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An X-ray diffraction method which is capable of determining average particle size, micro-
strain, and the particle distribution function existing in crystalline materials is presented. The
method is based on the analysis of a single X-ray diffraction profile. Results obtained on co-
precipitated nickel oxide on alumina- and silica-supported catalytic materials indicate that
appreciable strains exist. It is suggested that the strains present in NiO could be due to the
pressure developed in the small particles to balance the surface tension forces and the distortion
produced by the deformation of face-centered cubic structure into a rhombohedral form. The
changes in particle size distributions observed during sintering determined from three catalytic
materials provide evidence that particle growth takes place by atomic migration mechanism.
In one material the particle growth during sintering appears to be controlled predominantly by
crystallite migration and coalescence. The sintering behavior appears to be controlled by the
extent of the bimodal character of the initial distribution function and the average particle size

in the as-received condition.

INTRODUCTION

There are a number of experimental
techniques available to characterize the
average crystallite size and crystallite size
distributions of metal-supported catalysts
(1). Selective gas adsorption techniques
give only the average crystallite size and
require prior knowledge of adsorbate-metal
surface interaction (2). Small-angle X-ray
scattering has the practical difficulty that
the micropores present in the supports also
act as scattering centers and interfere with
the scattering from metal crystallites.
However, this difficulty has been effectively
eliminated by filling the pores with a liquid
of electron density equivalent to that of the
support (8, 4). Transmission electron

1 To whom correspondence should be addressed.

microscopy is direct and therefore more
reliable, but involves the tedious examina-
tion of many specimens in order to insure
that the sample is a true representative of
the bulk catalyst (5). Magnetic methods
described in detail by Selwood (6) have
been applied to some metals and alloys,
e.g., Ni, CO, and Fe. X-Ray line-broaden-
ing investigations of supported catalysts
have been limited to finding the average
crystallite size from integral breadth or
half-intensity breadth of a diffraction pro-
file. A few investigations have been re-
ported where the crystallite size distribu-
tion was determined; however in these
studies the lattice strain contribution to the
X-ray line broadening was neglected or
assumed to be zero (7-9).
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PARTICLE SIZE DISTRIBUTION

The major objective of this work is to
develop a reliable method to measure the
particle size distribution function of a
supported metal catalyst using X-ray
diffraction profile shape analysis. Distribu-
tion data of this type are required to test
the existing catalyst sintering models (10,
11). The existing method of analysis,
following Warren and Averbach (12),
requires two orders of the diffraction pro-
file in order to separate the particle size
and strain contributions to the broadening
of the X-ray line. In the case of supported
metal catalysts, due to the difficulty of
making satisfactory intensity measure-
ments on the higher order reflections, it is
very difficult, if not impossible, to obtain
two orders of a (hkl) profile. Having only
one order of a profile necessitates use of the
assumption that the lattice strains are zero
in order to compute the particle size dis-
tribution function.

There has been considerable work re-
ported on the structure and stability of
small clusters of atoms which indicates that
the most stable particle consists of tetra-
hedron units of atoms existing in a multiple
twinned array (18, 14). This concept finds
some experimental support from electron
microscope observations made on some
face-centered cubic metals which show
images containing internal strain contrast,
which has been interpreted as being a result
of the existence of multiply twinned struc-
tures (15, 16). In view of this, it is clear
that the strain contribution to X-ray line
broadening could be significant if the
particle sizes are reasonably large and the
lattice strains are appreciable. Thus one has
to be careful in making zero strain assump-
tion when using X-ray diffraction profile
shape analysls in investigations on small
particles. In addition the measurements of
strains are important if the correlation
between the lattice strains and specific
activity of nickel catalysts, which has been
suggested to exist (17), is to be established.
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In this paper an approximate method
of determining the partiele size distribution
function from a single X-ray diffraction
profile from a material containing strains
is reported. In this method the zero strain
assumption is not required. Results ob-
tained on coprecipitated nickel oxide on
alumina  and silica indicate that the
strains present are very significant and
must be taken into account. This paper
contains a deseription of the X-ray dif-
fraction method developed for investigat-
ing catalyst-type materials along with
preliminary results obtained on the un-
reduced catalysts. Previous work by
Shephard (8) on the alumina-supported
nickel-nickel oxide catalysts indicates that
the crystallite size of the nickel in the
reduced ecatalysts closely follows that of the
corresponding oxide. Therefore it is ex-
pected that the results obtained on the un-
reduced catalysts will correlate with the
particle size distribution functions existing
in the reduced catalysts. Investigations to
confirm this are currently underway.

THEORY
Stngle Profile Analysis Technique

The single diffraction profile technique
is based on the work of Gangulee (18)
and Mignot and Rondot (19). The Stokes
corrected cosine coefficients (20) from a
(hkl) diffraction profile are composed of two
components, a size coefficient 4.8 and a
microstrain or distortion coefficient A4.7;
their relationship can be expressed as:

AS-ALP, (1)

AL =

where 4. are the Stokes corrected cosine
coefficients at a given L, and L is né. Here
n 1s the harmonie number and 6 is a dis-
tance normal to the diffracting planes.
Defining a variable X = 1/D., where D,
is the effective diffracting particle size; for
small values of n and § where the values of
L are small and such that the number of
diffracting domains in the speeimen with
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this dimension is insignificant, the particle
size term of the Fourier coeflicients can be
expanded as:

A8 = (1 - LX). (2)

The distortion coefficients can be
panded for small values of #, as:

AP = (1 — KL {e2)), (3)

where K is 2x?/d?, d is the (hkl) planar
spacing, and {¢?) is the mean square of the
microstrain averaged over all distances in
the diffracting specimen spaced L apart.

Letting Y. = K{¢:?), the small L value
cosine coefficient can be written as:

A= (1 - LX)(1 — Y. I3, (4)

Equation (4) can be solved for X if the
functional form of Y is known. In this
way the particle size can be separated from
the microstrain terms. The problem then
resolves to determination of the most
suitable forms of Y. Assuming the form
of the strain function to be (21)

Y., = (C/L)6K (5)

€X-

leads to an expression for A, of
Ar =1— L{(X 4+ CK)
4+ I2(XCSK). (6)

The expression for 4 has the form of a
second-order polynomial in L. Now defining
a polynomial of second degree:

RL = Qo “I" (l]L + asz’, (7)

the coefficients of which, by comparing with
Eq. (6), are:

~ (X + C8K);
and a, = XC6K. (8)

ag=1; a, =

From these relations it follows that

X = 3(—a1 %+ (ar® — 4ay)¥),

De = 1/X7 (9)
C = ay/ XK,
{e?) = (C/L)s.

GANESAN ET AL.

The determination of the coeflicients a,,
a;, and a; can be made by solving the
system of equations:

Z Ar=aN+ay Z L—+a, Z L2,
H ¢ t
L LAL=a0 X L+a 3 L*+as 3 L4, (10)
[ ¢ t t
Z LQALZG() Z L2+a1 Z L3+a2 Z 114,
13 t t 14

where N is the number of coefficients used
in the evaluation, N > 4; ¢ is an integer
satisfyingt = (Ly — Lg)/(L, — L;), where
Ly is the distance corresponding to the
initial coefficient used in the computation
of Eq. (10).

The best solutions to Eq. (10) are selected
from four criteria: (i) ap = 1; (ii) a2 > 0,
since a; from Egs. (6) and (7) can be
written as d?A./dL? which must be posi-
tive; (iii) 2. (RL — A1)/N is a minimum;
(IV) (dAL/dL)L_,o =a = — (X + CéK)
After the best solution to Eq. (10) is
determined it is a simple process to cal-
culate the average coherent diffracting
particle size D, and lattice mean square
strain (e.?) by employing Eq. (9).

Particle Stze Distribution Function

While single profile analysis provides a
convenient method to calculate lattice
microstrain it is important to note that the
particle size distribution funetion eannot
be obtained by this method alone, since
from Eq. (2), d®?A4.5/dL? reduces to zero.
However by employing the usuallyfaccepted
small (L/d) approximation it is possible
to obtain the particle size distribution
function by combining both single profile
and multiple order analysis as follows. Al-
though this approach does contain limita-
tions, it is a major improvement over the
zero strain approximation,

The expression for the relationship
between the particle size and distortion
coeflicients in the Warren—Averbach
method (12) is given by

Ap = A S{cos 2xL/der). (11)
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Fic. 1. Block diagram indicating the major
elements of the computer program.

IFor small values of L/d the argument of
the microstrain term is small and, using the
approximations {cos X) = 1 — (X?)/2 and
1—X~exp(—X), Eq. (11) can be written
as

A = S exp =22/ d(er?). (12)

This method of separation of particle size
and microstrain term makes no assumption
of the nature of strains and Eq. (12) is good
only for small values of L/d. However it can
be shown (22) that Eq. (12) is exact for all
values of L/d if the microstrain distribu-
tion is Gaussian. The distribution of strains
at a given L has been shown to be close to
Gaussian (23-25), but not the variation of
{er2(hkl))} with L.

Now it is possible to obtain the particle
size coefficient A8 from Eq. (12) by sub-
stituting the values for mean square strain
(e?) obtained from single profile analysis
(Eq. (9)]. The particle size distribution
function, P([L.), can then be obtained from
the second derivative of A% with respect
to L (22), that is,

d*A 15
P(L) = ——-De.
dlL?

4

(13)
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The particle size distribution data can be
employed to caleulate the average particle
size using two relationships:

[-) :—Z Il[)(IJ)A[J (14ll)
L

1 -1
1-)1 = [Z - 1)([1)Alle y (14}))

L [,

where (L) is the value of the distribution
function at the size I normalized such
that [P(L)dL = 1. D is the volumetric
mean particle size and D, is the average
value of the thickness of the particle normal
to the (hkl) reflecting planes (26).

The complete X-ray diffraction profile
shape analysis which involves the ecal-
culation of Stokes corrected cocfficients
A, particle size coefficients 4.5, and
particle size distribution function P(L)
has been computerized. Figure 1 contains a
schematie of the computer program.

EXPERIMENTAL

The description of the catalytic materials
used in this investigation, which were sup-
plied by Catalysts and Chemicals Inc., is
given in Table 1. Pellets of the four un-
reduced catalysts were ground into powders
and were pressed at 40,000 psi into pellets
of 1.25 in. diameter and approximately
0.25 in. thick.

A Picker diffractometer and a Cu-
target x-ray tube were used for the dif-
fraction runs. A diffracted beam mono-
chromator was constructed employing a
single bent grain oriented graphite mono-
chromator crystal. This eliminated most of
the background intensity outside the dif-
fraction lines. A proportional detector with
pulse height analvzer was used for the
detection system.

X-Ray data describing the X-ray dif-
fraction profile from the four unreduced
catalysts were collected in the as-received
condition and after sintering for 1 hr at
900 or 1000°C. Duc to extremely small
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TABLE 1
Physical and Chemical Properties of Catalytic Malerials

Catalyst No.

C-150-1-01  C-150-1-02  C-150-1-03  C-150-4-03
Ni (%) 51.7 46.6 47.0 55.6
C (%) 2.94 2,13 5.84 2.70
Cl (%) — — 0.006 0.013
S (%) 0.06 0.04 0.09 0.09
Surface area (m?2/g) 211 301 202 177
Pore volume (cm?/g) 0.34 0.58 0.328 0.514
1.05 0.88 1.01

Density (g/cm?)

0.93

particle sizes of the catalysts in the as-
received condition (25 to 40 A) the tails
of the (111), (200), (222), and (400) pro-
files of NiO overlapped with a neighboring
profile. Hence data on the (220) profile from
the unreduced catalysts were collected. In
addition, NiO is rhombohedral at room
temperature and the (220) line is a single
line. The data were collected by step scan-
ning in 1/30 degree steps counting 500
scconds per step. The standard used to
correct the data for instrumental broaden-
ing was a pure chemical-grade NiO which
was sintered in the pellet form for 4 hr at
1300°C.

RESULTS

There are several methods to characterize
the erystallite size by X-ray diffraction.
The simplest is the determination of the
effective particle dimension from the half-
breadth of the profile, Dugipreaatn,; Py the
Scherrer formula

Duatsbreaan = KN/B8p cos 8, (15)

where 8p is the half-breadth of the profile
corrected for instrumental broadening, A
is the wavelength, 6 is the diffraction angle,
and K is a constant close to 0.9.

The particle size can also be determined
from the initial slope of the Stokes cor-
rected coefficients (in this method the
strains in the material are assumed to be

zero). In this case the particle size is given
by (28):

D oefficiens = [_ ((lA L,/(l]/)L—,()](I- (16)

The strain-corrected effective particle
size obtained employing the single profile
analysis technique [Eq. (9)] has been
designated as Dgpe peak. The NiO particle
sizes in catalytic materials determined by
the above methods, together with the values
of Dy, D, and D,,.. determined from particle
size distribution as defined carlier, are
reported in Table 2.

The particle sizes determined from the
half-breadth of the diffraction profile are
from 1.50 to 2.0 times greater than those
obtained from the coefficients (D co-
cfficient), single-peak analysis, and D one
peak, and the distribution function (D,
and D) reflects the extent of the approxi-
mations involved in the half-breadth ap-
proach. The accuracy with which the
Scherrer equation can be applied is limited
by the uncertainties in K and the size
distribution effects in  modifying the
breadth and shape of a diffraction line. For
these reasons Klug and Alexander (29)
point out that the effective diameter ob-
tained by this method may have an ab-
solute accuracy of only 509,. As expected
the D, particle size values are always
smaller than D and the ratio of D,/D
decreases as the particle size distribution
function becomes broader (26).
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TABLE 2

Particle Sizes and Microstrains of Nickel Oxide Catalyst Materials

Catalyst No.

(A) )
C-150-1-01
Silicar 28.8 20.8
C-150-1-02
Silicar 37.3 21.0
C-150-1-03
Alumina? 24.5 184
C-150-4-03
Aluminas 38.5 24.5
C-150-1-01
(1000°C, 1 hr)* 96.1 54.0
C-150-1-02
(1000°C, 1 hr)* 67.1 46.0
C-150-1-03
(1000°C, 1 hr)* 120.8 78.0
C-150-4-03
(500°C, 1 hr)* 39.8 26.0
C-150-4-03
(900°C, 1 hr)* 151.3 91.0
C-150-4-03
181.7 10:3.0

(1000°C, 1 hr)*

« Effective particle size from half-breadth of the profile by Scherrer formula [Eq. (15)].

as Measured by Various X-Ray Diffraction Techniques

I)hulf-hro:ultha ])(-n('lli(-lmn,b Dunc ]wukr' 1)1'l De Dmﬂxf I\'IICI'()SU‘&III

(X) (1) (L (R) (20 i

X 10%)
20.4 17.6. 182 180 0.40
22.0 19.7 213 180 0.60
19.5 17.9 20,0 16.0 0.57
25.8 229 256 210 0.7
48.0 451 62.2 480 0.23
50.0 416 554 440 0.32
72.0 72.3 925 500 (.39
26.0 259 276 260 0.72
885 69.9  93.0 800 0.19
103.8 99.5 1273 110.0 0.36

¢ Particle size from the initial slope of the Stokes corrected coefficients [Fq. (16)].
¢ Effective particle size from single profile analysis technique [FEq. (9)].

ip, = [TL(/L)PL) ALT L
«D =3, LP(L) AL.

7 Dmax is the value of the crystallite size having maximum probability.

¢ Support.
& Heat treatment.

Attempts at the independent determina-
tion of the average particle size of the un-
reduced catalyst form by chemisorption
are not possible because hydrogen does not
adsorb on nickel oxide. However, the
particle sizes obtained by the X-ray dif-
fraction technique on reduced nickel cata-
lysts were found to agree very well with
those obtained from the surface area mea-
surements by hydrogen chemisorption (27).

The particle size distribution funections
obtained from the C-150-4-03 (alumina
supported) unreduced catalyst in the as-
received and sintered conditions are shown
in Tfig. 2. These data indicate that sintering

at 900 and 1000°C causes nickel oxide
particles to grow rapidly and also produces
a broadening of particle size distribution.
The effect of sintering at 500°C in terms of
particle growth is small but the particle
size distribution becomes sharper. The same
data are plotted in Iig. 3 with the particle
size normalized by dividing it by Dy..y, the
value of the crystallite size having maxi-
mum probability density. The evidence of
the formation of particles smaller than the
initial minimum particle size is more ap-
parent in Fig. 3 as compared to TIig. 2.
Figures 4-6 show similar plots for catalysts
C-150-1-01, C-150-1-02, and C-150-1-03.
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F1c. 2. Particle size distribution functions of as-received and sintered NiO catalyst C-150-4-03.

The values of the lattice microstrain
existing in the unreduced catalysts in the
as-received and sintered conditions, ob-
tained by the single profile analysis method,
arc reported in Table 2. These results in-
dicate that the strains present in the sup-
ported metal catalysts are of significant
magnitude and the strains tend to deerease
upon sintering.

The effect of zero strain assumption on
the size distribution function was evaluated
by determining the distribution functions
from both 4, and A4 ;5. The difference be-

tween these are clearly demonstrated in

10

0.

Iigs. 7 and 8. In the sintered condition,
even though the strains are lower (see
Table 2) when compared to the as-received
sample, the effect of the microstrain on the
X-ray linc broadening and hence on the size
distribution function is more pronounced.

DISCUSSION

The particle size distribution functions
obtained for these catalysts are comparable
to those obtained for similar catalysts by
others (8, 30, 31). The observed particle
size distribution functions are generally

NICKEL OX]DE C-150-4-03
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& S00C 1 MR
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Fi6. 3. Particle size distribution functions of as-received and sintered NiQ catalyst C-150-4-03
normalized by dividing D by Dmax. The values of Dumax are indicated.



PARTICLE SIZE DISTRIBUTION

0.06
"y

0.04

e.02
!

SIZE DISTRIBUTIAGN FUNCTIQON

0

317

o

;:_ NICKEL OXIDE C150-1-01
X AS RECEIVED Dypy= 18 A
4 1000C 1 HR  Opgy= 48 R

©

o

o

T T
.50 2.

L.

.00 0. o0

- * y + +
2.50 3.00 3. .00 H.

0/DBpax

50

Fic. 4. Particle size distribution functions of as-received and sintered NiO eatalyst C-150-1-01
normalized by dividing D by D,.«. The values of D, are indicated.

consistent with both the atomic migration
(11) and the particle coalescence models
(32) of sintering. Because the two models
predict many similar changes in the partiele
size distribution functions it has been
difficult to obtain unambiguous data char-
acteristic of one particular model. Ior in-
stance the development of the tails on the
large diameter side of the distribution func-
tion can be reconciled with both models
(33, 384). However, the formation of a
significant tail in the particle size distribu-
tion function in the small particle size range

(c.g., see Figs. 3-5) suggests strongly that
the atomic migration mechanism is operat-
ing (11). All of the changes in particle size
distribution funetions observed on  all
atalysts, exeept on C-150-1-03, provide
evidence that the atomie migration mecha-
nism is operative,

The behavior of the particle size distribu-
tion function in C-150-1-03 catalyst appears
to indicate that a coaleseence mechanism
was operative. The pronounced bimodal
character of the distribution funetion and
the initial smaller particle size of the as-

T NICKEL OXIDE C-150-1-02
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X AS RECEIVED Dyay= 18 A
41000C 1 HR  Opag= 44 R
@
==
©o
-
(&)
=z
Dw
28
o
=z
=
-
D>
oo
=g
a
b
wr
Own
3
wo
W
w
o
2
.00 n.50 1" 0o 1050 2,00 2.50 3.00 3.50 .00 .50

0/ 0pax

TFia. 5. Particle size distribution functlions of as-received and sintered Ni() catalyst C-150-1-02
normalized by dividing D by Duax. The values of Dyax are indicated.



318

10

GANESAN ET AL.

- NICKEL OXIDE C-150-1-03

0,08
i

0.06

0.04

0.02

SIZE DISTRIBUTION FUNCTIGN

X AS RECEIVED Dygy= 16 A
4 1000C 1 HR

D= S0 A

.00

.00 0.50 1.00 1.50 2,00 2.50
D/ Dypx

r

o T T +
3.00 3.50 4.00 4.50

Fia. 6. Particle size distribution functions of as-received and sintered NiO eatalyst C-150-1-03
normalized by dividing D by Duax. The values of Dy are indicated.

received material would tend to promote
particle growth by coalescence as suggested
by Wynblatt and Gjostein (35). This is
also consistent with the behavior of
alumina-supported nickel catalysts re-
ported by Richardson and Desai (30).
Assuming the particle growth by coales-
cence to predominate, the bimodal char-
acter would tend to be preserved during
sintering as observed for this casc.

In the case of C-150-4-03 catalyst the
particle size is substantially larger in the
as-received material. This would tend to

10

inhibit coalescence and favor atomic migra-
tion. The sintering behavior of this catalyst
has all the characteristics associated with
the atomie migration mechanism. The fact
that the low-temperature sintering of this
material produces a sharper distribution is
rather interesting and needs further in-
vestigation. If this phenomenon occurs
generally, then low-temperature pretreat-
ment of the catalyst prior to reduetion
could reduce the rate of sintering after the
catalyst has been put into service in
methanation.
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Fic. 7. The particle size distribution functions in the as-received NiO catalyst C-150-4-03
obtained using the zero strain and strain-corrected conditions.
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Fic. 8. The particle size distribution functions in the NiQ catalyst C-150-4-03, sintered at
1000°C for 1 hr, obtained using the zero strain and strain-corrected conditions.

The presence of large lattice strains in
nickel oxide brings out the importance of
separating the strain component of X-ray
line broadening because it could be an
important consideration in catalysis ac-
tivity and, by assuming the strains to be
zero, could lead to as high as a 259 crror
in the estimation of average particle size.
While it is difficult to pinpoint the reason
for the presence of microstrains in these
catalysts, several possibilities which could
cause these strains will be given.

If the surface to volume ratio of smull
particles is very high, an internal pressurce
might develop in these particles which is
inversely proportional to the particle radius,
This pressure that develops to balance the
surface tension forees would lead to the
creation of internal strains. Based on a
minimum energy configuration Hoare and
Pal (13) have shown that certain non-
lattice growth schemes showing tetrahedral,
pentagonal, and icosahedral symmetry are
appreciably more stable than microerystal-
lites based on face-centered cubie (fee)
structurcs. Allpress and Sanders (74) have
shown that, if complex structures such as
those mentioned above were formed from
units of a regular tetrahedron with an un-
distorted fee structure bounded by (111)

faces, the complete particles would contain
gaps due to misfit between adjoining units.
Electron microscope images of small
particles (76, 36) reveal no dislocations or
faults but do show some strain contrast.
These observations would indicate that the
misfit is distributed throughout the particle
by a relaxation of the fee structure of each
unit (14). Allpress and Sanders (14) have
shown that the deviation from ideal fee
structure is more pronounced for decreas-
ing particle size. This is attributed to the
proportionally higher number of the surface
atoms in small crystallites which have less
than the maximum number, 12, of nearest
neighbors. This would explain the decrease
of strains upon sintering, since as the
crystallite size increases the strueture would
tend to be more toward ideal face-centered
cubic.

The strains present in NiO could also
be due to the deformation of the face-
centered cubie structure into a rhombo-
hedral form as reported by Rooksby (37).
At the present time we can only speculate
that the strains present in these materials
could be due to the pressure developed in
the small particles to balance the surface
tension forces and/or the distortion pro-
duced by rhombohedral deformation of
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face-centered cubic structure. The reduc-
tion of strains upon sintering and the
presence of an appreciable amount of
strains even after sintering are consistent
with either of these possibilities.

CONCLUSIONS

(i) By an extension of a diffraction
method based on the analysis of a single
X-ray line profile it is now possible to
obtain the particle size distribution func-
tion corrected for strain broadening. (ii)
The particle size distribution funetion of
NiO-supported catalysts broadens upon
sintering for 1 hr at 900 and 1000°C. The
average particle size increases and there is
evidence of formation of particles smaller
than the initial minimum particle size. (iii)
The mean square microstrains that cxist
in small NiO particles are appreciable and
the strain correction has a greater effect on
the particle size distribution function as the
average particle size increases.
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