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Abstract—Using scanning transmissionelectron microscopy (STEM) and microdiffraction techniques,
informationon structuresof small Rhparticles(2—3 nm)andtheinteractionbetweenRh particlesandCeoxide
supporthasbeen obtained.It wasfound that Rh particles (around2 nm in size) werefrequently in epitaxial
relationshipto theCeO

2.Microdiffraction patternsalsosuggestedthat all Rh particles exist as pureF.C.C.
metalsinglecrystalsandno evidencewasfoundfor anytwinningorfor oxidation.Doublediffractioneffectswere
prominentandcarewasneededin interpretingthemicrodiffraction patterns.

INTRODUCTION small particles due to the fact that the phase
contraststructuresfrom supportingfilms could

Characterizationof crystalsurfacesandsmall obscure,or, in some cases,evenwipe out the
particles(<5 nm) hasbeentheinterestformany contributionsfrom thesupportedparticlesto the
electronmicroscopistsin the pastfew yearsand final images.The supportingmaterials,in this
significant progresshasbeenmadein this field sense,act asa limiting factor in high resolution
along with the developmentsof many different imagingof small supportedparticles.
techniques(Cowley,1986).Among thesestudies In the case of the scanning transmission
agreatdealof effort hasbeenmadeto character- electronmicroscope(STEM), however,with an
ize the behaviorof small particles(<5 nm) in electronprobe of 1—1.5 nm in diameterone is
termsof the structures,the stability of structures abletoobtainbothSTEMimagesanddiffraction
underelectron irradiation and the equilibrium patterns from individual regions 1—2 nm in
states(Marks, 1985).This has beenconsidered diameter.The microdiffraction patternscan,in
thebasisfor understandingsurfacestructureand general,contain structureinformation on both
reactionsand is directly relatedto researchin theindividualparticles,andthesupportingfilms.
chemicalreactions,particularlyin catalysts.For It is thereforepossible to deducenot only the
small particles (<5 nm) X-ray diffraction and structureinformationof smallparticlesbut also
selectedareaelectrondiffraction (SAED) could the structurerelationshipbetweenparticlesand
notbeusedreadilyto studythe structuresdueto their support, although the involvement of
the severebroadeningof Braggpeakscausedby supportingmaterialsmay complicatethe inter-
particlesizeeffects.High resolutiontransmission pretationof microdiffraction patterns.Another
electronmicroscopy(HRTEM) providesadirect important advantageof microdiffraction tech-
way of viewing the structuresof smallparticles nique is that it can be easily associatedwith
and has beenextensivelyused in recentyears. STEM bright and darkfield (BF, DF) imaging,
With the improvementof resolution, down to secondary electron imaging (SEM) and the
0.16 nm for the JEM-4000EXelectron micro- techniques of microanalysis available with
scope,lattice imagingof small particlesbecomes STEM electron microscopes. It should be
moreand moreeasyandconsiderableprogress pointed out that the ‘microdiffraction’ patterns
has been made in structure studies of small are actually ‘convergentbeam electron micro-
particlessuchas Au and Pt (Bovin et al., 1985; diffraction patterns’becauseit is necessaryto
Wallenberget a!., 1986). The existenceof sup- generatea convergentelectronbeamwith con-
ports,however,limits the structureimaging of vergence 3 x iO~rador moreat thespecimen
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levelinordertoobtainabeamsizeofl—l.5nmor specimenlevel havebeengeneratedwith afield-
less. Theaccuracyof measuringlattice spacings emissiongun andrasteredoverthe area,giving
frommicrodiffractionpatternsis sacrificedin this images with resolutionscomparablewith the
case due to both the finite spot size in the incident electronbeamsize 0.3 nm. By stopping
diffraction patterns and the uneven intensity the beamat any selectedpoint in the image a
distribution within a spotdisk causedby coher- convergentelectron microdiffraction patternis
ent illumination (Cowley and Spence, 1981). thenobservedon the two-dimensionaldetector
However information on local structures plane(Cowley, 1986).In order to obtain micro-
(1—2 nm) could be provided by the micro- diffraction patterns having relatively well-
diffraction method usedalong with STEM BF definedsharpspotsit is necessaryto usea small
andDF andthe combinationwith HRTEM has objective aperture (10 jim) that results in an
proved to be powerful in the study of the incident beamof diameter(1—1.5 nm).
structuresof alumina-supportedsmall Pt parti- Thestudieswerecarriedoutoverthefollowing
des (Panet a!., 1987). samples:

(1) 2.5% Rh/CeO2reducedin H2 at 350°C.

EXPERIMENTAL OBSERVATIONS AND (2) 10/ Rh/CeO2reducedin H2 at 350°C.
DISCUSSION (3) 1% Rh/CeO2reducedin H2 at 500°C.

In the dedicatedVG HB-5 STEM electron All these samples contained well-separated
microscopein our laboratory,convergentelec- small Rh particles. With the increaseof the
tron beams0.3 nm or less in diameterat the reductiontemperature,theparticlesizeincreased

I
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(a)CeO.and hI Rh-.- (eU. in [Ill] orientation.(c)Ce02and(d) Rh+Ce02in [100] orientation.~X ~hos~s

the positionof primary beam.
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Fig. 2. (at Bright field STEMimageofRh CeO,samnle.(h) Dark field STEM imageof thesamerepionh~(200)
reflection of Rh metal.Mark = 5 nnl.
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Fig. 3. (a) Microdiffraction patterncontaining doublediffraction spotsdue to overlappingof two CeO
2

microcrystals oriented along the [211] and [141] zone axes respectively.(b) Correspondingexplanatory
diagram.The opencircles representdoublediffraction spots.“X” shows thepositionof primary beam.

aswell. Mostof theRhparticles,whichhavebeen imagewasformedby (200)reflectionof Rh metal
examined,were in the size rangeof 2—3 nm. The andit could be seenthat Rh particlesless than
samples for electron microscopy investigation 2 nm showed a good contrast as shown in
were preparedin the usual way. Powder of Fig. 2b.
Rh/CeO2 was ground into fine powder in Among the Rh particles2—3 nm, which have
suspensionin hexaneandput into an ultrasonic been investigated, few showed evidence of
generatorto obtaina gooddispersionof thefine- twinned or multiply-twinned structuresin their
ground powder. An electron microscopegrid microdiffractionpatterns.Themultiply-twinned
with carboncoating was then dipped into the structureshavebeenproposedto be the stable
suspensionandallowedto dry in air. structures for very small particles and the

Our experimentalobservationsshowed that experimentalevidencefor these structureshas
Rhparticleswith size2—3 nmoftenexhibitawell- beenfound for smallparticles1—5 nmof Au and
definedepitaxialgrowth behavioron the crystals Pt (Marks and Smith, 1983; Cowley and Roy,
of the CeO2 support.Both Rh and CeO2 have 1981) by both HREM and microdiffraction
FCClatticeswith unit cell dimensionsof 0.3804 techniques.In this caseit is believed that the
and 0.5411 nm respectively. Microdiffraction proportionof twinned or multiply-twinned Rh
patterns in Figs. la and lc are from CeO2 particlesis considerablyless than 5%.
crystalliteswith the beamcloseto the [ill] and As mentionedabove,doublediffraction effects
[100] directions.Figureslb and ld containthe oftenoccurredin microdiffractionpatternsfrom
diffractionpatternsfrom supportedRh particles overlappingcrystals.This is simply a multiple
2—3 nm in diametercloseto the aboveregions, scatteringdiffraction effect and usually makes
being also close to the [Ill] and [100] orien- microdiffraction patterns complicated. It is,
tations. In both of these cases the epitaxial therefore, necessaryto identify these double
growth of Rh microcrystallites2—3 nm on the diffraction spotsin ordertoavoidanymisleading
CeO2supportwaswell-definedas parallelalign- conclusions. The microdiffraction pattern,
ment,as clearly revealedin themicrodiffraction shown in Fig. 3a, is a typical example.It was
patterns.It was noticed that the spot marked obtained from two overlappingCeO2 micro-
with an arrow in Fig. lb resultedfrom double crystals in the [211] and [141] directions
diffraction processes. respectively. Figure 3b is the corresponding

As suggestedby microdiffraction patterns,all explanatorydiagramshowingthe superposition
Rh particleswere in the pure metallic state.No of diffraction patterns and double diffraction
patternswereobservedwhich couldbeattributed spots.
to RhO2oranyotherknownRh oxide.Figure2a
showsa BF STEMimagecontainingRhparticles
with sizesfrom 2 to 5 nm. The microdiffraction CONCLUSIONS
patternsfrom these Rh particles could all be Epitaxial relationshiphasbeenestablishedfor
attributedto Rhmetalandshowed,onceagain,a small Rh particles2—3 nm on CeO2 crystalline
well-defined epitaxial relationship. The DF substrate.Most of the Rh particlesshow single



STEM and Microdiffraction Studiesof Rh/CeO
2 169

crystal,FCCstructureandit is believedthat the JapaneseSocietyfor Electron Microscopy,Tokyo,Vol. 1,
proportionof twinnedormultiply-twinnedparti- 38.
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