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Modern techniques for analysis of X-ray diffraciion profiles have been applied to several 
of the platinttm-silica gel catalysts described in Part I to determine average platinum crystal- 
lite size, percentage exposed, ~yslallite shape, size dist ribtrt ion, lattice parameter, residunl 

stresses and strains, presence or absence of fattl ting, and mean-square amplitttde of vibrnt ion. 
In addit,ion t,he surface area of the gel was determined with small-angle scattering (SAS). There 
is good agreement between the percentage exposed of platinum measrtred by gas adsorption 
in Part, I and the results reported here, calrul:t(ed from crystallite sizes, indicating t,he cryslal- 
li(e size is the true platinum parlif:le size. Crystallites to sizes as stnall as ~2.5 A have been 
examined. Furthermore, t,he crystalliles are equiaxed in shape (and definitely not cttboidal) 
and are strain and defect free, except in the case where t,he average size is near the pore size 
of t,he gel. Size dis(ributions are sharper when t,he catalyst preparation is by impregnation 
rather t,han by ion exchange. The size distribut,ions indicate that there is coalescence of some 
surface species during preparat,ion rather than coarsening ((1st wald ripening). The mean- 
square amplitude of vibration of platinum incsreases by =:iO (‘;, as (,he particles decrease in size 
from = 100 lo =25 Ac. There is IIO change in the lattice parameter greater lhan ~0. I’;,. The 
gel stvface areas determined by SAS are in agreement with those determined in Part I bp physi- 
sorbtion of nitrogen. 

INTI~OI)UCTION Cons that, the shape of the diffraction pro- 

The wide-angle diffraction pattxrn has film is a simple function in order to corrcct 

often been utilized to ch:tractc>rizc platinum for the shape of the pwk duo to instru- 

catalysts [SW ref. (1) for a rcvicw-1. Either mcnt,:tl factors. Often, it has been assumccl’ 

the half-width or the intc~gml brrndth of a that’ thrw arc no strains in the crystdlitcxs 

peak has been omployc~d to obtain a siz(l, (which also contribute to broadrning) OI 

but it has not bwn fully realized that this vastly simplified corrections arc’ made for 

size is really a ratio of the width of the size this strain (3). It is also commonly b&wad 

distribution, or nwwn-squaw size, to the in thr field of cat’alysis that, this tcchniqw 

avcrago size, (L*)/(L) (2). Furthermore, is not really applicable \\-hen ,zwragr sizes 

such tcchniqws inhtwntly rrquiw assump- arr 1~s thrn 50 A. 

t Current, address : Hughes Research Laboratories, 
On t,hc other hand, the advantage of 
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spccimcn cmploycd, and spccimcn prc~pnra- 
tion is relatively simple. This is in contrast 
to electron microscopy where considerable 
effort is necessary to prcparc an undis- 
turbed elect,ron-transparent slice and to 
gather statistically significant data. 

From the wide-angle pattern it is possible 
to obtain the following information with 
modern X-ray techniques: (i) average 
crystallite size, (ii) crystallite shape, (iii) 
stresses, (iv) microstrains (and hence dis- 
location density), (v) presence of absence 
of faulting in the particles, (vi) size dis- 
t,ribution if the crystallitcs are strain free 
(hhis is often the CBSP as will be shown 
below), (vii) lattice parameter, and (viii) 
mean-square amplitudes of vibration. 

Item (i) can also be obtained by gas 
adsorption which is of course, the more 
common t,echniquc, but the X-ray method 
does not require any assumptions about, 
stoichiometry or equilibrium, and sample 
cleanliness is less important. However, it 
is necessary to check that the crystallite 
size is the true platinum particle size. Items 
(i), (ii), and (vi) can also be obtained from 
small-angle scattering (1, 4), but it is neces- 
sary to completely fill the silica pores with 
an organic fluid with the same electron 
density as that of silica gel to eliminate the 
pore scattering, and this is difficult to 
maintain. 

The techniques employed in this portion 
of the study are: (a) Fourier analysis of 
the X-ray diffraction profile [sometimes 
known as the Warren-Averbach method 
(5)], (b) least-squares studies of peak 
shifts, and (c) integral intensities of the 
peaks. These have been ext’ensivcly tested 
and employed in the field of metallurgy 
for the last 20 years (6). To date there 
has been no systematic study of supported 
catalysts irk situ with these methods, 
especially in conjunction with chemical 
studies (see Parts I (7) and III (8) of 
this series). Smith (9) studied one plat- 
inum-silica gel catalyst and showed that 
it was strain free. He also examined one 

pall:ldium-cnrhon cnt,nlgst. I’aus~scu ct al. 
(10) dissolved away the support in plat- 
inum-alumina catalysts and applied 
Fourier methods to the residue to obtain 
mean crystallite sizes and size distributions, 
but they did not consider whether or not 
there were strains in the platinum particles 
contributing to the peak shape. Das et al. 
(11) examined platinum black for size 
(.L,-75 A), strain, and faulting. No con- 
current chemical studies on the same 
catalysts were rrportrd in any of t’hrsc 
references. 

It is the purpose of this paper to dcmon- 
stratc the usefulness of Fourier techniques 
by examining some of the catalysts dc- 
scribed in Part I (7) for items i-viii listrd 
above and to compare the results with 
perccntagc exposed by hydrogen chcmi- 
sorption. The catalysts examined were those 
prepared as in Part I and stored in air for 
1 year or more. It is shown in Part I that 
O/R X 100 was the same as Dh. It will 
be shown that the platinum core aft’er this 
exposure to air is unaffected by the oxygen 
pick-up, through a percentage exposed (of 
platinum) of 40%. 

The work done here employed a com- 
putcr-controlled conventional diffractom- 
rtcr, and data on platinum sizes as small 
as =2;i A were obtained. With the new 
high-intensity rotating anode sources, or 
synchrotron radiation, smaller sizes could 
be examined even under a suitable 
atmosphere. 

In addition to these studies of the widc- 
angle pattern from platinum, the surface 
area of the gel employed to produce the 
catalysts (and that of two surface arca 
standards that had been examined in 
several laboratories by gas adsorption 
techniques) was measured by means of 
small-angle X-ray scattering. 

THEORY 

Fourier Alralysis 

Several reviews now exist concerning 
the Fourier analysis of peaks in a widc- 



nnglc X-my powlt~ diffraction pattern 

(5, 6, I@, including suitable computw 
programs (IS). The diffracted power (P’,,) 
at scattering angle 20 about a peak is 
represented by a gcnrral one-dimensional 
Fourier series : 

1, =-* 

+C;i(n) sin 27rnh], (1) 

where K(0) includes such angular depcn- 
dent factors as the scat&ring factor and 
Lowntz and polarization terms. The tjcarm 
h = (2/~)(sin 0 - sin &), whrro X is the 
wawlcngth of thr radiation, 20 is the mea- 
sured scatt#rring angle, and 20,) is thr posi- 
tion of the wntroid of t,hc pclak. 

In order to obtain the diffraction pro- 
file duo to crystallite size, fault’s, micro- 
strains, etc., it is necessary to correct tho 
shape for instrumental factors, principally 
the width of the X-ray source, slit size, 
and broadening due to penetration of the 
X-ray beam into the specimen. This can 
be done by the method of Stokes (14). 
Denoting the Fourier cosine and sine 
coefficients of a standard (with the same 
absorption coefficient for X-rays as the 
sample of interest but with a crystallite 
size greater than ~2000 A and no strains) 
by F7(11), Fi(n), and the cocfficicnts of the 
corrcctcd profile as A r (n), A i (n) : 

G(n)F,(n) + Gi(?l)F,(?~) 
A,(n) = --~--__ 

CFr(n)l” + CF1(n)12 ’ 
(2a) 

Gi(n)F,(n) - Fi(n)C;,(fr) 
A i(Tl) = ---__--_____ 

. CFr(n)12 + CFi(n)12 
(2b) 

This corrrction also rliminatcxs contribu- 
tions due to the K,, - K,, doublet which 
is generally prrscnt in any diffraction peak 
(15). The Fourier invwsion for the co- 
cfficients should bc carried out about the 
centroid of each profile (12). 

The coefficient A.(O) which represents 
the area under a peak, should be unity in 
this formulation by definition, but thcrc 

is difficulty wpctcially Cth small pnrticlw 
in a cat,alyst, in wtablishing the true back- 
ground dw t’o the large breadth of the 
peaks, peak ovrrlap, and the scattering 
from the support. Experimental procedures 
cm minimize these but not eliminate them. 
By extBrapolat,ing In A,(U) vs 71 (which is 
liwar for small ?l), a correction for A,(O) 
can be obtained which can be employed to 
correct integrated intcnsitics (16). 

The Fourier cosinr corfficient A,(?l) is 
really the product’ of two terms (2, 5), on(~ 
involving the crystallite sizcl il r*(~/), and 
the othrr microstrains, il 7’)(~/). 

A,(n) = A,(n)~A,(n)‘J, (3%) 

In A v(H) = In A rR(N) 

- 2?r2 ( EI,~)L~~,,~,‘u~~ (3b) 

for small I,, h$, (~1:). 

Here a is the true lattice parameter, 
(ELM) is the mean-square strain or width 
of the strain distribution in a column of 
length L normal to the diffracting planes, 
and L = ~a3 whrre a3 is the period of the 
Fourier analysis drtrrminrd from the tails 
of t,he prak: 

2a3 
1 = - (sin Ohigh-angle tail 

x 

- sin eloa-angle tail). (4) 

The term ho2 is (h2 + lc* + Z2), the sum of 
the Miller indices of the peak. It is a simple 
matter t,o obtain the strain from t’hc slope 
of Eq. (3b) with two or more orders of a 
peak (aO0, 400, or 111, 222). It is not 
possibla to USC 111, 200, &c., unless the 
mat’crial is clast,ically isotropic. It is, in 
fact,, somct,imcs possible to do this c>nt,irc 
analysis with a single peak (17). 

From the extrapolated particle-sizr co- 
rfficients A I;* (?I), t’he mran cff wtivc cryst’nl- 
lit{> sizr (L,,,} can bc obt’ained: 

clA,s(n) 

[ 1 
1 

=- 
dn (Lff)hkl . 

(5) 
I-0 



(Mculated ParMe Sizes (I,) in (hkl) IXrertions flu 
Different Boundary Faces on a Particle ( UVW)~ 

(L)hLl (1001 (1101 (1111 

VJh 0.58 1.16 1.15 
VJh” 1.00 1.00 1.00 
(Lhl” 0.71 0.94 1.42 
(Ih 0.66 0.95 1.10 

a From 1>. E. Mikkola, Ph.D. Thesis, North- 
western University (1964). 

Notcl that A 78(~/) is ncc>dcd for ~1 -+ 0; i.ch., 
only for small values of 71 so that Eq. (3b) 
is satisfactory for obtaining thrsc vnlucs. 

Cart must bc taken not to employ AT (0) 
or A,(l) which, as already mcntioncd, arc 
atYcct,cld by incorrect posit’ioning of the 
b:~scGnr. 

This mean c+fcctivc crystallite size rc- 
quircs somp comment. It includes any 
cont,ributions due to stacking faults or 
mirrotwins in the crystallitcls. For cxamplc, 
for 111 and 200 peaks from an fee material 
likr plat,inum (2, 5), 

1 1.5CY + p (3)k 
= -1- + ----- -4- ) 

(L4*)111 (1’)111 a 
@a) 

1 I.& + p 
=‘-+----. 

(Lff>IOO (fJ)IOO a 
&b) 

Hcrc (Y and ,B arc, rclspcctively, the proba- 
bilities of stacking and twin faults in the 
[111] direction (the inverse of the aver- 
age number of planes between such faults). 
These terms can be obtained in other 
ways from the diffraction pattern (see 
below), so that the true size in any hid 
direction, (L),,,l, can bc mcasurod. Even 
then, this size may bc due to subgrains or 
dislocations in t#hc actual particle. By com- 
parison of the percentage exposed calcu- 
lated from thcsc sizes, which will be dcfincd 
hcrc as D,, and values from gas adsorp- 

lioll, /)I,, (11’ l)y (4(~cl,rotI tlGc*rcts(:op~~, iI is 
l)ossiblc to ascertain quickly whct,h(tr 
(L)M.~ is the actual size of the catalytic 
particles. 

From the sizes in diffrrclnt directions tha 
shape of the crystallite can bc obt,:tincd : 

where (L),,,, is the avcrago distance bc- 
twccn the bounding planes (UUW) of t,hc 
crystalli tc and (5) : 

uh + vk + lw 
sin p = ---------- 

(22 + v2 + K-2)+ (h2 + /i/J + 1”)” * 

(71)) 

Diff crcnt bounding plants arc assumed, 
and for each, the avrrage of sin p is ob- 
tained for all h.kl planrs in the peak in a 
powder pattern (/AZ, hX-Z, etc.). Ratios of 
(1 sin cpj ) for diffcrcnt hid peaks can then 
bc compared to the data, (L)hl;l, to deter- 
mine the shape. Table 1 gives a set of 
these calculations for some simple indices of 
facts. 

If enough orders (mortl than t’wo) can 
bc obtnincd to carry out a better extrapola- 
tion than Eq. (3b) (which is only valid for 
small values of the last term) or if thcrc arc 
no strains in the crystallitc$s : 

where p (1~) is the distribution or crystallitcs 
of length ?1a3 or (L). Thus the size distribu- 
tion can also be obtained, in some cir- 
cumstances, from the entire specimen under 
the X-ray beam. This size distribution has 
been shown to tail toward larga sizes if 
the crystallites rrsult from coalescence, but 
tail to small sizes if growth occurs bl 
Ostwald ripening, i.c., through diffusion 
(18). Smith (19) has also shown that the 
size distribut,ion will not. have a maximum 
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for wrtain shapes, so that this result, can 
dso be employed to ascertain shapcl.3 

The absence of strains can bc rwdil? 
detected because the Fourier coefficients of 
multiple orders will superimpost [SCV Eq. 
(Sb) ; it,(~) is indcpcndent of hX.l for 
(a*) = 01. M’h en &rains arc absent, the 
sizr and the distribution can be dctwminc~d 
by Four& :utnlysis of :I single p~:~k. 

Peak Shifts 

The shift of a peak compared to a dcfo& 
free standard can bc writ’tw for fee 
tnatcriuls as (20) : 

+.Jba t.an 0 + Js -2 tan 0. (9) 
a 

The Js arc materials constants, 6 is the 
change in (111) planar spacing at, a stacking 
fault (of probability cu), u is stress itt thr 
diffracting plan<>, and (Au/a) is any changc 
in lutticc par:hmc%er. By examining wwral 
pcuks Q, CYC, u, and (Au/a) can be obtainrd 
by lcast squares. This equation is gonerall\ 
cmployc~d by subtracting thr diff crcnco in 
angle bctwecn a pwk and its ncarest- 
neighbor peak, with the satn(1 diffrwttw 
from a standard without faults or st~rwscs. 

The twin fault probability b can br ob- 

t,aittcd from th(l displaccmcwt of a peak’s 
wtttroid from its maximutn (21). In gcw- 
wal, the combittod cffcct on thtl 111 and LZO 
pwks is cmployc>d and this I\-as th(b cast 
h(w. 

The n1w11 squarcb Vih~lti~Jll:l~ :ullplitudc 

of the plntinutti :ttottis (cl”> vs particl(l size 

3 In this work Smith erroneously suggested that 
this size distribution cannot be compared to results 
from electron microscopy. Considering a collection 
of uniform-size particles, the X-ray results will give 
a distribution becatlse the beam sees shallow 
cc~lrmms at material near edges and corners. Smith 
felt. the micloscopist would see only the one true 
six. hi1 in making sections for the microscope, the 
UlliflH’lrl paltideS Will &J appeal to have a Whde 

range of sizes, especially in thin regions of the oldel 
of t hic*kness of the part ic4e sixes. 

was obt,:Jttcd by (12) (a) corrrct~ittg intcb- 
gratcbd itttcnsit,iw of sworal pwks for the 
basclitw wror (obtaitwd by comparing the 
actual and c~xt8r:tpol:tt~c:d n,(O)s) ; (b) car- 
rrctittg for t8h(wn:tl diffuw scattwing (TDS) 
(22) ; (c) corrc&iig for sc;Ltt(GijS fact’or, 
multiplicity, at~d I,otwttz polarization ; and 
((1) obtaining th(> slops of the logarithm 
of the corrcwtcld itttc~grat8c~d ittt,wsity vs 
sin2 8:/x2 by lrast squaws. This slope is 
lW(/.l2). 

The first five or six po:lks (111.-400) 
w(w cmploycd in the abovo study. Scattor- 
ing factors wrc’ t’akcn from wf. (23), the 
Iatticc param&r from rof. (2/,), and the 
elastic constants for TDS from rof. (2?5). 

Surfaw arws \verc detwtnittcd by the 
\vc:ll-known tnct,hod of Porod (26). 

ILXPlSltIMlSNTAL 

Thtr preparation of the go1 and the 
cat,alysts cxamincd in this study is giwtt 
in Part I (7). The catalysts csamincd 
\v(w 40-SiOz-I’tCl-S, Z7-Si02-IonX-t,, ?1..3- 
Si&IonX-I,, and 7.1-SiC)2-l’tCl-S [SW 
Part I (7) for the mwning of thcw dc- 
signations]. At least two specimens front 
each cutclgory wrc analyztld. A sptcitncw 
vu ;i X 1O-3 m thick to product -90°,Zc 
absorption of the X-ray beam and was 
pwptwd by packittg in a twtnngular plastic 
sumplc cottt,aittc~r wit,h a dilute solution of 
DUCO wtnc~ttt~ in ncc~t.otrc. A standard for 
tltcb Stokw’ corrcctiott and a rckftwncc for 
peak shifts n-as obtniticid from filings of 
high-purity platinum wiw, sicwad t,o Iws 
than SO pm and :mnc:tlrd at S;‘,O”C for 9 hr 
in a vacuum of 10e6 Torr in scnl(~d I’yws 
tubes. About’ G \vt% of this powdw \vas 
miscd \vith silica gc.1 and a dilut,c solut,ion 
of DIJCO wtttc~ttt in awtotrc~. Thr platittuttt 
particlw tctrdrd to sink to the bott,om III 
th(a spwinw~t duct to the largw d(wit> 
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TABLE 2 

Surface Area Determinations, Silica Gel 

Catalyst Surface area 

Small angle Nitrogen 
X-ray adsorption 

scattering [see Part I 

(7)l 

Pore 
sizeb 

4) 

SCI-IUPAC-NPL 
Surface Area Standard TK 800 259 
Code No. 68/31/21 247 286.1 f 3.5 

(two separate specimens) 

SCI-JUPAC-NPL 
Gasil Silica 1 
Code No. 881311232 

(two separate specimens) 

183 
174 165.8 f 2.1 - 

Silica gel used in this study” 239 * 18 285 150 f 40 140 

a Porod radius. 
b From desorption studies; see Part I (7). 
c Average of six measurements including 200- to 230-mesh and lOO- to 120-mesh samples. 

compared to the gel. To produce the re- employed and the divergence was increased 
quired thickness, the specimen was pre- from 1 to 4” above 20 = 75”. A scintilla- 
pared in a series of five layers. tion counter was used with a pulse height 

The data was obtained with filtered analyzer set for -90% acceptance. Data 
copper I<& radiation on a conventional were obtained by step scanning in incre- 
diffractometer. Wide receiving slits were ments of 0.2” across peaks or twice these 

TABLE 3 

Lattice Parameters, Standard Deviation, and Change in Lattice Parameter 
for Pt/SiOn Catalysts 

Catalysta Lattice Standard 
parameter, deviation 

Q) (+I 

Aala” 

7.1-Si02-PtCl-S 
(1) 
(2) 

21.5-SiOrIonX-L 
(1) 
(2) 

27-SiO2-IonX-S 
(1) 
(2) 

40-Si02-Pt,Cl-S 

3.9250 1.96 X 10-d 3.31 x 10-d 
3.9230 6.30 x 10-d -1.78 x 10-4 

3.9243 1.31 x 10-s 1.529 x 10-4 

3.9209 1.8 x 10-E -7.13 x 10-4 

3.9207 8.3 x 10-d -7.65 x lo-” 
3.9199 9.4 x 10-4 -9.68 X 10-4 
3.9197 4.17 x 10-S -1.02 x 10-B 

Q Two separate specimens for each cal.alysl, except the last. 
b Lattice parameter changes obtained by comparison with aa = 3.9239 d for bulk Pt (@). The wave- 

length of copper KaI,Z WBS taken from ref. (23). 
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I II 11 11 11 ’ 1 
7.1-SiO, -PtCI-S 

III peak l 

222 peak o 

0.6 - 

0.01 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 20 40 60 80 100 120 140 

L = na,, 1 

FIG. 1. Stokes’-corrected Fourier coeHicient,s of the 111 and 222 peaks from catalyst 7.1-SiO,- 
PtCl-S. Note that the coefficients for the 222 are well below those for the 111, indicating the 
presence of microstrains. 

values for very broad peaks. Times wwc 
chosen so that the statistical counting 
error was always less than 0.3%. The in- 
strument was controlled by a 16K PDP-SE 
minicomputer [see rcf ($7) for the basic 
plan of this system]. 

To properly establish the background, 
the scattering from the gel alone was mea- 
sured under identical conditions, from 10” 

L= na, ,8, 

FIG. 2. Stokes’-corrected Fourier roeficienta of 
lhe 111 and 222 peaks from catalyst 27-M& 
IonX-S. The superposition of the coetficients 
indicates that there are no significant microstrains. 

below the first, platinum peak to 10” above 
the last. This data was matched to the data 
on a catalyst at 9” above the 400 peak 
from plat,inum. The match was then within 
1.5y0 of the observed intensity at 9” be- 
low the first 111 peak. For Fourier analysis, 
in regions of peak overlap, such as between 
the 111 and 200, the peaks were folded 
from the side without overlap, and cxt,rapo- 
lated to the true background. 

Peak positions were obtained by drawing 
chords parallel to the background in the 
top t,hird of the peak and extrapolating 
their midpoints to the peak’s outline. (For 
thr case of unresolved peaks the weighted 
position [fK,, + +K,,] was employed.) The 
precision was &imated to bc fO.Ol”‘A9 
for the first three peaks, f0.015% for 
the last three for the two coarser crystallite 
sizes, and f0.015”%0 and f0.025” for the 
two smaller sizw. 

Small-Angle Patteru 

The small-angle system consisted of an 
Elliott GX-6 rotat,ing anode generator and 
a Kratky-type slit (28). The data wcrc 
gathered from about 0.1”20 to 556’20 by 
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repeated scans under minicomputer control the minicomputer program. The gel was 
so that the statistical error for the lowest dried at l%Z°C for 2 hr under vacuum while 
count was 37&. Parasitic scattering was in the holder (which had thin Be windows 
obtained (t’o a statistical counting error for the X-rays) and then measured with 
of <570) with the specimen and its holder flowing Hc purified with a liquid nitrogw 
in the absorber position (before the Kratky cold-trap ; tests indicated this drying and 
slit). All calculations wcrc carried out by Hc flow wcrc not really ncwssary. 

/ 4 \ 

a ..O 

5 IO 15 20 25 30 35 40 45 

L=na,, s 

L= na,,l 

FIG. 3. P:trticle size distribulious for catalyst 40-Si&-PtCI-S. (a) (111) direction, (11) (100) 
directicm, ((a) (311) direction. Vertical lines indicate mean size. 
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FIGURE :3 (Continu~tl) 

1IlI:SULTS Tho analysis of the platinum diffraction 

The data obtained on the gvl \vith sm:lll 
peaks indicates that no measurable fault,ing 

angle scattering arc presented in Table 2. 
or strcsscs were present; the peak shifts 

The results arc in wasonablc agrcxmcnt 
bctwecn pairs of peaks wrf: within 1.5 
times the sum of the measuring errors (for 

jvith those from nitrogen adsorption at example, AOCIII1 - A2&,0 was - .015 to 
- 196°C. - .03”20). Furthermore, from the mean 

TABLE 4 

Particle Sizes (fJ),,~(l in t.he (hkl) Mrections and l’ercen(age I~~xposed 

a Two separate specimens for each catalyst. 
b Average of two values from Table 1, Part I (J). 
c There were strains in t.he Pt particles in this catalyst. The single peak method in ref. (1;) was employed 

in this case for the (110) ad (311) directions. For l.he other catalysts, as there wu no strain in (1 I I) IIIKI 

(100) direc>tions, this could be a.ssumed for other peaks to obt,ain the partic*le size. 
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crystallite sizes (to be given below) it was 
possible to calculate the minimum value 
of the fault probability, assuming only 
one fault per crystallite. [This is nothing 
more then the inverse of the number of 
(111) planes in the length of a crystallite.] 
The values are 2-20 times greater then the 
measured values. The twin fault proba- 

bilities were also negligible, 4-10-3-10-7, 
which are well within measuring limits (29). 

The lattice parameters were therefore 
evaluated by a least-squares fit measured 
at the lattice parameter vs the Nclson- 
Riley parameter (SO). The results arc given 
in Table 3. There is no indication of any 
significant change (greater than 0.1%) in 

L=na,,8 

I I I 1 I 

27- SiOa - Ion X -S 

-0 IO 20 30 40 50 60 70 80 90 

L= no,, S 

FIG. 4. Particle size distributions for catalyst 27-SiOz-IonX-H. (a) (111) direction, (b) (100) 
direction, (c) (311) direction. 
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FIGURE 4 (Continued) 

lattice parameter with platinum crystallite 
size : The differences from bulk platinum 
are of the same order or smaller than the 
standard deviation in all but one case. 

A plot of the Stokes’-corrected Fourier 
coefficients of the 111 and 222 platinum 
peaks from catalyst 7.1-SiO,-I’tCl-S is 
given in Fig. 1. These clearly do not suprr- 
impose indicating that there arc’ micro- 
strains present. A value for (EL~)~ of 
3 X 10M3 was found at I, = 50 A, in the 
(100) direction. This value corresponds to 
:I dislocation density (p) of =4 X 101”/m2. 
[This density is calculated from an cqua- 
tion of the form of p = Khkl(~~~)hkl/c$ 
where Khkl has been evaluated (Sl).] This 
corresponds to = S-10 dislocations per 
crystallite of Pt. 

In Fig. 2 are the St,okcs’-corrected 
Fourier coefficients of the 111 and 222 
platinum peaks from 27-SiOt-IonX-S. In 
this cast, thrw clearly supcrimpow indi- 
cating that there is no st,rain. This MM 
also the case in the (100) direction for this 

catalyst and for all others examined (in 
both directions). 

The particle sizes in different crystallo- 
graphic directions from t.hc Fourier analysis 
of platinum peaks arc given in Table 4. 
Comparison with Table 1 indicates that 
all catalysts were equiaxed or near spherical 
except for the first, 7.1-SiO,-PtCl-S, which 
appears to bc boundrd by specific planes. 
The pat’tcrn of sizes is qualitatively similar 
to that for (110) bounding surfaces. Ac- 
cordingly, an X-ray value for pcrccntage 
exposed, D, could bc calculatmed :4 

surface 6.100 ps 
D, = 100 ___- Xp‘=--- 

volume pH VJ) PU 

11.26 
= Tr, x 100, (10) 

, 

where ps and pN arc surface and bulk 
df>nsities [the former being taken as the 
average for (ill), (loo), and (110) planes]. 
These values are given in column 5 of 
Table 4 and compared to those determined 
in Part I (7) by hydrogen chrmisorption, 
Dh, in column 6. The agreement is generally 
rxccllcnt, indicat’ing that the crystallitcs 
arc indeed the Pt particles themselves 
and will be wfcrwd to as such henceforth. 

The size distributions for those catalysts 
without strain are giwn in Figs. 3-5. 

In Fig. 6 the rnf’an square amplitudes 
of vibration arc plotted vs pwccntage ex- 
posed. The value for the bulk (D, = 0) is 
from t,he work of Harris et al. ($2) and that 
for D, = 100% is for the free surface as 
drtermincd by Lyon and Somorjai (3s). 
The error bars on three of the points are 
the standard dcviat,ions in a linear-least 
squares analysis. (The correlation co- 
efficients were 0.68-0.96.) Howrvw, these 

4 Smith (0) has pointed out that the size measured 
by Fourier analysis is surface weighted average, not 
the volume average obtained from integral breadths. 
Therefore the results from Eq. (10) can be directly 
compared to the results from gas adsorption 
techniques. 
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error bars are probably excessive bccausc: the 220 peak from catalyst 27-Si02- 
(a) the measurements were rep&cd on a IonX-S was measured at room tcmpcrnture 
second specimen and the result was within and at 77°K. The ratio of intcgratcd in- 
S% of that reported in Fig. 6; and (b) tensity at, 77°K to that at room tcmpcra- 
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L= na,, a 
PIG. 6. ParLicle she di~trihllions for catalyst ‘Ll.5~Si&-IonX-L. (a) (I 1 1 ) direclion, (II) (100) 

direction, (r) (311 ) direction. 
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FIGIJRE 5 (Conthcctl) 

t,urc w~1s 1.21, while the expcctcld value wns 
1.12. The ratio would have been 1.03 if 
th(b mcnn-square vibrational amplitude 

3ol-----l 
20- 

‘20 0 loo 

D x ’ % 

FIG. 6. RMS vibrational amplitude, @)*(A) vs 
D,. The value for bulk platinum is from ref. (cj2), 
that for t,he free face surface (D, = 100%) is from 

Only when thr platinum particlrs arc of 
thr wmc size> as t’hc ports in thr gc4 does 
th(w appwr to bc considcrablc microstrain 
in thtb platinum, and in this casr the 
~xwticlrs arc’ not caquiaxcld. The micro- 

ref. (.?.?). The line simply connects the end points. strains In:&> ariw due t#o the difficulty in 

ww that’ of the bulk. This clwrly indicatw 
t,hc rms vibrations arp larger for thr catalyst 
than for the bulk. 

1)ISCUSSION 

The surface arca of thr gc4 mcasurc~d b> 
small-unglc X-ray scattering in this stud>- 
is in good agrccmcnt with that dctwmincd 
in Part I by gas adsorpt,ion, rspccially when 
it is recognized that the proccduws for t,ho 
adsorption t’cchniquw arc some\\-hat fwpiri- 
cal. Much less caw in handling of the 
samples is rcquircd for the X-ray mc>thod. 
With modern rotating anode X-ray gcwra- 
tars and pc’sition-sc~Ilsitivcr drtwtors (that 
r‘sw” the entire scattering pattern at oncr) 
those mwsurcmw~ts can bc rnadc com- 
pl&ly automatically in lo-30 min. There 
is, of coursr, a large> capital invcstmcnt 
involwd, which is not rcbquiwd for thr gas 
adsorption tc~chniquw. 
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forming the particles in such a case, or due> 
to distortions inherited from the calcining 
operations due to the differential con- 
traction of the gel and product of the cal- 
cination. Further work with different port 
and particle sizes is underway to verify 
this conclusion. 

For the other catalysts, the particles are 
strain free. Even up to 40% fraction ex- 
posed, the diffraction pattern is that of 
plat,inum indicating that the oxygen pres- 
clnt is covcring the particles not distorting 
t,hr internal st,ructurc. The particles are 
rclativrly cquiaxcd or marly spherical. This 
l:tt)tcr point is indicatrd by the similar sizc>s 
mclasurcd in scw~ral crystallographic dirw- 
tions and from t’hc size> distribut,ions in the 
(100) and (111) d irections. Thew show a 
maximum, which would not, be the cast if 
thr particles wcrc in the form of cubes or 
tetrahedra, as shown by Smith (9). The 
distributions themselves arc interesting. 
They arc sharper for the catalysts formed 
by impregnation compared to those pre- 
pared by ion exchange. Also all the dis- 
tributions “tail” to large sizes. This in- 
dicates (18) that the distribution arises due 
to coagulation of some surface species 
during preparation rather than by Ostwald 
ripening. 

The platinum particles are also relatively 
free of stacking faults and microtwins in 
agreement with studies by electron micros- 
copy (34). Sizes down to = 25 A have been 
measured in this study, and there seems 
to be no reason why even smaller sizes 
cannot bc examined, in controlled en- 
vironmcnts, with the high X-ray intensi- 
ties available from modern rotating anode 
generators, or from a synchrotron. Such 
studies are now underway. The good 
agreement between the percentage ex- 
posed from these sizes, D,, and from 
hydrogen chemisorption, Dh, indicates that 
the particles are essentially single crystals 
and, furthermore, that proper line-broaden- 
ing techniques can be utilized to measure 
the quantity, D. Again, the initial equip- 

mclnt’ is cxppnsivc, but, t,hr measurcmcnts 
arc readily automated and careful handling 
of the specimens is not required. 

To within =O.l% there is no significant 
change in the lattice parameter for the 
oxygen-covered platinum employed in 
this study over the size range covered, 
certainly not the order of 0.3-0.701, which 
has been reported for thin films of gold and 
silver (35, 36). 

The root-mean square amplitudes of 
vibration have bwn cxaminrd for Au 
particlrs of 60 A (ST) and tungsten particlw 
of 30 i\ (58) by thn Miissbawr m&hod. 
For t’hc former an incrcssr was found, while 
for the lat,trr th(w was a (13y0) dwroasc 
compawd t.o t,hc bulk. Hnrada at al. (39) 
clxamined Au particlw of 220 and 2.50 A 
prcparrd by evaporation and found con- 
siderably largw eff rcts than thaw reportrd 
here but for much larger particlrs; for 
120 A particles, (~2); almost doubled. 
However, there was no indication of the 
details of the correction for background, 
and on making measurements vs tempera- 
ture the authors found no difference from 
the bulk. They suggested the effect was 
therefore due to static displacements pre- 
sumably due to imperfections in the parti- 
cles. There were no such defects in the 
particles studied here, and despite the 
large errors inherent in this kind of mea- 
surement, the results in this study clearly 
extrapolate to the value reported by Lyon 
and Somorjai for a free surface (SS). Cor- 
relations of these displacements with cata- 
lytic activity arc made in Part III of this 
study (8). 
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