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I. INTRODUCTION

Studies of sblid surfaces and cﬁemical reactions which occur at the
interface are among the most important and excitiﬁg fields of chemistry.
The ebundance and variety of surface catelytic pr?cesses indicate the
' diversity'of‘roles the §011d surface seems to play during the reaction.

The largest obstacle however, which prevents closer scrutiny of the
structure of surfaces aﬁd the detailed‘mechanism of a surface reaction, has
been the scarcity of expgrimental tools which permit one to study sufface
properties on an ﬁtomic scale.

Low energy elecfron diifractioh (LEED) proves'to be d novel experimental
teclinique which permits the stﬁdy_of the.structuré and rearrsngements of
atoms in‘the surface plane. Since the electrons‘do not penetrate below a
few‘at§mic planes (four;five) the diffraction patterns are répreséntavive
of the surface arrangement of étoms; Thus, this technique is senéifive
only to surface properﬁies. Low energy electron diffraction plays the
saﬁe role‘in anaiyzing the structure of solid surfaces as x-rays in studies
of the bulk structure. The technique can also bg employed for studies of
the structure of adsorbedvgases and for investigations of chemical ;urface
reactions.

There is also widespread use of polycrystalline metal particles of

size lOX - lOBK in catalytic surface reactions which are dispersed on
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~ highly porous supports. - Typical supported catalysts include platinum,
‘palladium, or nickel supported on alumina or silica. There has been a’
lack of effective experimental techniques which allow studies of the sizes,

‘shapes of such particles and their éhanges 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 écattering proves.to be the most versatile tech-

" nique to defect end monitor particles ranging-from hQK to 6603. The only
~eriterion for monitofing the changes which effect the particle shape or
size in thié range is the presence of aﬁ eiectron densiﬁy aiffefence.between

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

scattered intensity isfproportional‘to_the square of the difference in

(1)

electroﬁ density.
In this paper we shall discuss two studies of plétinum surfaées;.‘.

1) A lbw_ehergy electron diffraction study of the clean (100}, (111), and

(ilo) faces of platinum single crystals, and 2) A smail angle x-ray

:écattering investigation of thé effect'df thefmal history on the particle:

size of platinum catalyst; dispersed on,highly‘porous n;alumiﬁa.h

These studies should give indication of the types of experimental

information which could be obtained by these techniques.
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IT. ' PRINCIPLES OF LOW ENERGY ELECTRON DIFFRACTIOﬁ

In low energy electron diffraction étudies one uses monochromatic
electrons of energies E = 2-500%0.2ev, which correspond to a wavelength
range of roughly 0.5-58%. A(K) = [lSO/E(eV)]l/2 . The most versatile low
energy electron diffractibn apparatus for catalytic studies seems to be
the post-acceleration type (Varian Associates, Palo Alto, Calif.). The
schematic represenﬁaﬁion of the experiment is shown in Fig. (1). The
electrostatically focused electrons (=luémps) are back reflected from the
crystal surface due to their charge—and large mass. The crystal and the
first grid are at grouﬁd potentiai to assure a field-free region in order
to minimize distortion 9f.the path of the scattered electrons. The second
.grid serves 1o retard the inelasticallyvscatﬁered fraction of electrons
and it is held generally at cathode potential. The elastically scattered
electrons, which contain the diffraction information, penetrate the second
grid, are accelerated and strike a fluorescent screen whére the diffreaction
pattern which corresponds to the surface structure is displayed. Although

(2) (3)

better focusing and energy selection techniques have been reported
which could give almost an order of magnitude better resoluﬁion with

some sacrifice of the beam intensity, the electron optics which are
described above proved to be entirely adequate for catalytic surface reac-
tion studies.

Our studies on platinum surfaces indicate that in the range 20-~50 eV
the diffraction is essentially two dimensional. Aﬁove 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 énergy range 5-150 eV. At higher energies électrons penetrate

deeper below the surface and the relative contribution of atoms in the
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sdrface plane to thé total scattered intensity diminishes.
The_sCattéring'amplitude of electrons by atoms is apprbximately

(%)

 th;ée‘ordéfs of magnitude greater than that of x—rayé; This implies
aksix order»of magnitude greater scattered intensity. Thus el;ctrons are
so efficient scatterers fhat only a small concentration of surface atoms
which are ofdered in regulaf arrays‘afe needed td give detéqtaﬁle
diffraction patterns. - ?atterns which ‘are due to atomic arrangements

occupying less than 5% of the total number of éu:face,sites‘(fS% coverage)

“have been detected.(5) The surface doméins-ﬁhichlgive:rise to the . - ‘ :

diffractioh patterns contain on the average 40 atoms in ordered érfays.
The obsérved_intensities come from the coherent sﬁperpésitién éf electron
waves scattered by thes; separate domeains.

.rDue to. the large scattered intensity thefe is.no need,fo£ detécﬁign
'techniques which are accumulative in a longvtime span. - Thus, visﬁal
or photographic deﬁection of thé diffraction patterns which are displayed-
6n the fluorescent screen is sufficient. The‘intensity ¢héngés of the
difffaction spots'can bg,mgnitorea_by a high sensitivity, small.angle
spectrOphotometér'(Gamma Optical Co., Médel 2000 was-used in these
studies). ’

The fraction of elastically scatpefed electrons is’S—lO% in the

energy range 100-450 eV.(S) 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 eV, Thus; the surface becomes
highly reflectivé for low energy electrons.(5)

The lateral coherence length of electrons, using the commercially :.

available electron optics is = 15;20ﬁ. Since this is appreciably smaller
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than the average domain size (~4O atoms ~120R), direct detection of
atomic steps is difficult.(6)

‘In low energy electron diffraction studies one face of a high purity
single crystal of size appreciabiy larger than that of the size of the
electron beam (1 mm2) should iéeally be used. The experiment is carried
éut 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
foreign gas ‘at 10_6-torr_in gbout one se¢ond (assuming a 'sticking coefficient -
6f uni@y) so that typical operating pressures in the diffréction chamber
are 10-8 to ZLO"lO torr to allow reasonable observation times of the clean
surface, The diffraction apparatué and the high,vacuum system which are
necessary for these supfade studies aré available commercially at a .
reasoﬁéble cost,

The use of a mass sfectrometer vhich can be attached to the diffrac-
tibnﬂ;hamber is necessédry for studies of chemical surface reactions. The
aveilability of quadrupolé mass spectfometers in recent years (Electroﬁic
Associates Model 210 was used in our studies) which are pompact and'have
high detection sensitivity'(io—l2 torr partial pressure) have aided greatly
the definitive ihterpretation of the experimental results. The mass
sPectrometer allows one to monitor changes in-tﬁg mass spectrum which are
caused by less than 1% of the monolayervprévided that the qésorptiOn takes
place in short times (about one minute). :The use of a mass spectrometer
can also greatly aid the detection of surface qontaminants.

The single cfystal surface area on which the studied cheﬁical
surface reaction takes place is much smaller than‘thé wall a;ea of the
diffraction chamber. Care should be taken therefore that the»reactants
and thevreaction 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 ﬁhe;

:surféce ofnthe sinéle crystal and that the product species can enter the
ionizervregion of the mass.spectrgmete; withoﬁt colliding with the.ch;mber
walls first. |

Lowvenergy electron diffraction studies of solid single crystal

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

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

(5)

experimental techhiques. One of the striking results of_low energy

" electron diffraction studiés 6nrclean solid surfaces is the discovery théz
the substrate atoﬁs may reside.in gurface_stfuctures of differént kind.(7)
The presence of these Surface structures is indicated by the appearance
of éxtra diffractionbfgatures which are superimposed on the diffraction
pattern of the substrate unit mesh predicted by the buik unit celi; One 
éan assign.lattice pafametersvto these surface structures which, in
general, were found to be integral multiples of the lattice parameters
which characterize the substrate. Studies on clean semiconductor gnd
'metal suffaces have feveaied the presence of séveral surface structures
.'with unit cellé in the range of twice (2X2) or as larg¢ asfeight times

(8X8) the unit cell dimensions of the substrate.(S’B)

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
surfacq structure to another can readily occur. . Thus, these strucﬁhres
which may be called surface phases have a temperature range of stability,'

and phase transformations at the surface can take place without any

apparent effect on the bulk structure.
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There are several reasons for the existence of surface structures

(5)

which are indicated by recent experiments. 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

(9).

solids. Thus, surface atoms are shielded by large potential energy
carriers from rapid ekchange with the bulk or vacuum. The phonon spectrum
of surface atoms is different from that of the bulk atoms es shown by

(10,11) There is also some experi-

surface Debye temperature measurements.
mental evidence that, in addition to thé change in the mean square dis-

placement of atom at the surface, there is a net expansion or contraction
with respect to the bulk lattice spacing.(12’13)

.Anéther striking discovery of low energy electron diffraction studies
is the observation tﬁatfédsorbed gases form a variety of ordered surface
structures on the different solid surface.(S)' The type of structuré
vhich forms depends on tﬁe crystallographic.orientation and temperature
of the substrate and fhe size, surface concentration and chemical nature
of the adsorbed species. <Structural transformations easily occur as &
‘function of changes in these parameters; Consequentlyra greet wealth
of surface structures which can be attributed to the adéorbed species have
already been repqrted.(S)

These experimental results seem to indicate that a study of surface
structures which are due to the solid atoms or tovadsorbed gas atoms 1is
essential to understand the nature of caﬁalytic surface reactions. It
is already apparent that the aiversity of surface catalytic properties
can be correlatéd with the variety of surface phases and structures which

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

diffraction can provide us with such structural information.
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- IIT. LOW ENERGY ELECTRON DIFFRACTION STUDY OF THE (100), (11l),
AND (110) FACES OF PLATINUM o a

A. Expérimental

vPlatinum single crystals of the highest purity (99.9999%) werefﬁsed
in the experiments. The semples (0.5 to 2 mm thick and 6 mm in diameter)
wé;é cut after orienting the particular face by x-ray within one degree.
.The.crystals were then polished, etched, and spotweldéd to a plétinum ﬁolder.
After spotwelding thgrmocouples to the back of the crystal, the sample was
introduced inﬁp the diffraction chamber. Baking and degaséing the evacuated

10 torr.

diffraction chamber produced pressures of the orderIOf'5X1O_
Ion bombardmeﬁt ﬁsing high purity xenon,or.argon was ¢mployéd in order
to &) remove the surfége damage which was caused by the mechanical surface
_treatments,‘or b) remove disordered sﬁrf&ée structure which formed irre-
‘versibly at high teﬁpefatures (T > 720°C). Usual.conditiohs of ion

>

lsputtering were 2X10 °- torr A or Xe, 3L0 Qv_accelerating potential‘for
two hours. Heafing the sampies to T 5 900°C has also produced diffraction
‘features without ion bombardment. At these elévated temperatures, however,
. the ring—like.diffraction‘patterns which are ChaQécteristic of the disordered
surface ;tructure formed,ifreversiblyiand therefore stﬁdies of the'platinum
surface structures whiqh are present at lowér'temﬁeratures could not be
made, Thus, ion bomﬁardment and éubsequent.heat treatment was necessary
to generate the clean substrate structure or the low tem@erature surface
structures. All of the surface strucpures reported in this baper were
reproducible under all conditions of surface preparations and ion bombexrd-
ment treatments unless otherwise noted.

In order to monitog the composition of the amﬁiént and detect the

presence of possible surface contaminants & 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 heafed in oxygen and iﬁ hydfogen 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
byvthe mass spectrometer and eliminated from the surfdce.

The diffraction patterns yield a great deél of information as to the
structurés of the sﬁrface. Intensity analysis of the diffraction features
is necessary, however, to’distinguish between several structurés wnich
could yield similar diffraction patterns.(S) This is carried out By)

"monitoring the intensit} of the diffracted beam as a function of electron
enefgy and scattering angle. Variétion of the intensity of a given
diffraction spot with heat trgatment or in tﬁe presernce of gases can give
information on the kinéﬁics of surface diffusion or adsorption. Intensity
measurements were made using a telephotometer with fiber optics (Gamma
Scientific Instruments, Model 2006) vhich allowed highly reproducible
measurements of inténsitylfluctuation with beam voltége which were plotted
on an x-y recordero' These vere‘then taken éﬁ varioué angles of incidence.
The fluorescent screen hés also been photographed directly to obtain the
diffraction patterns. The relative intensities could iﬁen be obtained
by using a densitometer.

B, Surface Phase Transformations as a Function of Témperature

' 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 notatlon that is suggested'by Wood, this corresponds to

the (1X1) or substrate structure.
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If the samples are anncaled after ion bombardment in other temperature
fénges, either below or above 6OC°C, new diffraction spots appear which.
indicate that the atoms at the surface are arranged in surface structures
.which are:different from that predicted by the bulk uﬁit celi}fﬂThese
surface structures can be éasily reprodﬁced oﬁ ell of the single crystal
sample used. All of the structu;es which were observed on the dilferent
v'plqtinum substrates are summarizea in Teble I. The structures are
divided into two types, ordered and disordered. The ordered surface
structures are stable only at temperaturés roughly below oné—halfvthe
melting temperature and characterized by unit cells which are ihtegral
multiples of the substrate unit cell. The disordered sﬁructures appear
at high temperatures. dAil of the experimental observations seem to indicate
that both types of/surface structures are the propefty of tﬂe clean
platinum surfaces. No single impurity produces the variety of diffraction
features which‘were observed as a function of substrate temperature in
the high purity platinuﬁ'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 eadh substrate). Heat
treetment in ultrahigh vacuum, in oxidizing or reducing ambients, has not
produced any new volatile species wﬁich could be detected by the mass
spectrometer.

1. Properties of the Ordered Surface Structures

The following statements summarize the experimental information con-
cerning the ordered surface structures which appear on the different
platinum substrates; |

e.. The surface structures which appear on the different crystal
faces of platinum ére stable only in well defined temperature ranges. The

stability range of two structures may overlap on the given subsirate.
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b. The surface'structureé are not affected by heat trcatmenta‘in
oxygen or hydrdgen in their £emperature range of stability.

C.:'The structures are in reéistry with the substrate (ﬁot rotated)'
and are éharacterized byllattice parameters which are integral multiples
of that of the substrate [(5X1), (2x1), (2x2), (3x3)].
| d. The surface étructures anneal out at temperatures below their
-range of stability but reappéar readily when reheated in their stability
-range, Once héated sbove this temperature range they disappear irreversibly.

e. The surface structures were obtained only after ion bombardmgnt.
The prﬁperties of the surface structureé, however, were ipdependent of the
type of‘ions which were used in the ion‘bombardmentr

._f. Thé surface st{uctures could rapidly 5e obtained by applying a

steeé temperature gradient élong_the gradient surface. The structures'
could also be formed 6ﬁ the (100) substrate by heating the crystals in a
well—&efined temperature range.

g. The intensity of the diffraéted beems 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 any appreciable
. rise in the ambient pressure or in thebappeérance of volatile impurities,
either when the heating was commenced or during the heating period.

. i. The presence of these surface structures causes no change in the
positions of the intensity maxima in the_IOO'vs. E(eV) curves wﬁich were
teken for the clean substrates.

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

L : . '
of silver, gold, and palladium single crystals.(l »15) The ordered surface

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

face of platinum.
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2. Properties of the Disordered Surface Structures

When the (iOO) subétrété waé'heated‘above 700°C & Qew diffraction
pattern slowly appears. 'This’is characterized oy nafrow, circuler
Segments. Six such segments'éppear at first, then with increased heating
time or high heating temperatufe, 12 and then 2L segments form which finally
Jéin into a ring. |

The ring-like patterns can be‘obtained without ion»bombardment, only
'by3hegting the sample between T00°C and the melting temperaﬁure (1769°C).

v

Their formation is irreversible, i.e., once they have been created they
(4 .

.are_stable’indéfinitely at any temperature below the melting\péint end
can only be removed by ion bombardment.

If the sample is heated abové’lOOO°C‘for an extended period (k-6 hours),
the‘intengiﬁy of the diffraction features which are due_tévthe subsérate
" unit mesh and which coeiist with the ring pattérn deéreases while the
intgnsiéy of the rings’increases.v.When heated;néar the melting point, the
ring~like diffraction pattern finally remains the only diffraction féature
on a presumably greaﬁly disordered éurface.

The rings are concentric about thei(OO)—reflection; have sharp out-
Vlines_and show the‘usual diffraction features of other surface structures,
(a) appear‘only at low electron energies (5-150 eV) and (b) eppear at -
ﬁdegreasing angles with respect to the (00)-spot with increasing electron
energy. One striking feature'of,the ring“pattern is that it does not over- .
iap with ény of ﬁhe diffraction spots which are due to the éubstrate unit
mesh. | o

Ring-like diffraction patterns were also found to exist on both the
(111) and (110) plaﬁinum surfaces as well.

The following statements summarize some of the important preperties
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of the disordered surface structures and other pertinent information which
could be usedvto interpret these structures.

a;. Ring-like diffréction patterns form on the (111), (110), and (100)
substfates of platinum via sets of radially symmétric segements at elevated
tenperatures. |

b.A Their formation is irreversibvle and they become the only diffrac-
tion feature of the surfacé as the melting point is approached. They may
bé formed without the use of ion‘bombardment,,by heating the substrate in
‘their temperature range of sfaﬁiiity.

c¢. The ring patterns are unaffected by heat treatment in_hydrogeq or
oxygen atmospheres.

d. The rings appear_to hqve.apparent lattice parameters which are
smaller'than the.smallest interplaner distance in the substrate plane.

e. The éurfaéé stfucture which giveé rise to the ring pattern is
_parallél to the surface upon which it forms aﬁd shows diffraction.features
v similar to other surface structures.

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

appear in the same positibn on a given substrate. They are unlike the

{ = N
. {16);
radial distribution functions observed by neutron diffraction’ ) or x-ray

:diffraction studies of liquids ﬁear the melting point.(lT)'

g; The formation of these ring patferns reflects the gradual loss of
long range order ét the surface as heating time or temperature 'is increased.
h. Ring-like diffraétion patterns were also found to form on other
metal surfaces.(lh’ls)' They hafe appafent léttice dimensions wvhich are
smaller (Ir, Au) or larger (Ag) than the distance of closest approach in

the ordered substrate. |

i. There is no evidence of any macroscopic change in the surface

structure of platinum as observed in the photomicrograph (1000 X magnification)
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when the ring-like diffraction pattern is formed.
The lattice parameters and the same ratio of lattice spacings which can be

(18)

aes1gned to the dlffercnt rings (dI/dII = ?g'and QI/dIIL = 2) on all
three substrates suggest that the ring- llke diffraction patterns are due to
domalns of (lll) surface structures on all feces of platlnum with reduced
nearest nelghbor spacing.‘ These hsxagonai surface structures appear at
preferred orientations.at first as shown by the presence of ring seguents.
After ektended heating time or as the melting température is aporroached
they can be‘freely roteted in the SUbstrste piane. The disordered hexagonal
-surface structures show an 11% contraction with respect to the interplanarv
spacings in the ordered (111) face,' |

.In addition to_thefring—like patterns on the platinum surfaces, ring
or segmented.ring-like surface structures have been obser;ed on gold (100),

silver (100), and iridium (111) surfaces. (14,15)

In no case do the diffrac-
tion rings coincide with the diffraction spots of the substrate, but show
"contraction" or "expansion" of different magnitudes. For example, in

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

t
”

lpattern indicates a 13% expansion with respect to.the nearest neighbor
distance in ths ordered substrate while gold shows z 'contraction" which
is similar to that of platinﬁm. If is likély that the disordersd phase

is present at high températures on many face centered cubic metal sﬁrfaces
which have low enough evaporation faternot to pefmit the removal of the

new phase into the vapor as soon as it.forms.



-i- | . wRL-17k%6
Iv. PRINCI?LES OF SMALL ANGLE X~RAY SCATTERING

The small angle x-ray measurements were madé using CuKa radiation, a
four-slit collimating system and a sample-detector distance of 50 cm.
Figure (2) shows a schematic representation ofthe {mstrumental arragement.
Although this apparatus wés built in our laboraﬁory, several sﬁall angle
'x-ray scaﬁtering attachements are available.commercially which assures
easy applicabiliﬁy of this technique. .The sample was mounted on a one-mil
Mylar sheet behind the third slit. The x-ray intensity was measuréq using
~scintillation counting with pulse height selection.(19’2o>

The smallest angle which did not strike the primary beam was 0.0T733
degreeé, or abqutvh.h minutes of arc. The largest angle at whiéh these
experiments gave scattéring intensity distinguishable from the background
was about 1.1 degrees. Roughly these angles correspond to particles ranging
rrom 40% to 600A. '

- The pulses ieaviﬁg’the analyzer (10) were counted with a conventional
scale-of-256 and a mechanical’register. The typical counting rate was some
2000 pulses ﬁer minute, although it was much higher near the primary beam

~ and much lower at anglesAnear.one degree.'

From the small-angle x-ray scaitering, the datum that can be calculated
most directly is the average radius of gyration of the scattering particles.
' For a detailed diSéusgion of the theory, the reader is referred to
Guinier's book.(l)

The scattering intensity i(h) for N nonintéracting particles is given

1

as

i(n) = 1_(n)5F (n) : (1)
" where ie(h) is the intensity of scattering by one electron, F(h) is

the structure factor, and h = (L4n/A) sin o, where‘k is the X-ray
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vavelength and 2 O_is.the scattering angle. At small enples F(u) is

spproximated by F-(h) = n°

2.2 e .
exp(-h.r /3) where r 1s the radius of gyration
' .and n is the total number of electrons in the particle. For small angles

[Chm/2) sin 6=(kw/r)e], r is given by . S
A R . o
_r'— '2n‘ _-logloe A \/9“- ; : (2)

~vhere p is the negative slope of the log i(h) vs. (tan 2e)g'curve. In case

of the CuKa radistion f(ﬁ)’=_0.6hs /p.

The usﬁal plot for éﬁtaining-the average radius of gyrétion isithere—
fore the Guinier plot, log i vs. h2, where h is proportional to the angle:
1, |

h = (24/A) tan 20=hnA”"8.. The slope gives the desired radius. However, -

‘the.initial slopevmust:be used, Hecause at larger angles‘the Gﬁinier.
'eprnentiél,approximation bégins to’failQIv |

In interpreﬁing fhe scattering results of this¥investigation,wﬁhe
Guinier plot was used to determine thé éVerage radii_bf the’plétinum

. particles.

" A. Particle Shape end Size Distribution

For sphericel or nearly spherical particles the Guinier approximation
nolds best. However, mhére is ho "built-in" shape factor in the integral.
Furthermore, most of the systems‘to be investigated by'means-gf sméll—angle
:x-ray scattering are heterodisperse, and the distributioﬁ of particles

21)

is of great interest. Shull and Roess( developed a method for calculating
vsmall—angle scattering intensities of heterodisperse systems, inserting a
distribution functioﬁ into.the scattering integral. It was assuned that

all pafticlesva?e;gebmetricélly éimilar;.that is, the number of electrons

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

Then
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i(h) = K f ¥ ()N (r)rlar - (3)

where N(f) is the number distribution function and K(r) dr represents
the total number of particles in thr size range r, r + d&r. K is constent.

‘The exact structure factor for spheroids,

3.3 (%)

'<sin rh - rh cos rh>2 L

2
9 n
vas used instead of the Guinier approximation. The calculated particle
sizes agreed within 10% with thosé obtained by using the Guinier approxima-
tion.

n ;(r/ro)2

In case N(r) is a Mexwellian distribution, N(r) = r-e where

ro end n are constants.
If one writes for a spheroid: V(r) = (hn/3)vr3, where v is the axial
ratio, and substitutes into the scattering intensity integral, the integral

can readily be evaluated at three different limits. TFor spherical

particles v = 1, for disc-shaped pafticles v+0, and for rod-like particles

o
'
e

vo>®and r -+ 0 éimultaneously'so the product rv approaches L, the length of
8 rod with negligibly small radius. EXpanding the ihtegral by hypergeo-

metric functions [see Roess and Shull(zl)

] one gets the scattering from a
distribution of-partiéles by different shapés. |

By comparison of the experimental da&a with the theoretical scattering
curves, one should be able to get a disfribution of the scattering particles
and find some information ebout the general shape of.the particles. There
are various ways of mdking graphical comparisohs'of the data with the

. . : - 2
theories, one convenient type of plot being that of log 162 vs. log 67,

which gives curves with distinct maxima on which the ef{fects of shape and
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~ distribution function‘are fairly readily dis¢e£nible. In Tig. 3 are
plotted thensgatteriﬁévcurves for»monodiSﬁerSe spheres and for various
Maxwellian aistributions. Scattering curves for discs and for rods are
also available.(l9’2l)

- The eiperimental scattering data for platinum on élumiﬁé wére :
[examinéd in the light‘of these theoreticel curves, and suca concl@sions
‘as coﬁld be‘drawn will be taken up‘withbthe‘éubsequent discusgion of
the expérimental'resﬁlts. | | |

V. Small Angle X-Ray Scdttering Study
Of Alumina Supported Platinum Catalysts

There is a major pracfical difficulty in the smali—angle inﬁestigation
of microporous catalysts, namely,_the intense scattering arising from
the holes in tﬁe catalystvsﬁpport_itself. Cénsider, for example, ﬁﬂe
.metéllized cataLysﬁ gsed in the present investigation, pléﬁinum sup- |
- ported on n—alumiha. The electron density of plaﬁinumvis T8X21.§5/195.09 =
8.58 faradayé 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 intensity of the x-ray scattering is proportional to
the square of the difference in electron aensity; a given volume of holes
will scatter about 1/13 the intensity of the same volume of platinum.v
The scattering from holes is easily large enough tobpermit the smell-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.(l) Even much smaller differences
in electron density are sufficient for small—angle scattering:(S) (0.05

faradays/cc).
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If the location of the holes were random with respect to the platinum

art of the

-

perticles, the scattering from the holes could be treated as
background correction and subtracted out. But the platinum particles
ere sitting within the holes, so that their scattering tends to cancel one

another. In fact, our preliminary experiments showed that the scattering

“from platinum-alumina was apparently less than that from the alumina 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, namely 1.85 faradays per cc. It has

(23)

that the hole scattering from a silica-alumina cracking
catalyst of electron d;nsity 1.2U45 was dimigished about two-fold by
satﬁrating it with o-xylene, and diminished more than a hundred-fold by
saturating it with hébgtyl iodide. We have found a better and simpler
method to eliminate scattering from the holes.

We have found that by pressing the supported catalysts samples in'g
hydrostatic press(2h>undeg é bressure of iOO kbar or more, substantially

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

scattering; the gases originélly present escape through the material of

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

particles is readily measured.-

With the development of pressure sintering as a method for ﬁhe
elimination of hole scattering, it becomes ﬁossible to study the effect
of such variables as the method of original impregnation, the thermal

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

‘metal particles. In the present investigation the second of these problems

vas attacked, namely, the effect of thermal history on particle size. The

catalyst chosen for investigation was platinum on alumina. It has been

ety
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possible to follow the growth of the platinum particles and to derive

information asbout the kinetics and mechanism of the process.

A. DExyperimental

The caﬁalysts_sﬁbjected to study were 5% and 0.5% piatinum by weight,
"~ dispersed bn high—area microporous alumihé. The alumina 1s characterized
be its x-ray diffraction pattern as n-alumina; ifs crystal structure is
rnét affecteq by heating to the temperatures used in this investigation, and
x-ray diffraction patterns taken on our samples after pressure-sintering
showed no change in its crystal structure even after compréssion to
350,000 atmospheres. The catalystzpellets_wére ground aﬁd screenéd through
- a 200 mesh/inch screen. The thebéamples were heat treated (at hQO—TOO°C)
" for the desired.timev(i—96 nours) in an oxidizing atmospheie (2ir) @r
a reducing atmosphere (genéfélly illuminating gas, but identical résults
were dbt;ined with hydrogen). \

Evéry time a platinum-alumina sample was heated, a samﬁle of
the pure alumina was heated side by side in the furnace, so.thaf a correc-—
tion might be made ih the x-ray measurement for any changes taking place
in the "blank" alumina upon Lheating. In fact this precaution proved to
be unnecessary, since all the alumina samples turned out to give identical
X-ray scattering; After heat treatment, the platinum-alumina samples were
compreﬁsed.at 100,000 atmospheres for 15 miqutes. The detailed descrip-
tion of the high—pressure press is‘publisﬁed elsewhere.(zu)

Figure 4 shows thé X~-rey scattefing 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
so this pressure was chosen for the treatment of all samples. 'Heéting in

the range of temperatures used has a negligible effect on the compressibility

charecteristics of the alumina. . .
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There was no change in the shape of the platinum particles due to

-~

}compression in the pressure range 5-200 kbars, as was determined from the
small—aﬁgle'x—ray scattering data,

At one stage of the investigation an attempt was made to pressure
sinter the platinum;alumina first, then heat treat it. The results were
quite disconcerting and the attempt was abﬁndoned: the scattering in

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

s

ing so high that the scattering from the platinum particles could not be
Vdeterminéd with any confidence. The cause of this phenomenon is the high
strain fo which the alumina is subjected upon compression, which greatly
facilitates crystallization. It is probable that the graiﬁs rearrange
to an order such as thé& had‘before compression, thereby introducing a
number of holes.

5. Results and Discussion

.

2. Growth of Platinum Particles. The.body of .our pletinum-alumina

studies were made with 5% platinum catalysts although 0.5% platinum is

19)

aelso easily detectable by its scattering.( The samples were compressed
at 100,000 atm after the heat treatments.

Figure 5 shows the'particle sizg changes in a reducing atmosphere at
two temperatures, 600°C and 700°C and Fig. 6 showsvﬁhe particle size
changes for oxidlzing atmosphéric heating.

The effect of heat treatment on the particle size is clearly indicated
in these data. There is a larée increase in the average pgrticle 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 time. In

N

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

the growing process is quite conspicuous. In either reducing or oxidizing
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atmosphere, a fqéter change 1is taﬂ&ng place at the higner temperature.
Méreover,rit is appérént'from the figures that heatiﬁg‘in oxidizing
étmosphere brings ébout a very muéh faster growth process than does
heat treatment in reducing atmosphere.
The, absolute intensity of scattering (which is prOportional to the
number of particles whose scattering is detéctéble) is at first low,
“increases with heating time, then eventually falls somewhat with long

(19)

heating timesi The plainest interpretation is thqt at first many
particles are too small to be within the range of detectioﬁ by the x-ray
method, as heating progresses they grow larger and become detectabie, gnd

at very long times é number of then have becoﬁé too large to be detectable,
thelr scattering being?hidden under the primary bean. In other words, there
is no‘limiting particle size, bub a steady transport of material from

small partiéles to larger ones. |

\The apparent actiyﬁtion eﬁergy can be calculated by comparing the

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

temperatures, vis.,

¢
-

Eyctivation = B ¢ 10 %,./d(1/7) (5

where tr is the time to attain a given radius.

The apparent activation energy, computed on the foregoing basis, is
roughly 20 kecal for a reducing atmosphere and roughly 52 kcal for an
oxidizing atmosphere. t is evident that two guite different mechanisms
are involved, and tempting to ascribe the low-energy process to some sort
of diffusion mechanism and the high energy process to the transport through

\ , yoes o . R -3
the gas phase by platinum oxide. From the work of Brewer and Ellio

the heat of the reaction Pt + O, = PtO2(g) is A0 = +55 kcal, so the

2

transport by gaseous PtO2 becomes plausible. However, it is necessary to
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point out that the apparent activation energy may be relatively unreliable

)

2s a measure of the true activation energy, because ac we shall show, the
radius—~dependence is itself highly temperature dependent.
The growth or precipitation of particles in a solid matrix, far from
) O e\
N (26,27)

ecuilibrium, proceeds at a constant, mostly volumetric rate

rzdr/dt = k. Here, k is the rate constant. This eguation applies to
felatively large pérticle (1 micron or more). Small particles in the
1OK 1o 103K range due to their increased surface energy have solubilities
larger than that of the large parﬁicles as expressed by the'Thompson
equation,(ea)

1n C_/C, = 2Vy/rRT o ()
Here, Cr is the solubility of particles of radius r, and Cs‘is the limiting
solublility for large particles, V:is the molar volume, ; is the surface
tension of the particlé in the solid matrix, R is the gas. constant and T
"is the éb;olute temperature. Therefore the fate 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

(1)

r2dr/dt =

where a = 2Vy/RT. It is the bresence of the surféce energy term thch
accounts for both the decrease of faté Qith particle size and the increase
of activation energy with particle size.

THe variables of Eq. T are easily separable and the résulting

2819 to i

differential equation has been integrate to gilve
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Coxe/e® = (r/a) e s (o/r) S ey

where the function, S(a/r), can be approximated byAthe éimple equation 6

el o (9)
a/r+5+3(r/a) R

‘ ,s(a/r>;

It is wbrtﬁ_comﬁenfing that the.theoretical éurve is alméét linear when
r is plottéd,aéain;tflbg t'as‘long_as‘fhe‘growﬁh is ééhtrolled oy the
»sﬁrfacé energy term. . | | | . |

The fifting of experimentdl'déta to the theoreticai curves réquires
kpoﬁledge of the:parametefs‘a and;g. Thisvcan bé.accpmplished:by trial in a
vériety of ways; pefhapé the:simplest is to plot lbt(t/rhs) against 1/r, .
from which the slobe gi&es a and‘the intercept gives ka;v This kind of |
pldt must be iteraﬁed,.sincé S isxa function of e/r and fequires a p:iof
' kno&ledge of ag hoﬁe?eé, Svis;é slowly Varying functidh andfén approximate
preliminary value of a permité it té 5e evaluaéed rather well.(lg)

The 1ines,drawn through thg data points on Figs. 7 and & were calcu-

' | - ' (19)

lated frombthe theoreﬁical equation with-ﬁhe eregoing parameters-

Excgpt for tﬁe very,shértest times, the agreemenf is withiﬁ our experimental

_errof. | | | |
The explanaﬁionvfor thé'great,deviatibn'at Very sﬂoft times ié £hat

it prdbgbly doés notvrepresent a real growth of (érithmetic mgan) particle -

size at all, bur:represents a change in the distribgtiog'function of

particles, towérd a broader distribution. As>we‘shéll éive'GQidencé to

show later, the initial'metal particles ére.fairly'ﬁear to monodisperse,

but repidly change tq a rathef broad distributipn. Sin;e, as we have

pointed éut, the x-ray method.loéks at particles considerably largér than

the average particles, the change in distribution will simulate the growth
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of particle size.

The rate constant k for a reducing atmosphere is given approximately

8

by 5X10° exp(-38,000/RT) and for an oxidizing atmosphere by
~ e 1 . » Q . .
2.51X10 7 exp(-69,000/RT) A3/hr. These activation energies would be the

true activation energies for the transport in contact withn bulk material,
i

or very large particles. It is clear from the numbers that the two

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

However, there is a rather large possible error in the numericel values

and 1t would be insafe to draw mechanistic conclusions from their values.

b. The Size Distribution and Shape of Particles. In order to examine
the distribution and shape characterisﬁics of the platinum particles, the
deta_have beeh rep;ottéa as log i62 vs. log 62, fo give the same kinds .
of graphs as were discussed above.» Representative cﬁrves are displayed
in Figs. 9 and 10.

The dotted curves en.the figures correspond to‘the‘platinum in the
unheated samples. vAs'a comparison-with_the theoretical curve will easily
show, these correspond rather well to the curve for monodisperse spheres;
so it is a good aﬁproximagkon thet the freshly deposited platinum is made
up of spherical particles with a narrow distribution range.

Upon heat treetment of the samples,>the scattering curves Become
progressively flatter, indicating a broad distribuﬁion of sizes. As time
goes on, the intenéity at large engles diminishes and a@ small engles
grows,‘which of course indicates that smaller éarticles are disappearing
vwhile large particles are growing._ The curves ere similaer in shape to
those for a Maxwellian distribution of spheres with n = 3 or less in u(r).

The very flat distribution is particularly noticeable in the data for

an oxidizing atmosphere. The theoretical curves for a flat distribution
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‘of‘spheres are rather similarito.those_fqr a distribution of discs, and
it is not'possiblé ﬁo make a firm decision as to the shapé;nflt ié not
implausiblevthat in the oxidizing atmosphere‘ﬁhé particles.redepoéit on . -
the alumina in a somewhat plate—like forﬁ, sinée piatinum_okide may well

+

be able to:wet alumina,
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List of Surface Structures Which Were
Detected on the Different Low Index
Surfaces of Platinum and Their Approxi-
mate Temperature Range of Stability

Substrate Surface Structure Téﬁgzizii?ztgange
of Stabllity
Pt (ioo) (5%1) 350-500°C
(2x1) 300-500°C
o2 > ‘7oo°c
Pt (100) o % | > 600°C
Pt (111) (2x2) 800-1000°C
(3%3) 800-1000°C
0% > 900°C

The notation, 0, indicates a ring-like diffraction pattern.
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-Fig. 1 Scheme of the Low Energy Electron Diffraction experiment.
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Fig. 2  Scheme of the small angle x-ray scattering experimént. '
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Scattering intensity of unheated n-alumina at various pressures.
i: Intensity in units of 256 counts/30 sec. 6: Angle in radians.
@ air background alone, no sample, A alumina pressed at 100,000
atm., O alumina pressed at 300,000 atm., [ ]alumina pressed at
65,000 atm., & alumina pressed at Lo, 000 atm., .0 alumina pressed
at 20,000 atm., and V alumina unpressed.
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Fig. 5' Change of the plat:Lnum partlcle size as a functlon of heatlpg
' time in reducing abmosphore.
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Fig. 6 Change in the platinum particle size as a function.of heating
time in ox1d1z1ng atmosphere,
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Fig. 7 A plot of the change of the radius of gyration, r, as a

/' function of time for heat treatment at @ - 600°C reducing
atmosphere and 0 - T00°C reducing atmosphere.
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Fig. 8" A vplot of the change of the radius of gyration, r, as a
/' function of time for heat treatment at @ 600°C oxidizing
atmosphere and O  TO0°C oxidizing atmosphere.
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5% platinum on alumina,
for 1 hour or unheated,
6 hours, [] heated for

heated for 96 hours.
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600°C in reducing atmospheﬁpe. V heated
@ - heated for 3 hours, A heated for
2k hours, O heated for 48 hours,
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Fig. 10 5% platinum on alumina, 600 % in oxidizing atmosphere. A heated
for 1 hour, heated for 6 hours, [] heated for 2k hours, O
/ heated for 48 hours, --- unheated sample.
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