn/a-AlO;
samples was investigated in the tempera-
ture range 100-220°C in two samples of dif-
ferent metal loading. Results shown in Ta-
ble 1 indicate that the amount of hydrogen
adsorbed increases with increasing temper-
ature. The amount of hydrogen adsorbed at
220°C, in both cases, is in good agreement
with the amount of oxygen adsorbed at
200°C, indicating that monolayer coverage
of Zn surfaces with hydrogen is achieved at
220°C. The increase of the amount of hy-
drogen adsorbed with increasing tempera-
ture is probably due to a kinetic effect, in
which case the results obtained at lower
temperatures do not correspond to true iso-
therms. Hydrogen was found not to adsorb
on silver or a-Al;Os, to any measurable ex-
tent, at 220°C.

On the basis of these preliminary investi-
gations, surface composition of supported
Ag-Zn alloy catalysts was determined by
selective oxygen chemisorption at 200°C,
from which the total number of exposed
metal atoms is estimated, and by selective
chemisorption of hydrogen at 220°C, from
which the number of surface Zn atoms is
determined. Typical oxygen and hydrogen
adsorption isotherms on Ag—Zn alloy cata-
lysts are shown in Figs. 2 and 3, respec-
tively. Small differences in the oxygen ad-
sorption isotherms (Fig. 2) correspond to
small differences in dispersion. The total

TABLE 1

Comparative Results of Preliminary
Chemisorptions Experiments

Adsorbent Adsorbate Temperature Exposed area
C) (m*g)
Zn powder Ar -196 0.169
Zn powder 0, 200 0.175
Zn dust Ar —196 0.130
Zn dust 0, 200 0.134
2Zn/AL 03 H; 100 0.009
Zw/ALO, H; 210 0.020
Zo/ALO; H2 220 0.032
20/ALO; 0O, 200 0.031
Zn/Al,O; H: 200 0.055
Zw/ALO; Hy 220 0.062
Zn/ALO; 0, 200 0.064
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FIG. 2. Oxygen adsorption isotherms on supported Ag—Zn alloy catalysts at 200°C.

exposed metallic area of all catalysts used
in this study was found to be between 0.29
and 0.32 m%/g, varying randomly with com-
position within this range. Differences in
hydrogen adsorption isotherms (Fig. 3) cor-
respond to differences in the number of Zn
atoms on the surface of the alloy particles.
As expected, the amount of hydrogen ad-
sorbed increases with increasing Zn con-
tent of the alloys.

A problem which this particular alloy
system presents is associated with the fact
that Zn can be oxidized very easily during
chemisorption experiments, under reaction
conditions or even during exposure to am-
bient conditions. Thus, it is quite possible
that surface zinc is present in the form of
ZnO. To address this question, high-
resolution ESCA was performed on a

sample containing 5% Zn-95% Ag, before
and after exposure to reaction conditions.
ESCA scans were obtained for C 1s, Zn 2p?
and Ag 3d®/3d? photoelectron lines. The Zn
L3MssMys Auger band was also recorded
and is shown in Fig. 4. The shapes of the
zinc Auger bands and the equivalent Auger
binding energies indicate that Zn is in the
2+ valence state in both samples. There-
fore, surface zinc atoms get oxidized when
exposed even to atmospheric oxygen and
remain in that state during reaction. Then,
the chemisorption techniques described
above determine the number of ZnO mole-
cules on the surface of the alloy particles.
Adsorption stoichiometry does not present
a problem since the state of the samples
used in ‘‘calibration’’ experiments was the
same as that of the actual samples.
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F1G. 3. Hydrogen adsorption isotherms on supported Ag-Zn alloy catalysts at 220°C.
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F1G. 4. Zinc Auger bands of (a) fresh and (b) used catalyst (5% Zn-95% Ag).

Surface composition of supported Ag-Zn
alloy particles as a function of bulk compo-
sitions is shown in Fig. 5. Two sets of ex-
perimental points are shown, one indicating
surface composition before catalysts were

exposed to reaction conditions and one de-
veloped from used catalysts. In addition, a
theoretical curve, based on the model of
Williams and Nason (12), is shown in the
same figure. This model of surface compo-
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FI1G. 5. Surface composition of supported Ag—Zn alloy catalysts as a function of bulk composition.
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sition of alloys is based on thermodynamic
properties of individual components and
was developed by minimizing alloy surface
energy under the regular solution approxi-
mation. Both experimental and theoretical
curves show a dramatic enrichment of the
surface with Zn, the component with the
lower heat of sublimation, a phenomenon
which has also been observed in other alloy
systems (4, 5, 10).

The degree of surface enrichment with
Zn, determined experimentally, is higher
than what the theoretical model predicts.
This is due to the fact that the theoretical
model is based on the assumption that the
alloy is at equilibrium with vacuum. It is
well known that the environment in which
the alloy exists can influence surface com-
position significantly. If the alloy exists at
equilibrium with a particular gaseous atmo-
sphere, the component with the higher heat
of adsorption and higher heat of formation
of the metal-gas bond tends to accumulate
at the surface, a phenomenon referred to as
chemisorption-induced surface enrichment.
During adsorption the alloys were exposed
to oxygen. Zn-O bonds have a heat of for-
mation significantly higher than that of
Ag—-0 bonds. During both preparation and
adsorption, the alloys were exposed to hy-
drogen, which adsorbs on Zn but only neg-
ligibly on Ag. All these factors favor higher
enrichment of the surface with Zn, as the
experimental curve in Fig. 5 indicates. It
must also be noted that surface composi-
tion is not measurably altered after cata-
lysts are exposed to reaction conditions.
This is in agreement with XPS analysis,
which shows that surface Zn atoms are al-
ready in the 2+ valence state before expo-
sure to reaction conditions; therefore, no
further rearrangement of surface atoms oc-
curs. Total metallic surface area of alloys
was also found to be the same in fresh and
spent catalysts.

Kinetic Parameters

Specific rates per exposed silver atom
(turnover frequencies) of ethylene epoxi-
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dation and combustion reactions were de-
termined with an isothermal reactor oper-
ated in the differential mode, utilizing
surface compositions obtained from selec-
tive chemisorption experiments (Fig. 5).
Preliminary experiments conducted with
supported Zn catalysts indicated that Zn
does not exhibit any catalytic activity under
the conditions employed in this study.
Thus, turnover frequencies were computed
in terms of the silver component only and
any changes in kinetic parameters can be
attributed to some type of interaction be-
tween Ag and ZnO atoms at the surface of
the catalyst.

Turnover frequencies of epoxidation and
combustion reactions are shown as a func-
tion of surface composition (in atom% Zn)
of the alloy catalysts on Fig. 6. Both spe-
cific rates increase very slightly with in-
creasing Zn content of the surface. As a
result, selectivities, shown in Fig. 7 as a
function of surface composition, are nearly
independent of Zn content of the surface.
The same is true of activation energies,
especially of the combustion reaction. Acti-
vation energy of the epoxidation reaction is
shown in Fig. 7 to decrease slightly with
increasing Zn content of the surface. The
activation energy of the epoxidation reac-
tion is found to be in the neighborhood of 21
kcal/mol while that of the combustion reac-
tion is approximately 25 kcal/mol, in agree-
ment with other studies (1, 4, 5).

In previous publications from this labora-
tory (4—6) the effects of alloying Ag with
Pd, Cd, and Au atoms on kinetic parame-
ters in ethylene oxidation were presented.
In the case of Ag-Cd alloy catalysts, spe-
cific epoxidation rates were found to in-
crease substantially with increasing Cd
content of the surface, while rates of com-
bustion were found to be nearly unaffected
by alloying. Activation energies of both re-
actions were found to decrease with in-
creasing surface Cd concentration, with the
activation energy of epoxidation decreasing
significantly more rapidly. These observa-
tions were explained in terms of geometric
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F1G. 6. Variation of turnover frequencies of epoxidation and combustion with surface composition.

and primarily electronic interactions be-
tween Ag and Cd atoms. If indeed near-
neighbor electronic interactions are respon-
sible for the observed alterations of kinetic
parameters when Ag is alloyed with Cd,
then qualitatively similar results would be
expected from the Ag-Zn catalytic system
since Zn is of the same electronegativity
relative to Ag as Cd. Nevertheless, experi-

mental observations do not support this
premise.

To explain this apparent discrepancy,
extended X-ray absorption fine structure
(EXAFS) analysis of supported Ag—Zn and
Ag-Cd alloy catalysts were conducted.
Both samples consisted of 80 atom% Ag
and 20 atom% of alloying metal. Results are
compared with spectra obtained with a sil-
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Fig. 8. K-edge spectra of Ag foil, Ag-Zn, and
Ag-Cd at 80 K.

ver foil used as a standard. The EXAFS
spectra were measured at 80 K for the sil-
ver K-edge of the catalysts and the stan-
dard. K-edge absorption spectra of silver
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F1G. 9. EXAFS spectra of Ag in Ag foil, Ag-Zn, and
Ag-Cd at 80 K.
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foil, Ag—Zn and Ag—Cd are shown in Fig. 8,
and corresponding EXAFS functions, x(K)
versus K are shown in Fig 9. As described
under Experimental, phase- and amplitude-
corrected Fourier transforms of the x(K)
functions were taken over the range of
wave vectors, K, of 3.3to 11.9 A" and are
shown in Fig. 10.

A close inspection of silver EXAFS re-
sults of the Ag—Zn catalyst reveals that
both the x(K) function and its corrected
Fourier transform are essentially identical
to those of Ag in the silver foil; they can
practically be superimposed. This observa-
tion indicates that the environment about a
silver atom in Ag—Zn alloy particles is, on
the average, not different from that in the
reference foil. Furthermore, matching of
the Fourier transform functions occurs at
even higher radial distances, indicating that
even higher shells are identical. The aver-
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F1G. 11. EXAFS spectra and amplitude envelopes of
Ag in environments of 12 Ag and 10 Ag + 2 Zn atoms,
using Teo’s and Lee’s (12) synthesis.

age radial distance between Ag atoms and
their nearest neighbors was also deter-
mined from the EXAFS data. In the Ag-Zn
catalyst, the nearest-neighbor distance of
silver was found to be 2.89 A, equal to that
of the standard Ag foil.

The resuits discussed above are consis-
tent with a view in which a silver-zinc clus-
ter consists of a central core of primarily
silver atoms with zinc atoms present pri-
marily at the surface of the cluster. Similar
results have been obtained on Ru-Cu and
Os—Cu alloy particles supported on silica
(13) and were interpreted in a similar man-
ner. Further evidence of this structural ar-
rangement is obtained by theoretical analy-
sis of EXAFS functions of pure silver (12
atoms considered) and silver atoms in a
random solid solution with zinc (10 Ag and
2 Zn atoms). These theoretical EXAFS
functions were synthesized with the scat-
tering amplitudes and phases of Teo and
Lee (14) and results are presented in Fig. 11
as x(K) versus K as well as amplitude enve-
lopes. The bond lengths for both Ag and Zn
were taken as those in the silver foil, 2.89
A. Even if the Zn atoms are substituted for
Ag, significant differences in x(X) would be
expected. EXAFS spectra of silver coordi-
nated to Zn in Ag-Zn alloys are expected
to be significantly different from EXAFS
spectra of Ag coordinated to Ag atoms
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only. Therefore, the only plausible expla-
nation of the identity of EXAFS spectra of
silver in silver foil and Ag-Zn particles is
the structural arrangement described above
in which silver is coordinated mainly to
other silver atoms. This structural arrange-
ment implies minimal, if any, geometric or
electronic alterations of catalytic surfaces
and, therefore, minimal effects of alloying
on kinetic parameters.

An apparent contradiction between the
EXAFS and XRD resuits is obvious. This
contradiction can be resolved by the fol-
lowing reasoning: In a nutshell, EXAFS
provides information on short-range struc-
ture; XRD provides information on long-
range, crystalline order. These types of in-
formation are not equivalent. Peaks in the
powder patterns show up for only well-
ordered phases with domains large enough
to give strong, narrow peaks. In a disor-
dered system, large portions of the sample
may be essentially invisible to XRD. On the
other hand, EXAFS vyields information on
the short-range structure, averaged over
the whole sample. One sees all atoms of the
selected element, whatever the degree of
order. However, EXAFS tells you very lit-
tle about the long-range order (length scales
greater than about 5 A). In this respect,
EXAFS and XRD are complementary.

XRD shows that the average lattice con-
stant of the particle obeys Vegard’s law,
and no diffraction peaks corresponding to
bulk Zn are observed in the powder pat-
terns. This indicates that the surface layer
of Zn (or ZnO), is thin enough that it is
invisible to XRD under the conditions of
the powder pattern experiment. On the
other hand, the EXAFS results indicate
that the Ag atoms see primarily Ag neigh-
bors; that is, there is significant depletion of
Zn in the average Ag coordination environ-
ment. This does not necessarily imply that
there is bulk phase segregation of Zn. What
presumably is happening is that there is a
gradient in Zn concentration within the par-
ticles. Such a gradient would entail a gradi-
ent in local lattice constants. Such a gradi-
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ent would not change the average lattice
constant obtained from XRD because Ve-
gard’s law works fairly well. Furthermore,
XRD samples only a small portion of the
sample (since it sees only those parts with
long-range order), while EXAFS samples
the entire sample and proves massive seg-
regation of Ag.

Therefore, there is a contradiction be-
tween EXAFS and XRD only if the addi-
tional (unwarranted) assumption that the
particles are perfectly homogeneous (apart
from possible surface layer of Zn) is made.
There may be a statistical tendency for Ag
and Zn to avoid each other without bulk-
phase segregation occurring.

In contrast to the Ag—-Zn alloy system,
silver EXAFS spectra of Ag—Cd alloy parti-
cles are significantly different from silver
EXAFS spectra of silver foil, indicating
that the environment about a silver atom in
the alloy is, on the average, different from
that in the foil. In the Fourier transform
plots, the amplitude of the Ag—Cd system is
smaller than that of the silver foil in the
main peak and in subsequent ones. A ten-
dency for centroids to shift to a higher ra-
dial coordinate is also apparent. In the plots
of EXAFS functions, x(K) versus K, it is
observed that zero nodes have the ten-
dency to shift to lower values of K, and the
difference is progressively greater as K in-
creases. The amplitudes are smaller than
the ones corresponding to silver foil. With
the silver foil as a reference, the nearest-
neighbor distance of silver in the Ag-Cd
alloy was determined to be 2.91 A, which is
higher than that of the silver foil by 0.02 A.
Theoretical simulations show that this shift
is not a consequence of the slight differ-
ences between Cd and Ag backscattering
phase shifts. These results demonstrate
that in Ag—Cd alloy particles, silver atoms
are coordinated to Cd atoms as well as to
other silver atoms, resulting in a geometric
and electronic configuration different from
that of pure silver particles.

Peaks in the phase- and amplitude-
corrected Fourier transforms of EXAFS
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TABLE 2

Comparison of Values of r,/r; and Expected
Values of FCC Structure

n n'? rJdr

Ag-Cd Ag-Zn
2 1.41 1.42 = 0.06 1.40 = 0.06
3 1.73 1.75 = 0.06 1.74 + 0.06
4 2.00 — 1.99 + 0.06
5 2.24 228 £ 0.06  2.30 = 0.06

spectra are real since the extent of noise
was determined to be significantly smaller
by comparison of two scans on the same
sample under same conditions. Moreover,
correction for backscattering amplitude and
phase functions was performed and a
strongly tapered transform window was
used to suppress the truncation sidelobes in
the Fourier transforms. Therefore, subse-
quent peaks in the Fourier transform plots
correspond to higher shells. The average
radial distance between silver and its near-
est neighbors in the nth shell were then cal-
culated. The ratio of the average radial dis-
tance in the nth shell, r,, to that of the first
shell, r;, was computed and is shown in Ta-
ble 2. No entry is provided for the fourth
shell of Ag-Cd because the Fourier trans-
form peak that corresponds to this shell
(Fig. 10), although it does exist, is so small
that it can hardly be distinguished from
noise. The ratio of these radial distances is
found to be in good agreement with the re-
lationship

rolry = n'?, )

which is specific of an FCC structure.
Thus, it can be concluded that in both
Ag-Zn and Ag-Cd alloy particles the FCC
structure is conserved even at higher shells.
This conclusion supports the results of
X-ray diffraction analysis.

Results of EXAFS analysis clearly dem-
onstrate that the geometric and electronic
structure of silver atoms in the Ag—Zn cata-
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lysts is not significantly different from that
of pure silver. It is not surprising, there-
fore, that significant changes in Kinetic pa-
rameters of ethylene epoxidation and com-
bustion were not detected when Ag was
alloyed with Zn. It must also be empha-
sized that EXAFS is a bulk technique, and
since the particles of the catalysts em-
ployed in this study are very large (>850
A), results pertain to the bulk structure of
these particles. Any alterations of the sur-
face only would not be detected by
EXAFS.

As chemisorption and ESCA experi-
ments have shown, alloy surfaces contain
both Ag atoms and ZnO molecules. Even if
all ZnO molecules are segregated in clus-
ters, a small fraction of Ag atoms on the
surface must be coordinated to ZnO mole-
cules. Some degree of alteration of the
electron structure of these atoms is ex-
pected by near-neighbor interactions. Ap-
parently, the fraction of surface Ag atoms
which are affected by the presence of ZnO
is small. As a result, the effects of such
interactions on kinetic parameters are not
significant. Nevertheless, a close inspec-
tion of Figs. 6 and 7 reveals that turnover
frequency of epoxidation tends to increase
with increasing Zn content of the surface,
while activation energy tends to decrease.
It must be noted that identical trends, al-
though significantly more pronounced,
were also observed in the Ag—Cd catalytic
system (5).

In the combustion reaction, the effects
of alloying silver with cadmium were sig-
nificantly less pronounced than those of
epoxidation. While epoxidation activity in-
creased by a factor of three, combustion
activity increased only slightly. Similarly,
activation energy of epoxidation decreased
by 45% while that of combustion decreased
by 20%. Similar trends might be present in
the Ag—Zn system but because they are less
pronounced, for the reason discussed ear-
lier, they were not detected in kinetic ex-
periments. An increasing tendency of com-
bustion activity with increasing Zn content
is apparent in Fig. 6.

TOREIS ET AL.

SUMMARY AND CONCLUSIONS

Silver-zinc alloy particles supported on
a-alumina were employed in studies of eth-
ylene oxidation and results are compared
with those obtained over Ag-Cd alloys,
since Zn and Cd are of the same elec-
tronegativity relative to Ag. Surface com-
position of Ag-Zn alloy particles was
determined by selective chemisorption
techniques and found to be dramatically
different from bulk composition. Zinc
atoms were found to dominate the surface
and to be in the 2+ valence state even be-
fore exposure of the catalysts to reaction
conditions. Kinetic parameters in ethylene
epoxidation and combustion were found to
be minimally affected by the presence of
ZnO on catalyst surfaces. EXAFS analysis
of a Ag—Zn alloy catalyst indicates that the
environment of silver atoms in the alloy is
not different from that of silver atoms in a
silver foil which was used as a standard.
Thus, Ag—-Zn clusters consist of a central
core of primarily silver atoms, with zinc
atoms primarily on the surface. In contrast,
EXAFS analysis of Ag-Cd alloy catalysts
indicates that Ag atoms are coordinated to
Cd as well as to Ag atoms, and, as a result,
the geometric and electronic structure of
the alloy is affected by near-neighbor inter-
actions. The fact that alterations of kinetic
parameters were significant when silver
was alloyed with cadmium but minimal
when it was alloyed with zinc is attributed
to the different structural arrangement of
the two alloy particles, as described above.
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