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XAFS Analysis of Nanostructured Materials

“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-investigation of mechanisms of work

- methods of in-operando studies
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Projected vibrational density of states
vs Einstein and Debye models

High frequency modes ���� force constant stiffening



Nanoparticle dynamics

Cluster size effect 

Under He
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Ambient gas effect 

Support effect 
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TkB
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2µω=k
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Force 
constant: 

EBk Θ=ωhEinstein 
temperature:



How do we know that the EXAFS results are correct at 
the finite size scale?

K.-H. Yih, I. K. Hamdemir, et al,
Inorg. Chem. 51, 3186 (2012)

XRD-derived structure: CN(Ir-Ir) = 3, CN(Ir-C) = 4
EXAFS results:                 2.9 ±1.2 and    4.5 ± 0.7 

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

Ir-Ir: XRD: 2.83 Å; EXAFS: 2.81 ±0.01 Å
Ir-C: XRD: 2.16 Å; EXAFS: 2.15 ±0.01 Å



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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High frequency modes ���� force constant stiffening

Lattice dynamics 
of NPs:
Debye model + 
Debye temp ����

V-DOS



Nanoparticle dynamics

Cluster size effect 

Under He
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Model: Bimodal bond distribution
(unimodal distribution contradicts the data)

High Debye T. in the bulk
Low Debye T. in the surface (m layers)



Lower disorder for C support
Lower disorder for large sizes

Bond length disorder and strain energy
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Residual, static disorder can be 
used to calculate strain energy:

2

2

1 σNkU =

WTVU += )(

2

2

1
sNkW σ=

222
ds σσσ +=

4 6 8 10 12

0.000 2.9 nm1.8 nm bulkS
ta

tic
 d

is
or

de
r 

in
 P

t-
P

t (

Pt-Pt Coordination number 

1.0 nm

M. Small, S. Sanchez, N. Marinkovic, 
A.I. Frenkel, R. G. Nuzzo, 
ACS Nano 6, 5583 (2012)



Challenges: non-Gaussian disorder is typical in NPs.

W. Huang, et al, 
Nature Materials 7, 308 
(2008)
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�Estimating effect of surface tension on EXAFS results 

obtained by cumulant expansion methods

�Histogram approach: generate RDF using MD/DFT 

simulations or XRD refinement data

�Generate model EXAFS data using FEFF

�Evaluate artifacts by comparing with “known” structure

A. Yevick, A. I. Frenkel, 
Phys. Rev. B 81, 115451 (2010) 

(2008)

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

1.1nm, 55 atoms

2.3nm, 309 atoms

2.9nm, 561 atoms

Fit result

Fit result

A=1.00001
A=1.0001A=1.001

1.7nm, 147 atoms

C
oo

rd
in

at
io

n 
nu

m
be

r

Degree of distortion

3.4nm, 923 atoms

Undistorted
A=1.05

0.0 0.2 0.4 0.6 0.8 1.0

0.95

0.96

0.97

0.98

D
is

to
rt

io
n 

fu
nc

tio
n 

r/R

 A=1.05
 A=1.001
 A=1.0001
 A=1.00001

3.4nm

923 atoms

S. Chill, G. Henkelman, 
A. Yevick, A. I. Frenkel, 
unpublished



How to account for non-bulklike structural dynamics?

A. Yevick, A. I. Frenkel, 
Phys. Rev. B 81, 115451 (2010) 
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MD/DFT/FEFF Histogram approaches
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Challenges: Effects of bond buckling on multiple 
scattering EXAFS analysis results



Alloys at the Alloys at the Alloys at the Alloys at the NanoscaleNanoscaleNanoscaleNanoscale

�Coordination numbers and 

S.R.O

�Artifacts due to ensemble 

averaging



Homogeneity and short range order in nanoparticle alloys:
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Z. Kristallogr., 222, 605 (2007) 
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Phys. Rev. 77, 669, 1950



Coordination numbers in clusters:
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Binary alloys: Homogeneity and SRO in 3D

Homogeneity: 0
3

1 ≤≤− ABα



How accurate can such analysis be? A test is needed.

Monometallic Pd from 4-1-08     Avg. Particle Size: 2.4 +/- 0.4  nm 
AND

Bimetallic Pd (core)-Pt(shell) from 4-17-08   Avg. Particle Size: 3.7 +/- 0.6 nm
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Representative EXAFS data

BA
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Data analysis:

Multiple data set fits;
Artemis+FEFF6;

Constraints in the fits:

G. H. Via, et al,
Catalysis Letters, 1990, 5, 25-33.

Q. Wang, S. Sanchez, M. Small, R. Nuzzo, 
A. Frenkel (submitted)



Representative fits

Pd K-edge

Pt L3-edge

Q. Wang, S. Sanchez, M. Small, R. Nuzzo, 
A. Frenkel (submitted)



N(Pt-Pt) N(Pt-Pd) N(Pd-Pt) N(Pd-Pd)

Pt(C)Pd(S) 9.8(4) 1.0(2) 2.1(4) 6.6(4)

Pt(S)Pd(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)

1. The alloy (PtxPdy) composition by multiple edge EXAFS analysis:

Results

How to use them?

1. The alloy (PtxPdy) composition by multiple edge EXAFS analysis:
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Accuracy in the alloy composition:  ~25%
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2. Homogeneity or heterogeneity (e.g., core/shell):  N(Pt-M) versus N(Pd-M)

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

4. The short range order within the alloy:



(PtxPdy)EXAFS (PtxPdy)EDS N(Pt-M) N(Pd-M)

Pt(C)Pd(S) (0.7, 0.3) (0.5, 0.5) 10.8(5) > 8.7(6) +0.70 +0.66

Pt(S)Pd(C) (0.7, 0.3) (0.5, 0.5) 9.2(7)   < 10.6(9) +0.53 +0.64

Pt-Pd(Alloy) (0.6, 0.4) (0.5, 0.5) 8.9(5)   > 6.9(7) +0.27 +0.11

PdPt−α PtPd−α

Pt(core)-
Pd(shell)

S. Sanchez, M. Small, J. Zuo, R. Nuzzo
J. Am. Chem. Soc. 131, 8683 (2009) 

Pt(shell)-
Pd(core)

Pt-Pd
(Alloy)

a) Simulated Pt(core)-Pd(shell)
b) Simulated Pd(core)-Pt (shell)
Icosahedral Pd core assumed

Conclusions: 

- Good agreement with TEM regarding 
the core/shell  vs. alloyed structure, 

- Unique information about the SRO
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What else coordination numbers are good for?

A. I. Frenkel, C. W. Hills, and R. G. Nuzzo,
J. Phys. Chem. B 105, 12689 (2001).

In monometallic NPs: 
Shape, Size, Structure, Morphology

In bimetallic NPs: 
Shape, Size, Structure, Morphology + SRO

N. Long, et al,
Int. J. Hydrog.
Energy 36, 8478 
(2011).

N. Long, et al,
Acta Mater. 59, 
2901 (2011).



Examples:

K. Sasaki, et al 
J. Phys. Chem. C 115, 9894 (2011) 
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How forgiving is CN analysis to 
intra- and inter-cluster compositional disorder?
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Theoretical coordination numbers for clusters of N = 100 atoms, 
calculated assuming Gaussian compositional distribution. 

Nxxc )1( −=σ At this value normal 
distribution coincides with 
binominal distribution

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



N
um

be
r 

of
 P

ar
tic

le
s

12

16

20

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

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