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“Core-shell motif” Is In
the eyes of the
beholder:




EXAFS and nanomaterials

- structure, disorder In a nanoscale object,
-dynamics and kinetics during in situ transformations
-Investigation of mechanisms of work

- methods of in-operando studies



Getting size, shape, morphology from EXAFS
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Projected vibrational density of states
vs Einstein and Debye models
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Nanoparticle dynamics
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How do we know that the EXAFS results are correct at
the finite size scale?

XRD-derived structure: CN(Ir-Ir) = 3, CN(Ir-C) = 4
EXAFS results: 29%1.2 and 4.5%0.7

Average distance (over all Ir atoms in the structure):

Ir-Ir:  XRD: 2.83 A; EXAFS: 2.81 +0.01 A

Ir-C: XRD: 2.16 A: EXAFS: 2.15 +0.01 A
K.-H. Yih, I. K. Hamdemir, et al,
Inorg. Chem. 51, 3186 (2012)



Finite size effect on bond length: input for electronic
structure theories = adsorption energy calculations
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Lattice dynamics measurements: input for
surface free energy calculations
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Nanoparticle dynamics
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Finite size effects in nanoporous gold:
structure and dynamics
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Bond length disorder and strain energy
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Challenges: non-Gaussian disorder is typical in NPs.

ssEstimating effect of surface tension on EXAFS results

obtained by cumulant expansion methods

ssHistogram approach: generate RDF using MD/DFT

simulations or XRD refinement data

s*Generate model EXAFS data using FEFF

ssEvaluate artifacts by comparing with “known” structure
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How to account for non-bulklike structural dynamics?

MD/DFT/FEFF Histogram approaches
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Challenges: Effects of bond buckling on multiple
scattering EXAFS analysis results
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Alloys at the Nanoscale

s»Coordination numbers and

S.R.O

< Artifacts due to ensemble

averaging




Homogeneity and short range order in nanoparticle alloys:
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PHYSTOAL REVTEAW VARL DAL 77, NUMBERK & MANRCH L, 1050

An Approximate Theory of Order in Alloys™ **

J. M. CowrLey***
Lepariment af Fryrics, Massachuesetls Inslitvde of Technology, Cambridge, Massachuselts

{Recelved October 26, 1949)



DEFINITION OF SHORT-RANGE ORDER
PARAMETERS

For an alloy consisting of A and B atoms, present in
the proportions sy and mg, we dehine the short-range
order parameter for the atomic sile with coordinates
[,am, n with respect to a piven B atom as am.=1
~ Prmn/ a4 Where pun.,. is the probability that the
atomic site is occupied by an 4 atom. Then

Pimn = Mla (1 T ﬂ'.!mﬂ)-

Alternatively, if the atom with coordinates I, m, n is
considered to belong to the ith shell of neighbors sur-
rounding 4 B atom, we may write o,=1—n./mac.,
where #; 15 the number of 4 atoms among the ¢; atoms
of the 7th shell.

J. Cowley,
Phys. Rev. 77, 669, 1950



Coordination numbers In clusters:

2N _ NAB —
n, =—== Ny Ny = Naa T Npg
Ny = XNy, + X5 Mgy -used for cluster size determination

Short Range Order Parameter:

A. Frenkel, Z. Kristallogr.,
222, 605 (2007)



Short Range Order and Homogeneity
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Homogeneuity:
2<Npg <4

Segregation tendency. daB = 0
(core/shell etc.) 0< Npg <2




Binary alloys: Homogeneity and SRO in 3D

Homogeneity: ——<ap <0



How accurate can such analysis be? A test is needed.
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Constraints in the fits:

XB

o N,, =—N

Data analysis: E T

A

Multiple data set fits; Ras = Rea
' : 2 2

Artemis+FEFF6; o2, =02,

G. H. Via, et al,

Catalysis Letters, 1990, 5, 25-33.
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Results

N(Pt-Pt) N(Pt-Pd) N(Pd-Pt) N(Pd-Pd)
P(C)Pd(S) 9.8(4) 1.02) 2.1(4)  6.6(4)
P(S)PA(C) 7.9(6) 1.3(3) 2.7(7)  7.9(6)
Pt-Pd(Alloy) 6.3(4) 2.6(3) 3.7(5  3.2(5)

How to use them?
1. The alloy (Pt,Pd,) composition by multiple edge EXAFS analysis:

X X NPd—Pt

y 1-X NPt—Pd

Accuracy in the alloy composition: ~25%
2. Homogeneity or heterogeneity (e.g., core/shell): N(Pt-M) versus N(Pd-M)

3. The particle size: N(M-M)

_ 1 NPd—Pt
Xpy NPd—M

4. The short range order within the alloy: Qpy_p, =1
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S. Sanchez, M. Small, J. Zuo, R. Nuzzo
J.Am. Chem. Soc. 131, 8683 (2009)

Conclusions:

Pt-Pd _ |
(Alloy) - Good agreement with TEM regarding

the core/shell vs. alloyed structure,
- Unigue information about the SRO



What else coordination numbers are good for?
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In monometallic NPs:
Shape, Size, Structure, Morphology

In bimetallic NPs:
Shape, Size, Structure, Morphology + SRO ®
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Coordination number

Revisiting criteria for SRO and homogeneity

N, /N . . n
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Xg Nam
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How forgiving is CN analysis to
Intra- and inter-cluster compositional disorder?

Assume that particles are random alloys
(a=0), of the same size (n,,, ), but have
inter-particle compositional disorder:

p(X) exp(—@)
20

c

What coordination numbers will be
measured in EXAFS experiment, as a
function of o?




Theoretical coordination numbers for clusters of N = 100 atoms,
calculated assuming Gaussian compositional distribution.

/
S /

o, = \/x(l— x)/N At this value normal
distribution coincides with
binominal distribution

A. |. Frenkel,
Chem. Soc. Reviews, 2012
DOI: 10.1039/c2cs35174a



How narrow should the cluster composition be for
SRO analysis to be reliable?

o= 0.15 will cause 10-20% error in CN
Well defined clusters have much narrower distributions:
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