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An X-ray diffraction method which is capable of determining average particle size, IKlkr(J- 

strain, and the particle di&bution 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 catalyt,ic 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 det,ermined 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 
cryst’allite migration and coalescence. The sintering behavior appears to be controlled by the 
extent of the bimodal character of the initial distribut’iorr function and the average particle size 
in the as-received condition. 

TNTROl)IK’TIC)N / 

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 densit’y equivalent to that of the 
support (3, 4. Transmission electron 

1 To whom correspondence should be addressed. 

microscopy is direct a.nd 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 cat’alyst (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 t’he 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 ; howcwr in these 
studies the lattice strain contribut’ion to the 
X-ray line broadening was neglected or 
assumed to be zero (7-9). 
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The major objective of this work is to In this paper an approximate method 
develop a reliable method to measure the of determining the particle size distribution 
particle size distribution function of a function from a single X-ray diffraction 
supported metal catalyst using X-ray profile from a material containing strains 
diffraction profile shape analysis. Distribu- is wportcd. 111 this m&hod thri zw) strain 
tion data of this type are rrquirrd to trst assumption is IMJt required. Rwults oh- 
the existing catalyst sintcring models (10, taiwd on copwcipitatcd nickrl oxide OIL 
11). The existing nwthod of analysis, alunlina and silica indicate that the 
following Warren and Averbach (la), strains prcwnt arc vc’rg significant and 
requires t\vo orders of the diffraction pro- nlust 1~. takcbn into account. This paper 
file in order to scparatc the particle size, contains a description of the X-ray dif- 
and strain contributions t(J the broadcning fra&ion method dcvcloped for invcstigat- 
of the X-ray line. Tn thtl case of supported ing catalyst-type materials al01ig with 
metal catalysts, due to the difficulty of preliminary results obtained on the un- 
making satisfactory intensity measuw- reduced catalysts. Previous work b> 
mrnts on the higher ordw reflrctions, it is Shcphard (8) OII the alumina-support,rd 
very dificult, if not impossible, to obtain nick+nickel oxide catalysts indicates t,hat 
two orders of a (hkl) profile. Having only thr crgst,allite size of the nickel in the 
one order of a profile ntwssitatcx use of the reduced cataljrsts closrlg follows that of the 
assumption that the lattice strains art’ zero corresponding oxide. Therefore it is cx- 
in order to computcl th(L partic+le sizcb dis- pcctcd that the results obtained on the un- 
tribution function. rcduwd catalysts will correlate nit11 the 

There has been considrrable \\ork rc- particle size distribution functions existing 
ported on the structure and stability of in the rcduwd catalysts. Investigations to 
small clusters of atoms which indicates that confirm this art’ curwntly undcrwuy. 
the most stable particle consists of tetra- 
hedron units of atoms existing in a Multiplan TH l:OR 1’ 

twinned array (IS, 14). This concept finds 
scmic experimental support from clcctron 

ASiri~yle I’rojile A rralysis l’ech?lique 

microscope observations made on some Thr single diffraction profile technique 

face-centered cubic metals which show is based on the work of Gangulee (18) 

images containing internal strain contrast, and -IIignot and Rondot (19). The St’okcs 

which has been interpreted as b&g a result’ corrected cosine cocflicients (20) from a 

of the existcncc of multiply twinned struc- (hkl) diffraction profile arc composed of two 

tures (16, 16). 111 view of this, it is clear components, a size crwfhcicnt A ~~ and a 

that the strain contribution to X-ray line microstrain or distortion coefficient ALD; 

broadening could be significant’ if the their relationship can be expressed as : 

particle sizes are reasonably large and th(b A4 ,, = 21 ,.s =1 LI), (1) 
lattice strains are appwciablc. Thus one has 
to be careful in making zero strain assump- 

w,hclre AL are the Stokw corrwted cosine> 

tion jvhrn using X-ray diffraction profile 
c~cwfficients at a given L, and I; is rr6. Hcrc 

shape analysis in investigations 011 small 
u is the harmonic number and 6 is a dis- 

part,icles. In addition the mrasuwmt~nts of 
tance normal to the ditiracting planes. 
Defining a variable X = l/D,, where D, 

strains are important if the correlat’ion is the effective diffracting particle size; for 
between the lattice strains and specific small values of n and 6 where the values of 
activity of nickel catalysts, n-hi& has been L are small and such that the number of 
suggested to exist (I’;‘), is to be cstablishcd. diffractirlg domains in the s~w%ncn with 
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this dimension is insignificant’, the particle 
size term of the Fourier coefficients can be 
expanded as : 

*4I,s = (1 - LX). (2) 

The distortion coefficients can be rx- 
panded for small values of 12, as: 

A,,D = (1 - KP(Q2)), (3) 

where K is 27r2/t12, d is the (hkl) planar 
spacing, and (ELM) is the mean square of the 
microstrain averaged over all distances in 
the diffracting specimen spaced I, apart,. 

Lett’ing YL = K(EL~), the small L value 
cosine coefficient can be writt’en as : 

ilL = (1 - 1,X)(1 - YLL’). (4) 

Equation (4) can be solved for X if the 
fuuctional form of YL 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 YL. Assuming the form 
of the strain function to be ($1) 

YJ, = (C/L)6K (5) 

leads to an expression for A 1, of 

AL = 1 - L(X + C6K) 
+ L2(XC6K). (6) 

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

RL = ao + alL + a2L2, (7) 

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

a0 = 1; a1 = - (X + C6K) ; 
and a2 = XCGK. (8) 

From these relations it follows that 

x = +(-al f (a12 - 4az)i), 

D, = l/X, (9) 
C = az/XGK, 

(d) = (C/L)& 

The determination of the coefficients ao, 
al, and uz can be made by solving the 
system of equations : 

C AL=aoS+al C L+az C L2, 

&AL=ao c L+i, c Le+Laz c L”, (10) 

i L2AL=ao k L2+al & L3+a2 i L4, 
1 t 1 t 

where S is the number of coefficients used 
in the evaluation, A’ 2 4; t is an integer 
satisfying t = (LN - Lo)/(L, - Lo), where 
Lo 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) a0 = 1 ; (ii) as > 0, 
since a2 from Eqs. (6) and (7) can be 
written as d2At/dL2 which must be posi- 
tive; (iii) Et (RL - AL)/h: is a minimum; 
(iv) (clAJdL)~,o = al = - (X + C6K). 
After the best solution to Ey. (10) is 
determined it is a simple process to cal- 
culate the average coherent diff ratting 
particle size D, and lattice mean square 
strain (ELM) by employing Eq. (9). 

Particle Size Distribution Function. 

While single profile analysis provides a 
convenient met’hod to calculate lattice 
microstrain it is important to note that the 
particle size distribution function cannot 
be obt’ained by this met’hod alone, since 
from Eq. (2), d2A~S/dL2 reduces to zero. 
However by employing the usually*acceptcd 
small (L/d) approximation it is possible 
t’o 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 
coefficients in the Warren-Averbach 
method (1%‘) is given by 

A I; = A Ls (cos 2aTJrk~). (11) 
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FIG:. 1. Bloc-k diagram indicxt ing the major 
elemenls of the computer progrrtm. 

ITor small valurs of I,/rl the argumwt of 
the microstrain term is small and, using tht, 
approximations (cos X) = 1 - (X*),/2 and 
1 -X?caxp( -X), IQ. (11) can 1,~ writtcbn 
as 

‘4 ,, = .4 I.09 t’xl’-22x/i”/f/z(t,~“). (12) 

This method of separation of particle size 
and microstrain term makes no assumpt,ion 
of the nature of strains and Eq. (12) is good 
onl~v for small values of L/d. Howvcr it can 
be shown (22) that Eq. (12) is exact for all 
values of L/t1 if the microstrain distrihu- 
tion is Gaussian. The distribution of strains 
at a given L has been shown to bc close to 
Gaussian (23-25), but not the variation of 
(,Lz(hkl))~ with I;. 

Now it is possible to obtain the particle 
size coefficient ALS from Eq. (12) by sub- 
stitut,ing the values for mean squaw strain 
(eL2) obtained from single profile analysis 
[Eq. (9) J. The particle size distribution 
function, P(L), can then be obtained from 
the second dcrivativc of ilLs with respect 
to 1, (22), that’is, 

d2A r.s 
P(L) = ~~.lI,. 

J 
(13) 

‘1’1~ l)artic*lc siz(b distribution data can 1)~ 

(~n1ploy~l to wlculatc the average particle 
sizr using t \vo rclat ionships : 

Is, = c /,r(L)AI, (14%) 
L 

r,, = ?7’- /‘(L)AI, , 
[ 1 

--I 

(141,) 
1 i 

whcrc I’(L) is thr value of the distribution 
function at the size L normalized such 
that, JZ’(L)tlL = 1. 11 is the volumetric 
mean particle size and ljl is the average 
value of the thickness of the particle normal 
to the (hkl) rcflccting planes (211). 

Thr complete X-ray diffraction profile 
shape analysis which involves the cal- 
csulation of Stoles corrcctcd cocfficicwts 
A~ I~, particle size roc&icwts .4 Ls, and 1 
particlr size distribution function P(1,) 
has hwn romputc>rizc>d. IPiguw 1 contains a 
whcmntir of the computer program. 

‘l’hc~ dtwription of t ho catalytic materials 
used in t,his investigation, which were sup- 
plied by Catalysts and Chemicals Inc., is 
giwn in Table 1. Pellets of the four un- 

rclduccxd catalysts wcw ground into powders 
and were prwsed at 40,000 psi into pellets 
of 1.25 in. diamc>tc>r ant1 approxinlatc>lJ 
0.25 in. thick. 

i\ l’iclwr diffra~toiiit~tc~r and a CU- 
targrt x-ray tube wrt~ used for the dif- 
fraction runs. A diffracted beam mono- 
rhromator 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 dctcctor with 
pulse height analyzer \~as uwd for the 
detection system. 

X-Ray data describing the X-ray dif- 
fraction profile from the four unreduced 
catalysts wrc collected in the as-received 
condition and after sintering for 1 hr at 
900 or 1OOO’C. kc to t~xtwmc~ly small 
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Physical and Chernktl Properties of Catalytic Materials 

Catalyst No. 

c-150-1-01 C-150-1-02 c-150-1-0:3 c-150-4-03 

Ni (76) 
c c&l 
Cl (%) 
s c%) 
Surface area (m2/g) 
Pore volume (cd/g) 
Density (g/cm”) 

51.7 
2.94 

0.06 
211 

0.34 
1.05 

46.6 47.0 55.6 
2.13 5.84 2.70 
- 0.006 0.013 
0.04 0.09 0.09 
301 20'2 177 

0.58 0.328 0.514 
0.88 1.01 0.93 

____ - 

particle sizes of the catalysts in the as- 
received condition (25 t)o 40 il) the tails 
of the (ill), (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 
trmperaturc and the (220) line is a single 
lint. The data were collrctcd by step scan- 
ning in l/30 degree steps counting 500 
wconds per step. The standard used to 
correct the data for instrumental broaden- 
ing was a pure chemical-grade NiO which 
was sintered in t,he pellet form for 4 hr at, 
1300°C. 

zrro). In this cast’ the particlct size is given 
by (28): 

11 coefficient = [ - (f/A L/fl~J)L-+O]-l- (l(i) 

The &rain-correckd cffcctivc particle 
size obtJaincd employing the single profile 
analysis technique [Eq. (9)] has been 
designated as I),,,, ,)PHk. The NiO particlo 
sizes in cat’alytir materials determined b> 
the ahow met,hods, to&her with the values 
of fj,, I>, and D,,,:,, determined from particle 
size distribution as ddi~wd wrlicr, arc 
reported in Table 2. 

There are several methods to charactcrizc 
the crystallite size by X-ray diffraction. 
The simplest’ is the determination of the 
effective particle dimension from t,he half- 
breadth of the profile, Dhalf.brendth, by the 
Schcrrer formula 

Dhnlf-brwdth = Kx/pI> c()s 8, (15) 

where /30 is the half-breadth of the profile 
corrected for inskumental broadening, A 
is the wavelength, 0 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 t’he material are assumed to be 

The particle sizes determined from the 
half-breadth of the diffraction profile arc 
from 1.50 to 2.0 times grrat’cr than those 
obtained from t’hta cocfficicnts (I> to- 
c~fficient~), single-peak analysis, and D OIIV 

peak, and t)he distribution function (!:, L 
and 1s) reflcct,s 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 
t,hese reasons Mug and Alexander (29) 
point out that the effective diamet’er ob- 
tained by this method may have an ab- 
solute accuracy of only 507&. As expected 
the DL particle size values are always 
smaller than fi and the ratio of D,/D 
decreases as the particle size distribution 
function becomes broader (26). 
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Catalyst, No. 

C-150-1-01 
Silicau 

C-lT,O-1-w 
Silicag 

C-liiO-l-03 
Alumina~ 

c-1.50-4-0:3 
Alllmina~ 

c-150-1-01 
(lOOo”C, 1 hr)” 

C-l 50-I-02 
(lOOO”C, I hr)h 

c-150-1-0:3 
(lOOo”C, 1 hr)* 

C-150-4-03 
(5OO”C, I hr)” 

C-l .50-4-w 
(!)OO%, I hr)” 

( :- I50-4-o:+ 
(IOOO”C, 1 Ill.)* 

2s.x 20,s 20.4 17.6 lS.:i 1s.o 0.40 

27.:; 21.0 2’2.0 1!).7 21.:: 1x.0 O.GO 

24.5 IS.4 19.5 17.9 20.0 Ili.0 0.57 

:H:i 24..5 25.5 22.9 2.j.G 21.0 0.77 

Oti. I 54.0 a.0 45.1 (2.2 4x.0 0.2:; 

G7. I 4.0 X.0 4l.G 5::.4 44.0 o.:u 

120.x 7x.0 7X.0 7x3 !)‘2..5 60.0 o.:;n 

::I).S 26.0 x.0 25.0 27.6 X.0 0.72 

IL’,.:; !)I.0 W.-l GO.!) !)::.o so.0 0. I!) 

1X1.7 lo:<.0 IlLi.<S !I!)..‘, 127.:: I IO.0 O.:lli 
- __. .-____ 

16 Effective particle size from half-breadth of the profile by Srherrer fornmldn [IQ. (IS)]. 
h Particle size from the initial slope of the Stokes corrected cweffirients [Kq. (In)]. 
c Effective particle size from single profile analysis techniqlle [Eq. (n)]. 
dii, = [&,(l/L)P(L) AL]-‘. 
c i? = CL I, P(L) AL. 
/ Dmx is t,he vallle of the c.ryslallite size having. masim~nu prc)hat)ility. 
0 support. 
h Heat, 1 rea t mw 1. 

Attempts at the independent detcrmina- 
tion of the average particle size of the UII- 

reduced catalyst form by chemisorption 
arc not possible because hydrogen does not 
adsorb on nickel oxide. However, the 
particle sizes obt(aincd by the X-ray dif- 
fract)ion tcchniquc on reduced nickel cata- 
lysts were fowld to agree very we11 with 
those obtained from the surface area mca- 
surements by hydrogen chemisorption (27). 

The particle size distribution functions 
obtained from the C-150-4-03 (alumina 
supported) unrcduccd catalyst in the as- 
received and sintered conditions are shown 
in Fig. 2. Thrsc data indicatca that sinWing 

at 900 and 1000°C causes nickel oxide 
particles to grow rapidly and also produces 
a broadening of particle size distribution. 
The effect of sinttring at 500°C in terms of 
particle growth is small but the particle 
size distribution becomes sharper. The same 
data are plottt>d in Icig. 3 with the particle 
size normalized by dividing it by D,,,,,, 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 Fig. 2. 
Figures 4-G show similar plots for catalysts 
C-150-1-01, C-150-1-02, and C-150-1-03. 
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FIG. 2. Particle size distribution functions of as-received and sintered NiO cat,alyst C-1,?04-03. 

The values of the lattice micro&rain 
existing in the unreduced cat’alysts in the 
as-received and sintered conditions, oh- 
t,ained by the singlr profile analysis method, 
arc reported in Table 2. These results in- 
dicate that the strains prcscnt in tht sup- 
ported metal catalysts are of significant’ 
magnitude and the strains ttwd t,o dcrrtwc> 
upon sintcring. 

The effect of XVI’O strain assumption OII 
the size distribution function was evaluated 
by determining the dist,ribut’ion functions 
from both AI. and ALS. The difference bc- 
town t how arc clrarly demonstrated in 

Figs. 7 and 8. In the sintered condit’ion, 
rvcn though the strains are lower (see 
Table 2) when compared to the as-received 
sample, thr effect, of the microstrain on the 
X-ray lint broadening and hrwe on the size 
distribution function is more pronounwd. 

The part&~ size distribution functions 
obtained for these catalysts arc comparable 
to those obtained for similar catalysts by 
others (8, SO, 31). The observed particle 
size distribution functions arc gcnprally 

FIG. 3. Particle size distribut.ion functions of as-received and sintered NiO catalyst, C-150-4-03 
normalized by dividing D by D,,,. The vahw of D,,, are indicated. 
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FIG. 4. Parlicle size distriht ion f11ncl ions of w-received nncl sint.eretl NiO catalyst- C-150-1-01 
normalized by dividing 11 by n,,,:,,. The v:tl~wn of I),,:,, are intlicxled. 

consixtcnt~ with both the atjomic niigrition 
(II) and the particle coalcscwc~~ modrls 
(32) of sintering. Because the t\vo models 
predict many similar changcxs in the particlc 
size distribution functions it has hm 

difficult to obtain unaml~iguous data rhar- 
acteristic of one part~iculnr model. l:or in- 
stance the dewlopment~ of the tails on the 
large diameter side of the distribution func- 
tion can be reconciled with both models 
(3.9, 34). However, the formation of a 
significant’ tail in the particle size distribu- 
tion function in the small particle size range 

(c.g., WC k’igs. 3-5) suggests strongly that 
the atjomic migrat,ion mechanism is opcrat- 
ing (II). All of the changes in particle size 
distrihut ion functions olwrwd on all 
catalysts, csrcpt on C-150-1-03, provide 
c~vidcncc that t,ht: at onlir migration mccha- 
Irislo is opcratiw. 

Thc~ lwhavior of t h(b part iclc size diskibu- 
tioti function in C-150-1-03 catalyst appears 
to indicate that a coalwccncc mechanism 
was opcratiw. The pronounced bimodal 
character of the distribution function and 
the initial smaller partirlc size of the as- 

FLG. 5. Particle size distriblltion flmctions of as-received and sintered NiO cn.t;tlyst C-t.iO-l-02 
normalized by dividing D by I&,,. The values of Dmnx are indicated. 
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FIG. 6. ParLicle size distrib&)n frnkons of as-received and xintered NiO catalyst C-150-1-03 
normalized by dividing II by II,,,. The valrles of I),,:,, are indicated. 

received material would tend to promotc 
particle growth by coalescence as suggested 
by Wynblatt and Gjostrin (35). This is 
also consistent with the behavior of 
alumina-supported nickel catalysts w- 
ported by Richardson and Dcsai (30). 
Assuming the particlc growth by coalcs- 
cencc to predominate, the bimodal char- 
acter would tend to be preserved during 
sintering as observed for this case. 

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

inhibit coalesccncc and favor atomic migra- 
tion. The sintering behavior of this catalyst 
has all the characteristics associated with 
t)hc atomic migration mechanism. The fact 
that the low-tcmpc>raturc sintrring of this 
material produces a sharpw distribution is 
rather interesting and needs further in- 
wstigation. Tf this phenomenon occurs 
gcncrally, then low-temperature pretreat- 
ment of the catalyst prior to reduction 
could reduce the rate of sintering after the 
catalyst has been put into service in 
methanation. 

FIG. 7. The particle size distribui.ion functions in the as-received NiO catalyst, C-150-4-03 
obtained using the zero strain and strain-correcled conditions. 
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FIG. 8. The particle size distribution functions in the NiO catalyst C-150-4-03, sintered at 
1000°C for 1 hr, obtained using the zero strain and strain-corrected conditions. 

The prescncc of large lattice strains in 
nickel oxide brings out the importance of 
separating the strain component of X-ra3 
line broadening bt,causc it could be an 
important consideration in catalysis ac- 
tivit)y and, by assuming the strains to bo 
zero, could lead to as high as a 2.!10/~ crroI 
in the cstimat,ion of avcrag;(’ p:wticl(‘ sizcl. 
While it is difficult to pinpoint t hc wason 
for the prcscnco of microstrains in thwc 
catalysts, scvcral possibilities \vliic*h could 
cause thcsc strains will bc given. 

If the surface to volume ratio of sn~ll 
particles is wry high, an intwnal prwsurc’ 
might drvclop in thcw pnrticlcs \vhich is 
invcrscly proportional to t hc particle radius. 
This pressure that dcwlops to bals~~c the 
surface tension forcrs A\-ould lwd to th(l 
crcat’ion of internal strains. Bawd on a 
minimum cncrgy configuration Hoarc and 
Pal (13) have shown that, certain non- 
lattice growth schcmcs showing tetrahedral, 
pentagonal, and icosahedral syn’mrtry are 
appreciably more stable than microcrystal- 
lites bawd on face-ccntcrcd cubic (fee) 
structures. Allprws and Sanders (I,$) have 
shown that, if complex structures such as 
those mentioned nbovc \v(w formcld from 
units of a regular tctrahcdron with an un- 
distorted fee structure bounded 1)~ (111) 

faces, the complete particles would contain 
gaps due t’o misfit betwcn adjoining units. 
Electron microscope images of small 
particles (16, 5%) rwcal no dislocat,ions or 
faults but do show sonw strain contrast. 
Thcw obwrvntions \vould indicate that the 
misfit is distributed throughout the particle 
by a rc~laxnt,ion of the fee structure of each 
unit (14). hllprws and Snndrrs (14) have 
sho~m that thr dwiation from id4 fee 
structuw is mow pronounwd for dccreas- 
ing partic.lc size. This is nttributcd to the 
I)rop”rtiorlall3. higher number of the surface 
atoms in small wystallitw \vhich havt: Irss 
than th(l niaximuni number, 12, of ncawst 
rwighhors. This \Vould clxplain tlw dccrrase 
of strains upon sintcring, since as the 
crystallitcl siz:c inrrcwws the struct,urc would 
tend to bc mow toward idcal fncr-wntcrcd 
cubic. 

The strains prcsrnt in SiO could also 
be due to the dcformntion of the faw- 
wntcrcd cubic structure into a rhombo- 
hrdral form as rrported by Rooksby (3’;‘). 
At the pwwnt time \VC ~‘a11 only speculate 
that the strains prcscnt in thcsc materials 
could be due to the pressuw dcvclopcd in 
the small particlrs to balance tht surface 
tcwsion forws and/or the distortion pro- 
duccd by rhombohcdral deformation of 
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face-ccntcrcd cubic structure. The rcduc- 
tion of strains upon sintcring and the 
prcscncc 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 function of 
NiO-supported catalysts broadens upon 
sintering for 1 hr at 900 and IOOO’C. The 
average particle size incrcascs and thcrc is 
evidence of formation of particlcs smallrr 
than the initial minimum particla size. (iii) 
The mean square microstrains that exist 
in small NiO particles arc appreciable and 
the strain correction has a grcatcr cffcct~ on 

the particle size distribution function as the 
avcragt: particle size increases. 
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