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The texture of Raney nickel was simultaneously approached by nitrogen adsorp-
tion, magnetic measurements, X-ray diffraction line-broadening, X-ray small angle
scattering and electron microscopy. The grain of Raney nickel, with a size larger

than 1000 A, takes the form of a collection of crystallites ranging in size from 25 to
1580 A held together in the shane of a snonee. The average vore radi 24 2l

+
1204, held geiher In 1ne Snape CI & Sponge. ine average pore raaius is 34 £, DUt

individual elements possessing an average radius of 7 to 8 A also appear. Electron

and X-ray diffraction patterns correspond
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considerable research since its discovery.
In most cases, however, this research has
sought to establish its suitability as a
catalyst in a given process, or else the
effort has been to produce as highly active
a catalyst as possible by more or less
empirical methods. The discrepancy in the
pummucu results is pLUUdUly connected to
the differences in composition of the cata-
lysts, since it has been demonstrated (1)-
(3) that these differences depend to a large
extent on the alloy used. The latter in fact
contains several phases, which do not
necessarily show the same reactivity when
attacked by an alkaline solution. Lastly,
the conditions under which the same alloy
is leached can produce variation of the
percentage of aluminium and alumina in
the catalyst. Only recently has attention
been turned to the study of all the factors

involved, from the prepnaration of the nﬂnv

avorveq, 1roin Lig plepalatlioll o e all

the structure of the catalyst (1, 2, 4—6‘)
to its eomposition (I, 4, 7) and its texture

6).

As the conclusions on this subject clearly
bring out (5, 7), the differences in the
composition of the various Raney nickels

can explain the disparity in the published

R aney nickel
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to face-centered cubic nickel.

results concerning the quantities of hydro-
gen dissolved or adsorbed by this solid.
Moreover, many hypotheses advanced to
explain the presence of important quanti-
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have proved to be doubtful. For example,
it seems that the presence of nickel hydride
NiH, in important quantities can now no
longer be postulated (8). These compounds
have recently been synthesized and their
lattice spacings are clearly different from
that of nickel (9 10). For them to pass
unseen on the X- ray diffraction paumu
they must be in an amorphous form.

Two types of technique have been used
to determine the content of hydrogen in
Raney nickel. The first is based on the
chemical or electrochemical oxidation of
the hydrogen in an aqueous medium. In
this case there is a risk of oxidizing the
nickel powder as well as the hydrogen

(11-18):
Ni + 2 H;0 2 Ni(OH), + 2 H,
Ni+ 20H- 2 Ni(OH); + 2e™.

Generally, it can be postulated that any
reactant SH is capable of producing a

similar reaction:

siflllial 10aCUi0IL.

Ni+ 2SH 2!Ni 8, + Ha.
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The residual aluminium may also react
(5, 13)

2 Al + 6 H,O = AI(OH); + 3 H,,

in which case a systematic error is made
by calculating to excess the quantity of
hydrogen titrated.

The other type of technique is the
thermal desorption of hydrogen. But unless
special precautions are taken, the catalyst
impregnating liquid may react with the
aluminium and the nickel, which would
explain certain violent and explosive re-
actions which accompany the heating of
the solid (5, 14). If care is taken to
eliminate every trace of solvent, the
quantity of hydrogen measured is always
within the same range, for comparable
catalysts.

For a complete study of the texture of
Raney nickel, we used several physical
techniques. First, nitrogen adsorption data
at 77°K gave the specific surface and pore
radius distribution. X-ray small angle
experiments were made in order to measure
pore and particle size especially in the
range from 2 to 15 A, while an X-ray line-
broadening study was performed to dis-
cover whether particles shown by electron
micrographs are polyecrystallites. Then
magnetic measurements pointed out the
absence of very small particles. In the last
part of the study, saturation magnetization
values were related to the hydrogen ad-
sorbed on nickel. .

Each of the methods used makes it
possible to bring out clearly only one
aspect of the morphology of Raney nickel.
But this aspect ought not to be viewed
separately; only by confrontation of the
different aspects can an idea of the entire
problem be reached.

II. PrREPARATION OF RANEY NICKEL

The method followed for the preparation
of the nickel (1) aims to eliminate as
much aluminium as possible, The alloy
is made up of very pure nickel and alu-
minium and titrates 46% of nickel. Finely
ground, only the fraction of the particles
with a diameter less than 40u is kept for
use. The catalyst is stabilized by storing
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for six months in a solution of normal
soda.

I1I. CuemicaL COMPOSITION AND PHASE
IDENTIFICATION BY X-RAYS AND
BY ELECTRON DIFFRACTION

Raney nickel being pyrophoric, it is
impossible to weigh it exposed to the air
when it is dry. When it has been taken
out of the normal soda, where it has been
kept, it is washed in distilled water until
neutrality. Then it is dried in vacuum for
12 hr in a bulb of Pyrex glass which has
been weighed beforehand. The sample is
heated to 300°C until a pressure of 10-*
Torr is obtained. Maintaining the vacuum,
the part of the bulb containing the catalyst
is closed.

The sealed part of the bulb is then
broken open within a methanolic solution
of bromine so that the nickel and alu-
minium can be titrated in their metallic
state. Alumina and nickel oxide content
are determined according to a method
already described (75). The results are
summed up in Table 1 where the propor-
tions of different constituents are expressed
in percentage of the total weight of the
sample.

The total of eomponents titrated is as
much as 99.4 * 0.5%. The results bring
out that the elimination by leaching in
solutions of soda of decreasing concentra-
tion is almost perfect. However, a certain
quantity of aluminium metal remains, and
cannot be eliminated by an attack by
boiling 6 N soda. Furthermore nickel oxide
is present in the sample. Its origin may
be the decomposition of Ni(OH), when
the insoluble residue is heated on the Bun-
sen burner, in which case the nickel would

TABLE 1
CreMIcaL ComposiTioN oF RANEY NICKEL

Insoluble residue after

Metals bromination in methanol

Ni Al AlO; NiO

95.4+02 35+01 003+£001 05+0.1
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have begun to oxidize in water, according
to the equation quoted above. In any case,
this would only represent 1.67 cm® of
hydrogen per gram of catalyst.

Phase identification was achieved by
the Debye-Scherrer technique, using a 114
mm camera. A Lindemann glass capillary
tube is filled with water to make the nickel
particles slide more easily. The capillary
is filled right up by packing in the damp
powder with spun giass. After water has
been drained off, the capiilary is sealed
without returning to the air. The diffrac-
tion lines have been indexed in Table 2
and are of face-centered cubic nickel.

A special method also had to be used in
the preparation of the samples examined
by electron diffraction, by reason of the
pyrophoric nature of Raney nickel. After
being washed in acetone, the catalyst was
immersed in a solution of collodion. The
film formed by the disappearance of the
solvent was skimmed off onto a copper
grid and kept wet until it was put into
the microscope. By preparing the samples
in this way, the nickel particles can be
covered and kept away from the air. The
diffraction patterns correspond to face-
centered cubic nickel. Some of them reveal
that all their crystallites are pointed in
one direction. This can be explained on
the assumption that the (110) plane is
perpendicular to the electron beam (16).
Two supplementary spots that can be seen
were interpreted as arising from a rotation
of certain elements. All the patterns do
not show this preferential orientation since
in a certain number of cases we observed
simple powder patterns.

TABLE 2
Spacings oF THE CRYSTAL PLANES, SURFACE
AVERAGE DIAMETER AND AVERAGE
VoLuME OF THE CRYSTALLITES

Spacings of  Intensity _

the crystal of the D, D,
Plane  planes (X) lines & A&
(111) 2.084 100 38.6 71.8
(200) 1.762 42 31.7 52.7
(220) 1.243 21 31.5 52.6
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IV. Stubpy oF THE TEXTURE OF RANEY
Ni¢KEL BY NITROGEN ADSORPTION—
DEesorprION ISOTHERMS

Adsorption of nitrogen at 77°K was
measured gravimetrically with a McBain
balance with electronic compensation. The
body of the balance can be connected
either to a high vacuum line or to a tank
of very pure nitrogen.

The sample is first dried at room tem-
perature in the brlance, until a pressure
of 10~ Torr is att 'ned: the graph record-
ing the loss ofe, weight at this point
straightens out. A large part of water 1
thus eliminated, otherwise it might react
with the catalyst during the subsequent
thermal treatment. The temperature is
raised to 100°C for one of the experiments,
and to 195°C for the other until loss of
weight ceases. Applying the Brunauer,
Emmett, and Teller equation (17) to the
subsequent N, isotherms surface areas of
67 m?/g or 78 m?/g were obtained, de-
pending on whether the final degassing
temperature was 100°C or 195°C.

The N, adsorption isotherms are of type
IV in the Brunauer classification (18), as
had already been shown (6): they present
a hysteresis which indicates the existence
of an open porosity (Figs. 1 and 2). Tables
(10), calculated according to Pierce’s
method (20), using Halsey's equation for
the thickness of the wmultilayer (21),
facilitate the calculation of the radii dis-
tribution of the pores in Raney nickel
starting from the desorption branch of the
isotherm. If V, is the volume of pores of
average radius 7, the graphs of Fig. 3,
representing the fraction AV,/Ar,f = (r,)
give the frequené} of the pore radii. It can
be seen that poreé: having a radius of 324
are the most abundant for the catalyst
pretreated in vacuo at 100°C. For treat-
ment at 195°C, the most numerous pores
are those which have a radius of 26A
(Fig. 3).

The cumulative surface area of the pores
calculated up to the end point of hys-
teresis corresponds to the specific surface
area with a margin of about 2 m?/g for
the catalyst pretreated in vacuo at 100°C.
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Fic. 1. Nitrogen adsorption-desorption isotherm
on Raney nickel pretreated in vacuo at 100°C.

This implies that micropores (< 2024)
are not present in the sample. The cumu-
lative surface area calculated for the
sample preheated in vacuo at 195°C is
10% greater than the specific surface de-
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Fie. 2. Nitrogen adsorption—desorption isotherm
on Raney nickel pretreated in vacuo at 195°C.
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Fic. 3. Pore size distribution for Raney nickel.

termined by the BET method. This differ-
ence is somewhat higher than the error
generally found for this type of isotherm.
If this difference has any meaning it would
indicate the presence of a slight amount
of interconnected bottle-shaped pores (22),
or a certain reversible mobility of the
particles building blocks, in Raney nickel
(23). The increase of surface area observed
when pretreating the sample at 195°C may
be due to the elimination of last traces of
water.,

In conclusion, gas adsorption experi-
ments show us that the texture of Raney
nickel is rather well defined with a narrow
pore size distribution. Other methods have
been used in order to sustain this
hypothesis.

V. MAGNETIC STUDY OF RANEY
NickEL TEXTURE

The specific magnetization o of Raney
nickel has been measured in fields of up
to 20,000 Oe. at various temperatures by
the “axial extraction method” (24). In
order to avoid the movement of particles
in the magnetic field, the wet samples are
tightly compressed.

The remanent and the saturation mag-
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TABLE 3
REMANENT AND SATURATION MAGNETIZATION OF
RaNEY NickeL IN DIFFERENT
Aqueous MEep1ia

7, gauss o, gAUSS
Aqueous cm?/g cmd/g
medium catalyst catalyst

Distilled water 28.9 3.75

Buffer pH 7.0 29.5 4.0

Normal soda 30.3 4.0

netization, o, and o, of the catalyst in
different aqueous media do not vary in
any significant way. Table 3, where the
magnetic moments per unit mass at 298°K
are listed, indicates that the interaction
between the metal and the water seems fo
be small. It is possible to observe the
sintering of Raney nickel during a thermal
treatment; the relationship between o/o,
and the magnetic field H at high field is
(25):
o/o, =1 — (KT/uH)

N being the number of nickel atoms in
the metal particle, and g the Bohr mag-
neton, p = 0.606 NB. For nickel N will be
related to the diameter (in A) of the
particles thought to be spherical by:

N = 00477 ¢
The slopes of the lines in Fig. 4 relate to

1

alog

i l 1
2 3 4 5

1/Hx 1040ty

1
0.90 3

Fie. 4. Degree of saturation magnetization for
Raney nickel as a function of magnetic field.
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Raney nickel before treatment, then heated

at 112, 176, 350 and 600°C (respectively,

curves 1, 2, 3, 4, 5). The mean diameters

calculated from the slopes are 93, 112, 125,

140 and 150 A and give a rough idea of

the sintering. The coercive field and the

saturation magnetization of the Raney

nickel before desorption of hydrogen, were

measured at various temperatures (Table
4). The coercive field approaches 300 Oe
at low temperature, a figure which has

been observed for nickel powder. It should

be noticed that fields of 1500 Oe are ob-

served whenever the particles are rodlike .
in shape and the ratio of their length to

their diameter is equal to ten (26), which

indicates in the present case that the small

particles have almost a regular shape. It

was also observed that the saturation mag-

netization increased in the same proportion

as for bulk nickel, when the temperature

decreases from 77 to 1.6°K (34 and 34.6

for Raney nickel, 56.8 and 57.4 for bulk

nickel). It can be concluded that the per-

centage of very finely divided particles

smaller than 15 A in diameter, which are

unsaturated at 77°K, is negligible.

V1. Stupy oF THE TEXTURE BY X-RAYs

Two kinds of experiments were per-
formed on Raney nickel, viz., line-broad-
ening analysis in order to determine the
crystallite size, and small-angle scatfering
for the pore and particle size measure-
ments.

Diffraction profiles were measured by
step scanning using a diffractometer equip-
ped with a scintillation counter and a
monochromator isolating the Ke, radiation
of copper. The sample (diameter ~ 2 cm)

TABLE 4
CoEercivE FIELD AND SATURATION OF THE RANEY
NickeL AT Various TEMPERATURES

Cs

T(°K) Ho(Oe) (gauss cm?/g)
298 32 29
77 146 34
4.2 300 34.6
2.2 300 34.6
1.6 — 34.6




1

\
bo
-X

(1113

Py®

| | N\

o 50 100 150
DIAMETER (R)

Fie. 5. Volume distribution of crystallites as a function of their diameter perpendicular to the plane (111),
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was protected from oxidation by coating it
immediately with a thin film of collodion;
a check was made before and after the
experiment that no diffraction line of NiO
or Ni(OH), appeared.

The experimental profiles were corrected
by Fourier analysis thanks to the Stokes
method (27) using as a reference sample
a Mond nickel powder. The slope at the
origin of the Fourier transform for the
corrected profile gives a surface average
diameter D, (27) of the crystallites lying

perpendicular to the plane in question
(28). The integral breadth of the corrected distribution of the radii of the heterogenei-

profile gives an average volume D, for ties in the solid (30). Figures 7 and 8 show
these diameters. Table 2 summarizes the the distribution of the diameter as a func-

results obtained for the (111), (200) and tion of the surface or of the volume to
which they contribute (solid line). They

present a first maximum at 70 A, which is
in good agreement with pore size observed
plane. from the adsorption isotherm after desorp-
By calculating the second derivative of tion of Raney nickel at 100°C. But another
the Fourier transform for the corrected maximum appears at 7-8 A. The surface
area included between the diameter axis

and the curve in Fig. 7 is proportional to

distributions are plotted in Figs. 5 and 6
for the (111) and (200) planes: they show
that diameters vary between 25 and 150 A.
Small angle X-ray experiments were
performed with a low angle goniometer
(29); the Cu K, radiation is focused on
the detector slit with a 1400 mm curvature
quartz monochromator. As Raney nickel is
pyrophorie, it has to be kept soaked in
water inside the sample holder.
The intensity distribution curve obtained
step by step with the goniometer enables
us to calculate the surface area and the

(220) lines. Quite a marked anisotropy _15
noticeable since for the (111) plane D,
is 40% higher than for the (200) or (220)

profile, we can determine the complete

distribution of crystallite diameters. These
7

-

Fg ©

4

150

0

Fic. 7. Heterogeneities (surface distribution) from small angle X-ray scattering for Raney nickel

1
50 100
pIAMETER (R)

powder not compressed (full line) and compressed under 1 Ton/em? (dotted line).
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RANEY NICKEL

FV(D)
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F1e. 8. Heterogeneities (volume distribution) from small-angle X-ray scattering for the Raney nickel
powder not compressed (full line) and compressed under 1 Ton/cm? (dotted line).

the surface area of the catalyst. The surface
measured by nitrogen was due to the pores
with a radius greater than 20A; the small-
angle scattering shows that a certain part
of the surface is made up of pores with a
radius less than 20A. We calculate the
ratio of the total specific surface developed
by these micropores to be 25%. Another
experiment was performed on a compressed
sample (1 Ton/cm?). The curves in Figs.
7 and 8 (dotted line) show that there is no
maximum in the range 0-20A. This fact
corroborates the assumption of the mobility
of the texture. The smallest heterogeneities
are probably fractures between crystallites
which disappear when the sample is com-
pressed as indicated above.

VII. Stuny oF THE CATALYST
BY ELECTRON MIcroscory

Electron diffraction and electron micros-
copy were operated simultaneously for each
grain examined.

Raney nickel has the form of porous
sponge bored with little holes whose diam-

eter, about 70 A, corresponds to the diam-
eter of the pores measured by the preceding
methods and to the description of a nickel
of the same type which appeared in a
recent publication (16). The large particles
have diameters ranging up to several
microns. Some authors (31, 32) have
noticed grains of a different appearance.
However the presence of NiQO on their
diffraction pattern shows that the Raney
nickel had been oxidized, which perhaps
modified its texture.

VIII. VoLruMmE oF HYDROGEN ADSORBED AND
COoNTENT OF ALUMINIUM RELATED
TO SATURATION MAGNETIZATION

The desorption of the hydrogen has a
marked influence on magnetic properties.
Nickel, washed with distilled water, is
compressed into a transparent quartz tube.
At the beginning of the experiment the
sample is dried in vacuo at 23°C. A part
of the hydrogen is desorbed under vacuum
at the same temperature and the water is
trapped by liquid nitrogen. The desorbed
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hydrogen is forced back into the rough
vacuum tank which has previously been
isolated from the rotary pump. The pres-
sure increments measured on a MecLeod
gauge are proportional to the quantities
of hydrogen desorbed. Mass spectrometry
made it possible to check that this increase
in pressure was due to hydrogen, to exclu-
sion of any other gas. Figure 9 shows the
quantities of hydrogen desorbed down to a
pressure of 10¢ Torr, and for higher and
higher temperature levels. At the same
time, the magnetic moment per unit mass,
os, 18 measured at 298 and 4.2°K. In Fig.
10, o, is shown as a function of the volume
v of hydrogen desorbed per gram of cata-
lyst. The graphs are two straight lines over
an important section of their length, which
indicates no change in the nature of the
bond between H, and Ni. If some hydrogen
is readsorbed, the magnetization is de-
creased and the slope is still the same.
It can be said that:

do,/dv = NaB/22 414

9¢ is the Avogadro number and e is the
variation of specific magnetization in Bohr
magnetons (B) per molecule of hydrogen
adsorbed. If a surface hydride NiH is
formed, a will be equal to 2 X 0.6 = 1.2.
When o, is measured at 208°K, the calcu-

9
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Fi1e. 9. Volume of hydrogen desorbed ¢n vacuo as
a function of temperature.
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F1g. 10. Variation of saturation magnetization as
a funetion of the volume of hydrogen desorbed.

lated « value is 1.18 (or 1.23 if the temper-
ature variations for o; are taken into ac-
count). At 42°K, a is 1.10. At 298°K, very
small particles may be unsaturated so that
an important error is possible in determin-
ing a. At 4.2°K, all nickel is saturated, but
the nature of the binding may be changed
by such a cooling. Yet for the two cases we
have attained a large agreement with the
theoretical results and we can conclude
that the hydrogen—nickel bond is of the
type NiH, a hypothesis already advanced
with regard to Raney nickel (4) and sup-
ported nickel catalysts.

The adsorption of H, on the Raney
nickel is dissociative and there may occur
either equal distribution of the number of
nickel atoms belonging to the planes (100),
(110), (111) or equal distribution of the
surfaces of these planes. In the first alter-
native, 1 em?® of hydrogen will saturate a
surface of 3.64 m?, in the second a surface
of 3.30 m? of the catalyst. Since the volume
of hydrogen desorbed per gram of catalyst
is 29.5 cm?®, according to whether we take
the first or the second hypothesis, the sur-
face will be in the range from 98 to 107
m?/g, if all the hydrogen is adsorbed on
the surface. These values are in relatively
good agreement with the BET surface.
Figure 10 reveals that when all the hydro-
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gen is desorbed, the magnetic moment per
unit mass is only 40.4 gauss cm®/g at 4.2°K
instead of 57.4 for massive and pure
nickel. Raney nickel contains 3.5% metallic
aluminum. Supposing that each atom of
aluminum diminishes the saturation mag-
netization of nickel by exchange of elec-
trons, « representing the variation of mag-
netic moment in Bohr magnetons per atom
of aluminum, the variation Ae; of satura-
tion magnetization for one gram of the
sample will be:

Ao, = Mo’/ (m/M)

m: mass of aluminum per gram of nickel
M: atomic mass of aluminum

Ao, = 574 — 404 = 17.0 gauss cm®/g

The calculations give o’ = 24 = 0.2 Bohr
magnetons. Now it has been proved (33-
35) that if a nonferromagnetic metal is
dissolved in nickel in the state of impurity,
o is equal to the valency of the metal
dissolved. For aluminum «  should be equal
to 3. We conclude that aluminum metal is
present in Raney nickel in the form of
solid solution.

IX. ConcrLusioN

The specific surface area obtained by
BET method after desorption at 100°C in
vacuo 1s 67 m?/g; after desorption at 195°C
a value of 78 m?®/g is observed. This in-
crease may be due either to the fact that
the small erystallites which make up the
large aggregates have fallen apart, or to the
elimination of last traces of water.

The volume of hydrogen collected by
thermodesorption in vacuo would give a
minimal specific surface of 98 to 107 m*/g
on the assumption that this hydrogen is
adsorbed in the form of a surface hydride
NiH, as shown by magnetic measurements.

The distribution of the sizes of the heter-
ogeneities in the solid emerging from the
data of X-ray small-angle scattering shows
that damp nickel has an average pore
radius of 34 A, which is in perfect agree-
ment with that caleulated from the nitrogen
desorption branch at the temperature of
liquid nitrogen. But individual elements
possessing an average radius of 7-8 A also
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appear. Saturation magnetization at low
temperature suggests that they are micro-
fractures between crystallites rather than
very small particles.

From the point of view of texture, the
grain of Raney nickel with a size larger
than 1000 A takes the form of a collection
of crystallites ranging in size from 25 to
150 A, adhering together in the shape of a
sponge. The interior surface of this sponge,
which is esentially a pore surface, measures
78 m?/g.

Chemical analysis having shown that
there is about 3% aluminum metal in our
Raney nickel, it is probable that the solid
solution formed is imperfect and that there
exist accumulations of several aluminum
atoms favoring the formation of micropores
full of hydrogen. These pores at the heart
of the metallic lattice have great difficulty
communicating with the surface.

On the other hand, the nitrogen adsorp-
tion isotherm does not reveal any pores
less than 20 A in radius. But if the figure
78 m?/g obtained by the BET method is
multiplied by the coefficient 1.28 obtained
by small-angle scattering, making it pos-
sible to take into account the surface cor-
responding to micropores, a result of 100
m?/g is obtained. This surface in fact lies
within 98 and 107 m?/g (calculated by
mean of the volume of hydrogen desorbed).

The preceding hypotheses explain the
results taken as a whole, but the reserva-
tions that can be made in their regard must
not be forgotten. In particular all the
hydrogen was considered as being fixed on
the surface, when in faet a part might have
been dissolved in the deeper layers when
preparing the solid (17). Even so, it must
be said than below 140 atm. and at 400°C,
the quantity absorbed by a nickel of the
Raney type according to this process is
only 0.4 em?®/g (4). Likewise a small
volume of hydrogen adsorbed in the form
of NiH,, would change the results of the
calculations in quite a similar way. Neither
is it certain that the planes (100), (110),
(111), are equally exposed on the surface
of the solid.

In spite of the limitations pointed out,
the results as a whole, gathered from
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samples taken from the same batch of cata-~
lyst, do shed light on the intimate make-up
of Raney nickel.
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