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METAL CRYSTALLI TE SI ZE DETERM NATI ON
COVPARI SON OF CHEM CAL AND PHYSI CAL METHODS

Recent Altamira Notes have di scussed the use of several different

chem sorption techniques to determne crystallite sizes for supported neta
cat al ysts. These techni ques, tenperature-programed desorption, static

chem sorption, and pul se chem sorption, can all be described as "chem cal"
net hods because they rely on sone way of nonitoring the chem sorption or
desorption of nolecules on netal surfaces. A second general approach to the
determ nation of netal crystallite sizes involves the use of techni ques which
may be described as "physical" methods. The objective of this Note is to
conpare the chem cal nethods described in earlier Notes to several physica
nmet hods di scussed bel ow.

Physi cal Met hods

Physi cal methods of crystallite size determnation rely not on the adsorptive
capacity of supported netal catal ysts but instead on phenonena associated with
sone physical property of the crystallites. Mst often an observation is nade
using sone formof energy to probe the sanple. Two of the nobst comonly used
physi cal methods are Transm ssion El ectron Mcroscopy (TEM and X-Ray
Diffraction Line Broadening (XRD), enploying as probes el ectron and x-ray
beans, respectively. Qher techniques are used |ess often due either to their
expense (as in the case of Small-Angle X-Ray Diffraction (SAXS)), or because
they apply specifically only to some netals (such as the use of Magnetic
Measurenents for ferromagnetic netals Fe, H, and Co).

El ectron m croscopy involves inmaging a catal yst sanple by directing a beam of
electrons towards it. Metal crystallite sizes and shapes can be observed from
t he i nages obt ai ned. Good contrast between the support and the neta
crystallites is inportant. For TEMthe el ectron beam nmust be transmtted

t hrough the sanple, and hence techni ques have been devel oped for preparation of
very thin or dilute sanples. The energy of the beam determ nes the resol ution
of the instrument and places a lower limt on the size of the crystallites

whi ch may be i maged. Resolution on the order of 2A is easily achieved, so even
sanples with extrenely small netal crystallites are good candi dates for
characterization by TEM



TEM al | ows cal cul ati on of average crystallite size and size distribution
through the careful, and often tedi ous, neasurenent of thousands of
crystallites from nunerous m crographs. An exhaustive investigation is the
only way to ensure that the calculations are truly representative of the
sampl e. Because crystallite size and shape can vary significantly in

het er ogeneous catal ysts, different types of "average" crystallite size
calculations may yield different results. The formul as bel ow show how
crystallite sizes are cal cul ated using a) nunber-average di ameter, d,, b)
surface-average dianeter, ds; and c) vol une-average di ameter, d:

a) dy = M/ 3
b) ds = nidi3/ Znidiz
C) dv = nidi4/ Znidis

X-Ray diffraction is best known as a technique for finding out about the
structure and conposition of crystallite materials. X-rays diffracted through
a crystalline material give diffraction lines for reflecting planes of

di fferent d-spacings. However, XRD nay al so provide informati on about the size
of netal crystallites in powder sanples down to about 4 nm even though these
systens | ack the long-range order found in larger crystals of netal. A
particular diffraction line is broadened as the crystallite size decreases.
The average di anmeter determ ned by the Scherrer equation (see Kl ug and

Al exander, "X-Ray Diffraction of Anorphous Materials", WIley, New York, 1974)
is a volunme-average di aneter:

dy, = KN (B - cos 8)

Kis a constant related to the crystallite shape. B is the pure x-ray

di ffracti on broadening which takes into account the broadening of the
diffraction |line due both to the size of the crystallites and to the instrunent
itself. A and 6 are the wavel ength of the x-ray radiati on enpl oyed and the
Bragg angl e, the angle between the radiati on and the plane of the sanple.

There are advantages and di sadvantages to using both XRD and TEM TEM requires
hi gh vacuum conditions and therefore sanple pretreatnent is nore conplicated.
The cost of the el ectron beam and optics systens is often prohibitive for use
as a routine characterization tool. TEM has the advantage of allow ng the user
to "see" the crystallites and thus nmake qualitative as well as quantitative
assessnments of the sanple. I nformation about crystallite shape and

het erogeneity, difficult to obtain with nbst nmethods, can al so be found with
TEM When an exhaustive investigation is conpleted in which thousands of
crystallites are neasured; this technique is perhaps the nost accurate of al
crystallite size determninations.

XRD neasures crystallites of 4 nmand greater, which in many inportant
applications gives an unsatisfactory lower limt. The di ameter determ ned
fromXRD is a vol une-average dianeter. For a sanple with a wide distribution



of crystallite sizes or various crystallite shapes, this average may differ
substantially from TEM nunber or surface averages. XRD i s, however, nore
readily avail able than TEM and requires no control |l ed at nosphere.

Conpari son of Physical and Chem cal Met hods

Chem cal nethods of crystallite size determination do not directly neasure
metal crystallite sizes, but instead infer a surface-average crystallite size
frominformation about the interactions between adsorbates and surface neta

at onrs. Al'l of these techniques involving chem sorption incorporate certain
assunptions - either explicitly or inplicitly - about the adsorbate/surface
nmetal atom bondi ng stoichionmetry as well as about the strength and kinetics of
adsor bat e/ net al bondi ng. The advant age of using one chemni sorption techni que
over another often depends on the experinental conditions enployed and the
adsorption properties of the particular catal yst system under investigation

Because of this reliance on the nature of the interaction between adsorbate and
nmetal surface, these chem cal nmethods require nore stringent controlled

at nosphere conditions than, for exanple, XRD. The netal crystallites nust be
in the reduced netal state if assunptions nmade about chem sorption
stoichiometries are to be valid. Poisoning of metal surface sites or otherw se
rendering theminaccessible to adsorbate nol ecules will produce anomal ous

chem sorption uptakes and therefore inaccurate crystallite size neasurenents.

Even with these Iimtations, chem cal methods of determining nmetal crystallite
sizes offer in many cases the nost straightforward approach. Experi ment a
systens for perform ng chem sorption neasurenents are | ess expensive and easier
to maintain than TEM or XRD. A | arge nunber of studies enconpassing a wi de
variety of adsorbate/netal systens is docunented in the literature and can be
used for comparison with experinental results. For routine characterization of
simlar catalysts, or for ongoing quality control studies, chem sorption

met hods can provi de easy and accurate nmetal crystallite determ nations.

Each of the nmethods di scussed above and in previous Altamra Notes has

advant ages and di sadvantages in its use for netal crystallite size

det erm nati ons. The npst accurate, if not always viable, approach is to use
mul tipl e techni ques, preferably conbining both physical and chenmical, to
determ ne crystallite sizes.
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