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I. INTRODUCTION 

Studies of solid surfe.ces and chemical reactions which occur at the 

interface are amonf, the most important and exciting fields of chemistry. 

The abundance arid variety of surface catalytic processes indicate the 

diversity of roles the solid surface seems to play during the reaction. 

The .largest obstacle however, which prevents closer scrutiny of the 

structure of surfac·es and the detailed mechanism of a surface reaction, has 

been the scarcity of experimental tools which permit one to study surface 

properties on an atomic scale. 

Low energy electron diffraction (LEED) proves to be a novel experimental 

technique which permits the study of the .structure and rearra.ngements of 

atoms in the surface plane. Since the electrons do not penetrate be~ow a 

few atomic planes (four-five) the diffraction patterns are representauive 

of the surfe.ce arrangement of atoms. Thus, this technique is sensitive 

only to surface properties. Low energy electron diffraction playg the. 

same role in analyzing the structure of solid surfaces as x-rays in studies 

of the bulk structure. The technique can also be employed for studies of 

the structure of adsorbed gases and for investigations of chemical surface 

reactions. 

There is also widespread use of polycrystalline metal particles of 

size lOA - 1031\ in catalytic surface reactions "'hich are dispersed on 
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highly porous supports. Typical supported catalysts include platinum, 

'palladium, or nickel supported on alumi~a or sil~ca. There has been a 

lack of effective experimental techniques which allow studies of the sizes, 

shapes of such particles and their changes which occur during chemical 

reactions. Changes in'particle size, i.e. in the surface to volume ratio 

can markedly influence the rates of catalytic surface reactions .. 

Small angle x-ray scattering proves to be the most versatile tech

nique to detect and monitor particles ranging from 40K to 600A. The only 

criterion for monitoring the cha~ges which effect the particle shape or 

size in this range is the presence of an electron density difference between 

the metal particles to be investigated and the support matrix, since the 

scattered intensi ty is,~ proportional to the square of the difference in 

electron density. (1) 

In 'this paper we shall discuss two studies of platinum surfaces; , 

1) A low energy electron diffraction study of the clean (100), (Ill), and 

(110) faces of platinUm single crystals, and 2) A small angle x-ray 
. . 

. scattering investigation of the effect of thermal history on the particle 

size of platinum catalysts dispersed on highly porous n~alumina. 

These st~dies should give indication of the types of experimental 

information which could be obtained by these techniques., 
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II . . PHINCIPLES OF LOi-! ENE;RGY ELECTRON DIFFRACTION 

In low energy electron diffraction studies one uses monochromatic 

electrons of energies E II! 5-500 i O.2ev, which correspond to a wavelength 

range of roughly O.5-5J:t. A(A) = [150/E(eV))1/2. The most versatile low 

energy electron diffraction apparatus for ca~alytic studies seems to be 

the post-acceleration type (Varian Associates, Palo Alto, Calif.). The 

schematic representation of the experiment is shown in Fi8. (1). The 

electrostatically focused electrons (:::l)Jamps) are back reflected from the 

crystal surface due to their cha.rge and large mass. 'fhe crystal and the 

first 8rid are at ground potential to assure a field-free re8ion in order 

to minimize distortion of the path of the scattered electrons. The second 

grid serves to retard the inelastically scattered fraction of electrons 

and it is held generally at cathode potential. The elastically scattered 

electrons, which conta~n the diffraction information, penetrate the second 

grid, are accelerated and strike a fluorescent screen where the diffraction 

pattern which corresponds to the surface structure is displayed. Although 

better fOcusing(2) and energy selection(3) techniques have been reported 

which could give almost an order of magnitude better resolution with 

some sacrifice of the beam intensity, the electron optics which are 

described above proved to be entirely adequate for catalytic surfacereac-

tion studies. 

Our studies on platinum surfaces indicate that in the range 20-50 eV 

the diffraction is essentially two dimensional. Above this energy two to 

five atomic planes seem to contribute to the diffraction. The surface 

structures which are the property of the topmost layer of atoms are visible 

in the energy range 5-150 eV. At higher energies electrons penetrate 

deeper below the surface and the relative contribution of atoms in the 
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surface plane to the total scattered intensity diminishes. 

The scattering amplitude of electrons by atoms is approximately 

three orders of magnitude greater than that of x-rays. ( 4) 'l'hi s implies 

a six order of maeni tude gre.ater scattered intens i ty. T1lUs electrons are 

so efficient scatterers that only a small conc~ntration of surface atoms 

which are ordered in regular arrays are heeded to give detectable 

diffraction patterns. Patterns which are due to atomic arrangements 

occupying less than 5% of the total number of surface sites, (~5% coverage) 

have been detected. (5) The surface domains which. give rise to the 

diffraction patterns contain on the average 40 atoms in ordered arrays.(6) 

The observed intensities come from the coherent superposition of electron 

waves scattered by these separate domains. 

Due to the large scattered intensity there is no need for detection 

techniques which are accumulative in a long time span. Thus, v,isual 

or photographic detection of the diffraction patterns which are displayed 

on the fluorescent 'screen is sufficient. The intensity changes of the 

diffraction spots can be. monitored by a high sensitivity, srnall angle 

spectrophotometer (Gamma Optical Co., 1-1odel 2000 was, used in these 

studies) • 

The fraction of elastically scattered electrons is 5-10% in the 

energy range 100-450 eVe (5) At lower electron energies the fraction 

of electrons which are back-reflected without energy loss increases 

sharply and attains the 50-80% range at 20 eVe Thus, the surface becomes 

highly reflective for low energy electrons.(5) 

The lateral coherence length of electrons, using the co~nercially :. 

~ available electron optics is ~ 15-20~. Since this is appreciably smaller 
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than the average domain size (~40 atoms ~120A), direct detection of 

atomic steps is difficult. (6) 

'In 10,", energy electron diffraction studies one face of a hieh purity 

single crystal of size appreciably larger than that of the size of the 

electron bea..'Tl (1 In.'Tl2) should ideally be used. The experiment is carried 

out in vacuum of better than 10-8 torr in order to avoid surface contamina-

tion due to adsorbed gases. A crystal surface will adsorb a monolayer of 

-6 ( foreign gas at 10 torr in about one second assumine astickine coefficient 

of uni~y) so that typical operating pressures in the diffraction chamber 

-8 -10 ' are 10 to 10 torr to allow reasonable observation times of the clean 

surface. The diffraction apparatus and the hieh vacuum system which are 

necessary for these s~face studies are available commercially at a 

reasonable cost. 

The use of a mass spectrometer which, can be attached to the diffrac-

tion chamber is necessary for studies of chemical surface reactions. 1~e 

availability of quadrupole mass spectrometers in recent' years (Electronic 

Associates Model 210 was used in our studies) which are compact and have 

high detection sensitivity (10-12 torr partial pressure) have aided greatly 

the definitive interpretation of the experimental results. 1~e mass 

spectrometer allows one to monitor changes in -the mass spectrum which are 

caused by less than 1% of the monolayer provided that the ~esorption takes 

place in short times (about one minute). The use of a mass spectrometer 

can also greatly aid the detection of surface contaminants. 

The single crystal surface area on which the studied chemical 

surface reaction takes place is much smaller than the wall area of the 

diffraction chamber. Care should be taken therefore that the reactants 

and the reaction products do not undergo chemical changes when colliding 

with the wall of the ,chamber. If the reaction which is to be studied is 
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influenced by collisions with the chamber wall the experiment could be 

designed to assure that the reactant gas species impinge directly onto the" 

surface of the single crystal and that the product species can enter the 

ionizer region of the mass spectrometer without colliding with the chamber 

walls first. 

Low energy electron diffraction studies of s01id sine;le crystal 

surfaces have revealed a great deal of information about the physical-

chemical properties of surface which could not have been obtained by other 

experimental techniques. (5) One of the striking results of low energy 

electron diffraction studies on clean soiid surfaces is the discovery that 

the substrate atoms may reside in surface structures of different kind. (7) 

The presence of these surface structures is indicated by the appearance 

of extra diffraction features which are superimposed on the diffraction 

pattern of the substrate unit mesh predicted by the bulk unit cell. One 

can assign lattice parameters to these surface structures which, in 

general, were found to be integral multiples of the lattice parameters 

which characterize the substrate. Studies on clean semiconductor and 

metal surfaces have revealed the presence of several surface structures 

with unit cells in the range of twice (2X2) or as large as eight times 

(8x8) the unit cell dimensions of the substrate. (5,8) The exact arrange-

ment of atoms which produce these structures is still in question. Their 

appearance, however, indicates a) long range order on the surface, and 

b) that transformation (reversible or irreversible) from one type of 

surface structure to another can readily occur. 
I " Thus, these structures 

which may be' called surface phases 'have a temperature range of stability,' 

and phase transformations at the surface can take place .ii thout any 

apparent effect on the bulk structure. 

, . 

i: 
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There are several reasons for the existence of surface structures 

which are indicated by recent experiments.(5) The activation energy for 

surface diffusion of adatoms is appreciably smaller than either the 

activation energy for bulk diffusion or the heat of sublimation in monatomic 

solids.(9) Thus, surface atoms are shielded by large potential energy 

carriers from rapid exchange with the bulk or vacuum. The phonon spectrum 

of surface atoms is different from that of the bulk atoms as shOvlD by 

(10 11) surface Debye temperature measurements. ' There is also some experi-

mental evidence that, in addition to the change in the mean square dis-

placement of atom at the surface, there is a net expansion or contraction 

with respect to the bul~ lattice spacing. (12,13) 

Another striking discovery of low energy electron diffraction studies 

is the observation that adsorbed gases form a vari'ety of ordered surface 

structures on the different solid surface. (5) The type of structure 

which forms depends on the crystallographic orientation and temperature 

of the substrate and the size, surface concentration and chemical nature 

of the adsorbed species. Structural transformations easily occur as a 

function of changes in these parameters. Consequently a great wealth 

of surface structures which can be attributed to the adsorbed species have 

already been reported. (5) 

These experimental results seem to indicate that a study of surface 

structures which are due to the solid atoms or to adsorbed eas atoms is 

essential to understand the nature of catalytic surface rea.ctions. :a 

is already app~rent that the diversity of surface catalytic properties 

can be correlated with the variety of surface phases and structures vrhich 

seem to form as a function of experimental conditions. Low energy electron 

diffraction can provide us with such structural information. 
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IILLOi.J BNERGY ELECTRON DIFFRACTION STUDY OF THE (100), (111), 
AND (110) FACES OF PLATINUM 

A. Experimental 

Platinum single crystals of the hi~hest purity (99.9999%) were 'used 

in the experiments. The samples (0.5 to 2 rom thick and 6 rom in diameter) 

were cut after orienting the particular face by x-ray within one degree. 

The crystals were then polished, etched, and spotwelded to a platinum holder. 

After spotwelding thermocouples to the back of the crystal, the sample was 

introduced into the diffraction chamber. Brucing and degassing the evacuated 

i · . -10 d ffraction chamber produced pressures of the order of 5X10 torr. 

Ion bombardment using high purity xenon or argon was employed in order 

to a) remove the surface damage which was caused by the mechanical surface 

treatments, or b) remove disordered stirface structure which formed irre-

versibly at high temperatures (T > 750°C). Usual conditions of ion 

,sputtering were 2X10-5. torr A or Xe, 340 eV accelerating potential for 

two hours. Heating the samples to T > 900°C has 'also produced diffraction 

features without ion bombardment. At these ele1rated temperatures, however, 

.the ring-like diffraction"patterns which are characteristic of the disordered 

surface structure formed, irreversibly: and therefore studies of the platinum 

surface structures which are present at lower temperatures could not be 

made. Thus, ion bombardment and subsequent heat treatment "TaS necessary 

to generate the clean substrate structure or the lOYT temperature surface 

structures. All of the surface structures reported in this paper were 

reproducible under all conditions of surface preparations and ion bombard-

ment treatments unless otherwise noted. 

In order to monitor the composition of the ambient and detect the 

presence of possible surface contaminants a quadrupole mass spectrometer 

(EAI 210) was permanently mounted on the diffraction chamber. This way we 
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could continuously monitor the backGround ambient composition durinG heat 

treatments and the composition of the gases used for ion bombardment. 

In order to further probe the nature of the different surface struc-

tures, they were heated in oxygen and in hydrogen in their temperature 

range of stability. In this manner, surface contaminants which form vola-

·tile oxide produces or react in a reducing atmosphere could be detected 

by the mass spectrometer and eliminated from the surface. 

The diffraction patterns yield a great deal of information as to the 

structures of the surface. Intensity analysis of the diffraction features 

is necessary,· however, to distinGuish between several structures ·which 

could yield similar diffraction patterns. (5) This is carried out by, 
~ 

. monitoring the intensity of the diffracted beam as a function of electron 

energy and scattering a~Gle. Variation of the intensity of a e;iven 

diffraction spot with heat treatment or in the presence of gases can give 

information on the kinetics of surface diffusion or adsorption. Intensity 

measurements were made using a telephotometer with fiber optics (Ga~a 

Scientific Instruments, Model 2000) which allowed highly reproducible 

measurements of intensity fluctuation with beam voltage which were plotted 

on an x-y recorder. These were then taken at various angles of incidence. 

The fluorescent screen has also been photographed directly to obtain the 

diffraction patterns.' The relati ve intensities could then be obtained 

by using a densitometer. 

B. Surface Phase Transformations as a Function of Temperature 

Annealing the crystals at 600°C for one hour after the ion bombardment 

has produced the diffraction patterns which are predicted by the bulk unit 

cell. Using the notation that is suggested by Hood, this corresponds to 

the (lXl) or substrate structure. 

( 
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If the samples are annealed after ion bombardment in other temperature 

ranp,es, either below or above 600°C, new diffraction spots appear "'hich. 

indicate that the atoms at the surface are arranged in surface structures 

,which are different from that predicted by'the bulk unit celL, 'These 

surface structures can be easily reproduced on all of the single c~Jstal 

sample used. All of the structures which we~e observed on the different 

platinum substrates are summarized in Table I. The structures are 

divided into two types, ordered and disordered. The ordered surface 

structures are stable only at temperatures roughly bel~~ one-half the 

melting temperature and characterized by unit cells which are integral 

multiples of the substrate unit cell. The disordered structures appear 

at high temperatures. All of the experimental observations seem to indicate 

that both types of surface structures are the property of the clean 

platinum surfaces. No single impurity produces the variety of diffraction 

features which were ob?erved as a function of substrate temperature in 

the hifA purity platinum surfaces. The surface structures show a broad 

range of different physical properties (stability range, long or short range 

order, different types of.surface structures on each substrate). Heat 

treatment in ultrahigh vacuum, in oxidizing or reducing ambients, has not 

produced any new volatile species which could be detected by the mass 

spectrometer. 

1. Properties of the Ordered Surface Structures 

The following statements sUl'llmarize the experimental information con-

cerning the ordered surface structures which appear on the different 

platinum substrates. 

a. The surface structures which appear on the different crystal 

faces of platinum are stable only in well defined temperature re~ges. The 

stability range of two structures may overlap on the given substrate. 

~ 
-I. 
! 
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b. l'he surface structures are not affected by heat trcn.tments, in 

oXYf,en or hydrogen in their temperature rane;e of stn.bili ty . 

c. The structures are in ree;istry with the substrate (not rotated) 

and are characterized by lattice parameters which are integral multiples 

of that of the substrate [(5Xl), (2Xl), (2X2), (3X3)]. 

d. The surface structures anneal out at temperatures belo"", their 

range of stability but reappear readily when reheated in their stability 

range. Once heated above this temperature range they disappear irreversibly. 

e. Tne surface structures were obtained only after ion bombardment. 
. . 

The properties of the surface structures, however, were ind.ependent of the 

type of ions which were used in the ion bombardment. 

f. The surface structures could rapidly be obtained by applying a 

steep temperature gradient along the gradient surface. TI1e structures 

could also be formed ori the (100) substrate by heating the crystals in a 

well-defined temperat~e range. 

g. The intensity of the diffracted beams emanating from the surface 

structures is of the same order of magnitude as the intensity of the 

substrate reflections. 

h. The different heat treatments have not resulted in ony appreciable 

rise in the ambient pressure or in the appearance of volatile impurities, 

either when the heating was commenced or during the heating period. 

i. Tne presence of these surface structures causes no chanee in the 

positions of the intensity maxima in the loa vs. E(eV) curves ""'hich were 

taken for the clean substrates. 

j. Several surface structures were found to exist on the (lOO)-face 

. 11 d' . 1 t 1 (14,15) of sllver, gold, and pa a lum slng e crys a s. The ordered surface 

structures on the gold substrate are similar to. those found on the (100)-

face of platinum. 
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i.J;.'1en the (100) substrate was heated above 700°C 0. new diffraction 

pattern slmvly appears. . This is characterized by narrow, circular 

segments. Six such segments appear at first, then with increased heating 

time or .high heating temperature, 12 and then 24 segments form which finally 

join into a ring. 

The rine;-like patterns can be obtained without ion bombo.rdJnent, only 

by heating the sample between 700 0 e and the melting temrerature (1769°e). 

Their formation is irreversible ,i.e., once they have been created they 
I 

are stable'indefinitely at any temperature belm., the melting .point and 

can only be removed by ion bombar&nent. 

If the sample is he~ted above 10000e for an extended period (4-6 hours), 

the. intensity of the diffraction features which are due to the substrate 

unit mesh and which coexist with the ring pattern decreases while the 

intensi ty of the rings 'increases. .V1hen heated, near the melting point, the 

ring-like diffraction pattern finally remains the only diffraction feature 

on a presu~ably greatly disordered surface. 

The rings are concentric about the (OO)-reflection, have sharp out-

lines and show the usual diffraction features of other surface structures, 

(a) appear only at Imv electron energies (5-150 eV) and (b) appear at 

'decreasing angles with respect to the (OO)-spot with increasing electron 

energy. One striking feature of/the ring pattern is that it does not over-

lap with any of the diffraction spots which are due to the substrate lli,it 

mesh. 

Ring-like diffraction patterns were also found to exist on both the 

(111) and (110) platinum surfaces as well. 

The following statements summarize some of the important properties 
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of the disordered surface structures and other pertinent information which 

could be used to interpret these structures. 

a. Ring-like diffraction patterns form on the (111'), (110), and (100) 

substrates of platinum via sets of radially symmetric se~ements at elevated 

temperatures. 

b. Their formation is irreversible and they become the only diffrac-

tion feature of the surface as the melting point is approached. They may 

be formed without the use of ion bombardment "by heatin~ the substrate in 

their temperature range of stability. 

c. The ring patterns are unaffected by heat treatment in hydrogen or 

oxygen atmospheres. 

d. The rings appear to have apparent lattice parameters which are 

smaller than the smallest interplanar distance in the substrate plane. 

e. The surface structure which gives rise to the rine: pattern is 

,parallel to the surfac'e upon which it forms and shows diffraction features 

similar to other surface structures. 

f. The ring-like patterns are narrow and well-defined and always 

appear in the same position on a given substrate. They are unlike the 
t • 6) \ 

radial distribution functions observed by neutron diffraction \.l . or x-ray 

diffraction studies of liquids near the melting point. '17) 

g. The formation of these ring patterns reflects the gradual loss of 

long range order at the surface as heating time or temperature is increased. 

h. Ring-like diffraction patterns were also found to form on other 

metal surfaces. (14,15) They have apparent lattice dimensions "Thich are 

smaller (Ir, Au) or larger (Ag) than the distance of closest approach ip 

the ordered substrate. 

i. There is no evidence of any macroscopic chan~e in the surface 

structure of platinu~ as observed in the photomicrocraph (1000 X magnification) 
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when the ring-like diffraction pattern is formed. 

The lattice parameters and the same ratio of le.ttice sp<ccinp,s which can be 

" ' d(lB) t 'th d" . asslgne 0 e lfferent rlngs 

three substrates sue;eest that the ring-like diffraction patterns are due to 
\ 

domains of (111) surface structures on all faces of platinum with reduced 

nearest neighbor spacine;. These hexagona.l surface structures appear at 

preferred orientations at first aS,shown ~y the presence of ring segments. 

After extended heating time or as the melting temperature is ap:9roached 

they can be freely rotated in the substrate plane. The disordered hexae:onal 

surface structures show an 11% contraction with respect to the interplanar 

spacings in the ordered (111) face, 

In addition to the.~rinB-like patterns on the platinum surfaces, ring 

or segmented ring-like surface structures have been observed on gold (100), 

silver (100), and iridium (111) surfaces.(14,15) In no case do the diffrac-

tion rings coincide with the diffraction sp'ots' of the substrate, but· show 

"contraction" or "expansion" of different magnitudes. For example, in 

silver the apparent lattice parameter vrhich can be assigned to the ring 

pattern indicates a 13% expansion with respect to the nearest neighbor 

distance in the ordered substrate while gold shows a "contraction" which 

is similar to that of platin~~. It is likely that the disordered phase 

is present at high temperatures on man:{ face centered cubic metal surfaces 

which have low enoue;h evaporation rate not ~o permit the removal of the 

new phase into the vapor as soon as it.forms. 
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IV. PRINCIPLES OF SMALL ANGLE X-RAY SCATTERING 

The small anGle x-ray measurements were made usinG CuK radiation, a . a 

four-slitcollimatine system and a sample-detector distance of 50 cm. 

Fie;ure (2) shows a schematic representation o'f--tne-:tnst7Wnental arraEen;ent. 

Although this apparatus was built in our laboratory, several small angle 

x-ray scattering attachements are available commercially which assures 

easy applicability of this technique. The sample was mounted on a one-mil 

Mylar sheet behind the third slit. The x-ray intensity was measured using 

" t "11 t" t " " tl 1 h" h 1 " ( 19 ,20 ) sc~n ~ a ~on coun lng Wl 1 pu se c~g t se ectlon. 

'll1e smallest angle which did not strike the primary beam was 0.0733 

degrees, or about 4.4 minutes of arc. The largest angle at which these 

experiments gave scatterinG intensity distinguishable from the background 

was about 1.1 degrees. Roughly these anGles correspond to particles ranGing 

from 40A to 600A. 

The pulses leavinG 'the analyzer (10) were counted with a conventional 

scale-of-256 and a mechanical "register. The typical counting rate was some 

2000 pulses per minute, aLthough it was much higher near the primary beam 

and much lo.,er at angles near one degree. 

From the small-angle x-ray scattering, the datum that can be calculated 

most directly is the average radius of gyration o~ the scattering particles. 

For a detailed discus~ion of the theory, the reader is referred to 

Guinier's book. (1) 

The scatterinG intensity i(h) for N noninteracting particles is given 

as 

i (h) 

where i (h) is the intensity of scattering by one electron, F(h) is 
e 

the structure factor, and h = (47T/'A) sin e, where 'A is the x-ray 
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waveleneth and 2 0 is the scattering angle. 

2 - 2 
approximated by F (h) .;, Ii exp(_h2r 2/3) where r is the radius ofr.;yration 

" and n is the total number of electrons in the particle. For small anf,les 

[(4TI/A) sin e~(4n/A)6], r is given by 

iJ = 1 
21T 

A ylp __ (2) 

where p is the negative slope of thelog i(h) vs. (tan 26)2 curve. In case 

- 0 
of the CuKa radiation r(A) = 0.645 Ip. 

The usual plot for obtaining the average radius of gyration is there

fore the Guinier plot, log i vs. h2 , where h is proportional to the angle: 

h ::: (21r/A) tan 26,;,41TA-l e. The slope gives the desired radius. However, 

the initial s lope must" be us ed, b-ecaus e at larger angles the Guinier 

-exponential approximation begins to fail. 

In interpreting the scattering results of this investigation, the 

Guinier plot was used to determine the average radii of the platinum 

particles. 

A. Particle Shape and Size Distribution 

For spherical or nearly spherical particles the Guinier approximation 

holds best. However, :there is no "built-in" shape factor in the integral. 

Furthermore, most of the systeffi:s to be investigated by meansyf small-angle 

x-ray scatterin"g are heterodisperse, and the distribution of particles 
(21) -

is of great interest. Shull and Roess developed a method for calculating 

small-angle scattering intensities of heterodisperse systems, inserting a 

distribution function into the scattering integral. It was assumed that 

all particles are. geometrically similar; that is, the number of electrons 

n is proportional to r, where r is the radius ·of gyration. 

Then 
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where N(f) is the number distribution function a.'1d N(r) d.r represents 

the total number of particles in thr size range r, r + d.r. K is consta.'1t. 

The exact structure factor for spheroids, 

was us~d instead of the Guinier approximation. The calculated particle 

sizes agreed within 10% with those obtained by using the Guinier approxima-

tion. 

In case N(r) is a Maxwellian distribution, N(r) where 

ro and n are constants. 

If one writes for a spheroid: V(r) = (4n/3)vr3, where v is the axial 

ratio, and substitutes into the scatterine; intensity integral, the inteGral 

ca.'1 readily be evaluated at three different limits. For spherical 

particles v = 1, for disc-shaped particles ~, and for rod-like particles 
, 

V -+ .;q and r -+ 0 simultaneously so the product rv approaches L, the length of 

a rod with negligibly small radius. Expanding the integral by hypergeo

metric functions [see Roess and ShUll(2l)] one gets the scattering from a 

distribution of particles by different shapes. 

By comparison of the experimental data with the theoretical scattering 

curves, one should be able to get a distribution of the scattering particles 

and find some information about the general shape of the particles. T.~~re 

are various ways of making graphical comparisons of the data ,·Ti th the 

. . h t' ... 1 . 82 1 02 
theories, one conven~ent type of plot be~ng t a o~ og ~ vs. og , 

which gives curves with distinct maxima on which the effects of shape and 
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distribution function are fo.irlyrcadily discernible. In Fie. 3 are 

plotted the scattering curves for monodispersc spheres CL.'1d for various 

Mai~ellian distributions. Scattering curves for discs and for rods are 

also available. (19,21) 

The experimental scattering data for platinum on alumina were 

examined in the light of thesetheoretica.l curves, and such conclusions 

as could be drawn will be taken up with the subsequent discussion of 

the experimental results. 

V. Small Angle X-R5Y Scattering StudL 
Of Alumina Supported Platinull1 Catalysts 

There is a major practical difficulty in the small-angle investigation 

of microporous catalysts, namely, the intense scattering arisine; from 

the holes in the catalyst support itself. Consider, for example, the 

metallized catalyst used in the present investigation, platinum sup- ' 

ported on n-alumina. Jhe electron density of platinum is 78X21.45!195.09 = 

8.58 faradays per cc; of the crystallites of n-alumina approximately 

30X3. 7/60 = 1. 85 faradays per cc; and of the holes very nearly zero. 

Since the absolute intens~ty of the x-ray scattering is proportional to 

the square of the difference in electron density, a given volume of holes 

will scatter about 1/13 the intensity of the same volume of platinum. 

The scattering from holes is easily large enough to permit the small-angle 

investigation of the particle sizes in the microporous solids themselves, 

and there are a number of examples in the literature of studies on finely 

divided solids, including catalysts. (1) Even much smaller differences 

in electron density are sufficient for small-angle scattering:(5) (0.05 

faradays / cc ). 
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If the location of the holes were random 'Id th respect to the platinu.'Tl 

particles, the scatterinG from the holes could be treated. as part of the 

background correction and subtracted out. But the platinul11 particles 

arc sittinG within the holes, so that their scattering tends to cancel one 

~~other. In fact, our preliminary experiments showed that the scattering 

. from platinum-alumina was apparently less than that from the alu.'Tlina itself. 

It is therefore essential to destroy the holes before studying the 

scattering from the platinum. 

A possible method would be to fill the holes with a liquid of the 

same electron density as the alumina, n~'Tlely 1.85 faradays per cc. It has 

been sho .... m (23) that the hole scattering from a silica-alumina cracking 

catalyst of electron density 1.245 was diminished about two-fold by 

saturating it with o-xylene, and diminished more than a hundred-fold by 

saturating it with n-butyl iodide. We have found a better and simpler 

method to eliminate scattering from the holes. 

He have found that by pressing the supported catalysts samples in a 

hydrostatic press (24)unde~ a pressure of 100 kbar or more, substantially 

all holes in the alumina are reduced to a size giving no small-anGle 

scattering; the gases originally present escape through the material of 

the press. In the "pressure sintered" sample the scattering by the metal 

particles is readily measured. 

Vlith the development of pressure sintering as a method for the 

elimination of hole scattering, it becomes possible to study the effect 

of such variables as the method of oriGinal imprec;nation, the thermal 

history of the metallized catalyst, or the chemical attack upon the 

metal particles. In the present investic;ation the second of these problerns 

was attacked, n~'Tlely, the effect of ther~~l historJ on particle size. The 

catalyst chosen for investigation was platinuIll on alumina. It has been 
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possible to follow the growth of the platinurll particles and to cleri ve 

information about the kinetics and mecha..'1ism of the process. 

A. EA~erimcntal 

The catalysts subjected to study were 5% and 0.5% platinum by weiGht, 

dispersed on high-area microporous alumina. The alulnina is chare.cterizecl 

by its x-ray diffraction pattern as n-alumina; its crystal structure is 

not affected by heating to the temperatures used in this investigation, a..'1d 

x-ray diffraction patterns tar.en on our samples after pressure-sintering 

showed no change in its crystal structure even after compression to 

350,000 atmospheres. The catalyst pellets .,.;ere ground and screened through 

a 200 mesh/inch screen. The the samples were heat treated (at 400-700 0 C) 

for the desired. time (1-96 hours) in an oxidizing atmosphere (air) or 

a reducing atmosphere (e;enerally illuminating gas, but identical results 

were obtained with hydrogen). 

Eve'ry time a plati'num-alumina sample was heated, a sample of 

the pure alumina was heated side by side in the furnace, so that a correc-

tion mic;ht be made in the x-ray measurement for any changes to.!-:ing place 

in the "blank" alu..'TIina upon heating. In fact this precaution proved to 

be unnecessary, since all the alumina sa.-nples turned out to give identical 

x-ray scattering. After heat treatment, the platinum-:alumina samples were 

compressed at 100,000 atmospheres for 15 minutes. The detailed descrip-

t·· . bl' h· d 1 h (24) lon of the hlgh-pressure press lS pu ls.e e sew ere. 

Figure 4 shows the x-ray scattering intensity of unheated pure 

alumina, treated at various pressures. As it shows, the scattering from 

holes in the alumina has been substantially eliminated at 100 ,000 atmospheres 

I so this pressure was chosen for the treatment of all sa..'nples. Heatins in 

the range of temperatures used has a neglie;ible effect on the compressibility 

characteristics of the alumina. 
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There vas no chanGe in the shape of the platinum particles due to 

compression in the pressure ranGe 5-200 };::bars, as was determined from the 

small-angle x-ray scattering data. 

At one stage of the investigation an' attempt was made to pressure 

sinter the platinurll-alumina first, then heat treat it. The results vere 

quite disconcertinr.; and the attempt was abandoned: the scatterinG in 

the small-angle region increase enormously, producing a background scatter-

ing so high that the scattering from the platinum particles could not be 

'determined with any confidence. The cause of this phenomenon is the high 

strain to which the alumina is subj ected upon compression, vhich Greatly 

facilitates crystallization. It is probable that the grains rearr~~ge 
¥ 

to an order such as they had before compression, thereby introducing a 

number of holes. 

B. Results and Discussion 

1. Gro'vrth of Platinum Particles. The body of our platinum-alu."1lina 

studies were made with 5% platinum catalysts although 0.5% platinu."1l is 

also easily detectable by its scattering. (19) The samples "ere compressed 

at 100,000 atm after the heat treatments. 

Figure 5 shows the particle size changes in a reducing atmosphere at 

two temperatures, 600°C and 700°C and Fie. 6 S110.7S the particle size 

changes for oxidizine atmospheric heating. 

The effect of heat treatment on the particle size is clearly indicated 

in these data. There is a large increase in the average particle size 

at these temperatures in the measured time interval. All samples exhibit 

a very fast growth in the first few hours, which levels off with tirr.e. In 

reducing atmospheric heating, this leveling off or almost complete stop of 

the growine process is quite conspicuous. In either reducing or oxidizing 
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atmosphere, a faster change is taking place at the hieher temperature. 

I-loreover , .it is apparent from the figures that heatinr, in oxidi zing 

atmosphere brings about a very much faster growth process than does 

heat treatment in reducing atmosphere. 

The, absolute intensity of scattering (vrhich is proportional to the 

number of particles y,Those scattering is detectable) is at first low, 

increases with heating time, then eventually falls some"hat Hi th long 

heating times. (19) The plainest interpretation is that at first many 

particles are too small to be .... ri thin the range of detection by the x-ray 

method, as heating progresses they grow larger and become detectable, and 

at very long times a number of them have become too lare;e to be detectable, 

their scattering being:l1idden under the primary beam. In other words, there 

is no limi tine; particle size, but a steady transport of material from 

small particles to larger ones. 

The apparent activation energy can be calculated by comparing the 

elapsed times for a particle to attain a given radius, at two or more 

temperatures, vis., 

. 
E t' ~' = R d In t /d(l/T) ac ~va~~on r 

where t is the time to attain a given radius. 
r 

The apparent activation energy, computed on the foregoing basis, is 

roughly 20 kcal for a reducing atmosphere and roughly 52 kcal for an 

oxidizing atmosphere. It is evident that tyro quite different mechanisms 

are involved, and tempting to ascribe the ImT-energy process to some sort 

of diffusion mechanism and the high energy process to the transport through 

the gas phase by platinum oxide. h k f ~ . , '-'1"' t ( 25) From t e 'Wor 0 bre,\.;er ana .t, .LlO 

the heat of the reaction Pt + 02 = Pt0
2

(g) is LII = +55 kcal, so the 

transport by gaseous Pt0
2 

becomes plausible. Hmoiever, it is necessary to 
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point out thlJ.t the apparent acti vatlon enerGY may be rclati vel~r unrcliD.ole 

t".s a measure of the true acti v::ttion enerGY' because 3.S "Te sr.all 5/-;'0"', the 

radius-dependence is itself hip;hly temperlJ.turc dependent. 

The growth or precipitation of particles in a solid mlJ.trix, far fro:il 

(21' 27' 
ec.uilibrium, proceeds at a constant, mostly vo1uJnetric rate U, ) 

r
2
dr /at = lc. Here, k is the rate constant. This equation 3.pp1i(:s to 

relatively large particle (1 micron or more). Small particles in the 

lOA to 103A range due to their increased surfa~e enereY have solubilities 

larger than that of the large pa.rticles as expressed by the 'Thompson 

equation, (28) 

In e /e = 2Vy/rRT 
r s ( 6) 

Here, e is the solubility of particles of radius r, and C is the li~iting r s 

solubility for large particles, V is the molar volume, y is the surface 

tension of the particle in the solid matrix, R is the gas constant and T 

, is the absolute temperature. Therefore the rate of growth of larger 

particles as long as small particles are present is accelerated by a factor 
. 

of exp(2Vy/rRT). Under these conditions the growth law becomes 

where a = 2Vy/RT. It is the presence of the surface energy term which 

accounts for both the decrease of rate with particle size and the increase 

of activation energy with particle size . 

THe variables of Eq. 7 are easily separable and the resulting 

0. • f'" t· 1 t . h b . t·· "-' ( 19)"- . ~ ;.eren ~a equa~on as een ~n egrlJ. ... eu ... 0 g1.ve 
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( 8) 

where the function, S(a/r), can be approximated by' the simple equation 6 

S( '/ ) l+a/r ' are:o-;-----',-.,--.,.-
, a/r+5+3(r/a) 

,It is worth, connnentine; that the theoretical curve is alr.J.ost linear 'tlhen 

r is plotted, against log t as long as the gro"~h is controlled by the 

surface energy term. 

The fitting of experimental 'data to the theoretical curves requires 

knowledge of the parameters a fu'1d. k. This can be accomplished by trial in a 

variety of ways; perhaps the simplest is to plot lot(t/r
4s) againstl/r, 

from which the slope gives a and the intercept gives ka. This kind of 

plot must be iterated, since S is a function of air and requires a prior 

knowledge of a; however, Sis a slowly varying function and an approximate 

preliminary value of a permits it t'o ~e evalua~ed rather well. (19) 

The lines drawn through the data points on Figs. 7 and 8 i-,ere calcu-

1 ... d f ... h th t '1 t - 'th t' h .ro' " 't ( 19 ) ave rom '" e eore ~ca equa ~on va e J.orego~ng paralne ers. ' 

Except for the very shortest times, the agreement is within our experimental 

error. 

The explanation for the great deviation at very short ... " 

v~mes is that 

it probably does not represent areal growth of (arithmetic mean) particle 

size at all, but represents a change in the distribution function of 

, ' particles, toward a broader distribution. As -we shall give' evidenc~ to 

show later, the initial metal particles are fairly near to mpnodispcrse, 

but rapidly change to a rather broad distribution. Since, as 'w'e have 

pointed out, the x-ray method looks at particles considerably larger the..'1 

the average par~icles, the change in distribution ;'Till ~imulate the gro,.,rth 
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of particle size. 

The rate constfu~t k for a reducing atmosphere is Eiven approxinately 
8 . 

by 5XIO exp(-38,OOO/RT) and for an oxi<lizinE atmosphere by 

2.51Xio
17 

cxp(-69,000/RT) A3/hr. These activation energies vrould be the 

true activation energies for the transport in contact vii th bull: material, 
I 

or very large particles. It is clear from the nw~bers that the two 

processes, reducing and oxidizing atmosphere grmrths, are very different. 

HOwever, there is a rather large possible error in the numerical values 

and it would be Unsafe to draw mechanistic conclusions from their values. 

b. The Si ze Distribution &~d Shane of Particles. In order to examine \ 

the distribution and shape characteristics of the platinum particles, the 

22 
data have been replottea. as log i0 vs. log 0 , to give the same kinds 

of graphs as vTere discussed above. Representative curves are displayed 

in Figs. 9 and 10. 

The dotted curves on the figures correspond to the platinu.-n in the 

unheated samples. As a comparison ,vi th the theoretical curve will easily 

show, these correspond rather '.Tell to the curve for monodisperse spheres; 

so it is a good approximation that the freshly deposited platinum is made 

up of spherical particles with a narrow distribution range. 

Upon heat treatment of the samples, the scattering curves become 

progressively flatter, indicating a broad distribution of sizes. As time 

goes on, the intensity at large angles diminishes &~d at small angles 

grov;s,. vrhich of course indicates that smaller particles are disappearing 

vThile large particles are grovring. The curves are similar in shape to 

those for a Naxwellian distribution of spheres v7ith n = 3 or less in N(r). 

'l"ne very flat distribution is particularly noticeable in the data for 

&~ oxidizing atmosphere. T:'1e theoretical curves for a flat distribution 
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of spheres are rather similar to those for a distribution of discs, and 

it is not possible to make a firm decision as to the shape .. It is not 

ir.lplausible that in the oxidizing atmosphere ,the particles recleposi t on. 

the alUmina in a somewhat plate-like form, since platinum oxide may well 

be able to wet alumina. 

ACKNOWLEDGEMENTS 

This work was performed under the auspices of the.United states 

Atomic Energy Commission. 



a 

Substrate 

Pt (100) 

Pt (100) 

Pt (111) 

-27-
UCRL-17456 

Table I. List of Surface Structures vJhich Were 
Detected on the Different LOVT Index 
Surfaces of Platinum and Their Approxi
mate Temperature Range of Stability 

Surface Structure 

(5Xl) 

(2xl) 

o a 

(1) a 

(2X2) 

(3x3 ) 

o a 

Approximate 
Temperature Range 

of Stability 

The notation, 0, indicates a ring-like diffraction patterno 
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Fig. 2 Scheme o£ the small angle x-ray scattering experiment. 
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Fig. 3/ Scattering 'curves for monodisperse spheres and Maxwellian. 
Distribution of heterodisperse spheres.---Monodisperse spheres. 
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Scattering intensity of unheated ~-alumina at various pressures. 
i: Intensity in units of 256 counts/30 sec. 8: iLngle in radians. 
o air background alone) no sample) &. alumina pressed at 100)000 
atm.) 0 alumina pressed at 300)000 atm., 0 alumina pressed at 
65,000 atm.) 6. alumina pressed at 40) 000 atm.) 0 alumina pressed 
at 20) 000 atm.) .and \7 alumina unpressed. 
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Fig. 5 Change of the ,platinum particle ,_size as a function of heating 
t:iJ:ne in reducing atmosphere. 
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Fig. 6 Change in the platinum particle size as a function .. of heating 
time in oxidizing atmosphere. 
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Fig. 7A plot of the change of the radius of gyration, r, as a 
I function of time for heat treatment at 0 - 600°C reducing 

atmosphere and 0 700°C reducing atmosphere. 
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Fig. 8 A plot of the change of the radius of gyration, r, as a 
function of time for heat treatment at 0 600°C oxidizing 
atmosphere and 0 700°C oxidizing atmosphere. 
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Fig. 9 'Y/o platinum on alumina, 600°C in reducing atmosphere. \l heated 
for 1 hour or unheated, O· heated for 3 hours, A heated for 
6 hours, 0 heated for 24- hours, 0 heated for 48 hours, 
~ heated for 96 hou~s. 
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Fig. 10 510 platinum on alumina, 600~ in oxidizing atmosphere. 6 heated 
for 1 hour, & heated for 6 hours, 0 heated for 24 hours, 0 

I heated for 48 hours, --- unheated sample. 
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