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Magnetostatic and resonance methods have demonstrated the formation of alloys in sev-
eral silica-supported copper-nickel systems whose metal loadings were varied between 1
and 10% wt. The preparations studied were obtained by impregnation, ion exchange and
coprecipitation techniques. In most systems the metals were believed to be reduced but for
samples prepared by impregnation with a metal sulfate some sulfide formation was in-
dicated. In all the bimetallic samples the composition of the alloy particles was found to be
nonuniform. The two-phase ‘‘cherry” model demonstrated for large particles at tempera-
tures and compositions where the Cu-Ni system is characterized by a miscibility gap, is not
found applicable to the much smaller particles in supported Cu-Ni catalysts. Incorporation
of a calcination step or reduction of the surface area of the support lowered the degree of
dispersion but led to more homogeneous alloys.

The conclusions from the magnetic data were confirmed and augmented by X-ray diffrac-
tion results, which demonstrated for the precalcined preparations a preferential copper
oxide reduction. It is also shown that the preparation of fairly homogeneous supported
copper-nickel alloys is assisted by using high relative nickel loadings in those cases where

there is an enhanced oxide miscibility prior to reduction.

I. INTRODUCTION

Bimetallic catalysts are a subject of con-
siderable interest in catalysis research be-
cause the selectivity of the bimetal species
differs markedly from that of their compo-
nents. For example, the selectivity of
silver in the oxidation of ethylene to ethyl-
ene oxide (I) (as opposed to carbon
dioxide and water) and of cumene to cu-
mene hydroperoxide (2) is increased re-
markably by alloying with gold, yet the
latter is itself inactive in these reactions.
Similarly, alloying nickel with copper
clearly modifies the activity of the former
metal in the hydrogenation of ethylene
(3,4), benzene (5,6) and butadiene (7). This
alloy system has also demonstrated a
remarkable selectivity in the isomerization,
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as opposed to hydrogenolysis, of n-hexane
though copper itself is virtually inactive
(8).

The majority of these studies have been
made on unsupported bimetallic systems
(films or powders), where the nature of
alloying can be judged by physical
methods of structural analysis such as
X-ray diffraction. The constitution of sup-
ported copper-nickel systems has also
been examined in this way (9,10) but the
X-ray method fails to provide such infor-
mation on catalysts with a low metal
loading, where the metal particles are often
smaller than 3.0 nm. The nature of the in-
teractions taking place in supported bime-
tallic systems cannot therefore be deter-
mined readily by such direct methods of
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structural analysis. Systems of this type
have also presented analytical difficulties
in the application of techniques of Auger
and X-ray photoelectron spectroscopy:
nevertheless, some work has been done in
this field (/71,12).

In view of these complexities a magne-
tostatic (and resonance) study was made of
bimetallic systems where the two metal
components and the alloy have different
magnetic properties. The copper-nickel
system was chosen as one model, since it
is in many ways ideally suited to such
magnetic work. The extreme sensitivity of
nickel ferromagnetism to applied fields can
be exploited, as can the large decrease of
this ferromagnetism upon alloying with
(diamagnetic) copper, especially in copper-
rich compositions (/3). Clearly, these
alloys are magnetically distinguishable
from their components since, when nonal-
loyed, nickel exhibits a saturation magne-
tization of 57 emu/g at all compositions.
This distinction remains possible for sup-
ported catalysts. The field dependence of
the specific magnetization of highly dis-
persed ferromagnetic materials differs,
however, from that of the nondispersed
system and is conventionally described as
‘“superparamagnetic” (/4), i.e., each par-
ticle acts as a single magnetic domain
where all the atomic magnetic moments
are cooperatively aligned.

Such domains (assumed spherical) are
less than about 30.0 nm in diameter (/5),
typical of nickel in the supported catalysts
studied. Such a particle may be thought of
as a paramagnetic “‘atom’ of very large
magnetic moment. An applied field, H,
tends to orientate these monodomain par-
ticles but their ability to achieve complete
alignment with the field and, hence, ac-
quire a limiting or “‘saturation’” magnetiza-
tion is, however, hindered by thermal agi-
tation at any temperature above absolute
zero. Thus the observed magnetization will
be lower than the saturation value as given
by the Langevin function
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o _ pwH kT
. coth T —MH, n
where o specific magnetization at H
and 7,
o, specific magnetization at satu-
ration,

H applied field,

T absolute temperature,

k Boltzmann constant,

I magnetic moment of particle.

The significance of such superparamag-
netic behavior for the detection of finely
dispersed alloying is that, at any tempera-
ture above absolute zero, the specific mag-
netization of the nickel in the bimetallic
catalysts must be compared with that of
the corresponding nickel-only standard.

As the surface-to-volume ratio of sup-
ported nickel catalysts is very high, the
decrease of their magnetization on hy-
drogen adsorption can be readily measured
(14,16). This additional feature of sup-
ported-nickel magnetization may also be
used to identify the nickel surface area in
bimetallic catalysts.

Copper-nickel alloys with macroscopic
particles can exist in equilibrium either as
a continuous series of solid solutions or as
a two-phase system, where a copper-rich
alloy envelops crystals of a nickel-rich
alloy (i.e., the “‘cherry” model) (/7,18).
For macroscopic systems the latter model
1s stable at temperatures below ca. 320°C,
whereas solid solutions are stable above
this temperature (/9).

For highly dispersed systems, however,
it is not justified to accept the validity of
the cherry model without special proof,
because for small particles the additional
surface energy of a two-phase arrangement
may be too high (20). It is, therefore, ad-
vantageous that the two arrangements
might be distinguished by a magnetic
method, the cherry arrangement having a
higher magnetization—due to the nickel-
rich core—than the solid solution. Addi-
tional information which might aid the dis-
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crimination between the two models can
be obtained by measuring the change in
magnetization caused by hydrogen adsorp-
tion, In the case of the cherry arrange-
ment, hydrogen adsorption on a diamag-
netic copper-rich surface should not cause
a measurable change in magnetization, but
such a change would be expected for su-
perparamagnetic systems with particles of
equal bulk and surface compositions.

IIl. METHODS

1. Measurement of Specific
Magnetizations by
the Faraday Method

Nickel specific magnetizations (o) can
be obtained from the relation

o=x-H, (2)

where x = mass susceptibility (cc/g), H =
field strength [Oe (1 oersted = 10%/47A
m~Y)].

There are two classical approaches for
measuring mass susceptibility, namely the
Gouy and the Faraday method. The latter
technique was preferred as it offers several
advantages in the study of powder samples
such as catalysts (2/,22). The Faraday
method, moreover, lends itself to in situ
studies of changes in magnetization on gas
adsorption. Figure 1 displays the appara-
tus used, where the magnetic properties of
(in situ) reduced catalysts in a high vac-
uum  system [107%Torr (1 Torr=
133.322 N m™2)] equipped with an ultra-
microbalance (Sartortus Electrono I) were
measured by an electromagnet (0-10 kOe
field strength). Standard procedures were
employed for calibrating the system and
measuring the mass susceptibility (23).

The applied field was estimated by a
calibrated Hall probe. An apparent satura-
tion magnetization of 54.50 emu/g Ni at
293 K was derived from extrapolating the
measured specific magnetizations of a
nickel powder to zero reciprocal field. This
corresponded closely with that of bulk
nickel (54.39 emu/g Nij).
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F1c. 1. Magnetostatic (Faraday) apparatus.

Silica-supported catalysts were used for
they favor the assumption of minimal
metal-carrier interaction implicit in apply-
ing Wiedemann’s additivity law:

Xcatalyst =

Psioz Xsioz T Prixwi T PeuXcw, (3)

where P and x correspond, respectively, to
the weight fraction and mass susceptibility
of each component. In the low-loaded
copper-nickel catalysts studied the copper
contribution to the overall susceptibility
can be neglected because of its very weak
diamagnetism. The entire catalyst sample
employed in the magnetic measurements
was subsequently analyzed using atomic
absorption spectroscopy to overcome any
problems of heterogeneity of metal dis-
tribution.

More detailed information on the nickel
specific  magnetization at  low-field
strengths (max 800 Oe) was obtained from
an induction-coil apparatus (24). The
Langevin function can be modified (25) to
give such a low-field (initial slope) estimate
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of the average crystallite volume v?/v, viz,

W _3kT o
v I,H o

(4)

where K, T, o, o, and H are as in Eq. (1)
and /,, is the spontaneous magnetization,
which for very small nickel crystallites is
assumed to be that of bulk nickel [485 G
at 293 K (1 gauss = 107+ T = 10~* kg s™2
A Y] (/4). Crystallite diameters were
derived from such volumes by assuming
spherical particles.

Application of this induction-coil tech-
nique though ideally suited to such mea-
surements was, however, limited to cata-
lyst metal loadings of more than ca. 2% on
high-surface-area carriers. For other prep-
arations the enhanced sensitivity of the
Faraday method was used though the ini-
tial magnetizations could be derived only
from extrapolation. The catalysts for these
low-field studies were pretreated and re-
duced in a quartz reactor prior to de-
gassing (350°C, 2 hr at 107% Torr) and
transferring in vacuo into quartz side
tubes, which were subsequently sealed off
(in vacuo).

2. Catalyst Preparation

a. Pretreatment of Carrier

Because of the sensitivity of the
Faraday method to the ferromagnetism of
trace impurities, various modifications of
the highly pure Davison 70 silica carrier,
used in catalyst preparation, were washed
extensively with hydrochloric acid (4 M)
until the gel gave a negative test for iron
with ammonium thiocyanate solution. The
support was then treated with deminera-
lized water until free from chloride ions.

The carriers were dried at 110°C in
vacuo and calcined for 3 hr at 500°C prior
to catalyst preparation. In order to vary
the support surface area prehydrothermal
treatments of the carrier for 1 hr at 150
and 300°C were applied, generating sur-
face areas of 180 and 19 m?/g, respec-
tively, in contrast to that of 380 m?/g for
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the untreated support. Such procedures
imparted to the carriers a field-indepen-
dent diamagnetic susceptibility, thereby
establishing unambiguously the absence of
ferromagnetic impurities in the carrier.

b. Catalysts Prepared by
Impregnation

The “dry” impregnation method was
employed, in which the required amounts
of metal in aqueous solution (as nitrates or
sulfates) were added to the carrier until it
was incipiently wet, using a rotary eva-
porator and a vacuum of ca. 20 Torr to
facilitate penetration of the solution into
the pores of the support. Surface moisture
was removed by spreading the impreg-
nated support over filter paper prior to
drying in a vacuum oven at 100°C for 1 hr.
Some preparations were subsequently cal-
cined at 500°C for 3 hr.

c. Catalysts Prepared by
Ion Exchange

Silica gel, because of its hydroxylated
surface, can act as a cation exchanger,
which for transition-metal ions is facili-
tated by an ammoniacal environment
(26-28). Therefore, sufficient ammonia hy-
droxide was added to a nitrate solution of
the desired copper and/or nickel concen-
tration(s) until the precipitated hydroxides
were redissolved and a small excess of
base was present. The carrier was ion-
exchanged by stirring it in twice its volume
of this ammoniacal solution for 1 to 2 hr
prior to filtering and extensive washing
with distilled water. (This treatment does
not remove the exchanged transition-metal
ions.) A total cation-exchange capacity of
about 4% wt was found.

d. Catalysts Prepared by
Coprecipitation

A solution of copper and nickel nitrate
was added with vigorous stirring to a solu-
tion of sodium waterglass having a silica
content of 14.6%. The pH was adjusted to
10 with concentrated ammonium hy-
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droxide and the copper—nickel-silica co-
precipitate was formed. Stirring was con-
tinued until a homogeneous mass was
obtained. This was then filtered and the
catalysts were dried and calcined as re-
quired.

Hl. RESULTS

1. Direct Reduction of Nitrates

Figure 2 shows the variation of nickel
specific magnetization with applied field
for a reduced silica (380 m?/g) supported
copper-nickel nitrate catalyst of ca. 1%
total metal loading (curve A’) together
with that of the corresponding nickel stan-
dard (curve A) after nitrate reduction. The
low nickel specific magnetizations in both
catalysts are typical of superparamagnetic
systems. As expected from the Langevin
equation (/4) a superimposition of magne-
tizations was observed when plotted
against applied field divided by tempera-
ture.

As the nickel magnetizations in the bi-
metallic catalysts were, in all cases, lower
than those of the reference preparations,
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FiG. 2. Specific magnetization of nickel vs applied
field strength for a 0.75%wt Cu-0.2%wt Ni and a
0.25%wt Ni-on-silica catalyst, (A) Ni catalyst after
reduction at 500°C (16 hr); (B) Ni catalyst as in (A)
after hydrogen adsorption (1 hr; 1 bar; 293 K); (C) Ni
catalyst as in (B) after oxygen adsorption (1 hr; 1 bar;
293 K): (A’) Cu-Ni catalyst after reduction at 500°C
(16 h); (B') Cu-Ni catalyst as in (A) after hydrogen
adsorption (1 hr; 1 bar; 293 K).
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we conclude that the decreased nickel
magnetic moment of the former is due to
copper-nickel alloy formation. An alterna-
tive explanation, ascribing the lower mag-
netization to a decrease in the size of the
superparamagnetic nickel particles in the
bimetallic sample, is rejected because such
a drastic change in particle size would only
occur as a result of alloying.

The magnetizations of both the mono-
and bimetallic catalysts were decreased
upon hydrogen adsorption (curves A to B
and A’ to B’, respectively, in Fig. 2). That
these magnetization losses in the bimetallic
catalysts were due solely to surface nickel
and not, for example, produced by the
highly dispersed ferromagnetic impurities
in copper, as observed by Selwood (21),
was proved by the fact that a copper/SiO,
reference sample exhibited a field-indepen-
dent and constant mass susceptibility be-
fore and after hydrogen exposure. More-
over, the agreement between the observed
susceptibility (extrapolated to infinite field)
of —0.349 X 1078 cc/g and that expected
from component additivity (—0.365 X 1078
cc/g) suggests that the copper is essentially
in the zero-valent state upon reduction of
such silica-supported preparations. This
conclusion corresponds with results from
temperature programmed reduction studies
(29). The decrease in magnetization
caused by hydrogen adsorption was con-
sistently less in the bimetallic samples than
in the corresponding nickel-only standard,
demonstrating suppressed surface nickel
availability due to alloying. Estimates of
nickel surface areas (and of particle sizes)
in the nickel-only catalysts can be derived
from the magnetization changes by assum-
ing that every surface nickel atom adsorbs
a hydrogen atom and has its magnetic mo-
ment erased. The nickel surface areas eval-
uated as described elsewhere (30,31) are
only qualitative, however, as hydrogen ad-
sorption produces a smaller nickel ‘“‘par-
ticle,” which in its turn contributes to the
decrease in magnetization. From the mag-
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netization changes (at 8 kOe, for example)
such apparent nickel specific surface areas
are calculated. The nickel particle sizes
thus obtained for the high-surface-area
(380 m?/g) silica (assuming that the appar-
ent nickel specific surface area represents
80% of the total) appear to be independent
of the metal loading and reduction temper-
ature adopted (Table 1). The low-field (ini-
tial slope) estimates of larger crystallite
sizes show a relatively narrow range of
particle sizes in these reduced high-
surface-area catalysts. That some of the
nickel crystallites were indeed larger than
those given by hydrogen adsorption was
demonstrated by incomplete erasure of
nickel magnetization upon exposure to ox-
ygen (e.g., curve C in Fig. 2), which is cor-
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rosively chemisorbed, thereby “demet-
allizing” nickel to about 2.0 nm in depth
(32).

Decreasing the carrier surface area to 19
m?/g results in a marked increase of nickel
magnetization in such reduced nitrate cata-
lysts (Table 1), which is illustrative of
much poorer metal dispersion. This was
confirmed by the greatly diminished nickel
surface areas in these low-surface-support
catalysts, where alloying was also iden-
tified by the reduced magnetization of the
bimetallic sample (Table 1).

2. Reduction of Nitrates
after Calcination

Much larger particles (and hence magne-
tizations) were obtained when the nitrates

TABLE 1|
MAGNETIC ANALYSIS OF SUPPORTED Cu-Ni CATALYSTS AFTER NITRATE DRYING
(WITH OR WITHOUT CALCINATION)

Apparent nickel

Metal loading (%owt) il 203160 specific surface Ni particle size
(emu/g) area (m?%/g) in Ni cat. (nm)
Bimetallic ~ Support
Nickel — area Treatment”  Nickel Bimetallic Nickel Bimetallic Low
standard  Cu Ni (m?/g) (gas/°C) standard  catalyst standard  catalyst  field H,ADS"
H, 400 2.1 0.4 578 421 8.0 1.0
163 649 194 380 {HZ 500 2.8 0.6 418 412 13
H, 400 23 0.7 432 402 1.5¢ 1.4
0.52 38 .57 380 : )

3 0.3 0 {H2 500 2.8 0.8 441 323 1.6 1.3
0.25 0.80 0.29 380 H, 3500 6.6 0.4 249 201 4.0¢ 23
0.25 0.78  0.26 19 H, 500 30.2 7.8 42 s 20.7°

calcined +
0.2 75 024 38 ca . 3.5 2 4 2
5 0.7 0 0 H, 500 44 .8 R 4 11 9.0 13.2
250 579 220 3sp  Sdeinedtr g 3.9 29 B 113 196
. 5. 2.2 H, 400 S1. . 2 2 . .
calcined” +
- 5
2.50 5.60  2.20 180 H, 400 51.8 8.3 27 14 7.8 21.0
5 s s calcined: + S18 88 " T 15.7¢ 21.0
2.50 7.400 2.20 180 H, 400 L . 27 3. 21
calcined + .
¢ 2
2.50 4.17 2.09 180 H, 400 44.6 10.8 27 11 14.6 21.0
(2 hr)

“ 16 hr treatment time unless otherwise stated.
» From apparent nickel specific surface area.

¢ Low-field induction method.

4 Faraday balance estimate.

¢ 3 hr in air at 500°C.

7 Successive impregnation ~Cu salt first.
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FiG. 3. Specific magnetization of nickel vs applied
field strength for a 0.75%wt Cu-0.24%wt Ni and a
0.25%wt Ni-on-silica catalyst after calcination
(500°C, 3 hr) and reduction at 500°C for 16 hr. (A) Ni
catalyst after reduction; (B) Ni catalyst as in (A) after
hydrogen adsorption; (C) Ni catalyst as in (A) after
oxygen adsorption; (A') Cu-Ni catalyst after reduc-
tion; (C’) Cu-Ni catalyst as in (A’) after oxygen ad-
sorption.

on the high-surface-area silica (380 m?/g)
were precalcined prior to reduction (Fig.
3; Table 1). Indeed the degree of metal
dispersion was so low that the specific
magnetizations of the nickel reference cat-
alysts approached the saturation value of
the bulk element. Alloying in the bimetallic
catalysts can again be concluded from
their suppressed nickel magnetizations
(compare curves A and A’ in Fig. 3). We
can affirm further, from this large decrease
of magnetization compared to noncalcined
catalysts (Fig. 2, curves A and A’), that
more effective copper-nickel alloying has
occurred. The very small decrease in the
nickel specific magnetization of the bime-
tallic catalyst caused by oxygen adsorption
also supports this view, as do the results of
other catalytic studies (33).

The magnetic and surface properties of
these calcined catalysts after reduction
were essentially independent of reduction
and metal loading conditions. The reduced
effect of oxygen in demagnetizing the
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nickel is consistent with the occurrence of
poorly dispersed metal particles.

Reduction of the support surface area to
180 m?/g produces a further decrease in
nickel surface exposure and dispersion of
alloy particles. These parameters are es-
sentially unaffected by the mode of salt
impregnation (successive or common),
metal loadings and reduction conditions of
time and temperature.

3. Reduction of lon-Exchanged
Catalysts

The lower nickel specific magnetizations
(relative to the corresponding nickel stan-
dard) of reduced (ca. 1% loaded) copper-
nickel ion-exchanged on silica (380 m?/g)
catalysts produce highly dispersed alloy
particles (Table 2). The surface of nickel in
these samples is, hence, lower than in the
corresponding nickel-only standard. Such
alloying is, however, also nonuniform, as
demonstrated by the residual superpar-
amagnetism of this Cu-rich bimetallic cat-
alyst, its sensitivity to hydrogen and the
temperature dependence of the observed
catalyst mass susceptibility, which differs
from that expected for a homogeneous
solid solution alloy on the carrier.

The data of Table 2 suggest that the
overall nature of bimetallic alloying was
comparable to that of reduced nitrates on
the same support, though the induction
coil estimate of 1.7 nm particles suggests
superior metal dispersion (26). Moreover,
the magnetic properties of these reduced
ion-exchanged catalysts were independent
of the mesh size of the carrier used.

4. Reducibility of Silica-Supported
Nickel Catalysts

It has been reported that when some
metals occur in dilute form on high-
surface-area supports (including silica)
they do not exist in the zero-valent state
after hydrogen treatment (34,35). As these
observations are pertinent to this work, we
report here magnetic studies of nickel re-
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TABLE 2
MAGNETIC ANALYsIS OF SUPPORTED Cu-Ni AND Ni CATALYSTS AFTER
IoN EXCHANGE AND REDUCTION

Apparent nickel

Metal loading (%ewt) T ¥ oe. 203 K) specific surface Ni particle size
(emu/g) area (m?%g) in Ni cat. (nm)
Bimetallic  Support“ -
Nickel area Treatment” Nickel Bimetallic Nickel Bimetallic Low
standard  Cu Ni (m*/g) (gas/°C) standard  catalyst standard catalyst field H,ADS‘
H, 400 2.38 0.84 471 228 1.7¢ 1.2
241 167 2.29 380 {HZ 500 3.20 1.62 508 405 1.6 1.1
H, 400 2.61 0.39 450 92 1.4¢ 1.2
’ 2
0.26 0.77. 029 380 {H2 500 3.67 0.26 462 304 1.6¢ 1.2
H, 400 2.13 0.56 457 65 1.3¢ 1.2
o) 2
0.25 0.85 0.28 380 {Hg 500 3.20 0.44 469 184 1.5 1.2

« Support mesh size 0.42-0.18 mm.

? 16 hr treatment time.

“ From apparent nickel specific surface area.
4 Low-field induction method.

¢ Faraday balance estimate.

7 Support mesh size 0.18-0.07 mm.

duction in catalysts where the metal con-
centration is less than 3% on a high-
surface-area (380 m?/g) Davison 70 silica.
The magnetic properties of some nickel-
silica catalysts were determined in their
vacuum-sealed SiO, tubes at room temper-
ature with the low-field induction coil. The
dependence of the nickel specific magne-
tization on field strength for a 0.27%
nickel catalyst after impregnation and re-
duction at 500°C is given by curve A in
Fig. 4. These specific magnetizations are
considerably lower than the corresponding

SPECIFIC MAGNETISATION, emu/g Ni (AT 293 K)
40— e R o

800
FIELD STRENGTH, Oe
F1G. 4. Magnetization of a 0.27%wt Ni-on-silica
catalyst. (A) Catalyst after 16 hr reduction at 500°C;
(B) nickel powder standard; (C) catalyst as in (A)
after vacuum sintering at 800°C.

values for a very finely divided nickel
powder, shown in curve B.

This finding may be interpreted as being
due either to incomplete reduction, the ex-
tent of which may vary with nickel con-
centration, or to the very high degree of
nickel dispersion engendering this super-
paramagnetic profile.

To distinguish between these alterna-
tives the catalyst was further heated in the
vacuum-sealed quartz tube at 800°C for
several hours to induce metal crystallite
growth. The magnetizations were thereby
increased (Fig. 4, curve C) and indeed ex-
ceeded those of the finely divided nickel
powder studied. We therefore conclude
that the catalyst was well reduced and that
the low magnetization value found after
the reduction step was due to crystallite-
size effects.

The apparent saturation magnetization
per gram of nickel in the sintered (0.27%
Ni) catalyst was estimated from a plot of
the reciprocal specific magnetization
against (reciprocal field strength)?? and by
extrapolating to infinite field (24) (Fig. 5).
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FiG. 5. Reciprocal of nickel specific magnetization
vs (applied field)™* of a 0.27%wt Ni-on-silica cata-
lyst.

An apparent saturation magnetization of
54.40 emu/g was observed, which com-
pared closely with that measured for the
nickel powder. From this we infer that all
the nickel of the supported catalyst existed
in the free metallic state after reduction.
Estimates of nickel crystallite sizes from
the initial slope of these specific-magne-
tization-against-field profiles show that sin-
tering at 800°C clearly leads to an at least
threefold increase in crystallite size, which
is responsible for the enlarged apparent
saturation magnetizations.

Table 3 shows that other silica-sup-
ported nickel catalysts can likewise be
completely reduced by hydrogen at 500°C
and indeed these findings were confirmed
by temperature programmed reduction
(29) of such nickel (and copper) samples.
Moreover, calcination of the dried nitrate
followed by reduction without a subse-
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quent sintering step engenders an appar-
ent saturation magnetization of 54.35
emu/g. Thus, the calcination step is re-
sponsible for a very poor dispersion of
metallic nickel! on reduction.

5. Reduction of Sulfate Catalysts

The diminished nickel specific magne-
tization-vs-field profile of a reduced
copper-nickel sulfate on silica catalyst
(curve A'; Fig. 6), relative to that of
the nickel reference standard (curve A),
suggests that considerable alloying has
taken place as the residual (diamagnetic)
sulfur level on the two catalysts was equiv-
alent.

Support for alloy formation in such re-
duced sulfate catalysts was given by
moving-film X-ray evidence of successive
formation of Cu- (ca. 90%wt) and Ni- (ca.
74%wt) rich alloys on in situ hydrogen
treatment of the catalyst up to 500°C.

The samples obtained by reducing sul-
fates show, however, a very low response
to magnetization upon hydrogen adsorp-
tion. In the case of the Ni standard, the
low-field (Faraday) estimate of 2.8 nm par-
ticle size should engender a much larger
magnetization change on hydrogen adsorp-
tion than that observed (curves A and B in
Fig. 6).

In the copper-nickel catalyst the magne-

TABLE 3
APPARENT SATURATION MAGNETIZATION (AT 293 k) OF HIGH-SURFACE-AREA SILICA-SUPPORTED
NickeL CATALYSTS AFTER VACUUM SINTERING AT 800°C

Crystallite size (nm);

Nickel Reduction sintering Apparent
loading Preparation temp* saturation
(%owt) method Q) Before After magnetization”
0.27 } Impregnation {500 4.0 11.0 54.40
2.19 400 8.0 23.0 54.00
2,31 Calcination 400 11.5 — 54.35
0.25 } lon exchange {500 — 7.5 52.60
2.53 500 1.7 12.0 53.76

“ 16 hr reduction time.

b Apparent saturation magnetization of bulk nickel 54.39 (293 K).

¢ Not sintered after reduction.
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SPECIFIC MAGNETISATION OF NICKEL (AT 293 K),

emu/g Ni
o A
B
801
701
60
50t
40}
301 ¢
20+ A
10 "/,//’.’:;
o] 1 i 1 11
¢] 20 40 60 80x103

APPLIED FIELD STRENGTH, Oe

F1G. 6. Specific magnetization of Ni vs applied field
strength for a 0.34%wt Cu-0.68%wt Ni and a
0.38% wt Ni-on-silica (380 m?/g) catalyst after sulfate
impregnation, drying and reduction (500°C, 16 hr).
(A) Ni catalyst after reduction: (B) Ni catalyst as in
(A) after hydrogen adsorption; (C) Ni catalyst as in
(A) after oxygen adsorption; (A’) Cu-Ni catalyst
after reduction; (C’') Cu-Ni catalyst as in (A') after
oxygen adsorption.

tization-field profiles were even indistin-
guishable for the freshly reduced and the
hydrogen-exposed state. This anomalously
low-surface-nickel availability for gas ad-
sorption probably arises from the sul-
fate-reduction method producing highly
dispersed but partially sulfided nickel
particles.

That the metallic nickel is sulfided rather
than existing entirely as nickel sulfide
(Ni,S,) is demonstrated by the dilute fer-
romagnetism observed for the catalyst in
contrast to the dia- or paramagnetic behav-
ior expected for the bulk sulfide on the sil-
ica carrier. We can affirm, however, that
the surface, and consequently catalytic,
properties of the sulfate-doped catalysts
are dictated by this residual sulfur after
reduction—a conclusion strongly sup-
ported by n-hexane dehydrocyclization
work (33).

6. Coprecipitated Catalysts

The extent of alloying in the reduced
copper-nickel coprecipitated catalyst ap-
pears to be small as the low-field specific
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magnetization is slightly less than that of
the corresponding monometallic reference
standard. Dried and air-calcined samples
were examined by X-ray powder diffrac-
tometry after hydrogen reduction at 400°C
for 4 hr. There was virtually no alloying as
the X-ray pattern showed separate copper
and nickel nonalloyed phases. Reduction
of the dried coprecipitated catalyst in the
high-temperature Guinier camera showed
that the copper phase crystallized at about
180°C and the nickel at about 350°C. Such
coprecipitation methods are therefore com-
pletely unsuitable for the formation of ho-
mogeneous copper-nickel alloys.

7. Detection of Supported
Copper—Nickel Alloying
by Ferromagnetic Resonance

Ferromagnetic resonance (FMR) has
been used in the study of the adsorption of
hydrogen and other gases on nickel-silica
catalysts (36). Such adsorbates engen-
dered, in general, a decrease in the inten-
sity andfor line width of the usually large
and broad nickel FMR signals. These
changes in the FMR of nickel are caused
by the removal of surface electron spins
andfor a decrease in the inherent magne-
tocrystalline anisotropy of the nickel par-
ticles. As the specific magnetization of
nickel is also decreased on interaction with
copper on silica supports, FMR can also
be useful in the detection of alloying in
highly dispersed supported copper-nickel
samples, thereby complementing the mag-
netostatic method.

Therefore, various supported copper-
nickel catalysts (together with the corre-
sponding nickel monometallic standards)
were prepared, reduced, degassed (at
350°C for 2 hr to remove residual ad-
sorbed hydrogen) and transferred in vacuo
into FMR sample tubes, which were sub-
sequently sealed off. Catalyst details and
treatment conditions are listed in Table 4,
together with details of the FMR spectra,
all of which were obtained at 20°C.
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TABLE 4
FERROMAGNETIC RESONANCE RESULTS FROM Cu-Ni AND Ni-oN-SiLica CATALYSTS

FMR results
Metal Surface area of Signal Signal line
Catalyst loading silica support height width
description (%owt) (m?*/g) (arb. units) (arb. units)
Calcined (500°C, 3 hr) Ni 2.5 90 122
+Reduced (400°C, 16 hr) { Cu 7.5 19 86 81
’ Ni 2.5
Calcined (500°C, 3 hr) Ni 5.0 97 150
Cu 5.0 380
° 4
+Reduced (400°C, 16 hr) {Ni 50 26 2
NO;-impregnated Ni 25 89 197
Cu 75 380
° 39
+Reduced (400°C, 16 hr) {Ni 25 3
lon-exchanged Ni 3.0 43 130
Cu 2.0 380
° 1
+Reduced (500°C, 16 hr) {Ni 30 12 115
Coprecipitated Ni 53 88 114
Cu 53 —
° 0
+Reduced (440°C, 16 hr) {Ni 53 59 103
As an example, two spectra are shown IV. DISCUSSION
in Fig. 7. One is of a copper-nickel ion- The magnetostatic (and resonance)

exchanged catalyst and the other of the
corresponding monometallic nickel refer-
ence standard. There is clearly a decrease
in the intensity of the nickel FMR signal in
the bimetallic preparation, which is illus-
trative of alloying. Comparison of FMR
spectra intensities and line widths (Table
4) of all the other copper-nickel and nickel
reference catalysts demonstrated, in gen-
eral, a decrease in the magnitude of these
parameters in the spectra of the bimetallic
samples. Therefore, we conclude that the
FMR technique can yield rapid evidence
of highly dispersed copper-nickel alloying
on a carrier.

INTENSITY, ARBITRARY UNITS

F1G6. 7. FMR spectra at 20°C of a 2% wt Cu-3%wt
Ni-on-silica catalyst (---) and a 3%wt Ni-on-silica
catalyst (—) both after ion exchange and reduction
(500°C, 16 hr).

methods have demonstrated clearly an
ability to identify monometallic reducibil-
ity and alloying in highly dispersed bi-
metallic particles, thereby complementing
other studies in this field (29,33,37-39).
Moreover, these magnetization studies
have revealed that all the catalyst prepara-
tion methods used engender bimetallic in-
teraction except those from the coprecipi-
tation route. Some doubt has, however,
been expressed over the complete reduci-
bility of unsupported copper—nickel alloys
due to water “encapsulation” (40). We be-
lieve from temperature programmed reduc-
tion studies (29) that total alloy reduction
does occur on silica by 500°C.

The residual superparamagnetism of
completely reduced copper-rich catalysts,
however, and the sharp decrease in magne-
tization caused by hydrogen adsorption
show that some bimetallic particles contain
more nickel than the average of the sample
and that alloying over the catalyst as a
whole cannot be described completely in
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terms of either the two-phase (cherry) or
random solid substitution models. Further
evidence of nonuniform alloying was pro-
vided by the observed catalyst magnetic
susceptibilities being higher than those cal-
culated on an additive basis for the homo-
geneous alloy (4/) on the same support.

The information obtained in this work
from magnetic data is limited by the fact
that nonuniform alloying and dispersion
will both affect the magnetization curves in
a similar manner. In real supported sys-
tems the particles have neither the same
size nor (in bimetallic catalysts) uni-
form composition but a range of these will
be present in any given sample with «
priori unknown distribution functions. A
separation of these two effects might, in
principle, be obtained by including mea-
surements at extremely low temperatures
(ca. 0 K) where it is believed that there is
no influence of particle size on nickel mag-
netization (/4). Such studies for silica-sup-
ported copper-nickel catalysts have in-
deed been recently reported (42) and the
results confirm our conclusion that the
cherry model does not apply to supported
systems.

With finely dispersed bimetallic systems,
it can be shown statistically that for a
75%wt Cu-25%wt Ni sample with 1.0 nm
particles (ca. 100 atoms) the relative prob-
ability of finding particles having 60% Cu,
40% Ni is less than 0.5% of those with
a composition of 75% Cu, 25% Ni. The
catalyst mass susceptibility observed for
the 1% metal catalyst (mean x..ayst 1S
—0.235 X 107% cc/g from the direct reduc-
tion of the nitrates) exceeds that expected
(—0.357 X 1078 cc/g) even if all the par-
ticles were of 60% Cu, 40% Ni composi-
tion.

In other words, the observed catalyst
magnetic susceptibility exceeds that ex-
pected from a supported system where a
statistical distribution of metal particle
compositions exists. We affirm, therefore,
that the alloying observed in this (and
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other) finely divided catalysts was hetero-
geneous in the sense that the distribution
of composition over all the individual par-
ticles deviated from the ideal case, even
when statistical variations of particle com-
positions are considered.

This conclusion was supported by the
direct reduction of the bimetallic nitrates
revealing an X-ray diffraction pattern of
symmetrical peaks for free copper only.
This evidently proves an incomplete
engagement of this metal in alloy forma-
tion.

The present work has further shown that
silica supports clearly allow complete re-
duction of the metal particles, confirming
independent results that hydrogen treat-
ment of such impregnated or ion-ex-
changed precursors causes no deep in-
teraction between nickel (and presumably
copper) and the support (43). Bimetal im-
pregnates on low-surface-area supports
could therefore be of potential value for
the rapid manufacture of supported alloys.
The degree of metal dispersion is, for the
copper-nickel system, strongly decreased
if a calcination step is incorporated into
the catalyst preparation (Table 1) and this
is confirmed by alloying being detectable
by X-ray diffraction. Even under these cir-
cumstances some nonalloyed copper was
always present, as shown in Fig. 8. When
the composition of the alloy found is calcu-
lated from the position of the X-ray dif-
fraction peak, using the data of Coles (44),
it differs significantly from the overall
composition calculated from the metal
loadings. This correspondence is better,
however, at higher nickel relative loadings.
Such an improvement can be correlated
with an enhanced miscibility of CuO in
NiO (ca. 35%mol max) compared with
that of NiO in CuO (ca. 5%mol max) (45)
Indeed, the calculated compositional as-
signment of the alloy peaks in the
7.5%wt Cu:2.5%wt Ni and 5%wt Cu:
5%wt Ni catalysts in Fig. 8 corresponds
approximately  with  this  maximum
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Cu (111) INi (111}

55 Yow Cu-45 Yaw Ni
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50 %aw Cu-50 %w Ni

2.5 %w Cu-75%w Ni
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26, DEGREES
Fi1G. 8. X-Ray spectra of calcined Cu-Ni-on-silica
catalysts after reduction at 400°C.

Ni atom replaceability (ca. 35%) by cop-
per. We conclude, therefore, that the ex-
tent of ultimate homogeneity in alloying
in these precalcined samples after reduc-
tion is controlled by such oxide phase mis-
cibilities. Moreover, the reduction of such
precalcined catalysts was also continu-
ously monitored by a high-temperature
moving film Guinier X-ray technique
where the alloy reflection (ca. 60%at. Ni,
40%at. Cu) appeared at higher hydrogen
treatment temperatures after the develop-
ment of free copper. Such stepwise prod-
uct formation occurred with the preferen-
tial removal of the copper oxide reflection
(Fig. 9).

The hydrogen treatment of nitrate-con-
taining precursors also involves reduction
of the anion with the consequent exother-
micity of the reaction. The heat liberated,
however, in nitrate reduction, involving
three moles of hydrogen (29), could gener-
ate a maximum adiabatic temperature rise
of only about 100°C in such 10% metal-
loaded catalysts, whereas efficient heat dis-
sipation into the highly conducting reduc-

KLOET AND SACHTLER

QN G N
(i, ()

(200)

220°C

N

1 1 1 ‘ L 1L
3 40 44 48 52
26, DEGREES

Fi1G. 9. In situ X-ray study of a calcined 5.79% wt
Cu-2.22%wt Ni-on-silica catalyst heated in hy-
drogen.

100 °C

tion gas occurs in the reduction systems
used. We conclude, therefore, that the
highly exothermic nature of nitrate reduc-
tion will not engender significant catalyst
particle sintering in this case and, more-
over, our finding of such completely redu-
cible but highly dispersed preparations
matches those of similar studies (30,31). It
would seem that incorporation of a precal-
cination step yields samples containing
more crystalline precursors than the dried-
only salts. Precalcination could be an ini-
tial metal aggregation step, resulting in
more poorly dispersed, but more ef-
ficiently alloyed, copper-nickel catalysts
on reduction.

The reducibility of the metal precursors
can govern the nature of the catalysts as,
for example, in the hydrogen treatment of
sulfate-containing preparations. Here the
residual sulfur alters the properties of the
metallic nickel when tested for the dehy-
drocyclization of n-hexane, suppressing
cracking and low-temperature isomeriza-
tion (33).
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Despite most of the silica-supported
components studied being completely re-
ducible, they were not reduced simulta-
neously (29). This was clearly revealed in
the reduction of copper and nickel oxides
from precalcined Cu-rich catalysts. The
increasing miscibility of the former oxide
in the latter at high relative nickel loadings
clearly favored an enhanced bimetallic in-
teraction (46) (see Fig. 8).

We conclude, therefore, that a prerequi-
site for homogeneous and highly dispersed
alloying on carriers in general is a com-
plete and simultaneous bimetallic interplay
resulting from an intimate emplacement
and concomitant reducibility of the metals.
Favorable bimetallic systems, therefore,
could be those where metal-metal bonds
occur (in complexes, for example), which
are directly reducible or, alternatively,
form mutually miscible oxides having the
same free energy of reduction.
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