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ABSTRACT

supponrled metal cétalyst\ proVide an cconomical v of utilizing
Hab}v metals as COH%UYCia] tatdlvsts. In this work two methods of
Characterizing such catalysts, electron microscopy and scelective gas
ddsorniﬁon, Fe. been studied in detail. These t@o techniques have
been empilayed in folTowing the sintering behavior of g variety of
PC/A1?O3 catalysts. .A model for sintering of supported metal capa]yg&i:>

» Nus been developed.
The accuracy of particle size distributions determined from elec-
~ tron micrographs was examined from both theoretical and experimental
points of view. rarticle detectability and apparent size were found
' ¢

to be sensitive functions of defocus, and hence of elevation of par-
ticles in the specimen. - Contrast has been shown to vary with orienta-
tion.of both particles and supbort material. Sources of contrast
inherent in the support in the éub;nm range have béen 1llustrated.
[t is concluded that particle size distributions become increasingTy
supject to/error as the fraction of particles with sizes below about
2.5 nm increases.

The nature of adsorbed oxyggn on Pt/A1203 supportedﬁcata]ysts
and the reaction on the surface of oxvgen with hydrogen;%ave been
Studied. Gas uptake data show that a repeated (H2—02) ﬁ{tration step
leads to subsequent enhancement of the hydfogen adsorbed on the sur-
face, and a retafdation of subsequent oxygen uptake. The enhancement

s correlated to the ratio of initial hydrogen to initial oxygen up-

takes, whi'h in turn depends on the dispersion of the platinum crystal-

Tites. -

o
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iR ospoctra of 0 adsorped on Cdtniyéts withupreadsorhed oxygeﬁ
reveal two types 6f adéorhed oxygen species. Type T forms during
f‘room temperature adsorption. while Type 11 1S,F0Nmf‘$fter high tem-
perature adsorption and repeated (OZ—CO) treatment. Type II adsorbed
oxyaen is not ohserveq after repeated'(ﬁz—oz) tfeaﬁments; and hepce
i ruled out as a causL of enhancement. HZO generated during the
titration step is’ postulated as a possible cause of the enhancement/
retardation effect.

An inte}pdrticle transport model for the sintering of supported
metal catalysts has been developed. The model poétu]ates escape of
atoms from crystallites to the support surface, rapid migration of
these atoms along the surface, and their. recapture by crystallites
upon collision. A reduétion 1n surface energy provides the dfivihg
~force for transfer of metal from small to large pértic]es; The
bmodei has been solved by finite differencé methods and apb]ied to

several theoretical particle size distributions (PSD). The model
predicfs an increase in the rate of sintering as the Width of the .
initial PSD increases. The ratc of sintering also increases as the
surface veloéity and‘the'meta1 '~3ding increase. Sinfering behavior
15 sensitive to the activation eneryy and temperatﬁre. Under certain
conditions substantial redispersion is predicted.-_The model can
account for power-Taw .orders from < 2 to > 13, as observed experimen—
tally. Power-law order increases with PSD width and ‘with increases
in mean crystallite size.

Changes in the dispersion of supported Pt/A1203 catalysts follow-

ing reduction and a variety of thermal treatments have been monitored

by gas uptake and electron microcopy. Evidence of redispersion was



found atter sintering of one catalyst in oxygen at 450° to 6§00°C.
Sinter ing is found to be sensitive to Qas(atmosphere and metal loading.
Addition o? a portion of presintered'cata1yst containing Jarge Pt
particles increased the rate of sintering of a éata]yst. From electron

micrographs of the same catalyst area before reduction and after
reduction and various thermal treatments, it was concluded that Pt
aygiomeration occups during all these steps. Some Pt crystalijtes

remain in a fixed Tocation during reduction and thermal treatwents.

r/_; 4 . G
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CHAPTER 1
INTRODUCTION

1.1 Supported Metal Catalysts

The catalytic properties of metals have been knéwn for over 100
years. Ear]y.épblications of metal cata]ystslwere genera]]y confined
to laboratory research stud1es particularly in organic synthesis
reactmnsT Since problems of sca]e economy or catalyst 1ife are
generally not critical in synthesis studies, catalysts were generally
used in pure metallic form. -

In this_century, however, and particularly since the Second World
War, metal catalysts have found increasing app]jéation in large sca}e
industrial processes. Reactions such»as hydrocarbon hydrogenétion and
dehydrogenation, partﬂél oxidation, and petroleum reforminé are all
examples of standard $anufacturing processes utilizing supported metal
catalysts. In plant pperation; catalyst expense and durabifity become
extremely critical and this cost/lifetime pressure led to the develop-
ment of supported mgta] catalysts.

A supported metal catalyst genera]]y consists of a re]at1ve]y
staé1e porous base (carpon or a metal oxide such as alumina or silica)
on which small cnﬁsta1s of the metal are grown. Group V11ib metals
(Fe, Co, Ni, Ru,/Rh Pd, Os, Ir, and Pt) are the most common meta]s
supported in th/s fashion. The metal is generaT1y added to the support
by immersing t%e support in a salt solution, evaporating to dryness,

and then either reducing the metal salt directly or converting it to

the metal oxide in an oxygén atmosphere and then reducing the metal
*



oxide. - The resulting metal crystallites may vary in size from 200 nm
or more to smaller than 1 nm.

Fhe economic value of supported metal catalysts may be readily
shown: In purchas%ng metal, a user pays by bulk; in using tHe metal
as a so1id catalyst in a gas phase reaétion, Ye utilizes only those
metal atoms which "see" the gas, i.e. surface atoms. The ratio of
surface metal atoﬁs to total metal atoms, known as the dispersion ratfo,
thus measures efficiency of utilization of the expensivé metal. Table
1.1 shows the rapid decrease in dispersion as metal crystallite size
incweases?']

Table 1.1: Rapid Décrease in Dispersu?n as

Metal Crystallite Size Increases

4 of Atoms in Crystallite size,s nm
edge of crystallite (based on platinum)  Dispersion

K " 0.78 1.000

| 1.95 N\ 0.780

10 3.89 | 0.490

18. 7 00 ‘ ' 0.300

Thus use of sarticles "wastes" 70% of the total metal

atoms, which are unc “:icipate in =~ reaction. By»way*of
further illustration, a w1 cube  "th a 1 mm edge has a dis-
persion of about ~ve ¢ - 99.99¢" of the metal atoms do

not contact the gas.

Attempts tb physicali, dist - - tetal ~ata vysts through grinding
or precjpitation of a metal sponge . ack) sve unsuccessful for two
reasons: first, barticles even in the "70 nm range are such a fine dust

tr:t ~ontainment within a reactor is difficult; sécond, even at moderate



temperatures the metal particles, even in a sponge, tend to reagglom-
erate to larger crystallites. Use of a supporting material reduces
both of these effects. In general metal crystallites adhere QUite
firmly to the supporting material, and thus_cata]yst 1os§ in the pro-
duct 1is ﬁeg]igib]e. In addition, the support holds small crystallites
at a distance and retards sintering, the name given to the process of
metal crystéi]ite growth. Thus the support stabilizes highly dispersed
metals and a]]ows economical use of expensive mg%i1.cata1ysts in large
scale industrial proceéses. Generally, the support is inert and does
not influence the reaction, although petroleum reforming is a notable

exception to this rule.

1.2 Measurement of Metal “Dispersion and Crystallite Size

As outlined above, metal dispersion, a function .of the metal cry-
stallite sfze, ig an extremely critical parameter of a supported metal
catalyst. In addition to the problem of efficient use of metal afoms?
detailed above,.a second factorbmakes dispersion significant. Boudartj-
has 1dént1fied two types Qf’catalytic reactions, facile and demanding.
In the former, .the reactiohirate varies directly as the surface area
of the catalyst; in the latter, the reaction rate per unit surface area
of metal depends upon the crystallite size. For example, van Hardeveld
.and van Montfoort!.3 demonstrated that-the nitroggﬁ’adsorption activity
per unit surface area of a nickel on silica cafa1yst was highest when
cfysté111te sizes were 2 to 7 nm.

Thus knowledge of average metal particle size and particle size
“distribution are important in characterizing a supported metal catalyst.
Three techniques have been_emp1oyed in the determination of the size of

the metal crystallites, and each will be briefly described here, along



with advantages and disadvantages.

1.2.1 X-Ray Diffraction Line Broadening

Klug and /\1exander‘]‘4 e*p]éin the theory behind use of x-ray line
broadening in determining small crystal sizes. Brief]y, an x-ray dif-
fraction peqk for a given crystal plane broadens as the cfystal size
in the sample decre&ses. The peak width differencé between large cry-
stals (width determined by instrumental response) aéd‘small‘crysfa1s
(additional width due to crystallite size) maydbe'relatcd to an average

crystallite size. Smith]'5 1ndicate§ that an average size

L‘n.d.q . , 1.1

j = i
Iin]di3

s 6bta1ned, where d is the average size obtainéd by this method and
n; 1s’the number of partic]esﬂin‘the size 1nterv§1 centered on di‘
Fourier analysis of the broadened diffraction curve yields some infor-
mation on the paftic]e size distribution of the sémp]e.;

However, the great drawback of x-ray difffaction 1ine broadening
is its inability to detect particles of a very éma]] size. While some
aufhors]'6’ 1.7 reported detection of 3 nm partﬁc]es and smaller, it
is generally accepted]‘Shthat particles less than 5 nm wf]] not be
detected by x-ray line broadening-and thus will not be included in the
avérage ﬁ%rtic]e diameter. Since 5 nm represented a median to upper

limit of the metal crystallite sizes of typical 1nterést in this re-

search, x-ray techniques have not been employed.

1.2.2 Electron Microscopy

Adams et aZJ'7

and Moss]'9 gave some of the first describfjons of

the use of the electron microscope in determining particle sizes in



supported metal catalysts. Singe then.numerous investigators have
utilijzed electyaon miCréSCopy to determine particle size distributfohs.
The primary advantage of electron micrograph analysis is that the data
are in the form of a distribution, rather than éh average particle size.
Chapter 3 examines in detail the accuracy and va]idify of particle
51}eldistr1but10ns determined by electron micrégraphs of ;ata]yst speci-
mens, It is concluded that even under ideal conditions the computation

of accurate particle counts is questionable when the size of particles

counted drops below 2.5 nm.

1.2.3 Gas Chemisorpion |
The third means of determining relative particle sizes in a
supported metal catalyst is through measurement of the gas chemjsorbed

on the metal surface. One advantagé of the method is immediately
evidenp~~?t measures how the catalyst will interact with a feed stream
in reactor conditions. Since all metal atoms:that interact with the

L

gas are detected, this method "sees" particles of all sizes, even
‘atomically dispersed metal.
Three methods are available for determination of chemisorbed up-

take, the classical volume .c method using a vacuum rack, a dynamic

1.10

adsorption system and the gravimetric ba]ancg.f“Dor1ihg reviews

each method. The classical VO]gmetric approach provides greater accur-
acy and allows ready determination of isotherms (uptake versus pressure
at a variety of temperatures). However, it is more time consuming and
involves a higher capital jnvestment than the dynamic mefhod. Samples
require two determinétions, one measurement of gas uptake on the sup-

ported metal catalyst and one on a support blank so that physi;a]



adsorption effects may be eliminated.
The dynamic method's primary advanmtages are atmospheric operation
(7.e., it does not require a4 high vacuum system), and elimination of

5

support correction; these two factors. allow more rapid analysis of gas
uptake. The system employed in thi;'research will be briefly detaf1ed
in Chapter 2. |

The gravimetric method actUa11y weighs a small catalyst sample and
records weight increases due to gas adsorption. This method also in-
volves high capital cost, and is also difficujt to apply for hydrogen
adsorption because of the low mass of the arlsorbate atom compared to
the sample.  The gravimetrui technique has_found\Wi&ést application with
heavier adsorbed gases such as carbon monoxide and hydrocarbons.

Whatever the method of its determination, the uptake is related to
an average size through an adsgiétion stoichiometry and a crystal-shape
model. The most generally assumed quels for stoichiometry are either
one atom of oxygen or one atom of hydrogen per expoged metal surface
atom;, both have been reported and used by various workers. Crystallites
" may be modeled in a vériety of ways, for example, as spheres, as cubes,
~as octahedra, as cubo-octahedra, etc. Each of these models predicts a
dispersion (fraction of ‘atoms that are at the surface) as a function of

1 .
] summarize these models;

particle size. Van Hardeveld and Hartog]'
deviations among the various models are small.

Thus, by assuming an adsofption stoichiometry, the apsolute number
of surface metal atoms may be determined from the measured adsorbed gas
uptake. The absolute number of total metal atoms is known from the

catalyst composition and weight, so the dispersion may be readily calcu-

lated. From the dispc sion, a surface average diameter is determined.



The surface average diameter, d, deteymined in this fashiohs iy

s . . , . N
related to the particle size distributjon by the hﬂ]et10n! 1

. 3 : .
,,hidi i w.

d = 1

Xnid.z

|
N \’ '
Chapter 4 examines in greater detail the yptake of hydroyen ang
oxygen on support Pt catalysts. -Anomalies in the £itration yealtion
(consumption of adsorbed oxygen by gaseous hydrogen, or vice versgy)

“are discussed in detgil.

1.3 Sintering of Supported Metal Catalysts
Although a support material helps tg Stabilize meta) divheysian

as compared to pure métal catalysts, changes in the disharsion of Sups
ported metal catalysts still occur. This effect iy knogyn as Siptering:
loss of dispersion via this process is one of the wajor factars Vimigs
ihg the Tite of supported metal catalysts. Where suppohted mats)
catalysts are envisioned in high temperature situstions (such s auros
motive exhaust mufflers), problems of dispersion myintenance areg 5.
pecially critical.

The physical mechanisms accounting for sintgring have not yat
been established. In Chaptek 5 an existing madel advahced 10 gxpiyin
sintering behavior is reviewed, and an alteénate model PostuTatThg
surfaée diffusion of atoms is advanced. This atomic surfsce dyMusian
model ¥is solved and applied to a number of situgtiops-of catajytic
interest. The effect of the model parameters on the hredictigns for
sintering behaviour is detailed. Finally, in Chapter B exPerimanty)
evidence of sinteripg 15 presented and discussed in 1T§ﬁt of tha vheores

N4

tical models.
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A © CHAPTER 2

CXERTMENTAL PROCEDURES

2.1 Catalyst Preparation

Commercial and prepared catalysts were used in this work. [ndc!—
hard 0.3" and 0.5% Pt on A]2O3 catalysts (all catalyst concentrations
are » nrted by weight), and 0.5 Rh on A]203 were used after over- !
nigh. . cduction at 500°C.

Prepared catalysts were made with two A1203 supports, Kaiser 201
spheres (8-10 mesh) and ATOnR, a fine a{umina manufacturgd7by the
Cabot Corporation. In each case the support was wetted by a Solution
of ch1orp1atinim’acid (HZPtC16), then dried at 110°Cl The catalyst was-
then given a mild reduétion at 250°C, wﬁgch converted the metallic
sa]tvto metal. Details of the preparation are giveﬁ in'Appendix'A,
Section 1. Before gas uptake measurement the éata]yst was further
reduced in H2 at 500°C. Catalyst loadings from N.10% to 4.76% were

2
prepared in this- fashion. Bondz'], Dor]ing“'z, and Gil'debrand™"

give a broader discussion of various supported metal catalyst prepara-
. vy
tion techniques.

2.2 Gas Adsorption by Dynamic (Flow) System

Figure 2.1 shows a flow pTan of the dynamic system used in this

~viork for adsorption measurements. The catalyst sample was inserted

in a Vycor g]éss tube, allowing heating to 800°C. The catalyst re-

e

mained under a constant flow of an inert carrier gas (generally helium)

during uptake measurements. Gases to be adsorbed (generally H, or 02)
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were Tlowed through a calibrated sample Toop; switching of the sample
valve (Carle Instrument Co, Fullerton, Cal; catalogue #2014) thus
injected a pulse of known content in the carrier gas stream. Provi-
3ipoh of two ca]%brated rotameters allowed dilution of the saﬁ§1e gas
by the carrier gas. "Thus a range of pulse sizes could be generated.
Gas connections were through flexibie Swagelok Quick-connects, elim-
inating the danger of leakage through pressurized valves. Carrier
and sample gas flow rates were measured by bubble flow meters. .

The catalyst could be inserted in a temperature controlled
furnace or in various temperature baths, thus allowing uptake as a
function of temperature to be readily determined. The furnace was
a Thermolyne Model 86 (Sybron Co, Dubuque, Iowa) modified to allow
introduction of the Vycor tube holding the catalyst. Témperature was
¢ oolled by a Thermo Electric 400 temperature controller (Thermo
Electric Co; Saddle Brook, N.J.,vMbde1 No. 3242200) attached to. ar
iron-constantan thermocou§1e in the vicinity of the catalyst. A
saecond QDermocouple was inserted into the furnace'and its output
recorded as a chéck on the iﬁternalltemperature. In practice control
was Within 5°C, with Tittle overshoot when a sample was iﬂ;érted in
a not furnace (<20°C) and no overéhoot on cold starts.

Standérd adsorption temberaturés were: -98°C (a methanol ice
bath made by stirring liquid N2 into a Dewar flask containing methanol;
0°C (ice bath); 96-97°C (boiling distilled HZO); and 203°C (fn the
furnace). Room temperature runs were made by inserting the tube in
an H20 filled beéker; room temperatures varied from 22° to 24°C. Re-
duction was generally effected at 500°C, followed by helium outgassing

for one or two hours at 500°C. One requirement of a dynamic syste is



a high purity carrier gas, since even traces of adsorbents such as
carbon monoxide or oxyfien in the carrier gas will accumulate on the
sample. In this system the carrier gas is first passed over a mixed
reduction-oxidation catalyst (supported Cu/CuQ) .« :ared according
to the method'of Meyer and Ronge2‘4. Contamination of a carrier gas
by H2 or O2 after passage over this bed of less than 0.4 ppm was de-
termined by the above authors, and confirmed in this laboratory from
a long term degassing study described in Appendix A, Section 2.
Water is removed after the carrier.gas purification step by a mole-
cular siéve column. The by-pass gas line allows bypassing of the
purification catalyst during oxidation or reduction of the sampie
catalyst. Valving was included to allow bypassing of the thermal
cénductivity cell when desirable. -

Hydrogeh used in this work was formed in a Matheson H2 Generator
and further purified by passing over an Eng1ehafd Deoxo hydrogen
purifier. The gas was dried over a molecular sieve column before
introduction to the éatd]yst. Oxygen and nitrogen were Linde pre-
purified grade, 99.995% and 99.997% pure, respectively. Instrument
grade helijum supplied by Canadian Liquid Air was further purified,
as déscribed above, before use.

The size of the input pulse of oxygen was established by compari-
son to a known volume of gas injected by syringe; use of the ideal
gés law enabled calculation of the moles of oxygen per pulse. In ai]
runs the flow of 02 through the sample loop was held constant to en-
sure identical pulse sizesi”“ﬂXQrogen content in the sample loop -under
standard flow conditions was determined by pressure meésurements in

the sample loop; compariscn to the pressure during oxygen flow allowed

12



the II2 content to be’calculated by tHe ideal gas law. Details of the

calibration are given in Appendix A, Se&tion 2.

The output pu]sé,was measured b therma] condactivity cell
(Gow-Mac Instrument Co, Madison, N.J., cell model ]0—785,‘With Rhenium-
Tungsten filaments, powered by a fGow-Mac Power supply, model 40-001)
and recorded on a chart recorder. Mechahica] int.gration of peaks by

a Disc Integrator was used to calculate the size of the output pulse.

In standard operation pulses of adsorbate gas were passed over the cata-

lyst until a steady state output size was achieved (presumed to be iden- .

tical to the input pulse). Comparison of partial output peaks to the
area of the final output peak enabled calculation of ‘the total output
of adsorbate gas. The amount adsorbed on the catalyst surface was
determined by differénce between input and output.

Appendix A, Section 2, details studies of the variatioﬁ of gas
uptake in standérd operation of the flow system. Theinfluence of
reduction time, outgassing time, rate of adsorbent admission and other
parameters on gas uptake is also reviewed.

This flow system for chromatographic pulse measurement of gas
uptakes on catalysts is similar to that described by F%ee]_and others
2.5-2.8 Chromatographic desorption measurement systemsz'g’ 2.10 and
chromatographic breaLthrough s&stems utilizing a constant flow of

adsorbent gasz']] have also been described.

2.3 Electron Microscopy

The electron micrographs used in this work were recorded on a
JEM 100 B Microscope in the University of Alberta Department of Physics.

The microscope was equipped with a goniometer (tilting) stage, and

[
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'Qas capable of resolving the 0.34 nm spacinas in qrapnitjzed,carbon.
AT 1mages were recorded in the bright field mode using a 100 KV
accelerating voltage () = 3.7 pm). The maximum magnification re~
corded on the negative was 330,000, although further inCreases were
obtained through photographic eniargement.

For ana]ysisiof pretreated catalyst specimens, samples were
crushed intp a fine powder and suspended in an inert sofVent, then
.dropped onto a copper grid covered with a “holeym:caﬁbon film. The
latter was prepared by condensing water droplets in a film of dissolved
plastic. Specifically, a pre-soaped dry glass slide was dipped into
a 0.1% apfﬁtion of f» mvar in chloroform (CHC13). Water wa;‘added to
the slide by breath or as a mist from sprayer. As the sa]vent'evaporatéd
and the plastic film hardened, holes were left whose size could be rough-

1y controlled by the preparation condition52'12f 2']3,

The plastic
film was then floated off onto water, and electron michscope grids
placed on it. The film was then picked up by adhesion to a piece of
paper or plastic sheet. After drying, the film covered grids were
coated with a thin layer of evaporated carbon to conduct electrons and
strengtheﬁ the film. When the suspended catalyst was dropped on the -
film, portions of the catalyst extended over the holes, so thét any
effects of the carbon film oﬁ the image contrast were avoided. Astig-
matism was corrected at maximum magnification, and véry Tow contamina~
tion rates were achiei;ayihnough use of the standard decontamjnation
deviée.

For in situ reduction and sintering studies, where the catalyst

was treated after placement on the electron microscope grid, two



nadfficagions were employed,  fFivat, a tyhqsteh grid was used, because
OF {1y greater strangeh at sinfériﬂg taperagyres.  Second, in order
ot jmbroye fim gpabitity ghe plastic £in vigy dissolved. after being
carbon-goateds de a4 resule, "noloy” carpon films were prepared which

weyre Stable For gome time at 500°C in an ingrt atmosphere.,

A4 Ogban Measyrvignty

fn Onuncrian with our studies of the titration reaction over
SUDROYERY Pt Catalystys Dro £ichi Kikuchl measured gas uptakes on
2 static systen and 1R spectry.  Thase qats are bresented in Chapter 4.

The sratic dPVathUSAW@y § cuhventiongl nigh vacuum glass volu-
fietric adsorption gystem,  The catalyst was typically reduced in hydro-
geh 4t SOOVQ,fv»‘tww ROUbS 2hq theh evatugted for anoiher two hours at
rhat pempgratyre.

IR Medsurementy were carhﬁeq aug on 4 2.03% Pt on Alon catalyst.
IR transpabeny wafehs ere prépared by pressing a finely crushed .
bawder in a oy dnch diamerer die At bressures of 12 tons/inc. The
vatglyat wafer was placed ih an tn giex intraved cell with sodium
chigride windows, Prevraggmant conditions vere identical to those
for the static meaturements deseriped apove, Supsequent IR spectra |
were recorded At roon teMperatyre on a PerkinElmer Model 621 spectro-
Rhotomerer, yling a'sim11a» el withouy a ¢atalyst wafer in the re-

o

ference bhagy,

A AN TS |
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CHAPTER 3
THE LIMITATION OF THE TRANSMISSION ELECTRON.MICROSCOPE

FOR_CHARACTERIZATION OF SUPPORTED METAL CATALYSTS

In the last fifteen years the electron microscope has found in- -

)

creasingly widespread application for the characterization of supported
metal catalyst53'1"3‘7: A princip]ejaim in such studies is the deter-
mination of the metal dispersion (the ratio Qf surface to total meta]j
atoms) which can be calculated if the metal particle size distcibution
is known, and if a particle geometry is assumed. Electron microscopy
has been used to provide direct determination of the size distribution'
from the images of the metal particTes, as discussed in Chapter 1.

The claimed resolution in imdges ofvsupported metal catalysts
has gradually increased, to the point where the detection of 0.4 nm
particles and calculated average particle sizes of less than 2 nm have.

3.3, 3.6, 3'7. Such particle size distributions obtained

been reported
by electron microscopy are based on three implicit assumptions, namely:
a) the size of a metal particle is equal to the size of its
image recorded on the micrograph (corrected for magnification);
b) -detection of a particle of a given size implies that all
pa%tic]es of that size and all larger particles are being
detected;
c) image contrast of the metal particles is distinguishab]g

from contrast arising from the support material.

These assumptions are consistent with the use of a sihp]e mass~-thickness

17



interpretation of finage contrast in the electron microscope.

It is clear that the correctness of tpese assumptions is impor-
tant, since particlé Size distributions determined from micrographs
have often been used to confirm‘a proposed adsorption stoichiometrv
for the selective adsorption of gases on suphorted Cafa1ysis3'3’
This latter technique, thus calibrated, has been used for routine «

termin&tion of metal dispersions.

Recent vork on the bright field imaging of atoms and atomic clusters

using convéntional high resolution instrument53‘8‘ 3.9, 3.10 s empha-

sized the importance of careful image 1nterbretation;»using theories
which take into account the defects'gf the imaging 1ens3']]. On the
basis of Such results and of the characteristics of the specimens involv-
ed, it was suspected that none Qf the above assumptions was necessarily
valid, particularly for smaller metal particles, and that limits should
be determined for both tha smallest re]iab]e part1c1e size and the
smallest reliable differehce between the size of two particles.

In this chapter the results of an investigation into the contrast
characteristics pf images of p]atinum particies supported on‘glumina
are presented. The qualitative predictions of both the_phasebéontrast
and of the diffraction contrast mechanisms of image contrast have been
confirmed by éxperiments in which the variations in image‘contrast of
specimen particles has haen studied as the focus or Sspecimen orientation
were varied. The results confirm that the three assumptions fﬁsted are

not correct for the conditions typical in high resolution microscopy of

supported metal catalysts,

3.2 Specimen Characteristics

Crucial to these considerations are the characteristics of the

&
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catalyst as a specimen for high resolution microgcoby.' The metal
particles vary from atomic clusters (consisting of a small number of
atoms, or possib]& sjhg]e atoms), to true wmicrocrystallites with dia-
meters of the order of 10 nm. The fact that the larger metal particles
are crysta]]ine, with the same face-centered cubic structure as bulk
material, has been established by x-ray diffractionB‘] and by analysis

3']2. At the othar extreme, Prestridge and-

of dark-field micrographs
Yates3‘]3 have presented micrographs in which images of clusters of a
few rhodium atoms have been identified. In these came micrographs,
_\\\however, may be observed the st ong contrast from the silica support.
The metal particles are supported on siljca or alumina particles
- which are usually.porous assemblages of irregularly Shﬁpéd crystals .
containing defeéts, of which some are inheregnt 1n;the crystal structure.
Crushing the catalyst to a powder generally results in clumps of support
particles of varying thicknesses greater thah 30 nnm.

The supporting material is in turn placed on microscope grids in
various ways; only in the recent work of FYQQ13'3 and Prestridge and
Yates3'13 have "holey carbon" support films been used, to eliminate
any-possibility of interference from the granular image detail observed
in continuous amorphous support films (sée, for example, Thon3‘]4).

From stereoscopic images it is observed that there is typically a range
of elevations in the direction of the electron beam of order 100 nm, -

often between two apparently adjacent aluming particles. This specimen

elevation, illustrated in Figure 3.1, impqif; d different focus condi-

tion upon various particles imaged in the.sahe micrograph. Thus, within

any one micrograph there will be a range of values of defocus (deviation

from perfect focus), and within two micrographs of similar regions the

19
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rangé of defocus values will in general be different.

For the imaging of small atomic clusters, considerable «fforts
have been made to minimize the background contrast produced by the
supporting film (see, for examp]e‘3'8): Such films are essentially
flat and only a few nm thick. Clearly the typical catalyst specimen
is far from ideal in that the support imposes appreciable backgrouynd
contrast and holds the metal particles at different elevations.

Finally it may be noted that the supporf particles, and hence the
‘metal particles are oriented at random. Therefore any image contrast
effects which are sensitive to the orientation of the electron beam
may be expected to contribute to variations in contrast between other- -

wise 1dentical particles.

3.3 Theory of Image Generation

It is clear from the characterisﬁics of the spécimens that more °
than one mode of image contrast formation must be considered. For the
very small metal particles (clusters of atoms) the phase contrast
mechanism will operate. However, for 1arg¢r metal particles in which
a definite crystalline structure has developed, the ;cattering process
will be best described in terms of Bragg diffraction giving rise to
atffraction contrast. This will apply also to the essentially crystal-
11ﬁe Support particles.

We have therefore considered -the implications of each of‘these‘
contrast theories in what follows. There will of course be a gradation
from one of theéé extfemes to the other, but fér the present purpose
the intermediate case need not be considered. - It was f . d necessary

to perform fairly detailed calculations of phase contrast in order to

f



evaluate the variation of image size with defocus. However the qua]f-
tative features of diffraction contrast are sufficiently well document-

ed, so that additional calculations were not required.

3.3.1 Phase Contrast

The cont;ast of an image obtained in the conventional transmission
e]ectroﬁ microscQpe is best undetstood by considering the situation in
the back focal plane of the objective lens, where the Ffaunhofer
diffraction pattern of the electron wave emerging from the specimen is
formed. The objective aperture placed in this plane cuts off from the
image that part of the wave corresponding to e1ectr¥ns which are scat-
tered through an ang1é greater than that subtended by the aperture.
But- in addition; the spherical aberration and the defocus of the lens
have the effect of changing the phase of the wave in the back focal
p]éne,_through the "contrast transfer function", which depends also on
tﬁe electron wave.1ength and theﬁscattering‘angle. Thus, even with é
large objective aperture, ghe microscope will not image faithfully
detail smaller than 1 or 2 nm. (For recent reviews of this theory -

3.14 3.15)

see Thon and Hawkes

" The way in which the phase contrast transfer function removes
certain spatial frequencies from the image while changing (including_

_reversing) the relative phases of others has been established by Thon,

3.74

using amékphous thin carbon films order to be able to inter-

pket the images of particles smaller than a few nanometers, the

effects of Tens defects must be jncluded in suitable theoretical cal-

" culations of image contrast. This was first done by Scherzers ',

3.10

more recently Reimer and H$1T,and Hines3'9 have made detailed

22



.

calculations of.the contrast of single atoms and clusters of atoms.
(The atom is considered to change the phase, but not the amplitude,
of the electron wave.) Their results show that the optimum defocus
values, at which maximum contrast is expected, vai¥y with cluster size,
and that for exact focus the contrast may be too Iowito detect. Hall
and H1‘nes3'9 obtained through focal series of images of gold particles
(on an almost structureless graphi;g support) which confirmed their
predictions. h

In ordérrtp gvaTUate the effeéts on apparent particle size of
the lens defeété, we have computed image profiles of atoms and atomic .
clusters using the formulation of EisenhandTer and Siege13‘]6. Their
soTution employs a real atoﬁic scattering factor, values of which are

3.17

readily available (for example, ). This approach assumes a

phase shift of /2 onn scattering, a less accurate approach than

that of Hall gnd'anes3'9, who used a complex atomic scattering fac-
tor with the correct phase shift due to scattering. However, their
results show that the discrepancies between the two calculations are
not éignificant for the qualitative results in which we are interested.
In these calculations, the intensity at the point (%25 yi) in the

image plane (scaled to unit magnification) is given by

2 4, 2 <k
1-1+A<1 8) R(xi,yi) _3.1,‘

| v CR Y A

where

-

v (xi, Yj) = *" wave function of the 'scattered electron

» = electron wave length, set by the voltage

(1 - g2y

relativistic correction; g is the electron veloci

expressed as a fraction of the speed of Tight.
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For a single -tom, R(xi, yi) is gi by

(4] - |
max , C 2
R( 5= ( . o 5 T_2n s 2n O£ 4
Gy =) EpInG/A) cos | 5= SE() + 5 () |
o L ’ i
2mxri
J ( ) ado 3.2
fe) A
where

I

scattering angle (. is determined by the oquftive aperture)

max

f = atomic scattering factor for electrons R
C_= spherical aberratior constant

Af= defocus

J = zero order Bessel function

r.= radial position in image plane from scattering center

(rf(xi2 + yiz) ).

= For multiple atom cases, the Bessel function term above is re-

placed by the expression

all atoms . S
I (x4 x Y or (v o+ v )2 -
o " % i " % Vit )

3.3

{tc

1

n

5
where

X Y, are the Tocations in the object plane of the various

scattering atoms. .
. ~
Ca 2 .
The term cos| I - 22.(_£L_0+ 2n (&fa” y | is the phase contrast
i 2 A 4 A 2

transfer function of the lens, and contains the phase changes imposed

on the scattered electron wave within the lens by spherical aberra-

»

tion. and defocus.

.In order to assess the variation in image intensity for particles
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of different sizes, four cases were evaluated. These were arbitrarily
chosen as a single atom, a three atom planar array, a four atbm hyra-
midal array, and a seven atom planar hexagonal array. For the multiple
atom cases, the scattering centers (atoms) were separated by 0.275 nm,
and the intensity profiles were computed along a radius which ran
through a non—centra1’axomf/"%é§t calculations along a radius running
between two non—cenﬁ}él atoms gave similar jntensity profiles with
slightly different spacings.

The calculations were performediusing relativistic Hartree-Fock

3.17

atomic scattering factors for gold Values for €, (1.6 rm) and

“ax (0.0125 rad) were chosen to be typical for a high resclution
microscope at 100 KV (% = 3.7 pm). Since a range of defocus values’

are expected within an image, the calculations were performed for ¢

values from -200 to +400 nm in- 20 nm steps. o
In addition, the single atom case was evaluated over the defocus

range -20 to +200 nm for four other values of o These calculations

max’

were designed to test the effect of aperture size on phase contrast
effects.. U
The R dntegral, equation 3.2, was iteratively evaluated, with a

minimum of 200 steps to « by the IMSL DRMBIU subroutine. Evalua-~

max’
tion of uz at intervals of 0.5 nm to a total of 10 nm allowed deter-
mination of the phase contrast image profile, i.e. the image intensity
as a function of spatiai Tocation in the image plane. Contrast, de-
fined as the difference in intensity between image point and background
divided by background intensity, is given u2-1. The program for cal-

culation of intensity profiles, along with details of parameters used,

is  shown in Apﬁendix B.
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3.3.2 Diffraction Contrast

For larger specimen structures the phase contrast calculation is

1
invalid, because multiple scattering and diffraction effects become

significant. Once the metal particles reach a size of 2-3 nm diameter,

Bragg diffraction effects should dominate in the scattering process,

and the use of standard multibeam dynamical cd]cu]ations (see for ex-

23'18)

ample Hirsch oz al is appropriate. The diffraction pattern from

a single crystal consists of a series of discrete spots corresponding
to diffrggtion from various planes in the crystal. In the back focal
plane the objective aperture intercepts all oxcept the directly trans-
mitted beam, giving rise to bright field diffraction contrast: the
variation in the intensity of the directly transmjtted beam from point
to point across the crystal surface. The theory then predicts a fair-
1y sensitive dependence of image contrast on the thicknessiand orienta-

3']8, but a reduced sensitivity of contrast to

defocus as compared with phase contrast 1mages3'9.

tion of the crystal

3.4 Microscoée Use

In order to test these theoretical predictions, twoc series of ex-

periments were performed. The phase contrast effects were examined by .

taking through focal series. of each of a number of areas for thh
Pt/alumina and pure alumina specimens. Diffraction contrast effects
were observed by imaging the same field a number of -times, tilting
the specimen through a known angle between each set of through focus

exposures.

- The astigmatism correction was checked for selected cases and

the\K(ansfer characteristics of the lens were detcrmined approximately

\\
\

/
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from through focal series of images of thin amorphous carbon which
\

3.14

were'analysed using a simple optical diffractometer The optical

diffraction pattern reveals which spatia] frequencies are present in
the image, and which have been filtered out by phase cancellation
(the contrast transfer function is zero for certain values of «). An
exanple is show in Figure 3.2, along with a schematic of-the }eso1ution
test apparatus. The distance from the centra] spot is proportional
to the inverse of thevspatia1 separation, and may be calibrated by
imaging a known mesh. Accounting for magnification, the spatial scat-
tering passed unfiltered for this particular battern was calculated as
0.55, 0.67, 0.89;nm and greater than 1.17 nm with filtering effects
between these values. Alternate frequencies passed by the lens are
reverséd in phase relative to their original values. For this particu-
lar case, no meaningful detail less than 0.55 nm was transmitted by the
lens, thus representing a limit to resolution. Elliptical rings indi-
cate the presence of astigmatism in the objective lens which had not
been completely corrected. |

The objective apertures available subtended angles of approximately
0.01, 0.006, and 0.003 radians. The first of these, a 60 nm apé}ture,
was used for most of the work reported, since the project was concerned
with the imaging of the smallest particles and atomic clusters. This

aperture removes from the imagelinformatéon concerning spacings smaller

than Q:37 nm, and is therefore large erough for phase contrast. On the

other hand, all Bragg diffracted beams (except one) are intercepted,
giving rise to diffraction contrast from the crystalline particles.
The exception in our studies was the 111 reflection of YvA1203, for

wnich d]11 is 0.456 nm. Lattice fringes of this spacing were often
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NEGATIVE FILM TO
. OR RECORD

" STANDARD DIFFRACTION
PATTERN

MICROGRAPH RESOLUTION TEST

Pattern

AL

Figure 3.2 Schématic diagram of optical diffraction micrograph reso-
Tution test, and optical diffraction pattern from micro-
graph of thin carbon film, i1lustrating the elimination
of certain spatial frequencies from the image.
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observed and were used as an internal magnification standard. The
smaller apertures were used to verify the predicted effects of lower

‘ values on image resolution.
“max S g 1 0

3.5 Results and Discussion

3.5.1 Calculated Image Profiles

Solution of the phase contrast eduation generates an 1image inten-
sity profile; the result for a single atom and a defocus of 180 nm is
shown in Figure 3.3. In order to compute detectability and size as a

function of defocus, we assumed limits for distinguishable contrast,

and took the width of the central peak (dO in Figure 3.3) as the appa-

316 5o 1ight or dark

rent size. Following Eisenhandler and Siegel
- maximum contrast was assumed to be necesséry for detection: 1fmthe
maximum intensity was between 0.95 and 1.05 the size was set for zero.
The arbitrary nature of these assumptions is evident. Other size
definitions could have been used, such as the.diameter at 5% contrast
(d0.95 in Figure 3.3). A different detectability limit would alter the
sizes determined; under some conditions images can have bright and dark
rings surrounding the central peak, with obvious complications in de-
finth size, ,Thesevand other factors would be critical if one attempted
to dggugs the actual size of a cluster (number of atoms), for which one
would require to know the defocus value for each particic in the image.
It is important to emphasize, however, that the assumption of different
detectability limits or size definitions in no way affects the qualita-
tive results of the present studies, which apply in general irrespec-

tive of the optical constants of the particular microscope being used.

3:5;2 Variation of Contrast and Apparent Size with Defocus'
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The character of an image profile is a sensitive function of focus,
and can shift from Tight, through undetectable to dark, as shown in
Figure 3.4. The three ﬁrofi]es are for a single atom with defocus val-
ues of 140 nm, 160 nm and 180 nm.

Fiqures 3.5 and 3.6 show the calculated maximum image intens{ty of
the four clusters of atoms as a function of defocus. It is evident
that all four é1usters will be detectable, as Tight or dark regions de-
pending upon the defocus. In addition, it is evident that the range
of defocus over which the arrays will appear as a region of dark c0.n~;‘
trast, the "window sjze", increases as the number of atoms in the clus-
ter increases. Table 3.1 shows the calculated window sizes for the

four cases.

—~ TN

In order to relate these results to micrographs of supported-metal
catalysts, the geometry of the specimen must be considered. Referring
to Figure 3.1, the specimen in the region of a hole in the grid cbn—
Sists of an jrregular stacking of catalyst fragments, with a typica]
depth (measured from the image shift after tilting the specimen through
é known angle) of greater than 50 nm. This depth imposes an immediate’
restraint on any micrograph, for the defocus over the specimen has a
range equal to the depth. A 1arge;crysta11ite in the specimen will
have dark contrast regardless of its spatial position and defocus,
because of the diffraction contrast mechanism. Small metal clusters,
however, have a contrast which is extremely sensitive to the defocus,
and thus only some regions of the specimen ﬁay be so situated as to
provide dark phase contrast for these sma11§partiC]eS.

Calculated apparent size of metal clusters is also a sensitive

function of the defocus, as shown for the three and seven atom cases in
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Table 3.1: Theoratical Pefacus Nindows for Dark Contrast for ﬂarious

Atomic Clusters (C5 > 1,6 mm, x x 3,7 ) /
1 atom 60-120; 150-195; 235~250

3 atons 485-215, 240-275

4 atoms 40-~2590

7 atoms 10390



Figure 3.7. Even in the region where clusters give dark contrast, the
sharpness and diameter of their images varies strongly with defocus.

Thus, again returning to an actual catalyst specimen, identical small

metal particles at different elevations in the specimen would be expect-

ed to have varying image sizes, becnuse the variation in defocus for
the'se particles is equal to their differences in eievation in the speci-
men. Similarly, identical particles imaged in different micrographs
would in general appear of different sizes because of differences in
defocus.

An extreme case of the deviation in calculated image appéarance
with defocus for the four atom case is shown in Figure 3.8. A 60 nm
change in defocus changes the image from a dark region of 0.8 nm
- apparent diameter, to a ringed dark-light pattern, with an apparent
size for the41nner'dark region of 0.4 nm. ' ™

- Analysis of a sér of micrographs-ef a 4.76% Pt on A1on cata-
lyst confirms that for small contrast regions detectability and appa-
rent size are a sensitive function of thé defocus. Figure 3.9 shows
micrographs of identical areas of cété]yst at yarious values of de-
focus. (Reproduction may have r%duced-the quality of the micrograph;
prints are available on requesf from the author.) Batween the two
micrographs shown in Figure 3.9 (a) there is a difference in defocus
of 80 nm. Regions "a" and "d" show the distortion of apparent shape
effected by the defocus change. The dark region "g" éppears to re-
solve into two crystallites in the right hand micrograph, while the
shape of particle "d" is substantially altered. The region of con-
trast above "c" is enhanced in the right hand picvuré. Regions "b",

"o, "f"-and "g" show the fine contrast detail which alters with
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Fiqure 3.9

!

i : Change in Defocus = g0 uh
10 nm
T
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3 Change in defocud =& 40 mn

(a), (b). Micrographs of a Pt/A1203~céte]yﬁt'showing

the effect of defocus change on image contrast.
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defocus; in each region particular sub-nanometer structure is apparent
or highlighted in one micrograph, but not in the other. Similar
effects are observable near regions "a", "b" and-"c" in Figure 3.9 (b),
for which theychange in focus is 40 nm. A

The fact that it is not possible to decide from such micrographs
whnether this fine contrast arises from platinum particles or from the
substrate is discussed later.

Measurements of apparent image size were made for a number of
particles in eachlmicrograph of a through focal series. The results
are pIotted in Figures 3.10, 3.11 and 3.12 for three separate fields
of view, and it is evident that "window sizes" are smaller and relative
fluctuations in apparent sizes greater, for the smaller contrast re-
gions. These results confirm the qualitative predictions made on the
basis of the phase contrast calculations (see Figures 3.5 and 3.6 and
Table 3.71) .

These results make it quite clear that the number of particles
which will be detécted in a standard size analysis will depend upon
‘the average defocus vatue of thé micrograph as a whole, and on the
particular defocus range existing within the microgfaph. Identical
small particles at different elevations in thé specimeh will have dif-
ferent apparent sizes, or may not be deFectab]e simultaneously. The
observed variation in apparent sizé of &p to 1 nm imposes an unCertain-
Lty on measured sizes which implies that for analysis of size distri-
bution, division of sizes into classes which differ by 1e§s than 1T nm
13 not warranted. " ‘

As aperture size is reduced, calculations indicate ‘that the varia-

tion-in image intensity and apparent size decreases, but at the.sxpense
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of contrast and size 1nformation3'9. This is shown in %ab]e 3.2, where
| for the single atom case the maximum image contrast and apparent size
are shown ovey a defocus range for varying apertures, and hence vary-
ing values of ", For the . +alue of 0.005 radians, no contrast

nax’ ma :
above 5%, light or dark is realizrd in this defocus range, while for s

a very small gperture gﬁving an oo of 0.00125 radians, even 0.17
contrast is not achieved. As the aperture is decreased, the image
size increases, until for the smallest aperture, the atom, if detected,
would appear to be greater than 2 nm in size. Thus variations in 1‘age
appearance with defocus are reduced by smaller apertures, but at fhe
cost of image intensity and size definition of the image.

Through focal series of images were recorded of the same specimen
area for apertures subtending angles of 0.01, 0.006, and 0.0, ‘:radians.
The predicted loss of resolution Qas observed with some very small re-
gion; of dark contrast, clearly resolved in the image recorded with an
“nax of 0.01, but being progressively washed out through lower contrast
| and increased Size as the aperture size was reduced.

It may be noted that if oﬁe is not concgrned with detection of
particles Tess than about 2 nm, the use of smaller apertures is pro-
bably advantageous. The vériation of intensity with defocus is re-
duced for smaller apertures and the diffraction contrast of particles

. . \ ..
is greater, although we still observed some variation of apparent

size with defocus.

"3.5.3 The Effect of Tilt on Contrast

The sensitivity of the contrast of both metal microcrystallites
and support partjcles to the orientatian of the electron beam was in-

vestigated using the high resolution tilting holder. Micrographs of
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a specimentbeing tilted differ not only in angle of orientation to the
electron beam, but also differ slightly in the defocus condition.
This latter occurs bécause durind tilting the specimen shifts physi-
cally in the object plane, and an exact restdration of the previous
defocus value is impossible. However variations in regions of contrast
greater than 2 to 3 nm can be attributed to orientation effects since
phase contrast effects become minimal at these sizes. |

The micrographs in Figure 3.13 show identical specimen areas with
a variation in tilt angle. In Figure 3.13 (a), a tilt change of 15°
significantly alters the.appearance of the metal particltes. The par-
ticle in region “"a" disappears in the right hand micrograph, while a
third crystallite in region "¢" is more clearly evident in the right
hand micrograph. The two particles in region "b" appear as one in
the riqpr nand micrograph possib]y due to superposition. The sensiti-
vity of support contrast to arientation is evident to the right of
recion ol 51m115r1y, in Figure 3.13 (b) several contrast alterations
creoovident witn g tilt change of 7 . The relative contrast of the

twe sarticles in region “a' Changes, revealing the sensitivity of con-

tratt Lo orientation. A contrast reqgion to the right of region "c"

0t }etuéacd in the right hand wmicrograph. In regions “b" and "d",

tne peekaround contrast is reduced substantially as a result of tilt;
i rogion "b" this results in highlighting of a particle virtually ob-

D ‘ /
scurad inrhe left hand pnotograph.

The simultaneous variations in support and metal particle image

¢ . .

contrast ugain raises questions about the reliability of single micro-
graph-particle size distribution analysis. The variation in orienta-

tion leads to a change in apparent contrast of a particle! For larger
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Figure 3.13
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(a), (b). Micrographs of a Pt/A]éO3 catalyst showing

the effect of tilt on image contrast.
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particles, this contrast change would not be sufficient to prevent
detection, hut for smaller particles the orientation clearly can pre-
vent thelr being included in a particle count. Since a typical sup-

ported metal catalyst contain:

nger of miscount js
ok

»

3.5.4  Contrast §

T

y

An addiuiqna1 Cance assessinﬁ&th@ accuracy of particle size

FINEE RN

distribution analysis is the distinguishability of small crystallite

images from the contrac . inherent in the support. Typical support
materials, such as alumina or silica, haQe a nighly irregular structurew
leading to high surface afeas. This irregularity is a desired feature
.for catalysts, allowing a large gas-solid 1nterf§ce and a high dfsperA
sion of metal. Diffraction evidence from alumina support materials
confirms a fine polycrystalline structure. .

The polycrystalline jrregular structure leads to considerable con-
trast variation in the micrograph of alumina itself. Such contrast
structure is on a small (down to 0.5 nmz scale, and is particularly
evident in regions of crystal ovér]ap.

Figure 3.14 demonstrates this effect. The left hand micrograph
shows two regions of catalyst at different elevation. In the right
hand micrograph, the gria has been tilted through 25° so that these
regioné now over1ap.‘ Considerable contrast structure is evident along
the line of overiap which does not arise from the presence of metal
crystallites detectabie in the left pand micrograph. This contrast
structure is indistinguishable in‘gf;téndard micrograph from that which

is generated by small crystallites. Examination of micrographs of pure
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Flgure 3,34 Micrographs of a Pt//UZO3 catalyst showing the e<"ccl of

tilt on contrast. Note Fine contrast structure along
overlap region in tha yiqht hand wmicrograph.
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Figure 3.15 Micrograph of pure‘A1203 ("Alon") specimen showing the
contrast- inherent ig<thr support.
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tTon, with no platinum added, show this fine contrast structure, again

particularly in overlap and boundary reg}%ns; Figure 3.15 illustrates

this,
/ :
The inherent support contrast structure Timits the Tower size

Timit to which particle size analysis may be extended. Even where mi-
croscope resolution is better than 1 nm, distinction of metal particle
~ from support contrast in this size range is v1rtua1]y impossible in a

s1ng1e brwght field micrograph.

3.6 Conclusions
A number of conciusions concerning the.determinatioh of‘pﬁrtiéle
size d1str1but1on of supported metal catalysts fronyelectron micrographs
emerge from the work reported in this chapter.
1. For metal particles below 2 nm in diameter:
a) Because of the-phase contrast mechanism, detection is a
§ensit1ve funginn of the defocus and hence of the spatidile1e-
.»Ibation in the specimen. As metal clusters get sma]]er the de-
fo us range over wh1ch they are detectable as a region of dark
coptrast decreases;
b)| Apparent size is a sensitive function of defocus, since the
m croscbpe "filters" certain spatial frequencies and thus dis-
'torts the images. Thus identical clusters will have appérent
images which vary w1th the1r spatial elevation in the Spec1men
within a singla f1e1d of view. Identical particles in separate
micrographs could appear to have differing sizes begause of dif-
ferent settings of the objective focus. Further, variation in

apparent particle size of up to 1 nm suggests this value as the

N



lowest meaningful division of diameter§fiﬁ‘a particle size dis-

tribution;

c) An inherent contrast is génerated by.thevusé of irreqular

polycrystalline supports. Particularly for metal particle images .

beTow 1 nm, distinction of particle images from background con- |

trast is virtually impossible within a single bright field micro-
graph. | | |

2. For larger metal particles, identical crystailites canemave mar-
kedly different contrast due to different orientation.to the elec-

tron beam. \ﬁ}

3. For-all sizesk§f;ﬁeta1 partﬁc]e, the -effects of overlap, and

the orientatibﬁ sénsitivity of the contrast of the support mater-

ial, can seriously affect size analysis. Certain coml nations

Qf barticle/support okiéntation make the particle undetectable.

It is evﬁdentythat these conclusions are incompatible with the
assumptions i&ﬁ]%fﬁt in some-applications of particle size distr’butioq
analysis Qf supported metal catalysts. Clear evidence of the detection
of a crystallite of a given size does not imply that all crystallites
of that size and larger are being detected, because of’gontrast'window
and orientation factors. $ma11 image sizes cannot in general be direct-
1y corre]ated to the particle size in the specimen, preventing compu-
tation of a meaningful average size for catalysts ﬁontaiﬁing éma]] metal
particles. Analysis of such catalysts is furthgi complicated by. the
difficulty of distinguishing metal contrast from jnherent suppor; con-
trast, nlé
These conclusions draw into question the extension of parZigle

size analysis into the sub—nmAsize range; they further imply that



analysis of mﬁcrographs cannot currently provide a definitive test of
adsorption stoichiometries for small Crysta111tes3'6. As a (eneral

rule we weuld argue that particlessize distributions become incregsing-

1y unreliable. as the size of particles counted extends below 2.5 .

While migrographs"can giye evidence of sma}]er particles, detection
and accurate identification of all particles of a size Helow 2.5 nm is
extramﬁ)run1ike1y. , | ~v

It should bé emphésized, however, that t° resent studies have
beéh concerned only with the use of conve .1on. high resolution trans-
mission electron microscopes, using stan: -rd bricit field imaging.
There are -a number of othervimaging techni . ~hich ma) pfove"?rﬂ.ot‘e

1

s e after similar detailed evaluation. The use of dark field

which have proved valuab]e for the detection of S1nq1e heavy.
3.22

Ly

atoms3‘21, and for relativqu large supported metal bartic]es may ..

'show promise for high resolution work. An even more promising posSsis

Shility in thekﬁonq term may well be the use of scanning transmf§$i0ﬂ’

2
1ns*rumpnts of the type developed by Crewe and his co]]eaguesg‘“3

"; wh¢<h perm1t a rande of new contrast mechanisms to be app]wed

,J .
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CHAr e 4 WS

- THE TITRATION REACTION ON SUPPORTED Pt CATALYSTS

4.1 Survey
As discussed in Chapter 1, gas adsorption on metal surfaces has
become o« fairly standard technique for the determination of the dis-

persion of supported metal catalysts. Conversion of a corrected

vol»tric gas uptake to a metal surface area or dispersion requires e

the assumption of aigtoichiumetry of adsorption. In light of the
current controversy over an appropriate stoichiometry, detailed be- 7
Tow, experiments were designed to explore the adsorption of‘oxygen o
and hydrogen, and their interaction on the surface of a supported i .
catal . The iR Spectra and static system gqgfhptake results re-
portea in this?chgbter were recorded by Dr. L. Kikuchi, and then com-
bined With the flow system gas uptake résuits for 1Q§grpretatio;.
~In their studies 5f'1ow concentratic” suprorted Pt catalysts, Ben-
son and Bcudﬂrta'] propgsed that H, titration of adsorbed 0, would in-

crease the sensitivity of measurement. In interpreting their resuits

they used the stoichiometry
) -

Pt sur“fo o7 \ig‘%‘H 0+ t urf H( 2 4.1
vith an n va]Qe of 3, but Mears and Hansford® 2 found n values closer
to 4. Wi]son and Ha114‘3 proposed to reso]ve this d1screpancy by

.,postu?at1ng that n is 3 for large crysta111tes, but ir~omplete surface

coverage by Oq on sma]] crystallites Teads to apparar— { vzlues of 4 .
for highly d1spgrsed catalysts. Dalla Betta and BoudarLﬂ similarly

.b
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found that-small platinum clusters on Y zeolite took up less oxygen per
surface atom than Targer platinum crystals. Like Wilson -and Hall, they
attributed this phenomenon to the relative electron deficiency of small
4.5
1!,

particles as compared to Targe ones. Basset ¥t . studied heats of

adsorption and reaction for both the titration of oxygen, equation 4.1,

and the titration of adsoshd hydroaen

P
e

el Pt
H + 5 0,~>H,0 + ptsurfo(

Plsure 272 m-1)
' 2

»

They also found an n value of 3 for large metal particles, and calcula-
ted Tow heat of adsorption values (about 18 kcal/moTle) for th% capture
bv the support of the HZO generatéd during titration. ,&*—

A pre]imiﬁary survey of titratﬁon data in this ]aborgggaz Showed
considerable deviation from the simple stoichiometric picture presen§¥

ed by equations 4.1 and 4.2. Initial hydrogen ujtakes generally exfé

‘ceeded initial oxygen uptakess By "initial" we mean the gas adsorbed\

. \
on the "degassed" catalyst surface, as compared to that calculated as '

remaining on the surface after a-titration step, whjch we refer to as

secondary, tertiary, etc. uptakes. In addition, the secondary or ter- x

tiary uptakes of gases differed from the initial uptake of the same ‘ %
‘gas on a "degassed" surface. We frequently observed that \
iy~ g 3.3 |
. L v !
-and’OA < DA 4.4

;
where Hj, and OA are the uptakes of hydrogen and oxygen aftef.titration, j
corrected for the amount of gas consumed to form water, and HA‘ana " <f
are initial gas uptakes. Thus-titration seems to enhance the adso. ]
tion of hydrogeﬁﬁfﬁj to retard the adsorption ©f cxygen on Pt~on~@ﬁum1na?

.
\



Catalysts., '
-

In this chapter the deviations from a simple constanht szICHiQm@bF)
are documented. by static and flow system gas uptake data. The data of
other authors aye also summarized. Three possible explanations of the
deviations are discussed: a modifi;ag%%g,qivghe surface area, ds Prow
poséd by Darensbourg and Eischensﬁ'G,‘f%e formétion of more than one |
typﬂ of adsorbed oxygen species, and a promotion/retardation offect
stemming from the water generated during the titration, [R spectro-
scopy was used to examine the nature of the surface oxygen spaciey dyrs
ing agdsorption and titration.

Infrared spectroscopy has been applied extensively to study adsgih-
ed épecies on.satalysts. Heyne and Tompkin54‘7 have recorded IR spectra
of €O adsorbed on silica-supported Pt pretreated with oxygén at J007¢,
They observed two different kinds of CO -adsorbed on platinum sites:
one on platinum metal (2080 cm']),\the other'on platinum fon (?]20 cm\]),
They also found that oxygenﬁqudrbed on pTatinum metal could be hﬁmOV%a
by carbon mongxide (as %arbon dibxide), while that on platinum jon

P
couldinot. Primet 2t iﬁ.4 8 concluded from their IR study that 3 patrt
of tbg'iﬁrfaﬁevp1at1num adsorbs both oxygen and carbon mqngxide on the ,‘;

same S5 ie ¥ wid gives_dh‘ER absorption band of C=0 stretcning shifted

A% - .
‘\that such specie;_?tggo could be obtained

They showg

o 2120-en L
S

ever: 1t¥room temperatur repeated (0,-C0) treatment.

2 .
Triese investigations witqllg;sﬁectroscopy indicate that the ad.
AR

_seeption of oxyger on Pt is Rot simple: namely there are at Teast two
different kinds of adsorbed species of oxygen. IA this viork, volu-
. ,mei}ﬁc uptake data has been supplemented by an IR study of the né@ur%

-

of the surface oxygen species after repeated 0,~C0,and 0,-H, vreatments,



ghd grter 0 adsorption at cemperatures from 25°C to 5007C.

4.8 Exporimental Results
Table 4.1 shows the details of the catalysts used in this work.
Far both the static and flow system, gas uptakes were measured at room

toMperatures except as noted in the text.

92,1 Jsotherms and Isobars of Oxygen and Hydrogen

Figure 4.1 illustrates typ1ca1 isotherms of oxygen uptake obtained
wifth the static system at temperatures from 25°C to 500°C for catalyst
1. The gdsorption isotherm was extrapolated to zero pressure to obtain

13

the adsorbed amount of oxygen on platinum.

Figure 4.2 shows oxygen and hydrogen uptakes as a function of tem-

Péygture measured in the static sysfem for ca€§§§<ts Eand I, and in
theg ¥low system for catalyst A. Hydrogen uptak:s were remeasured at
rogn temperature after reduc}ng the sample used for the measurement
- 0f vacp static oxygen adsorption isotherm (Table 4.2). +For caté]yst I,
reguttion at 500°C was =nough to restore the ofiginal hydrogen uptake
R MV On/catejyst £, howeyer, subsequent hydrogen uptakes’were found
to Ye depressed by 24.4% and 35.4% after oxygen adsorption measurements
av QQO”C and 500°C, Fespective1y.b>Assuming that these deereases in
Nygrogeh uptake resulted from a decrease in metal sufface area, oxygen
uptikes at these temperatures were corrected and the corrected values
Avy Spgwn in Figure 4.2 by‘the:dgeted 1in€. | |

Oxy9en uptakes were foune-to increase with increasing uptake tem-
peratyre, while hydrogen uptakes.deceeased. in the room temperature

rey1on hydrogen uptake is higher than oxygen uptake for both catalysts

/ and E, as measured By both systems.
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Table 4.1: Description of Catalysts

Pt Content

4.76
S 2.46
00
1.00
2.03
1.61

2.03

same as catalyst A except
same as catalyst A eXcépt

same asvcatalyst except

Registered trademark of Cabot Corp. &

Type of Support

Engelhard (Lot #18-381)

Alon (4)

Alon

A]bn‘ 

Alon

Algn

Kaiser 201 alumina

Kaiser 201 alumina

sintered for 16 hours in 0, at 450°C
sintered for 16 hours 1in 02 at 600°C

sintered for 16 hours in O2 at 700°C

~
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Table 4.2: 0, Adsorption Uptakes as a Function of Temperature

and Room Temperature H2 Titration and Adsorption Uptakes

»

Subsequent room
Room temperature temperature

Catalyst iwcugon wivovpiion  mudrogen titration hydrogen adsorp-

Temp®C  Uptake Untake HT/0A tion uptakes
(atoms/atom) (atoms/atom) (atoms/atom)

I RT 0.3) 1,39 4.48 0.73

1005C 0,36 1.49 4.14 0.72

197 N.42 1.69 4.12 . 0.73

.. 290 .49 1.72 3.44 --

387 0.63 1.62 2.57 0.73

485 0.75 0.96 1.30 % 0.74

£ RT 0.20. 1.32 4.40 0.61

100 0.32 1.13 3.53 --

200 0.40 “h.30 - 3.25 -

300 0.46 T 2.85 n.60

365 0.40 1.ud 2.60 ” 0.45

500 0.39 “0.72 1.85  0.39

w

fad
B
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4.2.2 Hydrogen Titration of Oxygen Adsorbed at Elevated Temperatures
Experiments were designed to test the reactivity of oxygen ad-
sorbed at various tempefatures with gaseous hydrogen. 0Oxygen was added |

at T00 torr to catalysts E and I at temperatures ivop 25°C to H00°C,
fol]ow1nq which the catalyst was evacuated for one-hal® hour and cool-
ed to room temperature. Hydrogen titration uptakes were then measured.
Oxygen and hydrogen titer uptakes are shown in Table 4.2.

Tﬁﬁ§e data suggest that oxygen adsorbed at higher temperatures is

less reducible by hydrogen at room temperature .. the oxygen adsoubq_\\
Y
type of surface spec1es or may oxidize metal below the surface 1av0r

ed at 25°C. Oxygen adsorbed at elevated temperatures may form a n

This phenomenon was further studied by IR spectroscopy.

4.2.3 IR Spectra of €0 Adsorbed on Pt with 0, Preadsorbed at Various

Temperatures

IR transparert discs of catalyst I were contacted w' th O2 at tem-
peratures from 25 to 500°C in the n overe IR cell. Following 02 ad-
sorption (100 torr 0, pressure) the sample was cooled to room tempera-

ture, the cell was evacuated and the catalyst was contacted with co,

at 100 torr, for ﬁz;ﬂDQucs. IR spectra, following these treatments,
showed absorption ds with maxima near 21?0, 2060-80, 1800, 1640,
1430 and, 3600 cm’]‘ The last faur bands correspond to those observed

4.1

by Parkyns when CO2 was adsorbed on alumina. Eischens and Pliskin

4']2, in their study_of CO adsorption on supported Pt, observed bands
3t 2060-80 and 1300 cm”', which they attributed to the linear and

. N
bridged forms of adsorbed CO. Heyne and Tompkins® -7 and Primet v 7.

4.8 observed a band at 2120 cm ! when CO was contacted with a catalyst

which haﬂ previous] / been exposed to oxygen. Their interpretation as

[

a



‘rap1d1y, Hut it did not disappear completely over a period of severa]

to the nature of the bond responsible for this band differs; the form-

er workers attribute it to CO adsorbed on Pt ions while the latter

. ¢
L f‘)

15s1gn it to €O adsorbed on a Pt atom which also has an adsorbed oxy- .

gen atom,

In our work the bands at 1480, 1640 and 3600 cm_], and part of
the band at 1800 cm~], are probably due to the interaction of rn
formed by the oxidation of CO with adsorbed 02, with t%  alumina .up-
port. CD adsorbed 5; Pt, probably in the bridged str - e, alc co
tributes to the band at 1800 cm_] since 1t is present when ol Iy ad-
sorbed on a freshly reduced sample. When oxygen yias intfoduced at
reom temperatu to a freshly reducéd sample onto which CO has heen

adsorbed, the absorption bands at 2060-80 cm-] and near 1800 cn” ' de-

creased in'intensity, and a new band developed at 2720 cm_]. »This

. new band is the one also observed by Heyne and Tompkins4'7 and Primet

o -
47.4‘”. The intensity of the 2060-80 cm” ! band initially decreased

hours unless the catalyst was heated to 1OdOC. Heyne and Tompkin54'7

. reported that this Band rapidly disappeared completely at room tem—

perature. -This d1fference 1s poss1b]y due to the‘41fferent support,
' 4.12

Cas postu]ated by Eischens and P11sk1n , Or it may be CauSed by dif-

ferences_1n Pt crystallite sizesx_

The band at 2120(cmf]’wés‘a1so'6bserved Whehth;waS intfoduéed
to the catélyst;which had_preédsbrbed oxygen at é]evated temperatures.
This is illustrated in Figure 4.3. The 1ntens1ty of th1s band in-
creased.with 1ncreas1ng temperaturé of oxygen adsorption up to 400° C,

then decreased when 0, was preadsorbed at 500°C. The 2050-80 o’

band, however, continually decreased with 1ncred§\pg oxygen adsorpt.on -
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tcméehature. These rosults suggest that oxygen is taken up by sup-
porféd platinum on at 1éast two different sites. One site which
qives the ZOGQ-SO cm'] pand when CO is admitted, is gcnerai]y asso-
clated with adsorption of‘oxygen on a platinum atom. This species P
of oxygen 1is readily rémoved by CO in a reaction to form CO?, and the
band‘thus aEises from CO adsorbed on the "clean" site. The second
site for adsorbed oxygen, which qives rise to the 2120 en™! band
when CO is'introduced, has been associated with platinum ion, or a
platinum atom.which simultaneous!ly adsorbs CO and oxygen. This sr-
cond species of oxygen is thus lass reactive with CO, and is formed
more extensively as the%temperature of oxygen adsorption increasés’
L. to 400°C. For convenjence we refer to this second species of ad-
sorbed oxygen as Type 11 éxygen, g fo the previously described site
as Type I. However, it should be emphasized that the éxact charac~
ter of the sites is not definitively established. .
The 2120 cm‘j Type II band decreases wben the samp 3 tréétéd

. N N S o
with hydrogen.at room temperature and is recontactedﬂw1th cO. \Aqf

! Type I band 1ncreéses; Sugéesfjnh that

the same time the 2060-80 cm”
hydrogen'is caﬁab]e of reducing some Type IT sites tQSMe£a1Tﬁf:p1ati~
num whicn subsequentTy'aasorbs 0. However; the higHer the tempera-
ture of oxygen préadsorpfjon, the less reducib]ebthe Type 11 oxygeq
becomes. | 'E .
A seriés of expéeriments was desighed to further investigate thé
nature of the' two oxygen sites. 0Oxygen was adsorbed on two freshly
- reduced samples of catalyst I, at room temperature for ohe sample -and
400°C for the other. Subsequently both samples were evacuaéed at

40G°C- for 16 hours. The sample that had 02 adsorbed at room temperature
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&

i .

recorded aﬁt‘e‘r'O2 ddsorpt1on at ROOM. temperatUre f@1lowed by 16 hour

K o : . 66

]
R4

did not show any further 0, uptake when Oxyqbn was readmitted at room =¥
[ : . .

air

temnbrﬁturo. Howevér, the other sample took up 21.5% of the original ol

-0) HptdkO when O\yQ(n was readm1 tted at 400°C. These ro<u1r< suUqqest

that oxygeh may be more ea&n]y removed from Type II 911@%, forned at

4],

4007C, than from Type I sites, which predominate in 0, adsorption At
25°C. . The removal could be either Qgsor,tion or miqration into the

metal to form a bulk oxide. . .
i : W

In othér experiments C0O spectra were recorded o7 wo samples of

\ ‘

catalyst I" after adsorpt10n of 0? at-400"C, one af w 11f hour. .«

ovacuat1on, and the other after a 16 hour evacuat1ou. o spectra,

K}

trun e -
i TP

\
shown in Fiqure 4.4, aqam indicate a. s1zeab]e dechne m .yaII

sites, Qyt a{most no change 1n Type I sites. S1m11ar]y, a s

evacuation at 400 C shows Oﬁkg\§5511qht decrease an the 2075 cn |

¢

_pegL from the TyJe I site, and no §v1dence of a ponk at 2127 cm

X

=l

These resu1ts not only éﬁggest tfat oxygen 15 e vab]@‘from
9 -
Type [l.sites far more readily than from Type I sites, but also indi- -
cate that Type 11 épécfm‘ w10t formed fyom adsorbed Type I spec1es.

v
Heating in vacuum a sample on wh1ch O " had bheen adsorbed at room tem

peratures to temperatures (400°C) where Type 11 sites‘are formed does

not qenerate Type I1. oxygen " Thus’ ype IT s1tes mey He farme.!l on Ty

O

oy contact with gaseous oxyqen or, as will b2 ;ubsequent1y shown, dur-

ing ‘cyclic treatment at room temperature with CC and 02. -
. . o |

1 /'v , . . R B . X

a.2.4 GgéAUQtakgg_qqgllnggjo? §e%ggpces <

Table 4.3 shows the results from a number of titr~ i+ seauences

- ;’j . . . /i:_ ‘:',‘.‘ ) _ /_’ ; - ) R . . ) ' d ‘(‘.
in both d1reci:ons { 02 Hé O2 and H2 P?_Hz). .Jh11c‘the/tren is

o
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‘the’1n1t1a1 hydroqen uptake

¥ b

L}

ot universal, it is evident that sccondary and tertigry nydroaon

\

uptakes (H2' and H3') are qenerdTTy higher than the initial hvdrogen
X

uptake, while secondary and tertiary oxyqgen uptak@: (nz' and 03') are

qenora]ly less thafi or eqwﬁl r%rtht 1n1t1d1 0Xygers upbdke ((See

W

Table 4.3 for nomenclﬂture.) A survoywf other rabor ed titration

‘1 2 { @ 5 ‘, ‘. | [
data "1_1'3' 5. 413, 4.4 ‘ )wod**hat on]y/U11§Oﬂ and Hail report

- . v - . L " ;‘ ‘ . My P )
instdhces where secondary nhydrogen &é%ﬁr'- su“ftantﬂally*1ower than
¥ Y '

‘1qure Q 5 shows a:plot of the. post t1trat10n hydroqeﬂ eniﬁnce
) "5“\1 v b

o

menb $2 /H1«or H3'/H) as a Funrt1on Of the hydroqen Uptake td oxy\

gen uata (H]/O]) ratio. Tth p1ot 1nc1udﬂs the data of Hil$%n and
&5
i, - : AW
Ha]lqgg’ ?']3 and 5a<set ol qﬁ.4'5 as wel] as our Swn. The data of
T Gruber was echuded Decause oxyqen uptake was measured at ‘a dwf\ R
“ - (1 \b ‘\)' ;
. ferent temperature (350°C) . than The hydrog%g}uptake, Aﬂd samees werea g
.vtwng observat1ons emerge from 1nspect10m of Flﬂure «

L
“~ ~

4.5, First, a11 of the points from these expe)1meﬁis whwch -show a
vﬁydrogen enhancement'factor 1ess than un1ty vere regorded at 0°C oFy”

-were sintered in O beﬁore mea<uretent . For all room temparature

R )

mLkJﬁfements of non- s1ntered specwmens secondary and tertiary hydr0~

gen adsorptwon is h1gher than the initial hydrogen ubtakes. One ti-

twat1on sequence (Run 83) was run A a methano] ice batn (-~ 980C).
Tne tertiary hydrogen adsorpt1on is on]y 10/ of the 1n1u1a1 uptake,

wnich we postulate arises from the fact that generated HéO freezes

“and biocks access to the metal surface. The 0°C points similarly may

: i S :
experience some surface bliockage, ieading to Tower enhancemgnt ratios

than occur in titrations at room temperature cr higher.

<y g “
R A
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‘**ohd‘ Wiison and xall's cota reveaTs cases where low anphance-
menL factors are observed AT1 of tthe poyts occur where the ini-

tial hydrogen uptake is - ]OS" ‘than dtOUT ] 3 times thc 1n1L107 oxygen
uptaxe. mhnally. a <hnCK of Hllsénfznd Hall's pretreatment conditions
) £9
indicates that all their points”sﬁnb1ng enhancement‘rat1osA1855 than
ﬁiunity had heen exposed to air'OF hydrogen gt temperatﬂfe?”oﬁ’545“6
"y

or h1<her, Wlth most treated at te”pp»\tures qreater than oOO”L\ Thu%

”|vom ¥1<ure 4 5 the t?end 15 ev1dent that cata1ystJ wh1ch have 1n1t1uA
Y.

upﬁdkes qreater than abgut 1.3 Limes the 1n1t1a1 oXytfen up

- N

. S xﬁ
terd ‘to- show énhancement af wydroqan adqorpt1dn aftcr One ow

v

two titrations, part1cuxar1y at rodm Lom peratures and h10her'

i1qure 4.6 showqaa pTcL of the vat1o of 1n1t1a1 hydPOg@ﬂ uptake
to inwtwa]voxyqen uptake (H /01) versus-the cata]yst-d1sper37onve:
measured by hydroqen uptake {l ). Again, the data of ! 11con and Hall.

§.3, aoryTe 5 &

and Basset . .w2.4‘3 are included. 4Yhi%e considerable scat-

' '1;§er s evident "in the data a trend to a higher H/0 ratio with “ncreas-

£ - .
ing dispersinon \smalxer partwcle size) 12 evident. Thus, as Wilson
o \
and Hall suggest, chemisogption data supports a variable stoichiometry,
. . \ P
with hydrogen and cxygen uptakes being about the same oniy orlargey

-
b

Z platinum crystallites.

a 4

/

4.2.5 Long Titration Sequence I L
One experiment (Run 75) on Eata]yst'& vas extended for z tota’

of 14 (Gé—HZ) titration;sequences. Fiqura 4.7 shows the resulting

uptakes o7 ti1 Leréd oxygen and-hydrogen, asvwe11 as the ratio of hydro-

gemrs uptake to oxygen;uptake for cach step. The final HT7/0T: ratio
& T

10gs not aporoach 2.0 as predicted by stoichiometric considorations,

oy
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CoN sy < 75

e
but rather 1s asymptotic to about 2.02. This 1% factor could well
arise from the fai]ure of the flow system to detect a small portion
of the hydrogen whicmTs~reversibly adsorbed and "bleeds" off. . How-~
ever, 1t 1s evident that hydrogen adsorption eﬁhéncement continues
thiough the first @ titration‘sequcnces, a%d thus this effect is not

restricted only to the first titrations.

4.2.6 1R Spectra of 0 Adsorbed on Pt After Repeated Sequences of -

? .
(0760) and (0pHp) Treatnents
N \ ’
a) “(O?;LO) cycles
@ Oxygen (100L torr) and carboh-‘{&onoxide (I&tow)‘ ware cyclically
[ S ' ol

. L . ki .
., “introduced, at room temperature wﬁh. égacuation for one-ha1f hour be- |
o N, ot > v ’

EARGLNS &

/7 tween cycles, to catalyst I, and IK*spectra were recbrdé@_after each
addition.‘JFiqure .8 shows some of the recorded nectra.
"After the second Cﬂ;édsorption tﬂ; 2070-75 cm_] band reached a

maximum, and subsequent (OZ-CO) sequences ‘caused this band to decrease

. . . s . —] . ) * .
in intensity. On the other hand, the_iﬂﬁ?(mlT}band_wggreased with
. : r. P N )
S ‘ .
. . , ) Sp
,cyclic treatment.  Thus reneated (CQ—OZ) treatments generate ncreas -
i . e »-
£ . v *
irip amounts of Type NI surface adsorbed oxygen, which is not reduced
hy e nes s 00 titer. | . ‘ : t \
( ~hen Treshly reduced catalyst I was contacted for ]7 hours-with
- e b .
: ‘ ' e ) B K - .
gaygen at voom temperatgpe, subseguent CO treatment did not generate S
L -1 ‘ L i . ) . i ‘ 0 -
212@ cn Type 11 oxygen band. Thus it is the cyclig treatment
. 9 '.‘v\
wiizh O wnicn promotes tne® formation of the Type Il site, rather than
the time of contacting witn 0,. " Mhen hydrogen was introduced at room- . .
Lemcovature to a cyclically treated catalyst, the 2120 ¢cm  band de-
- i ! . .
D ' . S =1 .
Croedsed but was not totally reduced.  The 2070-75 an band ghifted - 5
- [
) ,
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to Jowey froguency (av =20 cm—]).
5) (OZ_H2> cycles

\ In these experimiifs fresh catelyst was contacted with oxygen,
then hydrogen, and then=C0 was introduced to the cell and fhe spectra

recorded.  Typical results are shown in Figure 4.9. . As found by

— 4.6 -1 . ‘
Darenspourg and Eischens '® the 2070-75 ¢m” ' band is enhanced by sub-
sequent tregtments. In addition, we observed the band to shift to

1

2060 ¢ (su=15 cm—]). This shift is almost identicat:to the shift

77

observed by Primet ¢ u5.4'8 when ‘water was addedQXO'their c0 ad- " ////d/

sorption system. We thus tentatively ascriBe the shift to a modifi- /

: : R j
cation of adsorbed CO electiunic properties-arising from the HZO‘ (

s

générated during titratsdon. - H.f;u

v sl &

Evidence of H-0-H bending, in the 1630 cm™| band shown in Figure .

4.3, rurther demonstrates the presence of water. Also, absorption in

it
: »

L oo -] . . . - ~ . . ' .
the 7500-3500 cn™ region, due to alumina OH groups, inc¥eased with
- : ; ] .

incressing number of 0,-H, cyé]es, indicating that some of the gener-
ated Ha0 was boing takep up by .the alumina.
N .

The 1835 cm']_band’wag enhanced by repeated ﬂ2—H cycLes, as shown
[ P \

in Figure 4.9, This was not observed in the cyclic 0,-C0 *treatment.
. . . . A' ) N i ..

The most outstanding difference; however, between the two' treatments

. . : i -1 . ' :

1sornat the 2120 cm . band. attributed to Type 11 oxygen, was not de-

. : ' . o T e 3 " L ' ) . bl -
tected in othe cyclic (0,-t,) tyeatment,.even after six cycles. :é
B . ja 4 -

[
we

A5 Therlrigin of, the Tnhancement Effect . : \

. o e : .
tngncementyof hydroden uptake following tiiration is demonsivaf

b by fac results in Table 4.3 and Figure 4.5 It way be arqued that

Vo - R , - .
Chens apoerent increase s odue ty incomplete . desorption during-tne

- : "

»
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ro]ai\ve]y short.dcgdssing periods aften reduction (1 to 2 howrs at

500°C). However, an absolute measyrs of enhancement or retardation,

v

independent’ of initial syrface hydrogen coverage, can be calculated,

“as shown in equations 4.5 to 4.10.

.
H1 | ? )
) 21 I{? O7 O” Hﬁ\j}' H" Pt H v
Ny o5 ! TG . “ A -~
BN OPTA Sty pp SRl . 1.5
_ el ' ‘ :
J LA g 4
, B A DR B Oy
) /ﬂ?\ ‘ &3 //v\
‘ o1 0 W K2 03 A - \
) . TLo~5 H A
Pt _2,,,_",4,} Pron - 2 AN P,
B BRCPIRREALA arhas S 5- U PR
‘) . i [ \\ - ] et
S coee o e - .
5 H20 K “+d.H?U o | *?MHZO‘{ 5
where 'x' 15 thé)number of Hy atoms remaining. on ‘the p1auwnum per
[1du1num aton after evacuat10n, and. f'b', ‘e, id» ', and e
are two number of nydroceﬂ or Oxygeﬂ atoms adsorbed Der p}at1num 5n! .

atom at vanidus stages in th@ tigration Sequenéés.ck(AJ1~st®1ch10\
metric coefT1c1ont5 i thes equat10n9 are exbréssed in terms of

metal atoms, hence they are not an- abso1ute surface stoichiometry. )

' ALLo;g;ng to Equation 4. 5 } "‘5’? o _.¢‘1/”V, Lo
and %rpm‘Equatidn%\z:Svand,4;6 - ; o .,ﬁ_ o k“." ' H
| | ‘ (e-a) = Hé - 2(01)_~ H{ “,‘;':a N
‘ Similar?f, the retafﬁdtjdn of Oé édsorptiéﬁ?is given by . |
| (G-F) = fgﬁ . 03 o ESN
and ‘l oo ¥ | '
(d-b) = 01+ Bls oz J 4.10
{

" The absolute enhancemen+ n H2 hdsorptu@n iy qiven: by (c )'andA(g»akﬁ
LR \M_

v
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{
The vaiues of (c-a), (e-a), (d-f) and {d-b) obtained from our data

e tabulated in Table 4.4. The results indicate a general enhancement
of Hz uptakes during titratidh and a retardation of 02 uptakes. Thus
the variation in adsorption stoichiometry which we observed during titra-

tion is not attributable to insufficient degassing.

Darensbourg and Eischensq'O hoted H, enhancement in their IR studies

of supported Pt cafa]yétsg ahd attribute it tQ"an increase ‘in metal sur-
face area arising from the room-temperature reduction of the adsorbed
oxyaen. _In éxamining our results, we have considered.this hypothesis
and others: . the creation of different.species of surface oxygen, as
oécurs during repeated (CO-02) treatme;fs; and an influence from the
water generated during titration.

The p?imary difficulty with an interpretation of increased surface
area following titration is that it fails to explain the retardation or
- lack of enhancement of oxygen uptake noted during titration. In some
cases the‘reduction in O2 uptake'exceeded 35% on the second titer (03')
and 30% on the first titer (02'). It is difficult to conceive of n
alternate increase in surf&ce.area during a hydrogen titration, followed
by a decrease in surface during an oxygen titer. For this reason we
~conclude that a simple physi.al - “ze explanation for hydrogen enhance-
ment s not-éatisfactory.

- It is evident from the IR results that the two CO band§ may .be
correlated with two different oxygen adsorption sites. The‘Type II
site associated with the 2120 Cm'] band appears after high temperature
adsorption of oxygen, but is also generatéd during room temperature re-
peated (0,-C0) treatment. Once formed, this Type Il site i ot totally

2
reducible by hydrogen at room temperature. (Total reduction is observed

[}
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74 &

75

61
63
65

80
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105 -

90a

71
74a

Table 4.4: Hydrogen Enhancement and Nxyqgen

Retardation During Titration

H? enhancement

4

O2 v b

Temperature H atoms / Pt atom 0 atomy / °
' (e-a) (d-f)

R.T.
R.T.
R.T.
-98°C
0°¢C
0°C
+97°C
+206°C

- 0°C

0°C”

0°C

R.T.

(c-a)

0.09
0.005

0.
0.

04

-

N4

.06

.03
.02
.04

.02

.16

.04

.01

0.07
0.13

0.05

0.04
-0.002

~-0.09

0.
0.
0.

-0.

-0.

D

-
—_

calaon

SuOMm

(d-b)

10
10
10

.005

.001

.02
.02
.01

.03

14

.01



at 150°C). However, the Type I1 sites decrease substantially during
high t 4. ture evacuation, while Type 1 sites a. not.

Gi.cn these results for (02~Cﬂ) treatment, we speculated that cy-~
Jc]ita1 (OZ-HZ) treatment at room temperature might s%m‘1ar]y denherate
the second type of oxygen site. [f these sites could still adsorb
Hydrogen, then enhanced hyarogeﬁisgd retarded okygen aptakes could be
e*plained. However, CO-adsorption aftef repeated (02fH2) treatments
gave no-evidence of the 2120 cm’l banﬂ. We therefore do conclude that
Type IT sites are not generated during titration sequences. This does
not, of course, imply that other surfqce complexes may not be formed
which account for the H2 eﬁhancem@nt/()2 retardation effect.

' ‘Another factor to be considered in titration anomalies is _the
effect of the water generated. The resyjts presented in Tables ¢.3
and 4.4 1nd1cate that at temperatures of 1'C and below both- HZ and 0
adsorption muy be retarded. Th1s may be due to .incomplete reaction
during titrationhand/or B1ockage of the Pt syrface by HZO. At room
temperature and above H2 adsorption is enhanced and 02 adsorption is
retarded. This yay be caused by an a1terat1on of the A]203/Pt inter~
action due to the H O/A]2 3 interaction in tha vwc1n1ty of Pt crystal-
lites. From (R evidence we concluded that some of thevwatef is taken
up by the support. vHowever, the water affects. ¢0 adsbﬁged on Pt suf~
ficiently to generate a shift in the 2075 chf1 band, also observed by
Primet ot al.4'8. This indicates a change in the e{ectroniC'Droperties
of the platinum.

. The changes in H2 and O2 adsorption yptakes are much more marked

for the static results than for the dynamic ones. The presence of the

carrier gas in the dynamic measyrements may facilitate the movement of



water from the Pt osurfaces to areas of the support sufficiently re-
moved from the Pt crystallites 5o as to reduce the offect of water on
subsequent adsorptions.

[t is impossible to dup]icafe post-fitration we  ing conditions
by addition of HQO to a fresh catalyst, because during titration water
15 generated only at the platinum crystallite locations. However, one
experiment (* ns 104 and 105) was made on caﬁa]yst Fin which a 3.1 ¢

“ﬁgta1yst charge was wetted by one-half cc of degaséed distilled HZO'
“While this major dose of water caused both initial hydrogen and intia]
oxygen uptakes to decrease, the oxygen decrease (377) was greater than
the hydrogen decrease (20%). Thus fof the wetted catalyst, the H1/0]
ratio was 1.90, compared to ].53vforvéhe dry sample, again 1ndicatfng
that wetting e greatly retarded oxygen uptake. While this siﬁg]e'
1resu1t is by no neans conclusive, it suggests that investigation of
Ehe.effect o7 wetting on gas uptakes wérrants further investigation.
| [t is easy to postulate an influence of crystallite size on the
effect of HZO on gas uptakes. Primet e¢ az.4'8 éttr}buted the shift
of fﬁe 2075 cm”] band in CO adsorption on a wetted catalyst to the
electronic donation. from the water to the platinum crystallite. Both

4.3 and Boudart and Dalla Betta4'4 have cited the rela-

Wilson and Hall
tive electron deficiency of small platinum crystallites in explaining
oxygen uptake differences among catalysts of varying dfspersionf If
the water does act as én,e]ectron donor, i; could affect the smaller
_crystallites more signifitant]y thap the 1arger ones. Thus the mechan-
ism of uptake enhangement/retardation may be electronic, rather than

physical blocking of the surface sites as cited for the -98°C results.

The cther interesting point to emerge from this study is a
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dependence of the relative uptakes of hydroqen and oxygen, as measured
4.3

by the ratio H1/07, on the dispersion. Wilson and Hall first noted
“this in accounting for the discrepancy between Benson énd Boudart's4‘]
and Mears and Hansford‘s4'2 tﬁtration stoichiometries. In Figufe 4.5,
Wt is evident that Wilson anﬁ’Ha11's data predict the start of a devia-
tion between hydrogen and oxygen uptakes as the dispersion measured by
H2 adsbrption e&ceeds about 0.3. Our dafa and that of Basset ¢ g/. 4.5
indicate that hydrogen and oxygen uptakes differ over the entire disper-
sion range. This discrepancy may well be attrwbutab]e to Wilson and ,
Hall's generally more severe pretreatment conditions.

Wilson and Hall used particle size distribution analysis of elec-
tron micrographs to attribute the deviation of hydrogen and oxygen up-

takes in small part1c1es to Pt,0 stoichiometry on small platinum

27surf
particles. They argued that evidence points to an H/Ptsurf ratio of

unity regardliess of metal particlg size. Dalla Betta and Boudart4'4
also conclude that oxygen uptake on small particles is less than 1 oxy-
gen per surface meta} atom, based on calculations of the size of par-
ticles 1n’the cages in a Y zeolite. In our experiments we did not
attempt to independently determine hydrogen énd oxygen adsorption stoi-
chiometries through separate measurement of crystallite size. Rather,

we only note the influence of cispers1on, .and hence part1c1e size, on

the re]at1ve uptakes of the two gases

4.4 Conclusions
Titration of adsorbed hydrogen and oxygen on supported platinum -
catalyst generally results in enhanced post-titration adsorbed hydro-

gen values, and reduced post-titration adsorbed oxygen values. The
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enharcement occurs over a variety of catalyst loadings and tempéra;
tures, and is correlated with the ratio of initial hydrogen and oxy-
qon uptakes, decreaéing as H1/01 approaches unity.

| Laplanation of the enhdn;emcnt through modified sirface arcas, .
according to Darensbourq and Eischensa’G, does not satisfactorily ac-
count for a reduced oxygen uptakéﬂ Explanation through the formation
ot Tyhe Il oxygen sites, as ucéurs‘in the (OZ-CO) reaction is also un-
satisfactory since there is no evidence of Type II sites in 02>H2 ti-
tration sequences. The addition of HZO to catalysts appears to retard
subsequent oxygen uptake more than hydrogen uptake. More experimenta-
© tion s hecessary to confirm whether the water generated during titra-
tion is the key factor in enhancement.

Type IT sites associated with the 2120 cm‘] band are fo}medAdUring m 

05 adsgrption at elevated temperatures, and during repeated (OZ-CO) |
treatments at room temperature. They are not formed by room tempera-
ture 02 adsorption or by repeated (H2~02) treatments. Once formed,
the sites are not completely reducible by hydro@en at'room’£emperathre - —
but ‘do disappear in H2 at 130°C. The sites are not formed from Typé I - 1
adsorbed oxygen, even after in vacie heating of Type I adsorbed oxygen.

The ratio of initial hydrogen yptake to initial oxygen uptake on

supported platinum catalysts depends upon the dispersion of the cata-

7

lyst. Relative to oxygen, hydrogen uptake increiases with the metal

dispersion.
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CHAPTER .5

5.1 Sg}ggx

The overall process resulting in a change in metal dispersion of
supported metal catalysts during use or treatment at elevated tempera-~
tures is called sintering. Since, in general, sintering results in q
Toss of catalytic activity, an understanding of the Processes occurring
during sintering is of importance in the desiqn of cata]yéts with im-
proved stability. Unfortunately, there is insufficient direct evidence
to establish the mechanism of supported metal catalyst sintering.

Ruckenstein and Pu1vermacher5'1’ 5.2

have carrieq out a detailed
analysis of the sintering process by means of a nodel whiéh enQisages
_the Sjnfering process as a migratibn of metal particles over the supQ
port shrface, followed by the fusion of metal crystaliites ypon col-

lision. Their results-showed that the rate of metal surface area

-change is given by an equation of the form

45 o M 5.1

[a%
ct

vhere the value of n varies between 2 and 8, depending on whether the
rate of fusion (particle sintering) or the rate of surface diffusion
of metal crystallites 1s rate contrelling. Recently, Hynblatt and Gjo-

ste1n5'3

in their sintering studies of supported Pt found the value of
n to be z13. They proposed an equation, based on the concept of a
nucleation barrier, to explain this large value of n. In their formu-

Tation, the resulting equation being somewhat similar to that of
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o
Snmorja?b“a, the constant K in equation 5.1 dccrcqﬁas_nxponontia1iy
with incrcasiﬁq average particle radius, v, /.
K = B exp(-~Ar/RT) ‘ 5.2

HMynblatt and Gjostein did not compare the pred1ct10ns wWith taperiment,
but planned to pursue this in the future,

The model of Ruckenstein and Pu1vwrm\0hcrA'] 2, besides being
tnable to account for the above mentioned large value of n, encounters
other difficulties in being unable to explain some of the experimenta |

observations made during Sintering studies. These include:

1. Under certain conditions, generally in an oxidizing atmosphere -~

metal dispersion increases during high temperature treatmentS'S"J'&.

A simple crystallite ‘}iffusion model of sintering process cannot
account for increases in meta1 surface area, although Ruckenstein
and Pu]vermacher propose to d1scuss crystallite separation in a
future work,

2. The hioh activation energies observed for the sintering process,
ub to 70 kcaT/qmole for Pt on A12 35'9, are difficult to account
for on the basis of the fusion of two adjacent metal crystallites.
(Ruckenstein and Pulvermacher do not quantitatively discuss the
activation energies-of crystallite surface‘diffusion and particle
sintering.)

The continued growth of meta1 particles to the extent that the

w

metal particle size is of the order of the support particle size
is difficult to explain on _he basis of metal crystallite migra-
tion.‘ Figure 5.1 i11ustrates_this from,e]eétrdn micrographs of

catalyst treated in this laboratory. The Speciﬁen 15 an impreg-

nated 4.76% Pt on Alon alumina catalyst. The support consists



Fiqure S.1: F1eQtyoh micrographs of 4.76° Pt on Alon alumina after

Vahlouy Pretregtments, showing formation of large Pt
crvata) litey.
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1

of 10 to 30 nm discrete alumina partiéles which agglomerate
ubon wetting. The various micrograbhs show\p]atinun tarticle - |
sizes after impregnation, after reduction in hyarogen in mild
conditions (250°C), and after 16 -hr treatment in an 02 atmosphere
with temperatures ranging from 500 to 700°C. h
[t is evident thai the platinum continues to grow in size
on the Alon support even when it reaches 30 nm particle sizes,
exceading the average size of‘the particles in the support. The'
occurfence of this growth by crystallite transport over long dis-
tances of the irregular support, ‘by diffusion from one Alon par-
ticle tolthe next, seems highly unlikely. A transfefkof atomic
or molecular metal species, either across the bridge Where'the
'support particles contact or through desorptioq, vapor phase trans-
Port, and readsorption, seems a far more plausible hypothesis for
the Tormation of these large particles.
Despite the frequent citing of crystallite migration as a sfnter—
ing mechanism (e 9.5'];'5'2’ 5-10, 5.1 5‘]2), there fs Tittle
concrete evidence of motion over the appreciable distancés needed
to account for sintering of supported metal cata]ysts: 'For exam-
ple, in <n s7tu film growth studies by tfénsmission'e1ectron T
croscoby Pashley et aZ.5'13 observed small Yeorientatibns; such
as rotations of the order of 1°, when particles merged. However,
they qid not report significant crystallite motion. Phi]]ips et
aZ.S‘]z cite crystallite diffusion in interpreting their electron
micrographs. However, the authors were not able to describe theijr
Observations by their proposed mode]. In particular, Figures 1

and 2 of reference 212 are odd in that larger bartic]es ( ~100 nm)



WRPEIY TO MgV More repidly than sma]Her particles ( 5 nm).
Uvnnigtt and Q,109t61n5']q observed minimal miqrufion Tess

than 10 in 16 Haufg At 1000°C in a hydrogen atmogphere for .

Pt particies of an ayerage size of 7.5 nm on an A1203 substrate.

They conglyaa that pyrticle migration is too slow a process for

.ﬂartic1e S12eg graggen than 5 nm fo account for observed sintering

rates.  Gous' row WWR 10 makes it evidenl that most eviden _e of‘

substantial crystamte motion is mferentm] |
Iy shoulq he noted that the conditions in which crystallite

I ffusion s i ted a5 g mechanism in film growth are drastically

1 ferant fron ﬁhb&ﬂ in typical supponﬁed metal catalyst sintering’

studyjes: fFirst, t&mperdtures are generally 200 to 500°C lowe. in

fﬁ?kaPOWUH SEYd 04 sNeond, coverage of the suppoft is typically
apout 0,1 10 0.5 in ¢1in growth studies, while typical catalysts
nave abgyt 1079 timgy that-coverage of support by metal; and fi-
nally. tydhica) M growth supports are smooth, often c]eaved
panas, whife typical catalyst supports are polycrystalline and
highly -irregular,  Thug even i definitive evidence of crystallite
d1ffugian gy tilp ghawvH conditions is obtained, the translation

OF £his mgchanism to subported metal catalyst sintering would not

nécessarﬂy falToy.

In 1ight of these df(fiQu]tﬁes in interpreting experimental evi-
dence of sSintering via the madel of diffusing crystallites, we have
%Ubkéd to alternate mecnignismg to account for the sihtering'phenomenon.
In thig Qhapte» 2 myqal foh the s{nterinqhof supported meta]l catalysts
| iy developed based on 7nd1V1dua7 metal atoms leaving the meta] crystal-

|REVS migrating gvar the SUpbort and being captured by meta1 crySta]jites

\ »

O
[BS]



upon collision. This approach is by no means devoid of conceptual
difficulties, but it Can_account fu- a variety of experimental obser-

vations of sintering.

5.2 Proposed Model
The mechanism of supperted metal catalyst stntering'in'the propos -
ed model 1§ postulated to consisct uf three steps: one, 1nd1v1dua]
metal atoms (or mo]ecu]es such as PtO in an oxygen atmosphere) move
from the metal crystallite to the surface of the support; two, the
meta] atoms migrate over the support surface; and three “the migrating
atoms are either captured by collision with a meta] crystallite or are
immobilized by a drop in temperature or by encountering an energy we]]

on "the support surface. Each of these three steps will be discussed

in detail. <) ' ; ﬁf

. - .
Escape of Meta]»ﬁtoms from Crystallites

'Previous’workers con<idering metal migration and;bartic]e agglo-~-
meration have generally 1iscou ted the possibility of loss of ‘ilivi-
dual atoms, due to the .= rae ac ivation energy, Ea’ that this ..c
would require. The heat ¢ - .imation of platinum, for example, is
]35bkca1/gmo1e5'15. Arguing by extension from measurements on other
metals, GeusS']0 estimated the dissociatiou of a pair of‘Pt atohs to
be about 65 kcal/gmole. Thus most 1nvestwgators of nucleation effects
(e.g. re 5 10-5.13, '5.16-5. ]9) have concluded that for metals such
as B1, Au, Ag, Pt, etc. the dissociation of atqms from clusters of
larger than a few atoms is neglectably small. Simi]ar]y, the forces

between particle and support are presumed to be van der Waals type

only, so that heat of ‘adsorption, Ha’ of single metal atoms.is taken

£ -
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to be less than 20 kcal/gmole.

‘ Supported metal QstaJyst sintering is generally observed at tem-
beratures of 800 - IOOGOK, which is higher than typical nucleation
study temperatures of 500 - 600°K. At these temperatures, an activa-
tion energy of less than 60 to 75 kcai/gmo]e is necessary if a procesg
fs,to occur with a significant rate. Thus the large sublimation enerqy
and presumed low interaction of metal with support appear_on first
glance to rule out escape of metal atoms to the support surface from
metal crystallites as a plausible mechanism.

However, Geus' extehgive reviews']o of data observed in metal film
formation studies 1nd1cate§ that several factors may substantially in-
Crease the 1nteractidn)between metal and support surface. In advancing .
ékl? model we suggest that 1oca1ized.meta]-support interactions are
suf%%cient]y Targe to reduce the net energy difference between an atom
in the crystallite and an atom on the surface to the requir%d va]ye
less than 75 kcal/gmole. ”

The bresence of oxygen has been.reported by many authoré to sig-
nificantly increase the interaction of metal crystals and oxide sup-
port§5‘]o.' Fokmation of a metal ‘oxide Tayer at the support surface
1s believed to result in a strong chemical interaction, thought to in-
volve metal incorporation in the suppor% structure. For nickel, iron,
chromium and titanium ageing in air at room temperature has been ob-
served to substantially increase the adherence&of metal particles oﬁ
films. This type of strong inte;acfion between metal and support,
not necessarily reversible by reduction, could readiiy enhance removal

of a metal atom‘from the particle to the surface. (In certain atmos-

phéres the escaping metal species would presuméb]y be molecular rather



than atomic.)

A second factor explared by Geus5‘10 which }hcreases tocalized
metal-support interaction is the preésence af defects in the support
structure. The well known detorating effect, where crystals are seen
to nucleate in the region around defects, is attributed to' the favor-
able energetics of adatom adsorption fn these redions. Thus again
metal escape from particle to Support surface can be enhanced in 1o-
calized regions by the presence of defects,

Finally, Geus5‘]o reviews evidence that impyrities on the support
surface increase the interaction of metal and sSupport. The presence
of cracking products of hydrocarbons or of carbon has been found to in-
crease the localized adatom population. The role of sﬁch‘imphrities in

serving as a bridge for the "spiliover" of adsorbed gases from metal to

surface has been discussed5‘2o. By increasing metal~support interaction,

such impurities may also help to bridge the spillover of metal atoms to
the support.

These a}guments fbr Toss of metal atoms to the support surface
are admitted]} tenuous. However, they point to an interaction far more
complex than the van der Waals forces cited in ruling out the possibil-
ity of particle dissoéﬁation. Because of the large heat of Condensa-
tion of.metals; and their ready mobility on support surfaces, no direct

measurement of the heat of adsorption of Pt on typical supports is pos-

5. 10

sible 1Tips et ¢2.212 found that an H. of 35 kcal/gmole for

Au on Si0 was required to explain thejr resu]ts in terms of their par-

5.2

ticle migration mode]. Tabatadze et q1. measured the conductance

of metal oxides during: the adsorption of noble metals. They observed

N4

1arge changes in conductance as Tong as metal atoms were supplied to

R
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the oxide surface. Their resyles. indicate a gthony Qlectromic uters
action of singie metal atoms with tﬁeyﬁfid% surtacey vihieh disappears
once these atoms agqregate ;Qlform metal erystallites, iy indiracy
evidence supports conclusions from nydlestion and Fify qrowth seudiey
that forces other than van qer Waalg are involved in ghe gdaarprion of
metal atoms on oxide syrfaces,

The reduction in surface energy is the griving force for gha grans.
fer of metal from smalley to Jarger erystatyites, ve are intgradfey fin
obtaining an approximate Fe1aLT10NghIp for fhe rate of logy of maty)
atoms From a crystallite to the suphory as § function of crysratfite
size. The Kelvin equatioh relates the &Pfeﬁd1ﬂg Pfe&ﬂufe\ ¢, 0 thQ

crystallite radius, r, by

S 9y exp(R/r) ' §.3
where the value of Bdepends on the shyha u%'tné‘cryst@1]ite, the méta1\
support contact angle, tQ;Aneta1~suppsnt and metatwvapgr 4nv@rfacid1
energies, the metal molar volume, and the temperapyre, ﬁﬁw 3 SpeQific
Support/metal system, at 2 constant temperatyre, yha v7ﬂu@ of 4 shoulg
be relatively constant.

At equilibrium the rate at which 2 chysrallite cabture& AYONSE i3
Proportional to r¢, and therefore the ryte of atom 1058, dt » 18 3130
proport1ona1 to ré. The rate of Toss 4y 1ﬂdQDﬁﬂdQﬂt oF vhether or nat
the system is in equilibrium it energy tRANsTar 18 rot controlling,
Hence the ratio of the rates of Jgss. for twy crystatlitey of d]fferQnt

size 15 given by

dL. /dL £.0, v
.l ._.,.2 x /\‘l"vl., 7 \/l. O
( e / ) = N exd [ 8 ( 7] 9.4
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The Pt/A1203 contact angle 18 wW0°, and therefore the.crystallites
were ‘taken to be hemispheres. For this case the value of 8 is defined‘

by .

. - (Yl + 2y2)v
i

[$3]
(@2

where v] and Vo are the Pt - A]ZO3 and Pt - atmosphere interfacial
energies, V is the mo]ar‘volume of Pt, and T was taken as 1000°K. In
order to assess the range in reported values Of'y(c.g.5'22’ 5'23) and
the variation of Pt species (such as metallic Pt, Pt0, etc.), three
values of B, ranging from 4 to 6 nm, were employed in calculating rela-
tive rates of loss by,equation Sl@u In Table 5.1 the rates of atom

Toss relative to a crystallite with § diaméter of 25 nm are reported

for the three cases over the size rahge ¢ to 50 nm, -

From the values reported in Table 5.1, it is evident that in the
size range of interest in sintering studies the rate of Toss of atoms
from a crysta]]ife‘may reasonably be approximated as independent of the
crystallite size. The variation in Toss s less"than 30% up to 30 nm,
except for very small particles where equation 5.3 predicts questionably
high values of @/@O. Akcording]y, we have modeled the }ate of loss of

atoms from the ith particle as

'dLi »Ea/RT
qr " Ae 5.6
dL. : : ' _
wnere Hfl' is the rate of transfer of atoms to the surface, A is an

arbitrary constant, and Ea is the activation energy required to move
from a particle to the surface. For particle sizes above 30 nm the

surface energy and size variance of the rate of loss do not compensate



Table 5.1: Relative Rate of Loss of Atoms per Crystallite
~as a function of Crystallite Size as Estimated
by the Kelvin Equation (Normalized to 25 nm

Diameter Crystallites)

Crystallite

diameter Case I Case 11 Case 111
nm F=4.0 nm F= 5.0 nm F= 6.0 nm
2 3.17 7.9 19.97
4 0.86 1.31 \ 1.99
6 10.66 0.85 .. 1.10
8 0.63 - 0.75 0.89
10 0.65 0.73 0.82
12 0.68 0.74 0.81
15 0.74 - 0.78 0.83
18 0.82 0.84 0.87
20 | 0.87 0.88 0.90
25 | f 1.00 1.00 | 1.00
30 X, 114 1.12 1.1
40 ff 142 1.38 1.34
50 . 170 1.64 « - 1.57

100 3.15 2.96 . 2.79
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for each other, and the assumption of a constanty lpgs rate, equation

5.6, becomes increasingly subject to error.

5.2.2 Migration of Metal Atoms Over Support Surfaces

The extensive work on nucleation and film growth leaves little
doubt about the mobility of atoms on supports, even at temperatures
much Tlower than those encountered during supported wetal catalyst

5.10-5.13, 5.16-5.19

sintering The atoms may be Considered as a two-

dimensional gas, in which case their speed i5 given by

<
Il
~
[o~]
p—a
o
~

4
or toe motion may be described by the jumping From ghe syrface site to
ne t which is described by

v = av exp(-E_/RT) [ 5.8

[t shou'd " noted that E_, the activation energy for syrface diffusion,

is not neccssari’ equal to Eé, but is generally considerably smaller

than Ea. |
In the presan "t is immaterial whether equation 5.7 or 5.8
is used, but eque” . o ustrates that a drop in temperature could
readily immobilize e ‘ms if certain sites on the support surs
face have large ve'ues - I= presume 2 . rface velocity rapid
enough, at sintering “emu 1 “ead to  sriform ancentration
of free surface me 31 av.u o Su ot oy e,
5.2.3 Capture of Atoms by .‘eta: = :=1li.-s

Upon collision of a migfafing oL Wit meral crysZallite, the
atoms may become 1ncorporéted in the crystzllize. Tre rate at which

a ¢ *allite gains metal atoms by this process depends 2n the concen-
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tration of metal atoms on the support surface, the velocity of these

atoms, and the effective diameter of the crystallite, Dj, oy
J

v B 5.9
T v
where = stickihg probability of an atom colliding with a crystal-
Tite (assumed toAbe independent of D)

Nt ¥ total' metal atoms

SO = support area ner metal atom

FS = numberFof atoms migrating on support with an area Nt SO

» (7.c. Nigg- is the concentration of atoms on support surface)

Once the atom has become attached to the periphery of the particle it
can migrate over the metal surface and become part of the grysta]. The
surface self d%}fusion rates of metals are generally quite large, the
activation eneray for Pt only being 26 kca]/gm01e5‘24, and the résu1t-

ing crystals should be three-dimensional rather than metal islands on

the support.

5.2.4 A Summary of the Model

The net rate of change of the number of atoms in the ith particle

s given by

F : -E_/RT
S a
Ng Di~Ae 5.11
(o]

The rate of change of the number of migrating su}face atoms is given

-

by the material balance



¥ M . N .
[ > d L N d( . -La/RT F M

(7~ -~=—)==-MAe +avo—2 ) D 5.12
dt dt R
1 tho i=1 i

where M is the number of metal crystallites on the support of area
NtSO.
This model of supported metal catalyst sintering may be likened
to an evaporation condensatién process among multisized droplets. In
that case the variation in vapor pressure among drops of different
size leads to a transfer of Tiguid from smaller to large: droplets. -
By our sinterina model a single pértic1e on a Suppbrt surface would
establish an equilibrium concentration of metal atoms migfating along
the SUfface. L ith several particles of different size, however, the
surface concentration is not equi]ibrated with each particle, and thus
growth or decay in individual particle sﬁzes occurs. Because smaller
crystallites would equilibrate witn higher concentrations of migrating
surface atoms than larger crystallites, the larger crystallites arow

-

at the expense of the smaller.

5.3 Method of Solution

Equations 5.11 and 5.12 were written in the following finite-

difference form for solution

M

where ?g = arjthmetic average of FS during time increment at and v is

given by equation 5.7. In the above formulation the constant « includes
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the redyctign in the velocity bf)miqrating atoms, v, duc to an acti-
vation energy for surface diffusion. The support surfacé area per
metal atom, So’ is related to the metal loading of the catalyst. For
example, SO x~ 10 nmz/atom correspbnds to a catalyst containina ~ 1 wt
7 Pt on a support héving an area of 300 mz/g.

Two methods of solution for equations 5.13 and 5.14 were employed,

depending oh the value of g (v being given by equation 5.7 and FS/Nt,
o)

the fraction of atoms migrating on the support, being determined in part

by the value of QV/SU).

5.3.1 Solution for u/SO > 1012 m'2
For valuegs of u/SO> 1012 m'2 it was found that FS is always small,
M
F, = 0. and the approximation J AN, =0 could be made. This condi-
' i=1 v

tion corresponds to rapid rates of surface atom migration and capture
compared to the rate at which atoms leave crystallites. For this sit-
uation, the rate at which a crystalTite captures atoms, assuming all
crystaT]jtes gre equally accéssib1e to migrating atoms, is proportional

to diameter, Dj- Equations 5.13 and 5.14, for this case, reduce to

M N -E /RT
AN, = (— —=1)Ae & at
., D ‘ 5.15

Thé values of N., for all particles, aé a function of time can readily
be computed by a single~step method (Euler's formula) once a relation-
ship between Di\and Ni is chosen. In this work we described the crys-
tallites as fec cuges énd used the equations of van Hardeveld qnd

Hartogs‘25 to determine the total number of atoms, Ni’ and the number

of atoms, N¢ 4» at the surface of each crystallite, <.e.



. _ ' 3 )
Ni ~’O.5 + 0.5 [1 + 2q] 5.16 .

and

N .= 129" + 2 5.17

g,1
for g > 1
where
(L, ~a)
q = —= 9 (7.e. 'the number of
V2 a atoms along the edge of
o

cube minus one)

“; = the length of the edge of cube

atomic diameter (0.277 nm for Pt)

1]

a
0

The effective diameter, Di’ of a crystallite fof the capture of migrat-

ing atoms was taken as

5
D, = 4(21 + ao)

i 5.18

By starting with a given particle size distribution, 7.e. 2 for
all particles at time = O,‘equation 5.15 was used to obtain Ni's as a

function of time. The corresponding dispersion, D, was calculated by

i~z
=

o
[\
=
et
[92]
: -
[N

P

{{ o~y
=

j .
e
o

"Any crystallites for which N, became <14 (i.e. g < 1) during a
time interval were considered to have disappeared, and the remaining
atoms in these crystallites were distributed among'the remaining crys-

tallites in the following time increment in proportion to their size.
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5.3.2 Solution for u/SO < 1012 1"2

n

Equation§\5.13 and 5.14 were solved by é trial and error for
these cases. The number of atoms, FS, was taken as zero at time
equal to zero. In order to avoid oscillatory values of FS in the
initial time increments a heating period was incorporated in the cal-
culations. The temperature was increased from 300 K to the desired
final temperature over a period of one hour in 0.01'hoﬁr increments.

.The trial and error procedure used to calculate Ni and FS at time

t' =t + At was as follows:
1. The value of FS at t' was guessed (i.e._AFS for at).
2. N1 was computed for each particle using eduation 5.13
(Fsts t+é—2Fi)' ,
3. AFS was computed using equation 5.14.

4. If AFS from step 1 differed from AFS by step 3 by less than
0.1 gioms and if F |, + AF was > 0 ca]culatjon proceeded
to the next time increment; if the difference was > 0.1
. steps 1 to 3 wére repeated, with the new aF for steg%] being
estimated using the magnitude of the difféfence as a guide.
If only a negative value bf #s (physically impossible) at t' could sat-
isfy the above conditions, the size of At was decreased to one-tenth
of its value and steps 1 to 4 were repeated. If any Ni became < 14,
these N, were added to FS in thé next time increment.
The dispersion for this case was calculated in a manner analogous

to equation 5.19, except that FS was included in the number of metal

surface atoms, Z.dé.
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D= ey 5.20

A value of 0.1 hour for st was used for the computations. Calcu-
Tations using a +t of 0.017 hour yielded essentially the same results.

The complete programs used for each case are attached in Appendix C.

5.4 Description of Cases Investigated

5.4.1 Crystallite Size Distributions

The initial (zero-time) particle size distributions (PSD) were

generated in the following manner:

1. the maximum and minimum size of particl+ in the distribution
' ¢ L.
was chosen ( nax and mm),
2. tha size range was split into K equal size increments of size
A 2 N
3. the number of particles, Pk’ was specified for each size

increment,
4. the size of each particle was calculated by

- - =1y
"3 7 tpig T DO+ Pk)Al y 5.21

for k =1 to K+ 1Tand j =1 to Pk for each k. Where
. k-1 ‘
i=3+ 7 P, With (P = 0), Peep = 1 wa® included to obtain
| m=o Lo ) . Kl '
a particle of size xmax.\‘Th1s.procedure results 1in kZl Pk .
particles all having a different size.

Two general types, I and II, of PSD were generated by this proce-

dure. The Type I distribution is approximately Gaussian in nature, and

Type 11 is skewed with a large fraction of small particles. The values



,

f win® Tyax Kk and Pk used Lo generate the-specific PSP are aivern
in Table 5.2,

The PSO Yisted in Taplo 6o contain 121 particles, except 2 and 9
which contain 127, [n these tug distributions one larae particle
(10 nm) was yaded to PSP 1 and 7. To check the sensitivity of the-
caleulagtiong to the numper of barticles prasent, calculations wore
carried out with PSP for which the values of P for k =1 *to K were
dou’ (PK*] vas kept equal to one). These calculations showed that
as Tony as the remaining numbor of particles was > 7 the dispersion as

a function of time remained ynaltered,

5.4.2 Paranetcr Yalues
The values of parameters ysed in Solving eauations 5.13 and 5.14
(or equation §5.15) for tpe Specitic case; reported in the next section
are 1istad in Table 5.3.  Although maﬁy other combinations of parameters
ver& examined the cases 1isted 1Tlustrate the yeneral behaviour of the
inodeT, It shoyld pe mentioned that, although a1l the casei/Jisted used

a vajue of A = 8 x 10]3 ssc']> the results are readjiy”é' ended to Tow-

a——

ervalus of A (significantly higher values of ﬁ/gre ~hysically unlikely).

Thug, Tor a4 specific PSD and fixed vajues of T and a/SO, the dispersion
a8 3 Function of time is determined by the value of A exp(~E_/RT), :.2.,
Az.1.69 x 197 sec™! and EL/RT = 15,0 is equivalent to A = 8 x 103

’ o .

{ <1
%sec

!

ang B /RT = 35,0 (Case 1),

5.5 Pesults and Discussion

5.5.1 Kffect of Initial PSD on Rate of Sinterin

From equation 5.17 it is avident that for a certain value of D,

anhd the‘Cdrheéponding crystallite size, *:, dtcording ta equation 5.18,

106
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Table 5.2:A Data for Generation of Particle Size Distributions

Distribution  imip tmax | Type Dispersion
Number (P~ (nin)
1 2.70 3.30 I ©0.35
2 2.0 3.90 I 0.34
3 1.0 1.80 1 0.31
4 2,950 3.065 1 0.35
5 2.00 12.50 I 0.13
6 5.00 15.50. I 0.10
7 1.50 4.29 I] 0.35
gx 1.50 4.29 I 0.28
g 2.70 3.30 I 0.29
Type I
k for k = 1 to 10
N 10 for k = 11 and 12
i 22 -k fob K‘$:13-2T |
1 for k = 22
Type 11 '\\ )

k 1 2 3 4 5 6 7.8 910

P, 20 20 18 16 14 12 70 7,3 1

¥

* one 10 nm Dartic1e‘was added to these distributions to simulate a

bimodal distribution.



Table 5.3:

Case
Number

10
11
12

o3

-1
sec

Ea/RT

35.0
35.0
33.3
33.0
31.6
31.6
31.6
31.6
31.6
30.0
30.0
27.5

for all cases.

Parameter Values Used in Study

T(K)

1000
1000
900
900
950
950
950
950
950
1000
1000
1000

108
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the net rate of growth is equal to zero. Particles with sizes larger
than this 'critical' size will arow while smaller particles will
shrink. This critical size is given by

AN S ~E_/RT
CRIT 4a v F € Ty 5.22

or according to equation 5.15

o

_i=t oy
4M a, = Ty

o M

u \
D Z 2 5.23

2
CRIT

As sintering progresses the number of particles, M, decreases and the
number of free surface atoms decreases as well. This results in an
increase in ‘cpyT @S sintering progresses, and crystal1ites which ini-
‘tially grow in size will eventually decay.
| Figure 5.2 and 5.3 shows the particle size history foF individua)
particles of the same initial size for PSD 1 and 9, Case 3. PSD 1 and
9 are the same except one 10 nm particle has been added to PSD 1 to get
PSD 9. The effect of the added 10 nm particle is evident when comparing
Figures 5.2 and 5.3. This large particle captures many of the migrating
atoms, resulting in an increased rate of sinter%ng\ |

The effect of large particles or broad initial PSD on the rate of
é}ntering is further illustrated in Fiqure 5.4 where the normalized
dispersion D/DO is shown as a function of time for_various initia} PSD.
The addition of one 1arge particle (10 nm) to PSD 7 (i.e. to get PSD 8)
significantly increases the rate of sinteringi PSD 7 to 4 are all Type
I distributions with a mean crystalliie size of 3.0 nm, but the size

range (& - & . ) varying from Q.10? nm (PSD 4) to 3.50 mm (PSD 3).
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Figure 5.3: Particie size history for selected individual particles,

PSD9, Case 3. (Number is i, the particle number is the PSD.)



The rate of sinterina, as shown in Figure 5.4, is larder for the broader
distribution in an initial period of about 10 hours. The reduced rate
of sintering for narrow distributions occurs because in the initial
stages of sintering these distributions are becoming gradually broader
without the disappearance of particles. The narrow size range does not
generate a substantial driving force for transfer of metal from the
smaller to the farger particles,

Figures 5.5 and 5.6 show the cumylative dis%ribution function F
as a function of time.for Type I and II initia)l distributions. This
illustrates the spreading of the distributions with time. In each case,
as sintering progresses the model predicts the presences of particles
smaltler than the initial minimum size. During early stages of sintering
the broadening, and specifically the decay of a substantial fraction of
the part}kjes to smaller sizes, is evident; This prediction of the
presence of méi] particles at all sfages of sintering is one significant
difference betwéep the proposed interparticle transport model and the

AN .
crystallite diffusion model®*1” 5+2,

The Tatter model does not allow
for formation of par£§§1es smaller than the initial minimum size, nor
does it predict the type Bf\induction period for narrow PSD Shown in
Figure 5.4. Further, 1t predicts that sintering would occur with a
unisized distribution (practica]]y\unattainab]e), whereas the model de-
veloped here predicts that such a distribution would not sinter because
of an absence éf a driving force for interparticle transport. Some
experimental evidence exists that even in heavily sintered samples small

5‘26. Further experiments that follow the

crystallites are still present
nature of the particle-size-distribution broadening would be useful in

elucidating the mechanism of sintering.
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5:5.2 The Effect of Surface Mobiliiy and Metal Loading on Sintering
Behavior

If no initial free surface atoms are postulated, then during the
early stages of sintering the value of-FS grows as particles lose atoms
to the surface and relatively few are captured by crystallites. The
parameter u/SO determines the extent to which surface atoms are cap-
tured, and hence the size of Fs' The increases in dispersion (defined
by equation 5.20) shown in Figure 5.7 are due to this increase in Fs.'

For large values of a/So, corresponding to high metal loadings (7.e.
small values of SO) or high velocity of migration, the number of migrat-
ing surface species approaches zero and the rate of sintering is con-
trolled by the loss from particles only. In these éases, the rise in
dispersion due to the surface species 1s‘neg1igib1e, and this model does
not predict any redispersion of metal.

Lower values of a/SO{ however, can account for significant redis-
persion. The Tower values could arise from lower metal Toadings or a
reduced velocity of‘migrating species (Targer ES). In such cases a sig-
nificant amount 9; free surface atoms builds up, leading to higher dis-
persions and reagéed_overa11 rates of sintering. Redispersion could
occur through coeling of a éintering sample during this period of growth
in number of free surface atoms. If the migrating atoms were frozen as
single atoms or small particles during cooling, the increased dispersion
would remain. Experimental evidence5'27 indicates that rapid cooling
- does give higher dispersions after sintering treatments than slow cool-
ing. Figure 5.7 shows that for a/S0 values Tess than about 2 x 106 m'2
the capacity of the surface to accomodate free surface atoms exceeds

the number of atoms present, and thus all the particles disappear.
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The predictions of the model as u/SO becomes smaller may become
unre]iqb]exbecause the éssumption that the surface concentration of
migrating atoms is position independent is no longer valid at 1ow_m1ﬁ
aration rates. The exteqt of the error iotroduced by thisvapproxima-
tion has not been investigated. |

5.5.3 The Effect of Ea/RT’oh Sintering Behavior

Figure 5.8 shows, for the case where a/SO is large and the free
surface atoms are rapid]y‘captured, the influence on sintgring behavior
of»variations in L /RT The plots correspond to either a chanoe in
temperature or in the act1vat1on energy. For 1nstanc&, if E is taken
as 60 kca]/gmole, tﬁe curves in Figure 5.8 would represent temperatures
ranging from about 850°K (E /RT = 35) to 1100°K (E /RT =-27.5). If the
temperature is postulated as 1000°K, the curves represent activation
energies from 55 to 70 kcal/gmole.

As.wou1d be expected.for such targe activation energies, the sin-
tering behavior is extremely sensitive to yariations in temperature,
Sintering is extreme]y slow for Ea/RT-= 35;6, with Tess than 10% loss
of dispersion in 40 hours, while for Ea/Rf =27.5, sinterfnq is extremely
rapid, resulting .in the transfer of all the metal in the initial 121'
particies to a single large particle within 5 hours. | . ‘ o

| Similar trends are evident, ‘as shown“in‘Figure 5.9, when values of %\
'1/8O are Tower and a stgnificant surface concentration of migrating\atoms /B_
is presentt In this case, however, a lower value of Ea/RT, correspondipg”
to higher temperatures or a lower activation energy, affects not only
the rate of sintering but also the extent of: 1n1t1a1 redisps ion. While

Tower values of E /RT lead eventua]]y to more rap1d s1nter1no the
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initial rise means that for a périod of time the dispersion is lower
for higher Ea/RT values.

Chanages in atmosphere would affect the activation eneray for metal
movement from the particle to the support surface. The actual species ’
Teaving would probably differ in oxidizing.and reducing atmospheres.

In the former case a metal oxide molecule would probably be the migrat-
ing species. Oxidizing atmospheres are found to enhance interactions
between metal and support” ]O, and thus could Tower the activation enerqy
- of escape. The pre-exponential factor, A, could also’be affeéted. It

is possible that in the case of oxidizing atmospheres;the rate determin-
ing step in the,sinterihg process is the formation of the surface 0X
species since oxygen adsorption on metals such as Pt is an activated
process. Different atmospheres could also affec? the velocity of migra-
tion along the surface, ©.eo. changes in the activation energy for sur-

face miaraticn, a factor included in the parameter discussed above.

5.5.4 The Order of Sintering

Severa]réuthors (e.q 5'3’ 5'9) have fit experimental data of sin-

‘l"‘ b

ter1no to a power Taw. model of the form

D> gt SRS 5.24

where D is the dispersion and K and n are constants. Values of n from

2 to 13 have beén reported.

The rate of change of dispersion has been fitted to equation 5.24
to determine the ranae of n va]ues predicted by the proposed model.
One immediate difficulty with the power-Tlaw mode] is its inability to

account for an initial period of redispersion as the surface atoms

»

1

2

21
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concentration builds up. Accordingly, we have fitted only those data
for the regions where the d...ersion is decreasing.’ If equatiQn 5.24
is valid, then a plot of_(Do/D)n_] versus time will result in a straight
Tine with an intercept of unity (n # 1). Figure 5.10 shows these plots
for PSD 5 and 6. These distributions are identical, except the mean
size is displaced by 3.0 nm. The behavior of PSD § (mean size = 7.25 nm)
is well fitted by an n value of 6, while PSD 6 (mean size = 10.25 nm)
is well fitted by an n value of 3. This tendency of decreasing values
of n with increasing mean particle sizes fof symmetrical PSD was observed
for several other PSD. |

Figure 5.11 illustrates the effect of PSD width on the value of n
for PSD with the same mean size (PSD 1 and 2). Neither case is well
described by the power-law model, but the narrow PSD 1 shows very Tow
values of n (< 2) at times % 15 hours. This is the result of the 'in-
dﬁction' period for the sintering behavior of narrow PSD that has been
discussed previously. As PSDii broadens with time (see Figure 5.5) the
value of n increases and at even 1é}ger"va1ues of time n decreases. A
similar, but less marked, trend is observed with PSD 2. Not only does
ﬁ vary with the extent of sintering, but the value of n also depends on
the width of the initially symmetric PSD. |

The.inability of the power-law model to describe the progress of
sintering over wide variations of D/DO is well recoghized5'3’ 5'4. It
is evident that the sintering process should depend on the nature of
the PSD and not only on the dispersion. The proposed model predicts
the nature of the dependgpce of n on PSD, but exper{menta1 determinations

of n as a function of PSD are not presently availabTe.
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5.5.5 Application of the Model to an Experimental Case

To test the ability of the proposed model to describe some experi-

. - . .5
metal sintering data we chose the data of Wynblatt and Gjostein -

An approximate initial PSD was obtained by measuring the size of approxi-

mately 200 particles in Figure la of reference 5.3. The distri@ytion
was adjusted to yield an average initial dispersion of 6.7 cor;espond—
ing to the average particle radius of ~ 8.0 nm reported by Wynblatt

and Gjostein. The resulting bimodal PSD is shown 1in Figure 6.12 (line
at t = 0)

Equation 5.15 (i.c. a/S0 . 1012 m_z) wés used. to predict the PSD
as a function of time. The value of Ea/RT was ad&usted until the pre-
dicted dispersion at 15 hours waéiequa1 to 5.4Y (correspondihg to the
reported average redius of 10 nm after 15 hours). The value of Ea/RT

that gave this desired result was 29.5, corresponding to an activation

energy of 57 kcal/gmole at 973°K. The predicted PSD and dispersion as

a function of time for this case are shown ih Figure 5.12 and 5.13
respective]}. Fitting the dispersion versus time results by equation
5.24 resulted in values of n = 13 at t < 17 hours, to ﬁ =4 for t = 25
to 50 hburSQ This is illustrated in Figure 5.14.

This result agrees well with the experimentally observed n value
of 135'3. The initially broad and bimodal PSD is responsible for high

value of n at Tow time. As sintering progresses the bimodal nature of

the distribution becomes less pronounced and at t = 20 hours the PSD

s appfbximate]y symmetric. As the PSD becomes more symmetric the value

‘of n starts to decrease rapidly and changes from 13 to 4. To further

test the validity of the model initial PSD and PSD as sintering progress-

es should be determined experimentally and coxfared to predictions.

e
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5.5.6 The Possibility of Multiple Mechanisms

‘Sintering behavior occurs over at least two orders of magnitude
of particle size, from 0.5 to 50 nm, and over a range of atmospheres,
temperatures, supports, and metal loadings. While this work has pos-
tulated jnterpartic1e atomic or molecular migrdf#dn as an alternate to
particle motion, the two mechanisms are not exclusive. Wynblatt and

Gjosteins‘]4 suggest particle migration may be prevalent for particles
under 5 nm, but that some form of interparticle transport must take

place at larger sizes to account for observed rates of sintering.

5.6 Conclusions

A model for the sintering of supported metal catalysts, based on
the dissociation of individual atoms from the metal crystallites, has
been developed. The model postulates that large 1nteractions between
the support and metal atoms may pbtentiate the escape of metal to the
surface. Evidence of high interaction between metal and a support is
found for oxygen atmospheres (on oxide supports), in defect regions,
and jn the presence of contaminants. The model has beeh applied to a
variety of simulated catalysts. The model can account for a wide var-
iety of experimental observations of sintering. These include a strong
influence of\atmosphere, a high apparent activation energy, possible
redispersion, and a variation in order from < 2 to > 13 when sintering
behavior is fitted to a simple power-law equation.

The model predicts that the rate of sintering increases with in-
Creasing width of the initial PSD. Metal is tranéported from small to -
“large pdrtic]es, and transport is more rapid as the difference in size

of particles is increased. This mouc] predicts the presence of particles
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smaller thaﬁ‘the initial minimum particle size as sintering progresses.

During the early stages of sintering the model predicts a buildup
of a concentration of migrating metal atoms or molecules. If this build-
up is substantial then redispersion of the catalyst will be significant.
Factors'affecting the extent of surface species buildup are migration
velocity, collision accommodation, activation energy for escape from the
particle to the support surface, temperature and metal loading. The
fi}st three factors would be influenced by the atmosphere in which
sintering occurs.

This model predicts a considerable variation i* order of fit to
a power-law equation of sintering. Variation of the order is predicted
within a given sintering experiment. Distribution width and initial
particle size are especially critical parameters with respect to the
power-law order.

A variety of improvements to the presented model can be made, SYCh
as: 1. wusing the Kelvin equation to calculate the rate of loss of
atoms from larger crystallites rather than approximating this by a con-
stant rate of loss per cfysta1lite, f. including variations in the con-
centration of migrating atoms with position, and 3. modelling the sup-
port surface as inhomogeneous. "It is fe]f that at the present time im-
provements in the model along the above 1hes are unwarranted because
insufficient information is available to a‘priorﬁ estimate the extra
parameters in these extended modeis.» These new parameters, such as
interfacial tensions, energy distribution of inhomoaeneo. - “rort sui-
face, etc., in the refined models would be determined by € “g them
to experihenta] data and any improvement in the fit over the simple model

would be due to an increase in the number of adjustable parameters. One
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of the strengths of the presented model is that it contains only: three

parameters, 7.e. «, A, and Ea’ (in the case of equation 5.15 A and Ea

are the only adjustable parameters) and it is easier to assign physical

significance to these parameters and hence use their magnitude in de-

signing catalysts with greater stability.

A' and B -
A -

v
constants in equation 2.

pre-exponential factor in rate of loss equation (equation 3).

diameter of metal atom (0.277 nm for Pt).

“dispersion.

effective - collision Size of crystallite 1.

activation energy for atom moving from crystallite to support.
activation energy for metal atom migration over support sur-
face.

cumulative distribution function.

number of mctal atoms migrating on support surface.

average number of free surface atoms in time increment.
atoms gained by crystallite 1.

heat of adsorption of single metal atoms on support.

rate constant in equation 1.

number of size increments used when generating intial PSD.
Boltzmann's constant.

atoms lost by crystallite i.

particle size, the length of the cube edge.

N

the particle size above which increase and below which de-

Crease in size occurs (function of time).
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“nax " the size of the largest particle in the initial PSD.
- the size of the/ﬁma]]est particle in the initial PSD.

s
M - total number of crystallites (function of time).

Voo
min

m - mass of metal atom.
Ni - number of atoms in crystallite.
N - total number of metal atoms in all crystallites.
N . - number of surface metal atoms in crystallite it.
n - order in the power-law model (equation 1).
P - number partic]es assigned to size increments when generating
initial PSD.
q - the number of metal atom along cube edge minus one.
r - particle radius (equation 2).
S - metal surface area (equation 1).
S_ ~ support surface area per metal atom (NtSO = total support
surface area).
T - temperature,
t - time.

V - molar volume of metal.

~

v - velocity of atoms on support surface.
+ - sticking probability of atoms colliding with crystallite.
¢ ~ defined by equation 3.

v - frequency factor ( 1013 sec -]).

spreading preséuhe of metal on support surface.
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CHAPTER 6
EXPERTHENTAL STUDIES OF SINTERING OF -
SUPPORTED PLATINUM CATALYSTS

<

6.1 Survey,

As discussed in Chapter 5, supported metal catalysts show changes
in metal surface area during use or treatment at high temperatures, a
process known asssintering. Sintering is of concern industrially
because a 1o§s of catalytic activity generally occurs, associated with
~an increase in the particle size of the metal. A number of patents ,
have Seen issued for processes designed to redisperse sintered cata--
dysts (c.g. references®: 1> 6‘2).
AA number of investigatars have studied catalyst systems under
. treatmént conditions leading to sintering. In this chapter their work
is briefly reviewed, and a series of experiments performed in this
Taboratory are described:~ From this data the sintaring brocess appéars
to be extremely complex, and fuﬁy@er experiments will be necessary to
establish the critical parameters jn this procéss.

Many authors6’3—6']0, in trying to describe the kinetics of

sintering, have fitted data to the simple power law equation of the

form

ds _ ,.n 1 SR
H\E KS 6.1

where s is the metal surface, n 3§ genera]]y reported as an integer,

and an activation energy is lumped in the constant K. Both Herrmann

6.3 6.4

and Matt and Moscou

ct al. report n values of 2 for Pt/A1,0,
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alysts in oxidizing environments. The latter authors examined

N, .
v samples under the electron microscope before and after sinter-

ing. Initially the Pt in their catalysts consisted of particles in

the 1 nm range. After treatment in‘air, they reported the presence of
1 to 50 nm particles. Somorjai6‘5 studied supported Pt catalysts
sintered in an oxidizing atmosphere by small angle x-ray scattering.
Based on data obtained by this technique, he proposed a modified growth
law similar to that advanced by Wynblatt and Gjogtein6'6, of the same
form as Equation 6.1 but with a K value which decreases exboneﬁtia]]y
with increasing average particle radiu< (see Equation 5.2)-. Somorjaiﬁ'5
also estimated the aativation energy to be 52 kcal for oxidizing at-
mospherés. However, small anale x-ray diffraction is not equally
sénsitive to all sizes of Pt particles. ,

Sintering kinetics change in a reducing énvironment, in genéra]
associated with a higher value of n. Sbmorjai6‘5 found a lower acti-
vation eneggy for an H2 atmosphere, about 20 kcal, but a much lower
rate pre-expogentia] factor, and hence a 10wéf overall rate of sinter-
ing as compared to an oxidizing atmosphere. Grﬁber6'7 and Hughes
et az.6'8 fdﬂnd n va]ues in the 6 to & range for sintering at 500°C -

in the H2 atmospheres.

Finally, two special studies have been made of Pt/A1203 systems.

Yynblatt ..° Gjos£é1n6'6’ 6‘g‘bused electron microscopy to study Pt
paq&i =+ 7 red on specially thin (10 nm) §1umina substfates. They
foun: 7 surface “ion for a sample wheré Pt‘particles were
larger than 5 nm, o ‘erparticle transport for a mechanism in

these and Targer F- par. s  High values of n (-8) are attributed

to facet inhibite. growth; 2.5 expansion of g Pt particle must await



nucleation of a Tedge on a smooth face. Experimentally they observed
n values from about 3 to 13 for sintering in air. Huang and L16 10
studied Ostwald ripening for large (100 nm) Pt particles on « - A1203.
Their n value of the order of 5 led them to conclude that .surface dif-
fusion is the mechanism of the grovth process. .Gregg and How]ettG‘H
similarly concluded that surface diffusion was the agglomération pro-
cess for the sintering of metal spheres observed under the 6bt1ca]
microscope. Both Wynb]at£ and Gjostein6‘9 énd Huang and LiG']O observ-
ed that the sintering rate 1ncfea5ed wﬁth increases in 0xygen concen-
tration in an 02/N2 mixture.

As detailed in Chapter 5, two models have been developed to
account for particle size changes oceurring during sintering. Rucken-

6.12, 6.13 postulated crystallite migration and

stein and Pulvermacher
collision as a sintering mechanism and developed and solved a mode]

for homogeneous and part1a]‘v heterogeneous surfaces This model can
account for power law orders from 2 (rate controlled by fusion of
part;c1és) to about g (rate controlled by diffusion of particles).

It also predicts that after a certain time a universal dimensionless
curve will fit the bartic]e size distribution of a catalyst. In Chapter
-5 a model was developed which postylated fhe loss from particles of
atomic or molecular species, followed by surface diffusion and recap-
ture, as the sintering mechanism (see also references 6.14 and 6‘]5).
This model can account for power 1aw orders less than zero (7.e. re-
dispersion) up to 13 and higher. The order is found to depend heavily
on the nature of the particle size distribution. While under either
model the decrease in surface enerady nrovides the driving force for

metal agglomeration, the difference between transport as a crystallite

137



138

or as an atomic species leads to sighificant differences in predicted
growth kinetics. This point is discussed in further detail below in

conjuction with some experimental results. ,

6.2 Resuits
Four series of experiments were conducted to explore the sintering
behavior of supported Pt catalysts. In one series cataiysts were sin-
tered at varying temperatures for a‘fixed time period, and éhanées in
the catalyst were monitored by electron microscopy and/or gas uptake.
In a second series, the temperature was fixed and the time of sintering
varied. In a third set of runs the sintering behavior of a catalyst
batch into which a portion of pre-sintered catalyst containing larqe
Pt particles was mixed was compared to that of an unmixed catalyst.
Finally, electron micrographs were recorded of the same catalyst speci-

men area before and after reduction and sintering in an inert atmo-

sphere.

6.2.1 Constant Time/Variable Temperature Treatments

Both commercial catalyst samples {Engelhard 0.5% Pt on A1?03) and
prepared specimehs (4.76% Pt on Alon A1203) were heated 17 nours n
oxygen at varying temperatures, and the dispersion or par:icle s’ -2
-Were measured. In the case of the prepared catalyst, small samples
(<0.5 g) were used. and the progress of sintering was checked by
electron micrographs. For the commercial céta1yst, batches of suffi-
cient size (8 - 10 g) were used to allow gas uptakes to be measured
after sintering. |

Figure 6.1 shows the size range of particles observed;in the micro-

graphs of several specimen areas of the Alon supported catalyst. The



= -

c 25

Cx\

L

—

LLIQO__

=

<

0

w5

v

—

<

S 0

)

< o

1J

= 5 L
0

Figure 6.1:

[ I o

A

L

UNTREATED 500 S50 600 650

700

TREATMENY TEMPERATURE, °C

Effect of treatment yemperature on metal particle size

range, measured from electron micrographs.

4.76% Pt on Alon catalyst were heated 16 hr.

oxygen at the indicated temperature.

4

Batches of
in flowing

139



140

tower Timit of 1 nm shown in Figure 6.1 is considered the M7 b My
size where metal size contrast can accurately he distinquished fyom
the contrast inherent in the support (Chapter 3, reference 6, 6). No
change was observed in the metal particle sizes following 16 hour
heating in oxyden at 500°C. Significant particle growth was opserved
for 16 hour treatment at 550°C and for all higher temperatures, For
the specimens sintered by 600° and 700°C, particie growth was suffi;
ciently great to significant]y’iower the number of particles in a
given field of view, hence the size ranges shown in Figure 6.7 for
these two cases, based on about five fields of view, must be considered
approximate. (Micrographs from this k@ries of experiments are shown
in Figure 5.1,) It is clear that the platinum partic]es"grow to the
same order of magnitude as the particies in the support, 10 to 30 nm,
a point which will be discussed further below.

Figure 6.2 shows the variation of metal dispersion with treatment
temperature for the 0.5% Pt commercial catalyst as measured by hydro-
gen and oxygen uptake at 0°G. The open triangles in Figure 6.2 show
oxygen uptakes for the same catalyst sample, which was successively
sintered overnight in flowing oxygen at 500°, 600° and 700°C. The
circles in Figure 6.2 show oxygen uptakes (open circles) and hydrogen
uptakes (solid circies) for separate batches of catalyst sintered at

\\\\h—the indicated temperatures. Prior to gas adsorption measurements the
catalysts were reduced by cooling or heating in flowing hydrogen fyom
the indicated sintering temperatdre to 500°C, the sole exceptionh being
fhe 700°C successively sintered case where the catalyst was cooled to
600°C in oxygen and reduction was started at 600°C. Catalysts were

outgassed in flowing heTium for two hours (successively sintered caseé)

\
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or one hour (separately sintered cases) at 500°C before being cooled
for gas uptake measurement. Use of the catalysts for other experiments
Prior to the sintering study may account for the 157 difference in
initial oxyaen uptake observed for the untreated catalyst samples.
Tt is inmediately evident from Figure 6.2 that at moderate sinter-
ing temperatures a redispersion of meta} occurs fof both catalysts.
The increase in hydrogen uptake for the sample sintered at 450°C is far
greater than the increase in oxygen uptake of the same sample. How-
evér, several authors (Chapter 4, references 6‘]7\6']9) have noted that
relative to oxygen, hydrogen uptakes increase as dispersion increases:
Nence, for redispersion, particularly to very smal] Pt particles, larg-
@r increases in hydrogen uptake as compared to oxygen would be expected.
It appears that changes in dispersion are strongly related to
the atmosphere in which the catalyst is treated. For example, a por-
tion of the 0.5 Pt on A1203 catalyst for which the oxygen uptake had
been determined was used in another series of experiments, during which
time it was exposed to flowing hydrogen at 500°C for a total of 10 hr,
and to f]owing‘heﬁium at 500°C for 22 hr. 7o subsequent oxygen up-
take increased by only 0.004 atoms/Pt atom (2% of the total up-
take) from the initial oxygen uptakes, a value of the oEder of the
accuracy of the uptake measurement. Comparing this with the resylts
in Figure 6.2 indicates that dispersion changes are far more extensive

for shorter treatment in oxygen, for which 16 hr treatment at 500°C

dave a 19% increase in oxygen uptake.

6.2.2 Variable Time/Constaht‘Ig@ggigggfe Treatments

Several samples of a.second commercial catalyst (Engelhard 0.3%



Pt on A1203) were treated in aiv at 575°C for varying time periods,
from 6 hr to over one month. Based on the vesults from overnight sin-
tering reported above, it was felt that sintering at 575°C would pro-
vide a rate of change of dispersion sufficiently slow to allow monitor-
ing of the kinetiés. However, sintering wvas unexpectedly rapid; after
6 hr the uptéke of oxygen had dropped from 0.350 atoms/atom Pt (for

the unsintered specimen) to 0.019. At this Tow an uptake, aas adsorp-
tion measgrements are subject to large relative error.

The unsintered catalyst was examined by electron microscopy,
and metal particles were observed between 2 and 4 nm. Figure 6.3 shows
the observed particle sizes for four of the sintered catalyst samples
(6, 12, 120 ‘and 360 hr of sintering). The rapid growth of large metal
particles even after a six hour sintering period is evident from the
observed metal particle sizes.

Comparison with the results of the ear]ier'experiments involving
the 0.5% Engelhard catalyst is difficult, however. Both catalysts are
of the surface coated type, where the metal particles are in a thin
~layer on the outside of the alumina pellet. Thus while 0.3% and 0.57

are nominal metal loadings, the actual concentration of metal in the

outer region is unknown and could vary from one catalyst Tot to another.

6.2.3 Eﬂﬁﬁllst Mixture Experiments

A series of experiments were designed to check the effect of
addition of a{sma11 portion of heavily pre-sintered catalysts on sin-
tering kineticﬁ. A portion of the 2.03% Pt on Alon alumina catalyst
was heavily sintered (16 hr at 700°C in flowing oxygen) and had an

oxygen uptake of 0.0313 atoms/Pt atom; examination of electron

143
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micrographs confirmed the presence of Targe metal particles (ranqe
observed.was 2.5 to 27 nm). The fresh catalyst had an initial oxygen
uptake of 0.256 atoms oxygen/Pt atom.

Four batches of cata]yst“ﬁ”_;u,\en prepared two of the fresh

’fwt'% of the heav1]y sintered

.$a-yst S The batches of mixed

catalyst were cru%ﬁéa, wt dr1ed a@z]]O C to promote a

thorough mixing of the 51ntered adﬁ unsintered port1ons One mixed
batch and one fresh batch we: - sintered 16 hr in flowing oxygen at
575°C and their oxygen uptakes were measured. Thes. ,amp1és were
subsequently sintered at 610°C for 16 hr, while the other two batches
were sintered at 630°C for 16 hr. Samples were sintered, reduced
(by cooling in flowing hydrogen from the sintering temperature to
500°C) and outgassed 1 hr (at 500°C in helium) under identical condi-
tions, the excention being the mixed sample sintered at 610°C which
was reduced and outgassed at 610°C.

Table 6.1 shows the initial oxygen uptakes for the fourncases.
The treatment at 575°C appeared to cause a slight redispersion in the
samples, However, for the other two témperatures the mixed catalyst
sinters significantly more extensively than the unmixed cata]yst:.
after the 610°C treatment the unmixed catalyst had 66% of its original
area compared to 437 for the mixed, after the 630°C treatment the
unmixed catalyst had 29% of its original area compared to 3% for
the mixed. From this data it appears that the presence of a portion
of heavily sintered catalyst containing 1Wge metal particles speeds
thé sintering of a catalyst. The 1mp11cat1ons of this conclusion on

broposed sintering mechanisms is discussed below.
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Table 6.1: Effect of Addition of a Portion of
Presintered Catalyst on Sintering Kate of a >

2.03% Pt on Alon Catalyst

Oxygen Uptake, atoms 0/Pt atom

#
Treatment Unmi xed Mixed
Unsintered 0.256 0.204%
. Sintered at 575°C 0.258 0.218
Sintered at 610°C 0.169 0.087

Sintered at 630°C 0.073 0.006

*
By calculation from the dispersions of the unsintered and presintered
samples. :
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vomparison of the results in Figure 6.1 and Table 6.] indicates

a dependence of sintering behavior on metal Toading for the prepared

catalysts. The two Alon supported catalysts (4;76% and 2.03% Pt)

were similarly prepared, but the more heavily loaded catalyst shows
Sintering at 550°C (growth of Pt particles up gb 80 nm), while the
less heavily loaded catalyst shows no significaét{change in dispersion
after similar treatment af 575°C. Rt particles from 1 to 3 nm were
observed in the reduced 2.03% catalyst, compared to 1 to 4 nm for

the reduced 4.769 catalyst.

»

6.2.4 Effect.of Reduction and Sintering on Individual Metal Particles

Unreduced 2.03% Pt on Alon catalyst was deposited Bnto a specially
prepared 'holey' fi]h described in Chapter 2. Benchmarks on the grid
made it possible to récord electron micrographs of the same area be--
fore reduction, after ‘reduction (1/2 hr in hydrogen at 300°C), and
after various thermal treatments in flowing helium. Table 6.2 Tists
the details of treatment for the grids.

While the intention of these experiments was to follow the
effect of various treatments on representative catalyst areas,'caUtion
must be used before conc]usioﬁé based on these studies are drawn about

catalyst sintering. In several important ways a catalyst supported

on a holey carbon film mounted on a tungsten grid differs from a pure

o

" catalyst specimen. Other faé%ﬁ?§'1imit the accuracy of size and

spatié1 position determinations of supported metal particles. For

s

example:
a) Evidence appeared in about half the migfographs’of small

shifts ( 10 nm) in portions of the'Aiohfsubstrafe. In



Grid

1

Areas Examined
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Table 6.2: Grid Treatments

Treatment History*

The grid was reduced at 300°C for 1/2 hr
and some contamination was noted. After
sintering 3 hr at 500°C (inserted inse
hot furnace), heavy contamination was
noted. The film ruptured after a further
3 hr at 509°C.

igf'jhe grid was reduced at 300°C for 1/2-hr
o wand some contamination was noted.. The

film ruptured after 5 hr sinteripg at
500°C.

The grid was reduced at 300°C for 1/2 hr
and some contamination was noted. The
film ruptured after 4 hr sintering at

- 500°C. ‘

The grid was reduced at 300°C for 1/2 hr
and heavy contamination was noted; sin-
tered 2.5 hr at 500°C, contamination re-

~duced; film ruptured after 72 hr sintering

at 550°C.

The grid was reduced at 300°C for 1/2 hr
and deposits on grid noted. Subsequently
the grid was dis~, ~ded. :

The grid was reduced atj§OO°C for 1/2 hr
and some contamination was noted. After
sintering 4 hr at 500°C, heavy contamina-
tion was noted. The grid was sintered ar'
additional 4 hr at 500°C and a very heavy
contamination was noted. After sinternd

4
¥

4 hr at 550°C, very heavy contaminatior, s
wWas noted. -

* .
A1l sintering treatments were in flowitg helium and started in cold

furnace unless otherwise noted; avﬂ reductions were in flowing
hydrogen.

/
\
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Table 6.2: (continued)

. -
Grid  Areas Examined Treatment History.
7 3 The grid was reduced at 300°C for 1/2 hr

and heavy contamination was noted. After o~
sintering 4 hr at 500°C, some contamind-

tion was noted. The film ruptured after

4 hr sintering at 600°C.,



additiagi a few micrographs showed evid e of major move-
ments (vlb nm) of the.substrate. Thus the position of

metal particles from micrographlpo micrograph may in part

be affected by movement in the substrate, arising < om " ss

of.HZO during the reduction step (the first tima the coealyst

is neated above 110°C) or the high temperatures realized in
L 3, , R "2,\
thermal treatmene. - 07 ‘ e

Crushing thiﬂcntaTjst and dropping it on the grid gave cata-
, S, < " )

ET

lyst Plumb£~anVarious size. In €electing an area to be
1

_exam1ned a ba]ance had to be struck be+qeen very thin

N

;c1umps of Cata1yst where tlertron m1croséope imaging c]ar1ty

X,

was QOOd but the amount of cata]yst was low, and th]gk clumps,
where 1maa1ng clarity was reducon but the catalyst more close-
ly approximated the bulk typical in a sintered catalyst.

The result was é cdmpromise which often reduced the quality

of the image ove} W " could be expected in ideal conditions.v
Where possible, thin rvyions at the edge of thick clumps

i

were chosen, but this frequently led to a considerable range

.- of elevation in the specimen, a factor which casues resolu-

tion and detection prob}ems6']6. i

R
Contamfnation by carbon was' far greatef{than that observed
in convéhf%ona1 michpgraphs, both after reduction and after
thermé1 treatmgnt."fhere are two scurces of carbo% to con-
tamjnate the cata]yét. One is from the crackfpg by the
electron-beam of residual hydrocarbon vapors within the

<

microscope from the oil1 diffusion pump However, under -

e

norma1 Operation of the Licroscope, with a Tiquid nitrogen
; :

¢
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filled "cold finger" in the area of the sample, Such con-
tamination is quite low (see, for c\amp]e, the micrographs
in Chapter 3 and 5). THe «u0rc source is the carbon in

e film itself, swhich du - iction and sinteriﬁg treat- ;-;u
ments may have\Aiérated onto wie catalyst from the film. 5§§§4$,
Given the high contamination-evident in many of the Micro~
graphs as coépared to conventional micrographs, we suspect
this latter source to be significant; if so, then catalysts
treated on grids differ from ordinary catalystS due to the
presence of mobile or vaporised carbon.

Evidence from micrographs also suggests that nlatinum can

noarate onto the ferbon, and may accumulate there in pre-
y(? ’

‘ference to remaining on the alumina. Fiqure 6.4 a shows Py

two micrographs of the same specimen area of grid 6 at
relatively low magnification, before reduction and after
the second thermal freatment, The large dark?region in
the uwe:.1eft hand corner of Figure 6.4 a égbéars to be a

Pt crystal on the carbon. Similarly, Figure 6.4 b shows ~

three micrographs of another region of orid 5 before reduc-

~tion and after the second and third thermal treatments.

No only are the deve]opmenf of metal deﬁosits (jn the

areas marked "a", “b“, "c", and "d" in Figure 6.4 b, for
exahp]e) evident after sintering, but their growth or

decay with increasing sfntering is also demonstrated. Access
by the migrating p]atinum to the carbon film, and possibly

to the metal grid, is a sécond major difference between grid

treated catalysts and ordinary samples.

o
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With these cautijons in minq, several observations about the
growth of Pt particles on supported metal catalysts may be made from
micrographs of the grid treated -catalysts. (PﬁélogFEphic reproduction
may have reduced the quality of the micrographs, especially for fine
detail; prints‘of the original micrographs are avai]abe'from the aythor
on request.')

In the unreduced catalyst the Pt is e§t%§pglngjsperse. WhiTe
typically Pt particles with images cofrespoggjng to 2 nm were noted,
comparison of a sintered and unreduced cata1y§3'(for exaMp]e, Figure
6.5) shows that much of the Pt evident after sintering does not show
up in the unreduced state, presuma%1y because it 1s atomically dis~
persed and has not agg]oherated into crystals. (In Chapter 3 the
difficulty of relating image size to object si;e, particularly for
detail smaller than 235 nm, was discussed. A1l size measurements
rep%rted here are image sizes corrected for magnification, with a
probable variance of up to T nm from true’object sizes.) In Fiqure
6.6 Targer Pt crystallites than normal appear in the unreduced cata-
lyst; this will be discussed be]ow? _

Some agglemeration of Pt takes place during reddction of the cata-
lyst; examination of Figures 6.6, 6.7, and 6.8 illustrate this. In
Figure 6.6,“déggﬁte‘heavy carbon contamination in the micrograph of
the reduced téta?}st} grbwth;gflthe Pt clusters as comparéd to the
unreduced catajysﬁ can be nafed7;51h bhoth Figures 6.7 énd 6.8 numerous
larger partiu1%; ub to 4 nm appea?;ia;d 2 general agglomeration of Pt
is- evident. This agglomeratign is §ngghaf-remarkabTe“COnsidering
the mild temperattires (300°C) used fn'the reduétioﬁ step. Close

inspection of Figures 6.7 and 6.8 show that some of the éart}c1es noted

[®23

|95
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7

Figure 6.5 Micrographs from grid 4 showing the séme area before
reduction and after one thermal treatment at 500°C.



Figure 6.6

Micrographs from qrid 7 show

and after reduction and afte
at 500°¢C.

ing the same area before
r-one thermal treatment
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. 4“'

7 showing the same area before

Micrographs from qrid
and after reduction.

Figure 6.7
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in the unreduced catalyst remain fixed in Tocation during reduction.
In Figure 6.7, for examp1e; five particles are illustrated (one cach
at "a", "b", and "c" and two at "d") which appear in both micrographs.
Similarly, two particles each by regions "a" and "b" in Fiqure 6.8
appear before and after reduction. Not all particles in the reduced
catalyst correspond to a particle in the unreduced catalyst; however,
the small size of particles involved and the thickness of the specimen
ﬁake’simu]taneous resolution of all small Pt particles un].&e1y6'16.
Thermal treatment at 500°C Teads to further agglomeration of Pt,
as shown in Figure 6.6 and 6.8. 1In Figure 6.8, a consolidation of Pt

particles iNgenerally evident. In the region_ ¢", a number of small
particles evident in the reduced catalyst'd;séppear and are replaced
by one Targe ({4 nm) particle in the sintefed catalyst. A similar
aggiomeration is strikingly evident in Figure 6.6, where parfic]es of
the order of 20 nm in size appear after therma: treatment af-SOOOC.
Once again, there is evidence of some .iwrticles remainingkstétionary
during treatment. In Figure 6.5, particles observed after thermal

treatment at regions "a", ”b”; and "c¢" cc spond to particles ob-

served in the unreduced state. This is not true of all the particles

in Figure 6.5, however, such as those by "d" and "e". In these cases

no particles are evident in the unreduced state, although the problem
of detectability aga1n exists for the very sma]] unreduced particles.
In Figure 6.8, the two particles each in regions "a" and "b" again

remain stationary during<§;2§pa1 treatment at 500°C, although two

S~

apparently new particles appear by "d".

Both Figures 6.6 and 6.8 suggest that some localized effegis are

;L}"

significant in the changes in metal particles associated with reduction



and thermal treatments. For example, in Figure 6.6 an Gnusually high

deﬁsity of Pt exists ip the unreduced catalyst in the catalyst area.

While the reasons for this concentration of Pt salt are unknown, it

results in Pt particles § to 10 times 1arger‘than normal after sintering.

In light of the apparent influence of largex Pt crystallites on the

over 1 sintering rate (see Section 6.2.3 above), such localized

effects may be significant in the sintering of a catalyst. In Figure

6.8, the apparegt agglomeration of the particles in region "c" to the

large particle o&%dent after thermal treatment again suanest a local-

ized effect due to the close proximity of so many Pt pa. ° es. | -
In only one case. yri¥f 6, did the holey carbon film in the areas ik

micrographed survive more than one sintering treatment. Figure 6.9

shows the same specimen area after three thermal treatments (the

middle micrograph is tﬁe mirror image of the other two because the

wid was inverted). The extremely high carbon céntamination, evident

in all three micrographs, makes the distinciion éf individual Aion

particles impossible, and. severely impedes the clarity of the Pt

crystallites. Despite this problem, the continued agg]omeration_of

Pt can be noted for increasing thermal treathents: typical particle

sizes change from 2.5‘tb S nm. While the poor clarity limits particle

detection, we wefé abie to note that some particles did not shift wjth

the thermal treatment. Six particles noted in region "a" after the

first sinter were jdentified in the micrographvtaken after the second

sinter. Similarly, five particles evident after a thermal treatment

correspond to an existing particle in the same location prior to the

treatmeﬁt. The caution must also. be regemphasizedA%Eat the catalyst-

on-grid 6, contaminated by carbon (presumably from the holey film),

v
J

]
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and losing metal to the film surface (shown in Figure 6.4), deviatés

substantially from a typical Pt/A1203 catalyst system.

6.3 Discussion
The purpose of these experiments was in part to try to establish
the mechanism of sintering, specifﬁca]]y to distinguish between crys-

tallite migrationé'kz’ 6.13 and atomic or mo]ecu1ar 1ntewp3wt1c1e

transportG']d* 6.15 as.fhe sintering process. This pursuit is by no
means of academic interest only, since knowledge of the mechanism of
Pt agglomeration would suggest apbropriate schemes to control or
reverse f "Jo§s'of metal dispersion. Unfortunately, we do not con-
sider the‘évidence gathered in thfs work to be sufficiently definitive
to allow elimination of one or‘the other mechanism. ’

Sintering of the 4,767 Pt on Alon cata1yst sujgests strongly,
however, that crystallite diffusion is not the sole mechanism of
catalyst sintering, as breviously noted (Chapter 5). The Aloh sub-
strate consists of 10 to 30 nm aTuminau particles; upon drying these
appec  to formvirfegular‘porous stacking arrangement;. As Figure 6.1
shows, growth of Pt particles continues even when the metal crystallite
size exceeds the size of 3 typical support particle; it is difficult
to conceive of crystallite motion along the support surface contwnu1nq
to occur in such a case. .

Sintering of the commercial 0.5% Pt catalyst confirms the abi1ityw
nf supported metal catalysts to show an increase in dispersion (mea-
aured by gas uptake) with certain thermal treatments. The atomic sur-

. ’ I8 C
face diffusion model developed in Chapter 56‘]4’ ¢.15 accounts for re-

dispersion as a transitory effect arising from the buildup of a high=:~

B2



surface concentration of mobile meta) Species: cooling of a catalyst
coui& "freeze" this metal as small crystallites or atomically disv
persed atoms. Emelianova and HaseauG‘ZO compared the d .persions of
sunporfed Pt catalysts which wore vapidly and slowly cooled following
otilerwise identical thermal treatments, Their finding that the rapidly
cooled catalyst a1way%7ﬁsd»a higher dispersion thgn the slowly Cogled
catalyst does suggest a J%?eeziﬂ(“ of the agglomeration process.
Ruckenstein and Pu]vermacher 'z, 8. 13 do not account for redispersion
in their model, but propOSR to do th1s n g Future work, attributing
it to particle breakup caused py q spreading syrface pressyre. Attempts
to determine Whether redispersion 15 § transitory Phenomenon followed
by particle growth were frustrated vhen the 0,3% Pt commercial catalyst
showed an unexpectedly high rzte of sintering at 575°C.

The higher rate of sintering gbserved when Presintered catalyst
containing large' Pt particles is added to a catalyst ha&ch suq
that the 1arge Pt particles spead agglomeration Ay atting as » sinkt
for the transported metal. This in tuyn Stronaly suggests # HiChTV\-.
mobile rapidly transnorted Pt Species ynder the sintaring cond1**; ”'f
emo]oyed, since if the process were controlled by slowly diffusing Pt

Crystallites the effect of large metal particlas on sintering rate

) wou1d»be minimal. The atomic diffuﬁkoh m0d916'14’ 6.15 A55UMes q vary

rapid migration of metal atoms or moTecuTes along the substrate such

6.21\

as is noted in film. qrowth studies Ruckenstain and Pylvermacher

6.12, 6.13 describe a coaTescence controlied condition, in which the

‘rate  of merger of metal particles is STower than tpeir migration along

6.9

e surface. However, Wynblatt and Glostein Considar g sintering

rate being coalescence controlled as impossible. [¥ so, this sugdests

-
4
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_C!/Qta]]1TGS 16 arises. For 1arqer part1c1es carbon COntamwnat1on,,

N
LN

&

Jnterparticie transport rather than crystallite migration as a

~sintering mechanism that can atcount for the influence of the added

large Pt partic]es'oh the overall 5intering rate.
L R §
An ideal way of distinquishing between crysta]]itd*migration

and atomic diffusian mechanisms woyld be to sinter a catalyst while

abserving it in the e]cctron"microséopé using a heated grid holder.

However; ‘our attempys at this.ware quatrated becauqe drift of thé‘f~
5pec1men, presumably. due to’ thorma] grad1ents in the grid,: prevented
reso]utwon and record1nq of the metal. pargﬁc1ef thc order oF 10

nm and less. The selection of an area of cata1vst to be examined

: . .
after various treatments, was intended to approx1mate as closelv as

possible the 7/ i experiment. fowever, two detectabili® ms
. N o
affected the e]ectron m1croqraph stud1e§ o¥ cata1ysts treate .ds.

For small Dart1c1es\ the problem of swmu]taneoug dctegt1on of all Pt
r)f-
6.

£

SR :

which e’ tn:nk ar1365 from evaporat1on from the ho]ey Carbon f11m

Q3
our1nq Lherma1 treaument reduces the cJar1ty of the m1croqraphs Wew
' \

conclude that at least some Pt part1c1@s remar in a f1xed Tocation

[~

ur1nﬁ reduction and contwnued therma]&&reatments and tha% 300 omera-
5 .
tion:of Pt occurs QUring all of tﬁese steps. For a. perfectly nomo-

geneous surface, the crysfé]ii%e,m1« ~tion model of sinterin96f12’ 6.13

predicts all It pérticles wﬁ?]vmovg, while the atomic surface.diffusion

model predicts none wilil (although some wiil disappear). On a hetero-

geneous surface, however, wh1ch probabty more accurately doscrwbes a -

typicel Lat 1lyst SJDDOFL, the forme# mode] can account For f1xed

farticl2s and the la'ter can account ?or the appearance 07 particles

2t onew Tocations. Hence these em.studies do not -allow either model
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et

definikively selected. A ' ‘

Contamination bf the catalyst by material fron the supporting

t

Larid would probably be reduced gr disappear if a high boiling metal
e : K

’to hQ svntered appears to substant1aT1v-4ncre&sa*thj,overa]] rate of ‘

(such as tJh?h ten) holey sapport “fIm owere used;-Fukami . ol
g .

vﬁ‘

describe the oreparat1o-' "ghése filmdk However, this would probab1y

not ‘Odl L tne 'rdnsno TPt to the support film, shown in Figure 6.4.
¢ Tiad .Q '

6.4 Conc]ugvon” o . .
7 e . S . ‘

Sintering of sy rted metal catalysts was-studied in a var1ety‘

of experiments. For a 4.767 Pt oh. Alon: c&ta1vst mﬁ&§1 Dart1c1e

arowth. runt1nued to a point whore 1t Qxceede< the part7¢ie s1ge Df the

»
,unport S1nf@r1no of EngeThard 0. 5 Pt on a]um1na cataTySts 1n .-
e 1& g

oxygen Jave evidence of red1spers1on at tower teme}atures 04 O‘ to

*,' o

600 1) ﬂnd Tass of metal Surfaco at h1gher temperatures ¢ 600°GJ A

md Jooes

rau§cﬁ?sfnter1nn was fOJnd to be sensitive to the»qas atmosphere aQ,

RS
= i P S i .

. o o
7 L
Igclud1ng A porf1on of Drocwnbered Cata]ystﬂ¢ﬁﬂ% cata?yst batch N

A

to the meta1a1oad1n . - h : /

‘-
+

R . LN

sintering. This i% attributed to the l&rge Pt particles found 1n ,hé
pre%1nteré§'%oec1men acting as .a ”Swnk’ for transportpd metal.s -

E]c#tron m1cr0Jraphs were recorded of the same cata]yqt area

.

be,ore reduct1on and after reduct1on and therma] treatments on %he ' ;ﬁ

v

grid. Prob]ems were ﬂoted with meta] tnansport to the qr1d.carbon
support film and carbon transport to tgg cata]ys Agg]omeratﬁon Qf
Pt was noted after reduct1on in hydrogen at 300°C and af er ihefha1
treat@ents in-helium at %OO° and 550 C. Some metal part1c1es kept a

fixed location on the support dur1nq reduct1on and therma] Treatment

%
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. 6.12 Rucken:tg}n s Du]vérWaCMQr, 7. AIFhE Jour 19, 356 (1973).

it

The data can Du INLerare tod 1n toyms 0f an int orpart1g]o trans-
port s1ntoxlnq mOChqn15m ‘ ‘h1]n some of the datdkgajt doubg upon
crystallite migration as a sintering mechanism, we do not tonsider

the results sufficiently conglusive to Fule out this model as a pos-

sible mechanism of siﬁﬁ@rimg. \ ' B
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APPENDIX A

EXPERTMENTAL_CONDITIONS

A-1 Catalysts and Preparations
& Both commercial and brﬁpared catalysty, were used"in this work.
(0mmerc1a1 capgpysts were purchased from Engelthard Industries oF
‘Canada, Ltd. (512 King Street East, Torontd\ Ontar1o) The catalysts
were qjﬁ' atumina pellets with a surface coat1nq of metal. 0.3" Pt
(Lot 12, 514), 0.5% Pt (Lot ]8 381) and 0.5% Rhodium (Lot 17, 941)

cata]ysts witre employed. Specific pretreatmen;s are noted with the
: O AP *f - BAY

ex er1; e '
p I. ”u." -7

Cata]ysts -prepared 1n thws Iabdﬂetory Wﬁﬂe niade w1th two d1ffenent

.
supporits: Ka1ser 201 A]um1na spheres (Kaiser Chemrtais,h,aton Rouge,

Lauisiana, U.S.A.), and Alon, fumed a]umina,(Cabot'Corporétion, Goston,
. rad . f
Mads., U.S.A.). The former was screened in this laboratory, 'ancd the

3-10 mesh range was_used in all- preparations. . The 1a%tef was used as
. : ) '

/ . N
K »

received.

Cata]yst K1 (1.627 Pt on Ka1sg§ 7201 a1um1na) was prepared in the

following fashion: to 24. 8]29 Qarams of ka1ser 207 alumina was added "
- )

30-m1 of an HZPiéI6 soTution conta1n1ng 0.401 grams of Pt meta]v This
so{Ltion Was prepargd bxﬁdissoiving #magelhard P]atinum'Chloride (40%)
(Engg1hakd industfies;vTordnfo, Ohtario) in disti]]ed HZO' After |
1\éTi0wihq$to stavd\foﬁ“w > hour; the mthurn »as. dryed at 110°C over-
night, and then reduced in f1OW1ng hydrogen at 250 C for 1 hour. Dur1ng
crushing it was noted that the cata1yst had a dark exter1or ring, pre-

Agumably Pt, Lhat exLended about 1/3 of the radius. The center of each

167
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[ o

é]umina‘pol1et was relatively Free of Pt. Cata]yst}KQ (2.03x Pt
on Kaiser 201 aluniina) was prepared in a similar fashion except that
the alumina was first wetted with purelﬁzol then the Pt sg1ution.was
alded.  This mixture was allowed to sﬁ%hd 24 hours before being dried
at 110°C.  The dark ring of metal penétrated a shorter distance into
ith(e pellet for this pata1fst,'about 0.25 of the radius. ‘K‘
Catalysts A1 (0.70" Pt on Alon), A2 (0.51% Pt on Alon), A3 (1.50“‘
Pt on Alon), A4 (2.03% PL on Alon), A5 (2.467 Pt oy A1dﬁ)Cénd A67(4.76“
Pt oon Alon) were prepared 1n a similar fashion. gyhe ;}um1na Was wetted
for form q th7n pa°tqt and th&ﬁ'an approprwate amount of, the D1at1nw

alt so]1t1on was added. This paste was drye< at 11ooc; then reduced

at 250°C in flowing hydroaen

DO
=

AN Gas.ﬂdéorptf5n System @ &
- o ' . i\/} . . {5:' (»:?
o maa e T .
4-2:7. Calibration, Accurafy, and Samnle Calcul'ions

Ouring rormal oberation of the dynamic systicm adsorbate gases

were added to the continuously flowing carrier gas stream.. This was
. ;

thieved through the Carle samb]e valve described in Chavter Zt which
)

has two Toopse that a]ternate?y ho]d a contwnuoys]y flowing stream of”
samp]e ‘qas. . Switching of the valve passes the carrier gas throuq? -
'the ioap and sweeps ‘a pu]se of the adso?bate gas past the catalys<

The conuents of the 1oops were ca11bra ad by comparison to known

y01ume( cted Qy syringe. Table A-1 shows the results of an 0, ca1~ ~

1DratioL v (Run 4).. sFor various oxygen Flow ﬁ@sﬁﬁthrough the .Toop

@,
’measured w1th a calibrated rotameter) the average peak size from a

pU]ﬁe passina through an empty sample tube is shown. The maximum var-
. ' <

fation observed among peak areas fronfthe same Toop and flow rate was

'\i



o o 'd,'flowlﬁhrough sample loop _
| o lec (Tp)/min) oy

102.5

o~
s -
o Y
Injection Number of
- valune pulses
0.4 cc 5
0.5 cc el
[ \\
’ 0.7 e 3
—

1'ca1cu1ate'd7from n =

)

4
f
I

Table A-1: 0, Calibration of Sample Loop Sizé

62.0

'9 2

!
b

S . ‘
T e e g,

w1140

; 1

Y

.. -
. E v SN N

SN SIS, PN
5 LTINS = N

Average aréa. -

(D1sg

8,486,

10,494

12, 632
14,708

R T U Ny

.
’

RT , P = 691.6 mm Hq, T

Average peak size

11,833

11,207
‘11,062

1,924

10,930
10,746

PO

R
R 5w

v

.

.58
11.397
1.02¢
w 0.117

S 29" K

. Maximum .
L . vy deviation ,
Titegrator counts) in peak area,

(DISC intagrator counts)
L Jntsgrator counts)

X

1.87 % 10"

-
¢
Pt}
e
® .
i '
f J -
. U
. 4
»
™

N N =

7 Mimbersof |

‘moles’
injected

2.25 x 1070

262 x 1072
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- . _ e, .
Tess than 0.757.  The maximum vagiation observed amona peak areas
from the two different loops was Joss than 2.1%; nowever, this is not
noc@ssari]y due to differences in the size of the two Toops.The carrier

(WS
gas passes through small ports in the sample.valve, and’?ﬂe alignment .

of the valve (set by hand) was sliapgly different for the. two loops,
Teading to small variations in the carrier gas fliow rate throuah the
two loops. Thus as the va]ve was operated over a long period of time
the @@1&five areas of the peaks from the two loops varied. In the cal-
culations the two Toops were assumed to hold ;he same amount of adsor-

bate gas.

Table A~1 also shows the area a5 3 funct1on of size of 02 pulse

injected by syringe, with the maxin

()

4 Sﬁ%«1dea1 gas laws. from this

-

Syringé contents were calculated frot

c data and the peak area as a function of f]ow through the logp, the size

of an O pulse was aéterm1ned to be 20. 3t 0.5 u moles at a flow rate

of 60 cc (STP)/m1n through the Toop. The var1at1on in sample loop con-

tents are from a variation in atmospher1h pressure; which was 700 20

~

mn Hg. In all standard runs 02 flow Mhrough the sample va]vs was main-
. . ‘-&'m/’

tained at -the rate of 60 cc (STP)/mln, and. the 20 3 g mo]e/Du1se f1gure

was dsed in uptak Va1cu1at1ons

A

Hydrogen, when use&“%s ‘a sample gas, was also flowed through the

; [y

1oop at 60 cc (SPT)/m1n but thé Tower viscosity of hydrogen*ve]at1ve

&

to.oxygen lowered the ab%o]ute pressyre, and hence the contents, 1n

, the saﬁp]e 100p. To calibrate the hydro%gn contents, the pressure di-

i

rectly above and below one of the samp1e loops was measured by an HZO

¢

’U tube manometer read by a cathatometer. The upper, lower, and average

’



pressures are shown in Tabie A-?. Using 13.55 as the specific gravity

of Hg, the results were converted to mmag. Using 700 mm Hg as the
average narometric pressure (variation from 690 mm to 710 mm was actu-
ally ohserved), the hydrogen pu]ses'ate found to tontain 0.92 as many
moles as the O? pulses. In all standard runs where Hq was to be adsorh-
ed flow was maintained at 60 cc (STP)/min, and the n.a? x‘20.3 u moles/ :
pulse figure was used in uptake calculations.
In some runs, the Qﬁfect of rate of addition of 02 on total uptake
Was chetked by adding smaller. 02 pulses. This was'achieved by mixing
the 0 with helium (the carrier gas) pr1or§to flowing it through the
,‘usamp]e Toop. Most tuns were'made using a Type A or Type B dilution,
and TabTé A-3 shows the calibration of the contents of each pulse in
th@§e'tho”cases,‘calculated from the area of the two peaks throfgh an
p empty Samp]e‘tube. Two runs (5 and 15) were made at miiing’rates for
viich final areas were not necorded: In these cases tne contents of
a'Du1se was est%mated from the nominal composition of the sample gas
anu é total content of 20.3Ju moles of gas in the sample pulse. This
procedure is less acc rate than ;he ca11brat1on by peak areg used for
thﬂ Type A and Type B dilute pulses.

A During. &%; adsorpt1on studies pulses w?re passed over the cata{yst\

and the Qutput peak was recordedw taking twd®to five mwnutes per pu]

PuTées were CovLinue unt11 a steady output peak for each samp1e loop
was achieved. The -~z of thesg final peaks were assumed to represent
20.3 u mo]es ¢ Lo 7 u moles of HZ’ and the fractional output

_peaks were computed bw comparison to these output areas, assuming a
Tinear re]atwonsh1: between samp]e gas amount and peak area Thus the .’

variation of carrier gas flow rate did not affect the results, since

~
S

-
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Cisew
{\br CL. H"? 'h:'\
Ag@§§h fable A=2: Hydrogqer Calibration
Gas  Flow cc fSTP)/min P cm H O] p cm H O2 p cm HL0
' L ' upper’ 2 Aowor” ? avq’ 2
H,, 60 25.6 C 3.8 35.7
0, 60 ‘ 17.5. R 116.1
Based on an average atmospheric pressure of 700 mm Hg and a
specific qravity of 13.55 for Hq: .
R 700 ¢ S2.2x 100,
PH0 B 700 + T3 5E 726 mm Hg
<
. 116.1 x 10 ;
‘PO? = 700 + yEET < 78? mm Hg "
® u » ﬁ%' ' “b
) = 6 = .-f lv:\d
IR PHO/P02 726/7§ 0. 585 1
*,'
]at upstream end of sample loop )r

“at downstream end of sample Toop

&
{



b rable A-3: Contents of Partial 02 Pulses
O? F1ow] He Flow] Nominal Peak Area 02,u MoTes
o -~ cc (STP)/ 0, Conc Disc Integrator /
cc é?lp)/ min 2 Counts (correct- in PXlZf‘by
O ed to the same ‘
i _-attenuation;

Pure 60 o0 100,07 , 12,740 20.3%

-yd

e e e e ———— ey M

Type A 12 49 1970 2,850 . .54

e e M\WA,;_:;AQA_,_« B

» o E "’-,‘ . .
Type B 5 190 2. . 493 LR ay, 79 g
s - . " .
g - . . RS ‘?R\"- g .
ClR N e JE
) o e ‘df“‘l('”\' N 'C"
T T e LT e e o

lﬁéad from rotameter

fiFfom previous correlation®(see Table A-1)

) . : ,



174

an‘inﬁerna].arua standard was‘avai1ab1e. Figure A-1 shows a typical
chart outpﬁt for an oxygen run; the data are from Run 112. Tqble A-4
shows o typical calculation of oxygen uptake in atoms of 0 per atom Pt
for this run. |

Helium was a1Ways used as é carrier Qas for oxygen nulses; both
helium and nitroaen were employed for hydrogen pulses. Nitrogen has
a nuch greater difference in therma] conductivity relative to hydro-
gen than helium. When used és a carrier“gas‘for hydroéen pulses, a
higher attenuation is used on the thermal conductivity cel;,output than
when helium was used., This higher attenuation damppd ou£ zoise and
baseline drift due to temperature fluctuations -and dther*&ngoﬁtfo1i
able factors; hence’ﬁitrogenggirrier gas yave more accurate and-qrfft
free hydrogen uptake results; However, in titration runs, switcﬁ?ﬁq
from helium to nitronen as a carrier gas required ébout a one hour |

sweep period,before a stable baseline was observed. For this reason,

-~
.

Jlater vuns employed helium only as a carrier gas. Hydrdgénjpeak.areas'

were checked and found to be linear with pulse size up to a full pulse.

*

An adtenuation of unity for H? outbut pulse meant that baseline drift

-

) . s L)
Yeduced thé accuracy of the H2 peak. areas reldtive to 02 peak -areas.. '«
A second factor intreasing the re}étive error in H2 results was

%hé bresence of substantial tailing of the hydrogan peaks,‘attributed

¥

to reversible adsorption on the Pt catalyst of a portion of the Hy la
pulise. - Comparisoﬁ of_02 and blank tube‘peak areas showed virtually

" no retention of 02 once tne surface was saturated with 02. The re-

" e _
versible fiydrogent tail could be readily confused with baseline drift.

For this reason 02 uptakes in pu]ses‘arewgenera11y reportedrto.two ‘

+

decimals (to one~0ne'hundredth of a pulse) in Section A Il 4, while

»

/
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Table A-4: Sample Calculations, Run "0

poo@ i -
% i a) Catalyst Charge:
1.901 grams of catalyst A4 (2.03% Pt on Alon)

0.0203 g metal 1 mole . 6u moles :
1901 q % - g catalyst X 7g5T g pt * ‘mole )
\ 4
= 197 u moles of Pt atoms o .
' . ‘ W , §
* b) :-jﬂxygen Uptake:” o %’;@9 o .
¢ Area, Dis «”--Ir’itég\r/gtgﬂs Counts Fraé;ﬁion Out |
* <Y B 6 : ’ ) :
Peak- ] . . 77,280 . 7280/12,250 = 0.594
Poak 2 L 1210 T 2 m0/12.600 < 0985
Peak 3 12,2505 o S 1.000
Faak 4 IR PN 1.000
Gross pulses in  4.000 S
: ) g )
- ' ) Total pulses out 3,579
a“ »
Net pulses in 0.421 '
S 20.3 unoles 2 atoms . o
49 ; 2 Wnoles c atams . o
0. ’fl pulses x SuTsa 02 X woTecules 7.1 u atoms 0
: l‘l“ “\,' ‘ '
4 ( 17, ~u-'-aﬁoms 0 '\ N A SRR PR
- S ’ :W ¥ a~m X 0.087 atoms \J/atom pt :
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.
- ﬂg;rcsults for an lie carrier gas are rcvorted to gne decimal (one
tenth of a pulse) unless manual integration of peaks was employed.
Similar tailing was observed in adsorption of 02 oh supported Rhod4ium
catalysts, 1nd1¢at1ng some reversible adsorption of 02 in this case.
Exacf repeatabi]ity of dynamic gas uptake can not be.assessed,
for two reasons. First, catalysts show some variation from sample to
sample in terms of catalyst 1oadiﬁg and dispersdioh, making exact paral-
el dptakr deferminations difficult. Second, each successive reduction
and outgassing treatment can alter the syrface of the metal catalyst.
This latter effect seemed far more significant for the catalyst prepared
on Alon than for the commercial cata]ygzs'or those prepared on Kaiser
207. For commercial cqta]ysts oxygen uptakes wera generally repeatable
within 0.02 atoms O/atom Pt if the samples were run at about same time.
Shelf Ageing does appear&to change gas adsorption gmounts. Hydrogen

uptakes were somewhat less repeatable than oxygen uptakes due to the -

Tower measurement accuracy discussed above.

' !
A-2.2 The Effect of Reduction and Outgassing' Times on Gas Upi:«es

Whether reduction time éffects gas uptake appears. to depend in
‘part on the prior history ~~ the catalyst sampie, The Englehard 0.3¢
and 0.5% Pt on alumina ca "7 .ts were checked for gasluptake after
various reductfon treatments. Results of these exberiments are shown
in Table A-5.- None of the 0.3% Pt samples had any prior reduction be-
fore the indicated treatment, which the 0;5% sample had been reduced
ovefnight in flowing hydrogen at 500°C before the treatments shown in

Table A-5. For the 0.3% catalysts, overnight reduction at 500°C
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raises the das uptdko. Since the catalyst is tredated in air by

Engle o0 temperature unknown), the long initia’ reduction mav be
necessary to convert bulk platinum oxides. The increase in uptake
observed 1n run 101 for reduction at 600°C may be due to redispersion
of the céta1yst; as noted in Chapter 6, such increases in dispersion'
have beel noted during sintering of catalysts in oxygen.

The results for Fhe 0.5% Pt cataﬁyst indicate that once the
“initial reduction is achieved, subsequent long term rereduction is not
‘necessary. ;Fpr the various reduction times, the deviation in initial
oxygen® uptake cprresponds to about 0.01 pulses, the reliability of
the peak measurements. Similarly, the titered Hydrogen uptakes,
measured for three of the runs, show a variance within the precision
of the peak area measurements.

Changes in outgassing time c;use‘a more substantial variation in
initial oxygen uptake as shown in Table A-6. Again, the Englehard
0.5% Pt on alumina catalyst sample used 1n~the étudy of reduction times
was employed in these runs. 0xygen uptake decreases with increasing
outgassing times, probably %Pe to the desorption of surface hydrogen
which otherwise consume; oxygen in a reaction to form HZO‘ Table A-6
also shows tne surface coverage by hydrogen, both in absolute amounts
and as a fracfﬁon of the oxygen uptake. These Were calculated assuming
that the surface covérage by hydrogen is zero after 16 hours of out-
gassing; -that the higher oxygen uptakes reacted partially with the
hydrogen to form water, leaving the same garface coverage by oxygen,
“in all cases; and that the carrier gas did not contain any oxygen to

 build up on the surface. The ability of the catalyst to retain hydrogen

" even after two hours outgassing is evident from Table A-6.



Table A-t: [ffect of Outgassing Tiwe on Gas Uptako]

‘Caiculated Reﬁidual y

, Hydrogen
Run f@{gqaniug O] Atom/atom fractiqn of
Fime, nrs atom/atom surface
5 0.25 0.183 0.42 0.76
49 0.5 0.176 " 0.28 0.17
54 0.5 0.180 0.36 n.22
51 B Y 0.176  ° 0.32 0.20
55 2.0 0.172 0.20 0.12
50 4.0 0.168 0.12 0.07
53 16.0 0.162 0 0

]Reduction time two hours in flowing hydrogen at 500°C

2Assuminq: a) no 02 in carrier gas .
‘ 1

b) all hydrogen consumed via 2H -+ §'02~+H90

c) 16 hr outgassing gives "clean", .o, hydrogen free,
surface



“he results from Runs 50 and 53 may also sorve, with a differont
set of assumptions, as a test of the maximum oxygen content of the
carriey qas: Thus one may assume that the metal surface is "¢lean"
after four hours and that subsequent decreases in oxyqgen adsorptfon
are due to the continual adsorption from the carrier aas of traces
of oxygen during the deqgassing period. At the carrier gas flow rate
of 53.5 cc (STPS/min, 1.72 mo'vs of he]iuh flowed over the catalyst
in the 12 hours difference in outgassina time between the two runs.
The decrease in oxyqgen uptake for Run 53 corresponds to 0.65 micro
mo]cs‘of oxygen, so the maximum oxygen in the carrier gas, assuming
that all oxygen present would be adsorbed on the catalyst, would be
0.38 ppm. This value compares favorably to an gpper Timit of 0.4 ppm-
found by Meyer and Ronge (Reference 2.4 Chapter 2) in‘first testing
out the Cu/Cul catalyst used in this work. A decrease of oxygen up-
take withnincreasing outgassing time due solely to oxygen in the
carrier gas would be linear with time. Since the results shown in
Table A-6 do not Eorrgspond to avlinear‘dec11ne in oxygen uptake, at
least part of the higher uptakes associated with shorter degasQing

times are attributed to residual surface hydrogen.

A-2.3 Eftect of Rate of Addition of Nxygen on Oxygen Uptake

Supported platinum and rhodium catalysts were used to determine
the sensitivity of oxygen uptake to the rate of addition of the oxygen

to the cata]yst: Since the adsorption of oxygen is exothermic and

activated, it was anticipated that significant differences in localized

heating might arise during the addition of adsorbate gas at different

rates, leading to differences in uptake of the adsorbate gas.

L -
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B the first set of experiments the oxygen in the sample ioop

was diluted by mixing with the cérrier gas (helium). The range of
dilution in the sampﬁe Toop was from pﬁre 02 to 4% ﬂéf The results of
uptotes, for varibus stages of dilution for 0.5 platinum (L1) and
rhodium (L3) catalysts .are shown iin Tabie A-7.

For the ptatinum cétalyst runs, the uptakes at various dilutions
are generally witgﬁﬁ 10v of each othef, and show no consistent trénd
towards higher o/ lower uptakes for the diluted caﬁggy, For .the one
series where a rhodium catalyst was employed (Runs 13a to 19) signf-
fiiantTy higher uptakes were observed for the very dilute pulses. How-
ever, as noted above, oxygén‘adSOPptigi on supported rhodium catalysts
includes a reversible slowly eluted adsorption. The high uptake for
Run 13a is attributed to the fajlure to detect extfém§1y broadened
peaks. This run was terminated by addiné a pure 02 pulse after 33d
dilute type B pulses were added. Total uptake included the 330 pulses
and a small fraction ofvthe final pure 0, pulse. A portion of the
first 330 pu]sés probably bled off without detection. -

‘From these data it was concluded that dilution of a 0.5 cc
oxyéen pulse did not significantly affect the uptake of oxygeﬁ on the
catalyst surface. However, even when a pure oxygen pulse is uséd, the
pulse gets dilufed by the carrier gas as it is swept into the specimen -
tube and over the catalyst. A second experiment was designed to see )
if uptake of oxygen varied when a pure oxygen stream was passed overA
the catalyst, as cbmpared to an oxygen pulse.

The data, from Runs 93a, b, ¢, and d are shown in Table A~8;‘2.03x

Pt on Kaiser 201 catalyst was used. In RunsAa and ¢, the catalyst was

contacted with a stream of pure oxygen at about 1.2 atmospheres, then



Table A-7: Lffect of Pulse Dilugion gn Nygen Urtake

Run Cata]ystl Temperature, °C 04 pSP VU]SH?, Oxxgcn'UQthQa
e SN L Atoms/aton

5 ak 0 9.2 0.350 7

6 ( 4.5 0.370

7 /3 20.3 0.381

—*T

g ) ‘ﬁf - 0.9 0.3%0
9 [1§t:> 97 (.70 0.365
/10 ‘ .y 0.330

11 ' | 3.5 N.373

132 [3 0 0.79 1.000

15 .89 i 0.919

16 4.54 0.492

0.7 530"

0. A.59 0.499

21 E1 -~ 96 079 0.299

22 A,59 0.254

25 | o203 0.256

24 £l -98 0.79 0.197

25 454 0.186

26 203 0.19¢

27 £ 0 .79 0.21¢4

]El is Englehard 0.5, Pt on a]umfne
E3.7s Englehard 0.57 Rh on aluming

“For details on calibration see Sectign A~2.)

3This sample of E1 had-a varied thermz) hisrary in fhe\eany trialsy of
the adsorption system and appears t4 pava a s1gnificantly nigher
uptake than subsequent sampies of {1,
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Table A-7 (. ontinyed)

N\
Catalyst  Temperature, "C
£l 203
< ////
(o
Vs
£l , a7
¢

ET sintered 0

at ?oo“c
-

EJ sintered 0
at 600°C

~—

£1 sintered 0
at 700°¢

4

[y

0, pe. bylse,

“Wuv!ﬁoﬂgﬁw- e

4 .84
20‘5
0.79
4.h4
20.3
20.3
0.79
4.54
0.3
0.79

o
S
.

[@V)

Oxygen Uptake,
_._atoms/atom -

0.
0.
Q.

196
206
339

.310
.319
.301
.270
277
.278
.268
.254
.197
.195
.082
.075

L



Table A-8:  COxygen and Hydrogen Uptakes for Stream

and Pulse Addition of Initial Oxigen

Run Tnitial Oxygen 0T, Initial H2 Hydrogen 03, Oxygen
Added by Oxygen Uptake, Titer Uptake, Titer 'Iptake,
PP e . _.___atows/atom ____ atoms/atom _ __A’uvs/atom
93a “ stream ' 0,276 e 0.992 0.438
93h pulse 0.226 ‘ \ 0.891 0.434
93c strean 0.251° 0.926 0.442
93d pulse - 7 0.225 0.874 " 0.431

s

H2' (run b)

W

]By calculatton, assuming H2! (run a)

H2' (run d)

W

o)
“By calculation, assuming H2' (run c)
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R ,...\
hyaronern fl(u\»~<r1 titer stops were carried ‘out, Rgnk \\\q{§Q d were
\“!

[

dentical to Runs o and ¢ except fhat Lho 1n1t1a1¢0&qun was added
by bulaes Top Runs b and d.  1f one as »umﬂb that tho ﬁ&dvoqon left o
the supface after Uitration (H2') ds the s ame in Run Aoas in Run by

and stnilarly the same in Run ¢ as in Run d, then the initial oxyqen

uptake (01 vor Runs a and ¢ way be calculated. Accounting for the

water formed during titration, H2' (Run-b) = 0.439 atoms/atom, 50 that

07 (Run a) = 0.276 atoms/atomn. This represents about a 20 increase
'%n initiak oxygen uptake in Run a as compared to Run b. Similar cal-
culations for Runs ¢ and d give H2' (Run d) = 0.424 atoms/atom, (O
(Run ¢) = 0.251 atoms/aton, 5r aboyt a 107 increase in initial oxyaen
ubtake in Runh c as compared to Run-d.

Before concluding that oxygen uptake is significantly enhanced,
a comnent must be made on the assumption that H2 (Run a, c¢) is equal
to HZ (Runs b, d). If the nydrogen uptake following titration is
hiaher for a higher initial oxyaen uptake, 01, then the calculated
increase fh 01 for Run; a and ¢ will be correspondingly lower. One
factor raiﬁing 01 for cases a and ¢ is the higher partial pressure of
oxygen when a pure 02 stregm is used. Whether Tocalized heating ef-~
fects are also involvec annot be determined from these four runs.

In conclusion, further di1utioh of the 0.5 cc pulses of oxygen
used in this work appear to have no significant or consistent affect
on oxyden uptake on support Pt catalysts. Use of a pure oxygen straam

appears to iricrease oxygern uptake slightly as compared to addition of

oxygen by pulses.

A-2.4 Experimental Conditions and Results

Teble A-9 gives in summary form the experimental conditions. and



results for the dynamic gas adsorption systém‘ Gn; uptakdbrosultq
are in pulses of 02 or H2; 01 7s an initial ox}acn uptake, H2 1S thé
subscquent uptake of hydrogen uptake, ctc. Thus the series OZ—HZ—OP-H2
leads to uptakes 01, H2, 03,‘and H4, while the series H2—02~II2—O2 leads
tx}uptakcé ﬂ], 02, H3, 04. The pulse contents are 20;3 u moles 02 and
18.7 wmoles H _, as discussed in Section A-2.1.

Specific éomment;xon each run follow Table A~9. The following
codes are employed in the table:
Catalyst Code:' (all concentratiuns are weiqght %)
| E1 Englehard 0.57 Pt on alumina (commercia])

£2  Englehard 0.3% Pt on alumina (com ~cial)

E3 Englehard 0.5% Rh on alumina (commercial)

K1 1.62% Pt on Kaiser 201- alumina (prepared)

K2 2.037% Pt on Kaiser 201 alumina (prepared)

Al 0.107 Pt on A1t a.: na (prepared)
A2 0.51" Pt on Alon alumina (prepared)
A3 1.00% Pt on Alon aTQmina (prepared)
A4 2.037 Pt on Alon alumina (prepared)
A5 2.4675 Pt on Alon alumina (prepared)
A6 4.76% Pt on Alon alumina (prepared)

Reduction Code:

1

Overnight ( 14 hr) in flowing H2 at 500°C.
2 - 1 hour in flowing H, at 500°C.

3 - Other, see comments.

CI>
)

Reduction started in room temperature furnace, heatup rate

was ~.500°C per hour.

137

TN
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/

B - Reductiongstarted at 500°C, )

C - Reduction started at some oghar t@ﬁpﬁrgture. Unless otherwise
notod,'in these cases the tenhérgtyre QQHCYQ17wV set point - |
was 500"’@, and the fuynace was ejthey heating or cooling: to
that tomperaturej

Outgassing Code: '

1 - Two hours in flowing He at S007¢,

2 -~ One hour in flowing He at §007¢. \M“Q

3 - Other, see conmments. '

Sample Gas Code: ] (
A starred 02 (02*) means that the oxygeh pylses were diluted for
this run; details of the dilution yre i tng comments. From

Section A-2.1, a Type A dilute pulse ¢ontadns 4,54 u moles 0, per

pulse, a Type B dilute pulse containg .74 y moTks 0, per pulse.
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Run

10.
11.
12.
13.

13a.

14.
15.
16.
17.
18.
19.
20.

Comments on DynamiQ Systam Ryns

Ca]ibr;tion, injected 0.5 ¢ (STP)/min pylse Ny

Calibration, injected 0.3, 0,5, 0,7 co ($STP)/min pulse 0, =
Recorder test, uptake not mégsyrad, redyction started at 250°C.
Calibration, 1njécted 0.4, 0,5, 0,8, 0,7 cc (STP)/min pulse 0,.
Dilute 0, pulse (+9.2 X ]0A6 moleyg 02 per pylse), reduction
started at250°C. N

Type A dilute 0, pulse, redyction startad st 250°C.

Pure 0, pulse, reduction startad at 250°C, 01' js after 2 hrs
in He at 250°C, 01" is after Supsequent overniaht purge in He
at 250°C, peak areas computeq fgr Poyyr Qifferent flow rates.
Type B dilute 02 pulse, reductign started at 250°C.

Type B dilute n, pu]se; reduction Startaed at 250°C.

Pure O2 pulse. n |

Tyoe A dilute 0, pulse, reduction stynted at 250°C,

Reduced 6 hr in flowing H, at 500°C,

Type B dilute 0, pulses run aportnd by piuqged line, reduction
started at 2505C;

Type B dilute Oz,pu1séé KBSO); then bure 02 pulse added.
Rhodium catalyst causes tailing in oXxygen peak. |

Dilute 0, pulse Gv1.85'x']0’6 males ﬂ2 per pulse).

Type A dilute 02 pulse,

Some desorption of 0, observeq at 200°¢,
Pure O2 pulse.

Type A di]ute~02 pulse,

Attempt té determine oMy for raveryiple OZ on Rh by getting holdup



21.
22.

3.

30a.
31.°

32.
33.
34.
35.
36.
37.

38.
39.

40.

41.

202

for various temperatures; excessive mixing preventedxaccurate
assessment of holdup.

Type B di]ute‘oé pulse, reducti. started a ééO°C.

Type A dilute Oé pulse. ' {;

Pure 02 pu]se.' ’
Type B dilute O2 pulse, reduction Sta:Eed at 250°C.
Type A dilute 0, pulse.

Pure O2 pulse.

Type B dilute 02 pulse, reduction started at 250°C.
B

Type A dilute 02 py]se. ‘5__\l«v

Pure O2 pulse, reduction time 1.75 %;TYZR“"*‘

_Run aborted, reduction started at 250°C.

Type B dilute O2 pulse.

Type A dilute 02-pu1se. _ e

Pure 02 pulse.

Pure 02 pulse.

Type B dilute OZ pulse, reduction started at.250°C.
Type A dilute O2 pulse, reduction time 0.6 hr.

Pure O2 pulse. ' . ~

'Cata1yst from Runs 34-36 was sintered in 02 at 500°C overnight:

Type B dilute 02 pu]sé, reduction time 2 hr.

Same catalyst as Run 37, pure O2 pulse.

Same cété]yst from Runs 27-29 was sintergd in d; at 600°C over-
nighté pure O2 pulse; reduction started at 600°C, lasted 2 hr.
Same catalyst as -Run 39, Type B dilute 02 pulse reduction
started 150°C. |

Same catalyst from Runs 30-33 was sintered in-0, at 700°C



42.
43.
44 .
45,

46

47.
48.
49,
50.
5.
52.
53.
54,

55.
56,
57.
58
59,

60,

203

overnight; Type B dilue O2 pulse; reduction started at o600°C,
Tasted 2 hr.

Same catalyst as Run 41; pure 02 pulse.

Correlation of dilute peak sizes.

Check on tailing, reduct?on started at 250°C.

Reduction started at 250°C; run aborted Auc to open valve,
Reduction time was 0.5 hr., outgassing time was 4 hrs: tube
burst after this run, catalyst Tost.

sduction time 1.5 hr.

Reduction time 4.0 hr.

Reduction time 14.5 hr.

Outgas time 0.5 hr., reduction time 2 hr.

Outgas time_4\0 hr., reduction time 2 hr. .
Outgas time 1.0 hr., reduction time 2 hr.

Outgas time 0.25 hr., reduction time 2 hr.

Outgas time 16.0 hr., reduction time 2 hr.

Outgas time 0.5 hr., reduction time 2 hr. A recheck of Run 49,

no significant change in dispersion.

Outgas time 2.0 hr, reduction time 2 hr.

fitration, H2 first.

Same cataTyst as Run 56, titration, O2 first.

Reductioft started at 250°C, lasted 3 hr., titration, 0, first.
Same catalyst Run 58, titration, Pz first, reduction started at
250°cC. | |

A poftion of the catalyst used in Runs 58 and 59 is sintered over-
night in flowing O2 at 450°C. Titration, 02 first. Reduction

started at 450°C.



61.

62. -

63.

64.

65.

66.

67.

68.

69.

71.

72.

73,
4,

75.

Same catalyst as Run 60, titration, HP first.

A portion ofkbhe;g§£a1yst used in Ruyns 60 and 61 is sintered

.overnight at 600°C. Titration, H? first. Reduction started at

600°C; lasted for 1 hr.

Same catalyst as Run 62, fitration, 02 first. Reduction started
at 310°C.

A portion of the catalyst used in Runs 62 and 63 is sintered in

O2 overnight at 700°C. Titratian, 02 first. Reduction started
at 700°C, lasted 1.5 hr. |

Same caﬁa]yst as Run 64, titration,'Hz first. Reduction started
at 300°C. \ |

Same catalyst as Runs 64 and 65, Duplication of Run 64,

A portion‘of the Catalyst used in Runs 64 and 65 is sintered in

O2 overnight at 800°C. Titration, HZ first. Reduction started

at 800°C, lasted 1.4 hr.

same catalyst as Run 67, titration, 0, first. Reduction started
at 200°C. |

Titfation, Ozrfirst.

Catalyst exposed to H, at 600°C prior to this run due .to furnace

malfunction, Same catalyst as Run 69, titration, H2 first,

Same catalyst as Run 69, a-repeat of that rqn.

L4
¢

Same sample as Run“69, titration, 0, first ;. -Reduction started

at 100°C.

A test of adsorption on an alumina blank. Heated to 500°C in H?.

A portion of the Catalyst used in Runs 69-72 is used in this run
and run 75. Reduction 0.5 hr. Loné term titration.

Carrier gas was passed through Tiquid nitrogen trap for this

204



76.

77.
78.

79.
80,
81.
82,
83.
84.
85.
86.

87.

- 88. .

89.

90.
91.

-

-/

ro
f)
(@]

]onj term titration. Reduction‘O.S hf., same catalyst as Run 74.

Same catalyst as Run 75. Reduction 0.15 @r., 0.2 cc of CC]4 in-

Jected in carrier gas line prior to first adsorption, no uptake

observed. Overnight degassing at room temperature does not lead

to uptake, but reductioﬁ in H2 at 500°C does. |

Titration, Hy first.

Test of Tinearity of peak size of Hé to amount of H,, using a

blank tube and varying H2 pulse sjzes. Response was linear over

region obse}ved.

fitraf;on, Hzifirst.

Same sample as Run 79, titration, 02 first.

Titration, 0, first,

Same sample as Run 81, titration, H2 first.

Titration; H, first, at -98°C.

Same catalyst as Run 83. |

Same catalyst as Run 83. Peaks were too diffuse to be recorded.
“e catalyst as Run 83. Qutgassed at 400°C for 1 hr., 500°C for

0.5 hr. Titration at 97°C. | |

Same catalyst as Run 83. Titration at 206°C. Reuptake of H,

after 1 hr was 0.23 pulses.

A p0rt?0n of the catalyst uéed in Runs 79 and 80 is %ine]y crushed.

A portion of the catalyst used in Runs 83-87 was used in a dupli-

cation of Run 85. Again.both H2 and O2 peaks,weré too diffuse to

be mea§ured. | N

Titration, both ways. . : l

A portion of the catalyst from Runs 79 and 80 was sinféred in 02

overnight at 700°C, then cooled to room temperature without




92.

~ 934,

93b.
93c.
93d.

9.
95,
9.
97.
98.

99.

100.
-107.

102.

103.

104.

105.

106.

reduction. No further uptéke of hydrogen at ‘room temperature

was observed, however, tne sample was small and extensively
sintered (which EM pictures show) . |

Titration--run Qas aborted by malfunction in alignment of sample
valve.

Catalyst exposed to pure 0Xygen stream after r061ing but before
first hydrogen adsorptigh, hence first hydrogcit adsorption is H2.
Same.cata1yst.as 93a.

Same catalyst and treatment as 93a.

Same ca£a1yst as 93a, a repeat of Run 93b.

Run aborted due to water in carrier gas line.
Catalyst was sintered three déys in air at 575°C.
Catalyst was sintered 12 hr. in air at 575°C.
Unsintered catalyst.

Unsintered catalyst.

Catalyst was sintereé 6 hr. in airlat 575°C.

Same catalyst as Run 95,

Same catalyst as Runs 95 and 100, reduced overnféht at 600°C

and outgassed at 600°C.

Catalyst was sintered overnight at 700°C in 02; reducti&n started

at 700°C, lasted 1.5 hr., outgassing started at 520°C, Jasted

1 hr..

Unsintered catalyst.

Catalyst wetted with 0.5 cc HZO\prior to adsorption.

Same catalyst as Run 104, catalyst .wetted with 0.5 cc H20 prior
to adsorption. |

Same catalyst as Runs 104 and 105.
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109.

117,

207

. A portion of the catalyst used in Run 103 is sintered at 575°C

overnight in 02. Reduction started at 575°C, lasted 1 hr.

. A mixture of 23.1% of catalyst from Run 102 and 76.9% of catalyst

from Run 103 is prepared and treated identically to the catalyst
in Run 107.
Catalyst from Run 107 is sintered overnight in 02 at 630°C. Re-

duction started at 630°C, lasted 1 hr.

. Catalyst from Run 108 is treated Sidentically to the catalyst in

Run 109.

A portion of the catalyst used in Run 103 1is sintered at 610°C

overnight in 02. Reduction started at 610°C, lasted 1 hr.

. A mixture of 23.1% of catalyst from Run 102 and 76.9% of catalyst

from Run 103 1is sintered overnight in O2 at 610°C. Reduction

carried out at 61n°C, Tasted 1 hr., outgassing started at 610°C,

lasted 1 hr.



APPENDIX_ B
CALCULATION OF PHASE CONTRAST IMAGES

Chapter 3 described the theory whereby phasc contrast profiles in
the image plane may be calculated for a variety of assemblies of scat-
tering ceh%ers‘ The EMCON program was developed to perform this cal-
culation. |

Table B-1 gives the spatial coordinates of the scattering centers,
| ,wﬂith are based on a close packed spacing of 7.275 nm. These values
were read into £MCON as XN(J) and YN(J), in Angstrom units.  Table B-2
1ists the parameters used in the EMCON program. The Doyle-Turner
scattering eq&ﬁfign is detailed in reference,§.17 (Chaptef‘3); the bara—
meters for™yold were us

The EMCON progfém is listed. Ifjuses the. IMSL DRMBIU .integration
routine (Library 1, International Mathematical and Stétisfical Libraries,
Inc., Houston, Texas, U.S.A.) and the SSP BESJ brogram for the zero
order Bessel function value (IBM System 360 Scientific Subroutine Pack-
age Programmer ‘s Manual (H20-0205), IBM, New York, N.y., U.S.A.). The
program determines the square of the wave function, wz, as a function
of the spatial position jin the image plane. Thus a contrast profile
of the atom or atoms scattering fhe electrons may be determined. Di-
rectly following the program a sample output from EMCON is also shown.

Y

¢ D
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Table B-1: Atom Coordinate PQSftiQHS Used i1 EMCON

Atom numbey.
]
1

Identical to 3 atom 1
case with 4th atom

in center

\

. o
Coordinates of atom, A

(0, 0)
(588771, 0)
(+0.79386, 1.375)
(-0.79386, -1.375)
(1,58721, 0)
(-0.79386, 1.375)
(-0.79386, -1.375)
(0, 0)

(0, 0)
(2.75,°0)
(1.375, 2.38157)
(~1.375, 2.38157)
(-2.75, 0)
(~1.375, -2.38157)
(1:375, -2.38157)

ATl reported profiles were stepped off In the +x direction.

’



210

Table B-2: Parameters Used in EMCON

AT four cases were evaluated for the following input data:

WAVEL  (wavelength of incident electron) 0.037 A
APER (aperture size) 40 /microns
HMIN (minimum integral step size) 5 x 10"7 radians
FQCLEN (focal Tength of objective Tens) 1.6 mm
TOL °  (tolerance of integral in DRMBIU
o program) 0.005
DELRAD  (radial spatial increment) 0.5 A
CSPH (spherical aberration factor) 1.6 mm

DELFOC (defocus in Angstroms) -200. to +400. nm,
' _ in 20 nm increments

L (number of radial incrementy) 21

[n addition, the single atom case was evaluated over the DELFOC range
~20. %0, +200 nm, in 20 nm increments, for the above conditions with

\J
APER values of 32, 16, 8 and 4 micrfns.



211

- TEAYHS Ton? 1D

‘ _ *¢/1d U3
. ’ o6Tv1%*E=1d

(€ 0138) 1vwauS

F2OYT = Pr il A (GEL 9T Gy dy

(C4T0 = CE(PIN%) FSECavN) VvIy

(GULZ. | (yayud

CHETY (O CUND) Qv

(CT0T3¢) LVWuug

@m.¢<.mmﬁm<»mm.m<,ﬂm.H< (0Z*¥NNT) uvay

: JONTLNUD
0w 40001 ¢ LLDT 173nvM) 41
(G*0T48) 1ywund

4

s a

uc@qus.IQmu}aqmgma.Ac».ZwJQCu.zMzzrmwaq,qw>qz COT P HNALT) Ay ay

1}

G dn
S NN
.cuxdc<¢m.ﬂcqmm.ﬂcqmm.ﬁc<~m.mu,mu.ﬂuuha.mq.ﬁ

g::J.¢x,mr.mm,Hm,qq,mq.mq,Aq,u@&gwc,xamu.qw><z.w>,Hx,z>.2x NUOWWUD

. COSINAY (OSIINX 4 ( COUCE ) SN NUOISNIwWIQ

4 TVN¥ILX3
d31N30 WOY¥S SHOYLSONY NI SHALUNIGYUUD WULY 38V (5 )NA 0NV (rnX
SWULY 40U Y3 dunn 21
SLNIWIIINT IVIUVY 44U dAdHw (N 1
SINVLISNUD ¥ULIVA d4L1¥9S d3INUYNL/3TIAU0 39V %y OQuHL Ty
SWUALSYNY NI SHIu43y JU4730
Wi NT LNVISNOD wWULLVYI9Y IvO1d4HdS HdSJ
SWUBLSONY NI INIWIMINI IVIUV Y avd13q
TVYOHINT 30 3ONVY5TI0) 0L
ML SIIY AALI0A0GY du HLongd Tous Ta004
Suviuvy wl 2718 d3LlS AVY9Y4LINI W L TW NIWH
) SWNUYIIY NI 371S 3uh1Vd4qV A4 dv
SWUBLISONY W1 MUGLIITS (NSULINT S0 HLON3IIAVM gavM
) 48V ¥ LYQ

Y05 a9 M) INLLYTATT AY LSYYANUD 318 SONIWNDILIU WUIKI

i

COOVLLVLVLLLVLVLLLOULVLLL Y



212

-

. . (UG ENALCOS I NOISHOIWIL
(X022 LA
- . LN3I
dULS QQut
T Ul uy
JNNTLNUD 666
 9°0cd€°0Td) LvWdaud 101
(/7576350 = U3u0N0S 1Sd 14 XS4 yd4,= 154 PIXG LT UTS = NI
4 1 tXG et 94t i LA EKEYT Yy, = IX “SwOBLSONY NI NUILISUd vl LVWEUS 0T
JIWNTLNUD 6g
UOSISd*Ix(T Ul ‘L) dL1dYmM
UOSTSA*ISE TYTACIX (LU *annT JL1dm

{D9V) 190S = 1S54

(QUSISdl S8y = 34y

CHEAVR/TER96T Txlox 'y + *T ) = doslisd
N.:Nmzqa,;amw,»mkau: VD,

DR TU LR W N g ¢ XVWONV S G 9)nTgwad = Ty

) CO = 1A
, CT=T)dvald4y + 0 = IX

12T = 1 g9 ypu
§J0Jed 0= SHLIV 20 H3aa R G N
WOIW WD ZUILIIAC (8 T4\ = SLSRST A0S SN A DI P ED RS R VAR
= m,kawa24 NI OSIOLIZL ALY 69 (= i N WU LT 89T YD T893 8S ) o2
¢12 = A9 LN & ANV BII0L UGS Y 3%, =SvIgry N 19N WOR TRV T

¥ Nxu N Nu 15 WUALI3NS 4U HLYNT TIATH v/ ¥ LYy 21svy w//77/7) LVWaud Og
YaddvinIToug¢ oud gy HASO* TIUL X VWYNY “ T3AV M (CS4dNnT) 91 1aM
A_urq:e.mv\UCugmc*ya%.m = €9
(I=%)='o0e + *(02- = 204144
<A = % vbb DO
XVHIYNT 2 <7 = LYk
(NS0 3%" Y/ Baay =1 LLY = XV
(CHHTHAVRY /99 = POVHY
Ve ldavel (€4 = CUVEy
CCRBNBINYNYJ2Y = Puvey
(4wl /1Y = fUvilY
A4&;43*.¢v\.ccccccoﬂyIpr*Ha%.m = <3



213

-

X

7 (TR INIS YT Uy ey -

OV N 20008 )l we Ta~ 1 dK

OISTOddd PSSy MIN « XGéelé,

uni
duls
NA(L LAY

¥ OWASCY = AAAm¢%ﬁ.m\xvzmwv%nCdvmuvmxw%
YOXIXEY F M2zl “CIXINIS FCUTCE= (X% T
AT n (CRuXueDy "o 320~- L)) SUD = 4
. JONTLINUD

g + WASPY

ST SJdY Yud 49VSSHw YU a4 4SS

Wnsra

FONTLNUD
. vel 0L uy
L8 LT444ST NI

)

LVraud

SID3dd UL (T 06 dNNT)ILIuM
0260164 CT6 (% = LnNUDL) 491

, T+ inndai
S1239d = °g

INNUOT
S1J3ud

: Ol * COZ* CLEINr) 41
(INPESTOIAd rd 0 x=0=17 ) FSdd TvD
Lod 0l wy

.

I =0y

VETHUBT 8T ( X%D%(D ) oI

Lo
¢

(o ININA+ TA) + San NI NX+1X))

N
az:J.qm,mm,mm.Nm,¢<,m<.mq.~

¢HET = oy
‘L

1]

SI0dad
ANMUD T

Lyus = 9

LUsd wd
wWinsrd

ﬁC<¢m.7C<mm.ﬁCqmm.ﬁc<ﬂdumu.mu.ﬁuwﬂa.mg.ﬂ

<.u¢u4¢c“zamu,gm><z.w>.Hx.z>.2x

NOWWUD

026

Tub
Ol 6
0u6
061

Osl



214

v (6rp6°C = Cinvalc I18d

e el A .
4 Fy Ukt = CIXYLOC IFJ
S PRGN = OFFRNCS 153
25330%) = D22YNTR T
- SITTY T OLEWNDLG uww
L GASTITY = STWNERS 3SR
/ GHASRG Y T TANMGAS (83
o i G670 = C3UX07T (94
N £7Gh6 70 = CIEVGIT IEd
) GeIna = Glryade [ed
T . anaaﬁc = nhxwrjn 15d
- - cary ,u vwwﬂmd v

. GLEAREECE 0 TYET
-

(anegtg = 164 Zezoeee tC-= N
: , 0 EPEY

oZan6"C = 153 SHCUIE "0-= WY
Q nreREn

sofcot = I5d EBLGIO0 0 = kY
2 NivRro

2PHUDNY = D32 BYSLOLL D = ¥
> PIBHLL

SRSy = A% CITTBLLTD = W
© PRCSIRXN

e

CNATYNY = NSY ASAITHIL D = 3
© ANCETAN

LASSLTS = 1Td SULVDRD" B "y
Q ASCTRN

EECTTSL SR &3 £39Q7CQ Q- =

K%
< ATIRLG

wEet6td = I15d 0L 1Cu0-= §¥

¢} GI9wdd

CECE67q =

¢ LLRLQUG G-= KH
< A14REq
LnE6”Q = 184 (£61060°C-= K4
I L
oo T Tt T T L =S

97007 =

CRUFLEE

¥ NI

0GZLG 0 =SNYICYA N1 37T04Y

DD

BN

L]

17 ¢0*S = I ‘SHUHISIN¥ NI KOIIISOd
JAXIIAC-HON eee IISIIIN)T £ W I eee
X 05°% = IX "SWOALSOAY NI RCIIISOT
TFNILTIC-NOP eee [ISI220)7T S W I see
74 00n = XX 'L042508Y K] KOTIISOL
OANIAZOKLN  ooe 1IT2230D7°5° % 7 eee
35 DL = )Y YSND2ISONY 3D IDIIISDY
DIMDTT-HOB »er MISIZAINND S D Y ses»
A% BDTE = AT TTALILTON R WILI IITHY
AARIIZD-NOH N =e e SASIIIGHD ¥ S ) sen
I3 DSTT = I CSNODITORY AT »TIAISTWDY

AIRATIV-HNB avs WTIIWI S S Y s
ThOOTT o TTOCSHOBISMNN BT ROLLISLA
AARTARTL-ROR ann CLTLRGTY S N T s
TH G870 = TX “SHOLLOONY K1 ROTL1s0d
AIMTLAA-HON ave (ATLRAZGLT S W 1 aas
Ik (a7t = IX ‘SHNHLSINY HI KOLILSOd

QANLAZA-K0%  eee (161440171 S R I wse
1L AG"¢ = IX ’SUnAISONY KT EOITLISO4
GIRT4ZA-ROR aed” (1SI801T S W 1 e

— . - - d
1K 00 = IX “CHOELSONY RY RO1LT506d
G3XT4TG-NCK  wws (15145007 S U 1 eses

) )
HAIWOK 0°0Nh = $HU3dOT4 RI 356143dY
a4 T 09°0 = WHONT KGLLYAICY I¥DI27445
YN GLE0"0 = X091D2311 40 HIYRITZANR-

vivg DIS¥Y3 ..#



APPENDIX_C

CALCULATION OF A SINTERING HISTORY

Chapter 5 outlines the equations which are postulated to describe -

the change in individual particle sizes during sintering. The SINYR

programs were used to solve these equations, for the cases describeq

in Chapter 5.
’ SINTR 1';as used for /S, values <10'% m—z, where a trial and
error solution s needéd'because FS, the number of freevsurface atoms,
" is significaniL. In the case of u/S0 g 1012 m—z, F. could be approxi-

s
\ . ‘
mated as zero, a trial and error solution was no longer necessary,

and SINTR 2 was qsed.

Both programs af@ reproduced here, along with:a sample output‘
from SINTR 2 which direét]y follows the Tisting 6f SINTR 2, ParticTe
sizes for every ténth tfme incremenﬁ_were printed. The sample out;;

\

put shows only one of these complete particle size outputs after 1 hr.

Ly

Computations were continued for 50 hrs (500 time fncrements) or until

only one particle remained.
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