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X-Ray diffraction line broadening analysis has been used to determine crystallite
sizes, microstrains and stacking fault probabilities in Raney nickel and Raney
copper catalysts prepared by different methods. The data for the Raney catalysts
were compared with those for ball-milled copper and nickel powders.

Time and temperature of digestion of the Raney alloys affect the defect struc-
tures. The crystallite size in the (111) direction was mainly determined by the
digestion temperature.

On aging a highly active Raney nickel, a rapid decrease of microstrain was
observed. This was followed by a steady growth in the (100) direction, while little
change occurred in the (111) direction. Aging the catalyst and increasing the diges-
tion time of the Raney alloy were shown to cause similar changes in defect structure.

The microstrain and stacking fault probability were observed to be inversely

related to crystallite size.

InTRODUCTION

Uhara et al. (1) have shown that plastic
deformation increased the specific catalytic
activity of copper and nickel wires. This
increase was observed ito decline rapidly
when the wires were annealed at the re-
crystallization temperature. The authors
attributed the increase in catalytic activity
to surface dislocations and vacancies,
which were produced by the cold working.
Keating, Rozner and Youngblood (2)
showed that the rate of catalytic decom-
position of hydrogen peroxide on the sur-
face of platinum foil was related to the
degree of cold working. X-Ray examina-
tion of the cold worked metal indicated
that considerable line broadening occurred;
however, the authors made no attempt to
analyze the broadened X-ray lines. High
catalytic activities have also been induced
into metal surfaces by ion bombardment
(3, 4}, which has been shown to produce
large concentrations of crystal defects.

On the other hand, carefully conducted
experiments by Jaeger (§) failed to estab-
lish any relationship between the density
of surface defects and catalytic activity
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for decomposition of formic acid on the
surface of silver. In support of this work,
Wilthoft. (6) has shown that on clean
nickel surfaces, the catalytic activity for
formic acid decomposition was independent
of degree of cold working,

Thus, although there is evidence to sug-
gest that crystal defects may provide active
sites in catalysts, the exact nature and
function of the sites in many practical
catalysts is unknown. One of the reasons
for this is that it is difficult quantitatively
to assess the defect structures of techni-
cally useful catalysts, since these are gen-
erally obtained in powder form.

X-Ray diffraction line broadening analy-
sis has been extensively used quantitatively
to evaluate defect structures in cold worked
polycrystalline powders. This technique
permits measurement of

a. crystallite size, Dz, which is the
mean diameter of the coherently scattering
domains in the crystallographic direction
(hkl);

b. microstrains, ex;, which are nonuni-
form variations of the interplanar spacings,
resulting from the presence of dislocations;
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c. stacking faults, which are faults in
the packing sequence producing localized
changes in structure. Stacking fault prob-
ability is given as «, where 1/« is the aver-
age number of layers between the faults.
At the present time, the X-ray diffraction
method is the only known means of meas-
. uring defect concentrations in crystalline
powders. The object of our present experi-
ments was to study the influence of defects
on the properties of highly active powder
catalysts.

It is known that Raney nickel and
Raney copper catalysts of different activ-
ities and stabilities may be prepared, anc
that variation in the preparation and pre-
treatment, can produce specimens with dif-
ferent specific surface areas and defect
structure. Specimens of these materials
were therefore prepared by different stan-
dard methods, and X-ray examination was
carried out to determine crystallite sizes,
microstrains and stacking fault probabili-
ties. X-Ray examination was also made
of ball-milled copper and nickel powders,
in order to compare the structures of the
catalyst powders with the well-established
structures of the cold worked metals, which
could then act as reference standards.

A study has been made to show how
variation of the time and temperature of
digestion of the Raney alloys affects the
defect structures of the resulting catalysts.
In addition, the aging process was investi-
gated for a highly active Raney nickel,
stored under ethanol at room temperature.

EXPERIMENTAL METHODS

ﬁ?eparation of Ball-Milled Powders

Samples of copper powder (1g each)
were ball-milled for various periods of
time in a copper milling pot with a copper
plated steel ball. Nickel samples were simi-
larly treated in an inconel pot with a
nickel plated steel ball.

Preparation of Catalysts

a. Raney copper. Specimens were pre-
pared from Devarda’s alloy following pro-
cedures used by Stanfield and Robbins (7).
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Since the alloy produced a diffraction line
very close to the 111 reflection of Raney
copper, it was necessary to use longer
digestion periods than those used in Stan-
field’s procedure. Five specimens of Raney
copper were prepated by digesting the alloy
for the following times and temperatures:
5 hr at 128°C, 5 hr at 95°C, 5 hr at 70°C,
15 hr at 45°C and 24 hr at 25°C. After
washing well with water and ethanol, the
resulting catalyst powders were kept under
absolute ethanol.

b. Raney nickel. Catalyst W8 was pre-
pared by digestion of nickel-aluminium
alloy (supplied by B.D.H.) in sodium
hydroxide solution at 100-105°C for 4 hr,
following the procedure of Khan (8). Cata-
lyst W1 was prepared by digesting alloy
at 115-120°C for 4 hr after the method
of Covert and Adkins (9).

Two specimens of the W2 type were pre-
pared following the method of Mozingo
(10). The specimens were prepared by
digestion of the alloy at 75°C on a steam
bath for 6 and 20 hr, respectively.

Specimens W4, W5, W6 and W7 were
all prepared by digestion of alloy at 50°C
for 50 min, following the procedures of
Adking, Pavlic and Billica (71-13). In
addition, further specimens of Raney nickel
were made, following the procedure for the
W4 catalyst, but using digestion times of
1, 2, 5 and 24 hr.

After careful washing, all Raney nickel
specimens were stored under absolute
ethanol.

Investigation of the Aging of Raney Nickel

Raney nickel W4 was stored under ab-
solute ethanol at room temperature. X-Ray
examinations were carried out over a pe-
riod of 6 months.

X-Ray Examination and Analysis

X-Ray diffraction profiles were chart-
recorded on a Philips diffractometer, using
nickel filtered copper Ke radiation. Raney
nickel specimens were scanned at 14°/
min in 26, and Raney copper at 14°/min;
ball-milled specimens were scanned at
14° /min.

In order to prevent the pyrophoric cata-
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lyst powders reacting with air, while on
the diffractometer, the following procedure
was adopted. A slurry of catalyst was
pipetted from the ethanol mixture into
ether. When the slurry had settled, excess
ether was decanted and a 10% solution of
paraffin oil in »-hexane was added. On
evaporation of the hexane, the catalyst did
not react with air. The specimens could
then be spread on the diffractometer
holder in the normal manner. Extremely
flat specimens could be prepared, which
enabled accurate positioning of the speci-
mens in the X-ray beam.

The X-ray line broadening was analyzed
by the integral breadth method of William-
son and Hall (74). For the less broadened
peaks the integral breadths were evaluated
after resolution of the Ka, component by
Rachinger’s method (15). With the very
broadened reflections, where adjacent peak
overlapping occurred, the total area under
the overlapping peaks was divided up in
the ratio of the intensities of the two peaks
as indicated on the ASTM powder index.
These ratios had previously been confirmed
by examination of specimens in which ad-
jacent peaks did not overlap. With the
extremely broadened peaks, it was not
necessary to resolve the measured peak
into the Koy, and Ka. doublet, since the
angular separation of the doublet was
negligible when compared with the broad-
ening of the peak. As a result, the Koy and
Ka, peaks could be regarded as coincident
without causing serious error in the meas-
urement of peak height.

Values of integral breadth (8y) were ob-
tained for each reflection by dividing the
peak area by the peak height.

Correction for instrumental broadening
was made using the equation
(Br')?
8"

ﬂc* = BM* -

where % = 8 cos fp/\;

B." = total broadening after subtrac-
tion of the instrumental
broadening;

8" = the value of 8* obtained from
an annealed sample, which was
assumed to give instrumental
broadening only.
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The strain and crystallite size compo-
nents of B.* were then separated using the
equation of Williamson and Hall (14)

«_ 1 4e sin 6,
60 _D+ )\ 3

where D = crystallite size due toc domain
size and faulting;

e = microstrain.

A plot of B.* against d* (=2 sin 6,/A)
yields 1/D as intercept at d* = 0, the slope
being equal to 2¢ where 2¢ = Ad/d.

With milled powders and Raney copper
specimens, the multiple order reflections
111 and 222 were used to evaluate mean
crystallite size D;q;, and microstrain ey,
in the (111) direction, perpendicular to the
{111} planes. Similarly, the 200 and 400
reflections were used to obtain Dige and e,
in the direction perpendicular to the {100}
planes.

With the Raney nickel specimens, only
the 111 and 222 multiple order reflections
could be measured and therefore only D,
and 1, were evaluated.

Stacking fault probabilities were cal-
culated from the angular separation of the
111 and 200 reflections, following the pro-
cedure indicated by Warren (16). Due to
the considerable overlapping of reflections,
it was not possible to measure twin fault
probabilities.

RESULTS

Residual Microstrain and Crystallite
Size in Ball-Milled Copper and Nickel

Figure 1 shows the effect of ball-milling
time, at room temperature, upon the in-
tegral breadth plots of 8.* vs d* for mul-
tiple order reflections from copper powder.
Similar results were obtained with milled
nickel powder. Values of crystallite sizes
and microstrains resulting from plastic de-
formation are shown in Tables 1 and 2.
Although there are differences in detail, it
was observed with both metals that the
microstrain increased as crystallite size
was reduced. As shown, the values are
markedly anisotropic. This is generally
found with plastically deformed ecrystals,
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Fic. 1. Integral breadth plots for ball-milled
copper powder for various milling times. Milled:
(A) 1 min; (B) 10 min; (C) 30 min; (D) 1 hr;
(E) 2 hr.

since the moduli of elasticity vary with
crystallographie direction.

The Effect of Digestion Conditions on
the Defect Structures of Raney
Copper and Nickel

a. Raney copper. Figure 2 shows plots
of B.* vs d* for specimens prepared by
digestion of Devarda’s alloy at different
temperatures and times. An estimate of the

TABLE 1
MICROSTRAIN AND CRYSTALLITE SIZE IN
Bavi-MiLLep CorpeEr POWDER

Mllhng €100 Dul €111
time (min) Do () (X10%) (A) (X107%)
1 1.35 >1000 0.65
10 2.45 >1000 1.08
30 >1000 3.22 800 1.20
60 3.88 800 1.70
120 3.80 770 2.00
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TABLE 2
MIicROSTRAIN AND CRYSTALLITE SIZE IN
BaLil-MiLLEp NickeL PowpER

Milling €00 Dy €
time (min) Do () (x10%) (A) (x107%)
1 >1000 1.00 >1000 0.92
10 510 1.00 =1000 1.10
20 360 2.76 [870 1.89
120 380  3.50 [720 2.15
480 160 3.76 [250 2.68

error of the integral breadths is included
in the plots. All X-ray peaks could be
measured except the very broadened 400
peaks from the specimens prepared at the
two lowest temperatures. Values of crys-
tallite size, microstrain and stacking fault
probability («) of the different specimens
are shown in Table 3.

b. Raney nickel. With Raney nickel, ex-
cessive line broadening generally permitted
measurements to be made of peaks up to
the 222, the 400 reflections being too
broadened for reliable measurement. Figure
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Fic. 2. The effect of digestion temperature and
time on the integral breadths of Raney copper.
(A) 5 hr at 128°C; (B) 5 hr at 95°C; (C) 5 hr
at 70°C; (D) 15 hr at 45°C; (E) 24 hr at 25°C.
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TABLE 3
Errect oF DigrsTioN CoONDITIONS UPON MICROSTRAIN, CRYSTALLITE S1zE AND STACKING FAULT
ProBABILITY OF RANEY CoOPPER

Sample treatment
(digestion time and

temp)
. Stacking fault
(hr) °C) Do (A) a0y (X1073) D (A) en (X107%)  probability (a)
5 128 208 2.75 239 0.75 —
5 95 104 3.75 147 1.55 -—
5 70 88 6.25 105 2.05 0.0056
15 45 732 — 88 3.30 0.0075
24 25 54 — 65 4.60 0.0093

¢ Estimated value.

3 shows plots of B.* vs d* for Raney nickel
specimens W1-W8. It was observed that
the results paralleled those obtained with
Raney copper. However, the reflections
were far more broadened, which led to in-

creasing error in evaluation of the integral
breadths. The values of B8.* obtained for
specimens W4-W7 were very similar and
a representative plot has been made. Crys-
tallite sizes and microstrains were deter-
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Fic. 3. Effect of digestion temperature and time on the integral breadth plots of Raney nickel.
(A) W1 catalyst; (B) W8; (C) W2; (D) W4&-W7.
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TABLE 4
ErrecT oF DigEsTiON CONDITIONS ON MICROSTRAIN, CRYSTALLITE SIZE AND STACKING
FavLr ProBasiuiTY oF RaNEY NICKEL

Specimen type and digestion Stacking fault
conditions D (.&) aun (X1073) probability («)
W1, 4 hr at 115-120°C 81 5.6 0.036
W8, 4 hr at 100-105°C 72 5.7 0.036
W2, 6 hr at 75°C 53 9.5 0.089
W4-W7, 50 min at 50°C 36 13.0 0.152

mined from the multiple order 111 and 222
reflections. Values of crystallite size, micro-
strain and stacking fault probability for
various catalysts are shown in Table 4.

The Effect of Digestion Time on the
Structure of Raney Nickel

Table 5 shows the changes of defect
structure produced by varying the digestion
time at two different temperatures. It was
observed that little change in crystallite
size D,y occurred during the time period
considered, although there was a marked
decrease in microstrain and stacking fault
probability. The X-ray results showed that
a relatively large change took place in the
broadening of the 200 reflection, which in-
dicated that the value of Dy and e, had
altered.

The Effect of Digestion Temperature
on the Structure of Raney Copper
and Nickel

It was observed that change of digestion
temperature had a marked effect on the

TABLE 5
Errecr oF DigesTioN TiME vrpoN CRYSTALLITE
S1ze, MICROSTRAIN AND STACKING FauLt
ProeaBiLiTY oF RANEY NICKEL

Stacking fault

Time of o probability

digestion (hr) D (A) (X107%) ()
At 50°C

1 48 16 0.188

2 47 15 0.143

5 15 13 0.143

24 46 10 0.133
At 75°C

6 53 9.5 0.089

24 51 8.1 0.052

crystallite sizes of both Raney copper and
nickel. Corresponding changes were also
observed in the microstrain and in the
stacking fault probabilities. Tables 3 and
4 show that for both copper and nickel,
microstrain and stacking fault probability
are linearly related, whereas microstrain is
inversely related to crystallite size.

The Aging of Raney Nickel Under
Ethanol at Room Temperature

X-Ray examination of aged Raney
nickel W4 indicated that a fairly rapid
change in ¢, oceurred with time. After 1
month, e,; had changed from 15 X 102
to 5 X 10-%. Thereafter, the value remained
constant over a 6 month period. Only a
small increase took place in the value of
D,y1; however, there was a considerable
increase in Digo. The actual value of Digo
could not be determined exactly since mul-
tiple order peaks could not be measured;
however, D, increased by approximately
40% during the 6 month period. Stacking
faults were also observed to disappear
slowly on aging.

Discussion AND CONCLUSIONS

There are close similarities between the
Bc* vs d* plots for both cold worked and
catalyst powders and it is seen that the
differences between the structures of the
two types of material are mainly in the de-
gree of defect concentrations. It is con-
cluded that the integral breadth method of
X-ray line broadening analysis provides
detailed information on the defect struc-
tures of highly active Raney metal cata-
lysts. Similar trends are observed for varia-
tion of microstrain with crystallite size in
both catalyst and cold worked metals.
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However, the magnitude of the microstrain
for a given crystallite size is somewhat
smaller for the catalysts.

The effect of digestion temperature on
the crystallite size, microstrain and fault-
ing is very marked, and of similar form for
both Raney ecopper and nickel. The rates
of erystallite growth and strain relief must
be very fast initially, but as growth pro-
ceeds the rates rapidly decrease. Approxi-
mate values of the mean activation energy
for the early stages of crystallite growth,
based on the change of D, with tempera-
ture change, are 2.2 keal mole? for Raney
copper and 2.9 keal mole? for Raney
nickel. The sensitivity of the structure to
temperature change, exhibited by the
catalysts, is not observed with cold worked
copper and nickel. These do not begin to
anneal rapidly until they attain the re-
erystallization temperature.

Aging of Raney nickel under ethanol,
and increasing the digestion time of the
Raney alloy, gave rise to similar changes
in the defect structure of the highly active
W4 catalyst. The changes observed were
(1) a large, initially rapid decrease in e
and also a decrease in « towards more
stable values, (2) a considerable increase
in Dy4 and presumably a corresponding
decrease In e;0o. During digesting and aging,
D,,, was observed to undergo little change,
within the periods of observation.

Schwab and Markenthall (17) showed
that the BET surface area of a Raney
nickel catalyst, similar to W5, decreased
by 40% in 6 months when stored under
ethanol at room temperature. Our observa-
tions on the W4 catalyst indicated that
Dy, increased by 40% over the correspond-
ing period. Specific surface area and crys-
tallite size are not strictly comparable;
nevertheless, the observations are in general
agreement with regard to the trend.

Although the highly active catalysts are
much less stable than the cold worked
metals, they sustain much smaller erys-
tallite sizes and higher microstrains and
faultings than can be achieved by cold
working of powders. It is suggested that
impurities may play a part in the observed
behavior, since it is known that impurity
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atoms lock in dislocations. A possible ex-
planation is that adsorbed hydrogen, which
exists in Raney nickel in large quantities,
may prevent easy motion of dislocations
in the vieinity of the surface. This phenom-
enon has already been observed by Barrett
(18) for thin oxide films on surfaces. Al-
ternatively, aluminum might serve to
stabilize the particles; however, similar
annealing changes were observed to occur
under ethanol, where the aluminum content
remained constant. The annealing pro-
cesses might be considered to be due to
diffusion of matrix metal atoms, but it is
difficult to conceive that D;; would re-
main constant if this were the case.

Herbstein and Smuts (19) used X-ray
diffraction line broadening to measure de-
fect structures in relatively inactive iron
catalysts and cold worked iron. In this
case, the Fourier method of Warren (16)
was used to evaluate crystallite sizes,
microstrains and faultings. The same
method has also been used by Hofer and
Hintermann (20) to evaluate the defect
struecture of Raney nickel catalysts. The
Fourier method depends on accurate meas-
urements of peak profiles in order to yield
reliable measurements of crystallite size
and microstrains. A disadvantage is that
small crystallite size in highly active cata-
lysts leads to excessive Cauchy broadening
in the peak tails, and for reflections at high
angles the peak profiles may be distorted
due to overlapping of the tails of adjacent
peaks. In the present work, it was observed
that the 222 peak overlapped with the 311,
and the 111 peak with the 200. Our view
is that the best method of analysis for very
active catalysts is the integral breadth
method, since this is less sensitive to the
effects of overlapping of the peak tails.
The analytical method of Williamson and
Hall (14) was chosen since this method
assumes a Cauchy distribution of intensity
in the peak profile. This is the most suitable
technique to use when crystallite size is
the major cause of broadening (186).

Our results correspond with those of
Hofer and Hintermann (20), who examined
annealed catalysts which were much less
active. Similar trends are shown between
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the temperature of preparation and defect
structure. Our results also agree with these
authors, and with Herbstein and Smuts
(19), in that crystallite size and micro-
strain are inversely related. The values of
stacking fault probability in the present
work are in good agreement with the values
expected from the results of Hofer and
Hintermann. Examination of the defect
structures of the nickel catalysts in the
present and previous work indicates that
the more stable catalysts with smaller ac-
tivities have larger crystallite sizes and
smaller microstrains and stacking fault
probabilities.

Inspection of the relative integrated in-
tensities of the reflections from the cold
worked metals and Raney copper speci-
mens indicated that the accuracy of meas-
urement was approximately =10%. How-
ever, with the integral breadth method,
errors in peak measurements tend to cancel,
and the estimated accuracy of the integral
breadths was generally better than *+5%.

With the very broadened reflections from
Raney nickel, the integral breadths could
only be measured with accuracies estimated
between =5 and *20%, these values de-
pending on both peak intensity and extent
of broadening. Since greater error occurred
in the measurement of integral breadths at
high angles, the microstrain values are
likely to be subject to greater error than
the crystallite size. Nevertheless, the values
of microstrain obtained in the present work
compare well with values obtained with
Raney nickel by the authors using a re-
cently developed electron diffraction tech-
nique (21).
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