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Copper-nickel films were prepared by successively depositing the two metals from the
vapor and subsequently sintering the films under ultra-high vacuum at 200°C. The
nickel content of the film surfaces could be ‘titrated” by selective chemisorption of
hydrogen. In agreement with expectation all films with overall compositions within the
miscibility gap of the copper-nickel system at 200°C possess an equal surface composition
of 23 + 4 at. 9, of Ni.

Benzene is hydrogenated at a constant rate at a given temperature over these films
with equal surface composition, but widely varying overall composition. The activation
energy over these alloys is Ean = 25 kecal/mole, while Ex; = 12 kcal/mole. The rate of
the exchange reactions between benzene and deuterium at 41°C is, again, constant for
alloys of equal surface composition; it is by several orders of magnitude larger than the
rate of hydrogenation at the same temperature. The exchange reaction displays a
constant multiplicity over the alloys with equal surface composition. The totality of the
results presented confirms the model proposed previously on the phase distribution of

equilibrated copper-nickel films,

I. InTRODUCTION

Many scholars, including Riendcker (1),
Schwab (2), Eley (3), Dowden (4), Emmett
(5), Hall (5), Russell (6), Takeuchi (7),
Lyubarskii (8), Cadenhead (9), and Boreskov
(10), agree that basic conclusions concerning
the fundamental aspects of heterogeneous
catalysis should be obtainable from reliable
experimental data on Ib/VIIIb alloy cat-
alysts such as Cu-Ni, Ag-Pd, and Au-Pt.
In each of these pairs the Ib group metal is
known to be a very poor hydrogenation
catalyst, while its partner is a powerful
catalyst for hydrogenation reactions. As the
VIIIb metal is known to possess holes in the
d band which are gradually filled by in-

* This work has been described in greater detail in
the thesis by P. van der Plank “Oppervlaktesamen-
stelling en katalytische activiteit van legeringsfilms
van koper en nikkel,” Leiden, 1968.

t Present address: Unilever Research Labor-
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corporating Ib metal atoms in the lattice,
it is interesting to compare the filling of the
d band in these alloys with their catalytic
“activity pattern,” i.e., the reaction rate of
a test reaction, studied under standard
conditions, expressed per unit of surface
area and plotted versus the composition
of these alloys.

While this seems to be a very obvious way
to decide between conflicting theories on
heterogeneous catalysis, the experimental
results obtained in this way show a dis-
couraging picture of mutually inconsistent
data. Even the simple question whether the
activity of an alloy remains within the
limits set by the two parent metals has not
been settled. Some authors report activity
patterns with pronounced maxima exceeding
the activity of the Group VIIIb metal
(4, 6, 11), while other data fail to confirm
such a behavior. Even the activity patterns
reported at different periods by authors
from the same school for the same test
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reaction studied on alloy films of the same
metal couple show pronounced discrepancies
(11, 12).

Possible reasons for discrepancies in the
experimental results reported for alloy
catalysts can be classified in four groups:

(1) Different authors have used different
test reactions.

(2) Alloys prepared by reducing mixtures
of the oxides contain oxide pockets, or
dissolved hydrogen, or are incompletely
equilibrated, while the original oxides were
not miseible in all proportions. The activity
patterns then depend on the reduction
conditions used and are different from the
patterns obtained with clean alloy films.

(3) Some test reactions such as the
hydrogenation of ethylene may cause a
considerable self-poisoning by forming car-
bonaceous residues on the catalyst. The
apparent activity pattern then is a super-
position of the poisoning pattern and the
intrinsic activity pattern.

(4) Alloys equilibrated at low temper-
atures where the TAS term in the free
energy of alloy formation is very small
should desegregate in two phases and indeed
often do so (13-17). Depending on the
conditions of preparations one or both
phases may occur in the surface; the
composition of either phase remains constant
while the overall composition changes.

While this list is perhaps not complete, it is
clear from it that meaningful data are only
to be expected if care is taken that:

(a) the alloys are oxygen free, preferably
prepared from the spec-pure metals under
ultra-high vacuum;

(b) the test reaction is “innocent” as far
as self-poisoning is concerned;

(¢) the degree of self-poisoning is checked;

(d) the surface composition is determined.

Besides, an activity pattern, measured at
one temperature only, provides less infor-
mation than a complete set of Arrhenius
curves measured on the pure metals and
many of their alloys.

In the present work the authors fried to
fulfill these requirements by studying the
hydrogenation of benzene with protium or

deuterium over copper, nickel, and numerous
copper-nickel alloys. All these catalysts were
prepared as films by evaporation and
sintering under ultra-high vacuum. The
surface area of each film was determined by
xenon adsorption. The reproducibility of the
catalytic data was carefully checked and the
surface composition of the catalysts used
was determined by chemisorptive titration,
i.e., the selective chemisorption of hydrogen.
Some preliminary results of this work have
been reported in a short note (13).

IT. EXPERIMENTAL

The alloy films were prepared by succes-
sively depositing copper and nickel at a
temperature of —196°C and in the pressure
range of 1071°-10—° torr. Equilibrium was
reached by sintering at 200°C during 18 to
20 hr. After this procedure the amount of
hydrogen adsorbed on the films at room
temperature and at saturation was measured.
The hydrogen used was purified by diffusion
through a Pd-Ag thimble. The sorption
measurements were done with the aid of a
dosing system between valves 5 and 6 shown
in Fig. 1. The pressures in this volume
(59 ml) were determined with a calibrated
Pirani gauge. The pressures of hydrogen
after saturation of the film surface were
determined by means of a mass spectrometer
(MS 10).

Subsequent to the chemisorption of hydro-
gen the physical adsorption of xenon at
—196°C was measured, using the same
dosing system. The xenon used was provided
by L’Air Liquide in a very pure form. Before
use it was further purified by sublimation.
The xenon pressure above the film during
adsorption was recorded, using an ionization
gauge for the pressure measurements. The
amount of xenon necessary for a monolayer
on the film was determined according to
the “point B’ method.

After the sorption measurements most
films were used for benzene hydrogenation.
First benzene, purified by sublimation, was
admitted and measured; subsequently the
film vessel was cooled with liquid nitrogen to
condense the benzene, and hydrogen was
admitted. The quantities of both hydrogen
and benzene were determined with a
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Fi1g. 1. Ultra-high vacuum apparatus for sorption and hydrogenation measurements on alloy films:
1 through 10, valves; R, mechanical forepump; O, oil-diffusion pump; V, ion getter pump; K, cold traps;
B, X, reservoirs for benzene and xenon; H, Pd-Ag thimble; Z, mercury manometer; C, condensator (mem-
brane) gauge; T, bakable table; I, ionization gauge; F, film vessel (reactor); S, gas circulation pump; G,

capillary; M, mass spectrometer (MS 10).

membrane gauge. After mixing at room
temperature with the circulation pump the
reaction was started by bringing the reaction
vessel to the desired temperature. From the
pressure decrease the rate of hydrogenation
could be caleulated.

Some experiments were done with deu-
terium and benzene in an apparatus in
which it was possible to admit benzene after
deuterium. In this case the amount of
benzene was determined mass spectro-
metrically, the MS now being connected to
the dosing volume. In these experiments the
dosing system was incorporated into the
circulation system. The reactions (deuter-
ation and deuterium exchange) started
immediately when the gas mixture entered
the reaction vessel which had already been
brought to the desired temperature. The
progress of the reactions was followed mass
spectrometrically.

III. ResuLts

Sorption Measurements

The results of the sorption measurements
are presented in Fig. 2 where the adsorption
rate o, defined as

number of hydrogen atoms chemisorbed
number of xenon atoms adsorbed

a =

is plotted versus the atom fraction yy; of
the alloys. In these experiments hydrogen
chemisorption was determined at room
temperature and at a pressure of several
miecrons.

In this range the adsorption isotherm of
hydrogen has a horizontal slope. The
physical adsorption of xenon was measured
at 78°K as described in the experimental
section.

As discussed in a previous note, the
results show that alloys with overall com-
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Fig. 2. Adsorption ratio « as a function of film composition: ©, Ni deposited on top of Cu, films sintered
at 200°C during 18 to 20 hr; A, Cu deposited on top of Nij, films sintered at 200°C during 18 to 20 hr; ¥, Cu
deposited on top of Ni, films sintered at 300°C during 14 hr.

positions in the range between 259, and 959,
Ni have a constant surface composition. Its
value is independent of the order of evap-
orating the two metals, as can be seen from
Fig. 2. This strongly suggests that thermo-
dynamic equilibrium has been reached.

If the assumption is made that for Ni and
these alloys each surface Ni atom chemisorbs
one H atom, the surface composition
yxnis = 0.23 & 0.04 results, which is in
perfect agreement with predictions based
upon the thermodynamic data of this alloy
system (17, 18). In these measurements the
experimental scatter is considerable. Some
of the deviations were larger than might be
expected from the instrumental error. It
appeared that in these cases other anomalies
showed up too, e.g., the film separated from
the glass when the vessel was cooled with
liquid nitrogen for the xenon adsorption
measurements. This caused an enlargement
of the film surface registered by xenon

adsorption but not paralieled in the preceding
hydrogen chemisorption.

Hydrogenation of Benzene

Preliminary measurements on nickel and
alloy films showed that hydrogenation of
benzene is accompanied by poisoning of the
catalyst surface. This is not surprising; in a
recent publication (74) it was shown that
self-poisoning on nickel and copper-nickel
alloys is observed even with the hydrogen—
deuterium exchange of propane as the
test reaction.

In the present experiments it was found
impossible to reproduce values for the
catalytic activity on the same film. Therefore
we decided to carry out only one hydro-
genation experiment on each film and to use
only the initial rates of hydrogenation for
activity patterns and Arrhenius curves.
Results obtained in this way are shown in
Fig. 3 for nickel films. In view of the experi-
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Fic. 3. Initial reaction rate for benzene hydrogenation on Ni films as a function of temperature: X,
Pr, = 322 tOIT, Ppen: = 5.8 torr, B = 12 keal/mole, log 4 = 204, ®, pr, = 145 tOIT; Poenz = 5.8 torr.

mental problems in this field it is satisfactory
that for temperatures up to 170°C and a
hydrogen pressure of 322 torr the initial
reaction rates are found to obey Arrhenius’
law. Furthermore, we notice from these
points that the reaction order with respect
to hydrogen is positive and that it increases
with temperature. This was confirmed by
more elaborate additional experiments.

Using a temperature of 150°C, a hydrogen
pressure of 322 torr, and a benzene pressure
of 5.8 torr as standard conditions, the
initial activity was measured for copper,
nickel, and several alloys. The resulting
activity pattern is shown in Fig. 4. It
strikingly resembles the chemisorptive titra-
tion pattern of Fig. 2; all alloys with com-
positions within the miscibility gap of the
copper-nickel system display the same
activity, which, at this temperature, is equal
to about 209, of the activity of pure nickel.
The alloys where nickel was evaporated
first exhibit nearly the same activity as the
alloys where the order of deposition was
reversed.

The conclusion that the reaction rate be
simply proportional to the nickel content of
the surface is, although suggested, by no
means proven by these results. The decisive
question is whether the reaction on the

alloys has the same activation energy as on
nickel. If the activation energies are different,
the value of 7.110y—0.20 raieel i a coinci-
dental one and depends on the temperature
used.

We, therefore, measured Arrhenius plots
for a number of alloys. Since only one point
of the Arrhenius graph is obtained for each
film it was necessary, ideally, to prepare a
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Fig. 4. Activity pattern for benzene hydro-
genation at 150°C: pm, = 322 torr; pens = 5.8
torr. The symbols have the same meaning as in
Fig. 2.
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number of alloy films with equal composition
in order to get the Arrhenius plot for this
composition. This was, however, an im-
possible task with the apparatus described,
but after gathering sufficient experience we
succeeded in preparing alloy films with
nearly equal compositions. The error made
by the fact that the composition for the
points used in one Arrhenius plot is not
exactly equal, is, however, small, since we
may rely on the evidence from Figs. 2 and 4
and previous publications (15, 16, 17), which
show that the surface composition is con-
stant for films with compositions within the
miscibility gap of the copper-nickel system.

The resulting Arrhenius graphs for several
alloys are shown in Fig. 5. The striking
conclusion is that the activation energies
are equal for all these alloys, but the
derived value E = 25 kcal/mole is roughly

i -13
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twice as large as the value of £ = 12 keal/
mole found for nickel. The pre-exponential
factors (log A = 264, 26.3, and 26.2,
respectively) are only slightly different for
the three sets of alloys, but differ markedly
from the value of 20.4 found for nickel. An
obvious conclusion from these results is that
the ratio Taey/r~i Which was found from
Fig. 4 to be equal to 0.2 at 150°C should have
a much lower value at lower temperature.
Also, this conclusion was checked experi-
mentally by using a temperature of 41°C. In
these experiments deuterium was used
instead of protium, so that additional
information on a related reaction could be
obtained viz., the H/D exchange between
CsHe and D,. In these experiments a deu-
terium pressure of 13.5 torr and a benzene
pressure of 0.2 torr were used. The exchange
was studied by measuring the coneentration
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Fia. 5. Arrheniug’ plots for benzene hydrogenation on various Cu-Ni alloys with compositions within
the miscibility gap: X, ~80% Ni; o, ~48%, Ni; A, ~309%, Ni. The exact composition of each film is indicated
in parentheses.



INTERACTION WITH Cu-Ni FILMS

of the seven species C¢Hs_.D» as a funetion
of time by means of the mass spectrometer.
For the MS analysis it was assumed that
isotopic effects are negligable in ionization
and fragmentation.

In Table 1 the rates are listed both for the
deuteration and the H/D exchange reactions.
As to the deuteration the results confirm
the expectation, based on activation energies
and reaction orders, that the ratio r,10y/7ni
is on the order of 10~* at 41°C.

With respect to the H/D exchange
between D, and C¢H; it was found that
the rate is larger than the rate of deuteration
by several orders of magnitude. Two rate
constants can be defined for the exchange
reaction. Following Kemball’s (19) definition
k, is the rate constant equivalent to the
number of deuterium atoms entering 100
moles of benzene in unit time at the start of
the reaction, while k4, represents the initial
rate of disappearance of C¢Hg in percentage
per unit time. The ratio of both rate con-
stants is unity only for a purely stepwise
exchange process but

k‘,/kdn =M

is larger than unity if more than one hydro-
gen atom is exchanged per residence of a
benzene molecule on the catalyst surface.
In Table 1 the values of k,, k4, and M are
listed for some alloys. For nickel they could
not be measured because the exchange rate

41

is so high at 41°C that exchange equilibrium
is already attained when the first gas sample
is analyzed. The parameters could not be
determined on copper either, because the
exchange rate was too small at 41°C. In
contrast to the measurements at 150°C it
was possible to use a given film for several
experiments below 55°C. Table 1 shows that
for the alloys within the miscibility gap the
ratio M of k, and k4, is constant and in-
dependent of the temperature used. These
data, therefore, provide additional proof
for the statement that the surface composi-
tion of all alloy films with compositions
within the miscibility gap is essentially
constant.

IV. Discussion

In previous papers we have shown that
many experimental facts can be understood
by applying the predictions from thermo-
dynamics about copper-nickel alloys. From
the known enthalpy and energy of alloy
formation (20, 21) it follows that at 200°C
the copper-nickel system has a miscibility
gap with the limits yn; ~ 0.2 and yx; ~ 0.95,
respectively (15, 17, 18). All equilibrated
alloys within this range should consequently
consist of two phases. Moreover, it was
shown that for alloys prepared by vapor
deposition of the two metals, followed by
sintering at 200°C under ultra-high vacuum,
the copper-rich phase with yx; = 0.2 should

TABLE 1
ReacTioN RaTES FOR DEUTERATION AND H/D EXCHANGE

Film 3 K 108 r 1012

weight X P Dy Prenz Temp. D atifnsx erll(z:ring pergzn)t(age of -]‘—f- =M (D EOE )
Expt. (mg) At. 9% Ni (torr) (torr) (°C) 100 mol./ecm? min  benz/cm?/min kd, cm? sec
D3 12.38 100 14.4 0.19 41.0 Very large Very large — 5
D13a 18.7 83 13.5 0.11e 41 .4 20.6 13.5 1.5 9 X 10
Di13b — — 13.5 0.07e 46.1 36.4 24.9 1.5 —
D13c — — 13.5 0.18 50.0 33.2 20.2 1.7 —
D1la 15.0 38 13.5 0.13¢ 41.0 27 16 1.7 6 X 10~
D11b — — 13.5 0.11e 46.0 33 19 1.7 —
Dile — — 13.5 0.10 51.9 38 25 1.5 —
Di12a 18.4 21 13.5 0.18s 41.0 16.3 12 1.4 ~1076
D12b — — 13.5 0.172 47.0 18 13 1.4 —
D12¢ — — 13.5 0.28 53.4 13.5 9.5 1.4 —
D5  14.1 0 13.6 0.18 41.0  Verysmall  Verysmall  — -

s The accuracy of these benzene pressures, estimated from the MS data, is poor.

b rp = rate of deuteration.
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envelop the granuli of the nickel-rich phase.
For alloys prepared in this way, the surface
properties should, therefore, be those of the
copper-rich phase. All these properties
should, hence, have a constant value for
alloys with overall compositions within
the miscibility gap and prepared in the
same manner.

The prediction had been based on the
phase diagram calculated from data of the
enthalpy and energy published by Rapp and
Maak (20), and by Vecher and Gerasimov
(21). The data by these two groups differ
somewhat; the two resulting phase diagrams
are shown in Fig. 6. But for an equilibration
temperature of 200°C, as used in the present
work, the two sets of data give the same
result for the miseibility gap. Besides these
thermodynamic data, the model makes use
of known facts concerning the mechanism of
interdiffusion (22, 23). The model had been
confirmed experimentally by X-ray diffrac-
tion, by photoelectric data on the work
function of the alloy films, and by surface
potential data for adsorbed carbon monoxide
(16). The same picture has now been con-
firmed by new independent experimental
data reported in this paper for copper-nickel
alloys within the miseibility gap, viz., (1)
the constancy of the amount of hydrogen
chemisorbed per unit surface area; (2) the
constancy of the activation energy for

AND SACHTLER

benzene hydrogenation; (3) the constancy
of the pre-exponential factor for this re-
action; (4) the constancy of absolute ex-
change rates and M values characterizing
the H/D exchange for C¢Hg + Dy, Where
explicitly checked, the results are found
independent of the order of deposition of
the two metals. Including the work funetion
and the surface potential of adsorbed CO we
now possess six independent parameters
which are found constant for Cu-Ni alloy
films with overall compositions within the
miscibility gap and equilibrated at 200°C
while these parameters are distinetly differ-
ent from the corresponding parameters for
pure Ni and pure Cu. Only one of these six
parameters—the amount of hydrogen chemi-
sorbed per unit surface area—has the value
expected from linear interpolation; the alloy
surface containing ~209, of Ni chemi-
sorbs ~ 209, of the amount of hydrogen
that is chemisorbed by pure nickel.

In a previous note (18) we had suggested
that also the catalytie activity (for benzene
hydrogenation) is as a first approximation
proportional to the nickel concentration of
the catalyzing surface yn; .. The data of the
present article definitely disprove this sug-
gestion. The activation energy of the alloys
with yxis = 0.23 is roughly twice as large
as for pure nickel. The ratio of the rates on
pure nickel and on the alloys therefore
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Fia. 6. Phase diagram for the Cu-Ni system, as caleculated from thermodynamic data published in the

literature: —.—.—, data by Vecher and Gerasimov (21);

———, data by Rapp and Maak (20).
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depends on the reaction temperature. For
the temperature range investigated it varies
by four orders of magnitude.

It is interesting to discuss the present
results in connection with several statements
of the literature with respect to catalysis by
alloys. One of the statements is Dowden’s
hypothesis (4) that holes in the d band are
responsible for the hydrogenation activity
of transition metals. As the present data
show a considerable hydrogenation activity
for a surface alloy containing 779, Cu in
which all holes in the d band are supposed to
be filled, this hypothesis cannot easily be
reconciled with the present data.

A second point of interest concerns the
activity patterns of copper-nickel with
large pronounced maxima and minima
published in the literature. The present
authors feel that these activity patterns
reflect poisoning or self-poisoning effects
rather than true catalytic patterns. It has
now been experimentally proven that even
reactions such as benzene hydrogenation and
propane—deuterium exchange (14) can cause
irreversible poisoning at high temperature.
The irreproducibility of the benzene hydro-
genation experiments is indeed a great
obstacle to gather reliable results which, as
we found, can only be approached by
exclusively using initial activities of virgin
films at high hydrogen—benzene ratio. The
formation of carbonaceous residues on the
catalyst surface is a result of C-H bond
cleavage. To a certain extent this process
seems to be reversible according to

C.;Ho = CGHG—n, ads + ands

as was pointed out by Anderson (24). Both
the high positive and temperature-dependent
reaction order in hydrogen (see Fig. 3) and
the large rate constant for the deuterium
exchange reaction with benzene, which far
exceeds the rate constant for benzene
hydrogenation (see Table 1) are in agreement
with this assumption of a partial dissociation
of C-H bonds in adsorbed benzene.

When comparing the present results to
those of other experiments it is obvious that
there is a strong similarity with the results
obtained by Cadenhead et al. (25) on the

hydrogen adsorption on copper-nickel alloy
powders. Also in their case the hydrogen
chemisorption per unit of surface area is
found constant for alloys with compositions
within the miscibility gap. Also Rienicker’s
data (26) on the activation energy of formic
acid decomposition by copper-nickel alloys
show a constant activation energy for these
alloys, its value being intermediate between
the activation energies observed on copper
and on nickel. The structure of copper-
nickel alloy films were also studied by
Byrne and Clarke (27, 28) and by Zhavoron-
kova, Boreskov, and Nekipelov (10).

The former authors annealed their films
at 500°C and the latter at 400°C. Con-
sequently, the equilibrium phase distribution
must be markedly different from the films
studied in the present work, which were
sintered at 200°C. Unfortunately, the two
sets of thermodynamic data available from
the literature strongly differ in their pre-
dietions of the miscibility gap above 400°C,
as is shown by the curves in Fig. 6. According
to the data of Rapp and Maak (20) no phase
segregation is expected in equilibrium for
copper-nickel alloys above 400°C, whereas
the data published by Vecher and Gerasimov
(21) predict a miscibility gap even at very
high temperatures. As the X-ray diffraction
results on filins equilibrated at a temperature
of 400° and 500°C do not reveal any phase
separation they seem to favor the thermo-
dynamic data by Rapp and Maak.

Takeuchi et al. (7) studied the heat of
adsorption for hydrogen on nickel and some
alloys. He found that the heat of adsorption
per mole of hydrogen is considerably lower
on the alloys than on nickel. This result is
important in connection with the present
finding that the apparent activation energy
of hydrogenation on the alloys is nearly
twice as large as on pure nickel. It seems thus
that both the energy of the adsorbed state
and of the transition state for hydrogenation
are higher on the alloys than on nickel.
While some data are known for the heat of
adsorption of benzene on copper and nickel
powders [Yu et al. (29)] there are, un-
fortunately no data available for the heat of
adsorption of benzene on copper-nickel
alloys, so that the complete energetic re-
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action scheme cannot be drawn for the
alloys.

In conclusion, we feel that the catalytic
activity patterns of alloys prepared under
extremely clean conditions and studied by
means of an “innocent’” test reaction, can be
rationalized, provided that the thermo-
dynamic data of phase separation and the
differences between surface and bulk com-
positions are properly taken into account.

REFERENCES

1. RieNiZckERr, G., aANp VormuM, G., Z. Anorg.
Allgem. Chem. 283, 287 (1956).

2. ScawaB, G. M., Discussions Faraday Soc.
8, 116 (1950).

3. Eiey, D. D, anp Couper, A. Discussions
Faraday Soc. 8, 172 (1950).

4. DowpEN, D, A, J. Chem. Soc., p. 242 (1950).

6. Han, W, K., anp Emmerr, P. H, J. Phys.
Chem. 63, 1102 (1959).

6. RusseL,, W. W, aNp SmaLucross, P. B, J.
Am. Chem. Soc. 81, 4132 (1959).

7. TaxevcHI, T. TAraBatake, T. SARAGUCHI,
M., anp Mivosui, I, Bull. Chem. Soc.
Japan 35, 1390 (1962).

8. Lyusarskn, G. D, EvzerikmIN, E. I, AnD
SuinkIN, A. A., Kinetitka 1 Kataliz 5, 311
(1964).

9. CabENHEAD, D. A, AND Massg, N. G., J. Phys.
Chem. 70, 3558 (1966).

10. Zuavoronkova, K. N., Boreskov, G. K., axp
NexkreeLov, V. N, Dokl. Akad. Nouk SSSR
177, 1124 (1967).

11. EmMmerr, P. H, anp Grarrurey, M. K, J.
Phys. Chem. 65, 1182 (1961).

12. CampBELL, J. S, anp EmwMerr, P. H, J.
Catalysis 7, 252 (1967).

SACHTLER

13. vaN pEr PLANK, P., AND SacETLER, W. M. H,,
J. Catalysis 7, 300 (1967).

14. Sacater, W. M. H, anp Joncerier, R., J.
Res. Inst. Catalysis, Hokkaido Univ., to be
published (1968).

15. Sacutier, W. M. H., Doreero, G. J. H,
Joncepier, R., J. Catalysis 4, 100 (1965).

16. Sacutier, W. M. H,, anp Dorcero, G. J. H,,
J. Catalysis 4, 654 (1965).

17. SacuTiEr, W. M. H. anp Jowcerier, R., J.
Catalysis 4, 665 (1965).

18. Sacutier, W. M. H., Doreero, G. J. H,, anp
JongepIER, R., Proc. Intern. Symp. Basic
Problems Thin Film Physics, Clausthal-Got-
tingen, p. 218 (1965).

19. KemBaw, C., Advan. Catalysis 11, 223 (1959).

20. Rapp, R. A, anp Maak, F., Acta Met. 10, 62
(1962).

21. VecuER, A. A, AND GerasiMov, J. I, Russ. J.
Phys. Chem. 37, 254 (1963).

22. Serre, W., anp KorrMaNnN, A, Angew. Chem.
64, 379 (1952).

23. TrgNspar, G. 0. anNp Sgrum, H. Physica
Status Sol. 4, 493 (1964).

24. AnpersoN, J. R., Australian J. Chem. 4, 409

(1957).
25. CapenHEAD, D. A, aNp Wagener, N. J., Pre-
print, IVth Intern. Congr. Catalysis,

Moscow, 1968.

26. RIENAcKER, G., Baor, H., Z. Anorg. Allgem.
Chem. 248, 45 (1941).

27. Cuarkg, J. K. A, anp Byeng, J. J, Nature
214, 1109 (1967).

28. ByrNe, J. J., anp Crarkg, J. K. A, J.
Catalysis 9, 166 (1967).

29. Yu, Y.-F, CHessick, J. J., AND ZETTLEMOYER,
A. C., J. Phys. Chem. 63, 1626 (1959).



