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5 Å 
5 µm 

1-2 atomic layers are 
involved in electrocatalysis 

Best S/N XAS spectrum is obtained 
with ‘unit absorption length’. 
For Pt it is about 5 µm = 50,000 Å. 

X rays 

In ideally flat Pt surface, only about 1 
in 11,000 Pt atoms (0.01% surface 
atoms) is affected by the 
electrochemical process.  
Its XAS signal is averaged out. 

X rays 

Traditional Flat-surface 
electrochemical system 

Nanoparticles 

•309 total atoms 
•162 surface atoms 
•(52% surface  atoms) 2.5 nm 

Flat surfaces, nanoparticles, fuel cells 

X rays 
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Fuel cell system 

Better utilization of 
metallic surfaces 



X-ray absorption spectroscopy 
(XAS) needs a source of 1010 
photons/sec and 1 eV resolution, 
requrements only met with 
synchrotron sources. 

XAS needs Synchrotron 

Synchrotron produces white light, like sun. 

SSRL 

NSLS II 
Synchrotrons widely available around 
the globe. Many synchrotrons have 
more than one experimental station 
(beamline) for XAS measurements. 
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XAS Schematics 

 transmission 

fluorescence 

slits 

Ion chambers 

catalyst 

It=Ioe -µd 

µ(E) ~ log I0/It 

µ(E) ~ If / Io 

White x-ray beam passes through 
double-crystal Si(hkl) monochromator. 
Bragg relationship determines the 
wavelength of the x-rays that are 
directed towards the slit.  

If 

I0 It Ir 
reference foil 

Appropriate thickness: 
Transmission - best 
choice. 
Too thin or too thick 
samples:  - fluorescence. 

Absorption coefficient µ(E) contains 
information on local geometry, oxidation 
state and 3-D position of neighbors. 

µ(E) ~ - log Ir/It 

Synchrotron 

white beam 

E (eV) = 1977.1 / sin θ 

Behr’s law 

Si(111) 

monochromatic beam 
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XAS operation principle 
X-rays excite a core electron. Photoelectron propagates and 
scatters from the electron cloud of neighboring atoms. The 
interaction of the scattered photon with incident photons 
produces the wiggly part of the spectrum that contains 
information on the environment around the central atom.  

 1st  
shell 

 2nd  
shell 

 3rd  
etc. 
shell 
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Charge transfer Pt d to Ge 

Pt L2 edge 

Pre-
edge 

Eo 

X-ray 
Absorption 
Near-Edge 
Spectroscopy 
(XANES) 

Extended X-ray Absorption 
Fine Structure (EXAFS) 

Qualitative 
determination 

Quantitative 
determination µ(E) ~ 1/E4 
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In situ XAS cell 

X-ray path 

Ref. electrode 

Counter  
electrode 

Working  
electrode 

Solution 
inlet 

Electrochemistry without gas evolution 
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Sandwich-type Nafion-membrane 
separates anode and cathode half-
cell. Allows in-situ XAS transmission 
and fluorescence measurements. 

Double layer  

 OH ads. H ads. 
  O2 
evol. 

H2 evol. 
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In situ XAS Cell for Extreme Potentials 

working electrode 

incident x-rays 

fluorescent   
x-rays 

PIPS 
detector 

100 µm Mylar 

Pt catalyst on 
carbon paper 

reference  
electrode 

counter  
electrode 

plastic   
container 

0.1 M HClO4 
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The white 
line intensity 
starts to 
decrease 
above 1.9 V 

White line height is 
proportional to d-
band vacancy 

Electrochemistry with gas evolution 
Eo 

K. Sasaki et al., ACS Catalysis 6 (2016) 69; ibid, in preparation. 
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Oxidation of Pt nanoparticles on carbon 

a 

b 

Isosbestic points 
Pt in two chemical 
states with total 
conc. unchanged 

Direct PtPtO2  
transition 

∆µ method isolates surface-adsorbate interactions 
as metal-metal interactions are subtracted out. 

∆µ = ∆µ(E) – ∆µ(E0.41V) 

XANES Region 
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Linear combination (LCA) analysis 

d = 2.6 nm 

K.Sasaki, N.Marinkovic,et al.,  ACS Catalysis 6 (2016) 69 
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Because of the direct Pt  PtO2 transition, spectrum at any potential can be fitted by the linear 
combination of the spectra: A (Spectrum Pt) + (1-A) (Spectrum PtO2).  



  

χ(k) =     j S0
2 Nj           exp (-          ) exp (-2k2σj

2) sin[2kRj + δj(k)] 
fj(k) 
kRj

2 
2Rj 
λ(k) Σ 

R – absorber-scatterer distance (in Å) 
σ2 - mean-square variation in R 
k – photoelectron wavenumber (in Å-1) 
N – number of identical scatterers 
S0

2 – amplitude reduction factor 
 λ – photoelectron free path 
f – scattering probability 
δ – phase shift 
 

k =         [ 2m (E-Eo) ] ½ 
 

S0
2 – property of absorbing 

atom 
 

exp (-2k2σj
2) – Debaye-Waller 

factor, includes static and 
temperature disorder in R 
 

exp (-         ) – probability that  
 

photoelectron traverses 2R 
distance without loss of energy 

1 
h 
 

2Rj 
λ(k) 

EXAFS Equation  

Amplitude Dumping factors Phase shift 

N, R - from 
crystal lattice 
S0

2 – from 
metal foil 
f, λ, σ, δ - fitted 

k2  χ
(k

) 

k (Å-1) Inelastic losses Debaye-Waller 
11 



EXAFS fitting of SnO2 
EXAFS treatment is based 
on fitting the experimental 
spectrum to the theoretical 
one; the latter is obtained 
from crystallographic 
structure. 

Absorbing atom 

Literature 

Program produces Cartesian 
coordinates for all Sn and O 
atoms in a defined cluster size.  Sn 

o 
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Sn K-edge

- - - - -   Data
---------  Fit

Fitting 

Sn-O 

Sn-Sn 

Sn k-edge 
- - - data 
--- fit 

Cartesian coordinates are used by FEFF, an 
automated program for ab-initio multiple 
scattering calculations in XAFS. 

Program matches the theoretical 
spectrum produced by FEFF 
with the experimental one by 
fitting parameters f, λ, σ, δ. 
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Ethanol – choice of fuel 
Oxidation of any alcohol follows the oxidation path: 

On Pt, oxidation 
goes to CH3CHO, or 
CH3COOH. 
Potentials much 
higher than practical 
limit for fuel cells 
(0.6 V) are needed 
to oxidize it further.  

CnH2n+1OH + (2n-1) H2O  n CO2 + 6n H+ + 6n e- 

Reason: C-C bond cannot be oxidized. 

Pt-Rh-SnO2 catalyst splits the C-C bond  
A.Kowal et al, Nature Mat. 8 (2009) 325. 

Anode catalysts 
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Pt-Rh-SnO2 – X-ray Diffraction 

10 20 30 40
0

5000

10000

15000

 Before EXAFS
 After EXAFS
 Platinum
 SnO2
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y 

(a
.u

.) 

Two Theta (degrees)

Particle size: 
d =  

   0.9 λ 
W cos θ 

where: 
λ = 0.384 Å  
W= FWHM (in rad) 
θ – peak angle 

d ~ 4 nm 

Additional peaks visible 
after CV or in situ EXAFS 
correspond to SnO2 

No changes in 
Pt/Rh peaks 

Random alloy, 
lattice const.  
3.897 Å  

     Before CV / XAS 
     After CV / XAS 
     Rh / Pt 
     SnO2 

Pt-Pt:  3.924 Å 

Rh-Rh:3.803 Å 

A.Kowal et al, Nature Mat. 8 (2009) 325. 

15 



Constructing Rh-Pt bimetallic lattice 

Add another element 
around absorbing atom 

Construct the lattice 
for Rh, using the 
lattice constant that 
is between those of 
Pt and Rh. Produce 
Cartesian co-
ordinates for all Rh 
atoms; exchange 
one atom of Rh in 
the first shell with Pt.  Pt 

Rh 

Pt 
Rh 

Repeat the process 
for Pt, exchange one 
atom Pt with Rh. 
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Ternary system: Pt-Rh-SnO2 
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A.Kowal et al, Nature Mat. 8 (2009) 325. 
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EXAFS Fitting 
Constrains: Provide better fit; 
Reduce # independent variables 

ICP-AIS analysis data:  
Pt: Rh: Sn = 1.46: 1: 0.513 

x (Rh) 
x (Pt)  

0.41 
0.59 = 

Mole ratio: 
R (Pt-Rh) = R (Rh-Pt) 

σ 2 
Pt-Rh 

σ 2 
Rh-Pt 

= 

N (Pt-Rh)  
N (Rh-Pt) 

x (Rh) 
x (Pt)  = 

NRh-Rh = 4.6      0.6 +   

+ NPt-Pt =   6.5      0.6 

+ NRh-Pt =  6.2      0.7 

+ NPt-Rh =  3.0      0.3 

Metal-Metal 
Coordination numbers: 

NRh-M = NRh-Rh + NRh-Pt =  10.8 + 0.8 
 

NPt-M = NPt-Pt + NPt-Rh =   9.5 + 0.8  

NRh-M ~ NPt-M consistent with homogeneous 
distribution of Pt and Rh throughout the particle. 

Sn is not in the 
first shell of Pt 
and Rh. O is. Since NPt-M ≈ NRh-M, the Pt and Rh atoms 

are homogeneously distributed 
throughout the nano-particles. From NRh-

Pt and NPt-Rh the average composition of 
the nanoparticles is: x(Rh)/ x(Pt) =  
=NPt-Rh/NRh-Pt = 0.48 ± 0.1), in reasonable 
agreement with the molar ratio obtained 
by Inductively Coupled Plasma Atomic 
Ionization Spectroscopy (ICP-AIS). 

x (Rh) 
x (Pt)  

  1 
1.46 = 

= 0.68 + 0.1 

SnO2 

Pt-Rh/SnO2 
structure 

M.Li, N.Marinkovic, K.Sasaki, Electrocatalysis 3 (2012) 376. 18 
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Hydrogen Evolution Reaction (HER) 

Elementary steps for HER: 

H2O + e-          H(ads) + OH-   (Volmer) 
H2O + H(ads) + e-         H2(g)+ OH-   (Heyrovsky) 
2H(ads)            H2(g)     (Tafel) 

H3O+ + e-          H(ads) + H2O   (Volmer) 

H3O+ + H(ads) + e-          H2(g)+ H2O-   (Heyrovsky) 

2H(ads)            H2(g)     (Tafel) 

Acidic solution 

Alkaline solution 

• Rate is controlled by the coverage θ  of the 
intermediate H(ads)  
• H(ads) is the function of the electrode 
potential Solla-Gullon et al., PCCP 10 (2008) 1349. 

Pt(100) Pt(111) 
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∆µ = ∆µ(E) – ∆µ(E0.45V) 

Hydrogen adsorption on 
Pt/C  nanoparticles 

HER (contd.) 

Preliminary data of Hads in 
acidic and alkaline media 
show:  
• similarities (negative peak 
at 11,564 eV, and positive at 
11,572 eV)  

Different types of Hads 

Pt edge  
11,564 eV 

• differences (peak at 11,582 
eV is negative in acidic, and 
positive in alkaline solution. 



Cathode 
Catalysts 

The highest activity: Pt ML on Pd 

Theoretical outlook for 
novel ORR catalysts 

Adzic et al, Top. Catal. 46 (2007), 249 

Pt/Ru(0001) Pt/Pd(111) Pt/Au(111) 

Compression Small compression Expansion 

-  Lateral strain-induced d-band  
   center shifts 
-  Electronic (ligand) effect 
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Brankovic et al. Surf. Sci., 477 (2001) L173 

Syntheses of Pt Monolayer Catalysts 
 Achieving Pt ML deposition on nanoparticles  

Pd Pd 

Cu Pt 

CuUPD/Pd + Pt2+ PtML/Pd + Cu2+ 

Unique properties:  
1. High Pt utilization 
2. Ultra low Pt content 
3. Tuning the activity of 

Pt ML by substrate 
supports            

STM-EDS 
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Cu2+ Pt2+ • Underpotential 
deposition of Cu 
monolayer on Pd 
• Electro-less 
exchange of Cu and Pt 

Cu UPD 



Amplitude smaller: smaller 
particles 
Phase shift: 3D atomic 
structure different 

Amplitude smaller: smaller 
particles 
No phase shift 

Pt 

Pd N(Pt-Pt) is 5.8 ± 0.8  
N(Pt-Pd) is 2.7 ± 0.7 

4.2 nm 

Fitting: 

Pt 
Pd 

Pt ML 
on Pd 

fcc bulk: N = 12 
Pt ML on Pd(111) 
   NPt-Pt = 6 
   NPt-Pd = 3 

Cubo-octahedron 
  (111) + (100) + edges 
   For φ 4.5 nm particle, 
     NPt-Pt = ~5.2 
     NPt-Pd = 3.2 
 

Sasaki et al, Electrochim. Acta, 55 
(2010) 2645. 

Montejano-Carrizales et al, 
NanoStruct. Mater.,8 (1997) 269. 
McBreen, Mukerjee, Fuel Cell 
Handbooks, p.895 

 

RPt-Pt = 2.729 Å (±0.005)  
(< 2.744 Å Pt/C < 2.772 Å Pt) 

Formation of Pt ML & the 
contraction in Pt bonding 
confirmed. 

Pt monolayer on Pd 

contraction 
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Pt monolayer on Ir-Ni nanoparticle 

ICP: x(Ni)/x(Ir) = 0.56 
N(Ir-Ir) = 8.1 ± 0.7 

N(Ir-Ni) = 2.9 ± 0.7 

N(Ni-Ni) =5.9 ± 0.7 

N(Ni-Ir) = 5.1 ± 0.7 
Distribution of Ir and Ni is 
not homogeneous 

To reduce 
noble-metal 
loading in 
nanocatalysts 
further, we 
tried Ir/Ni core 
with Pt shell. 

N(A-A)    x(A) 
N(A-B)     x(B)  For Solid Solution: = 

N(Ni-Ni) 
N(Ni-Ir)  

= 1.2 ± 0.4   
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N(Ir-Ir) N(Ir- Ni) N(Ni-Ni) N(Ni-Ir) N(Ir-Ni)/ 
N(Ni-Ir) 

N(Ni-Ni) / 
N(Ni-Ir) 

 
EXAFS 

 
8.1 ± 0.7 

 
2.9 ± 0.7 

 
5.9 ± 0.7 

 
5.1 ± 0.7 

 
0.56 

 
1.2 ± 0.4  

 
Monolayer Ir 

shell on Ni core  
 

6.47 
 

3.76 
 

5.28 
 

6.72 
 

0.56 
 

0.79   
 

BIlayer Ir shell on 
Ni core 

 
7.82 

 
2.42 

 
7.69 

 
4.31 

 
0.56 

 
1.78  

Experimental (EXAFS) and calculated coordination numbers 

http://www3.bnl.gov/frenkel/coords.html 
Settings: 
x(Ni)/x(Ir) = 0.56  
Dia. = 4.68 nm 
N = 11  

EXAFS fitting results are 
closer to the two-layer Ir shell  

Pt 
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Pt monolayer on Ir-Ni nanoparticle (contd.) 

http://www3.bnl.gov/frenkel/coords.html


Technique Elemental       Particle           Inner               Bond  
                                 analysis          size            structure           length 
 
ICP-AES                    YES              No  No                  No 
TEM       No             YES              No                  No 
STEM-EDS                Yes/No              YES            YES                  No  
XRD                           Yes/No              YES             Yes/No            YES   
XAS                            YES                 YES             YES                 YES            

Technique Comparison for  
Multi-component Nanoparticles 

ICP-AES:           Inductively Coupled Plasma-Atomic Emission Spectrometry 
TEM:                  Transmission Electron Microscopy 
STEM-EDS:       Scanning TEM-Energy Dispersive Microscopy 
XRD:                  X-ray Diffraction 
XAS:                  X-ray Absorption Spectroscopy (XANES and EXAFS) 

Minimum 
cluster size 
 
    None 
      2 nm 
      2 nm 
      3 nm 
   < 1 nm   
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XAS Summary  

 XAS showed the structure of several catalysts:  

 Pt/Rh/SnO2 system as Pt-Rh random alloy on 
large SnO2 particle support 

 Pt/Pd system as Pt monolayer shell/Pd core 

 Pt/Ir/Ni system as Pt monolayer/Ir bilayer/Ni core 

 The Pt monolayer approach is an attractive method for 
synthesis of catalysts for PEM fuel cells 

Pd2+ Pd 

Pt 

 transmission 

fluorescence 

NSLS 
slits 

monochromator 

Beamline 

  In situ XAS is an indispensable tool to 
characterize inner structure of 
electrocatalysts and rationalize the 
degradation mechanisms. 

SnO2 

Pt 

 XAS can replace several benchtop techniques 

 ∆µ and LCA techniques applied to XANES spectra  
can resolve surface/subsurface phenomena.  
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Number 
of shells 

Total  
atoms 

Surf. 
atoms 

% of 
surface 
atoms 

Particle 
size (DLA) 

(nm) 

 
(icos) 

  
 

(cuboct) 

1 1 1 100 0.28 0 0 
2 13 12 92.3 0.83 6.46 5.54 
3 55 42 76.4 1.39 8.51 7.85 
4 147 92 62.6 1.94 9.47 8.98 
5 309 162 52.4 2.50 10.02 9.63 
6 561 252 44.9 3.10 10.37 10.05 
7 923 362 39.2 3.61 10.62 10.35 
8 1415 492 34.8 4.16 10.8 10.57 
9 2057 642 31.2 4.72 10.94 10.73 

10 2869 812 28.3 5.27 11.05 10.87 
11 3871 1002 25.9 5.83 11.14 10.97 
12 5083 1212 23.8 6.38 11.22 11.06 

N 
- 

N 
- 

Particle size: Linear atomic 
approximation   

0 5 10 15 20 25

4

6

8

10

12

Co
or

di
na

tio
n 

nu
m

be
r N

(P
t-P

t)

Cluster size (nm)

1st shell 
2nd shell 
3rd shell 

d 

DLA = (2m-1) d 

Approximation gives inflated 
particle sizes. In higher shells 
the atoms move to minimize the 
surface energy. 

K.Sasaki and N.Marinkovic in C.S.S.R. Kumar (Ed.), 
X-ray and neutron techniques for nanomaterial 
characterization, Springer 2016, chapter 6. 
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Particle size: Geometrical aspects 
Circumscribed sphere touches all vertices. For 
cuboctahedron, diameter of the sphere = 2 a    
( a is the side of the cuboctahedron ). From the 
picture, the side a is the number of atoms 
(shells, m) times the diameter of one atom d, 
and the diameter is:  

XAS gives an average coordination number, which 
in turn is related to the atomic filling of space; 
circumscribed sphere contains > 40% empty space. 

Diameter of Volume-corrected 
sphere, DVCS is the diameter of the 
sphere that has equal volume as the 
cuboctahedron. 

 
DVCS =  
  

NNP depends on the surface atoms. 
Diameter of Area-corrected sphere, DACS 
is the diameter of the sphere that has equal 
surface area as the cuboctahedron. 

DCS = 2 m d 

N.S. Marinkovic et al, Zast.Mater. 57 (2016) 101. 29 

DACS =  

a 
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*A.Jentys, PCCP 1 (1999) 4059. 

Which formula should be used? 

Volume-corrected sphere agrees 
best with the literature data.  
 
Due to the large errors in N (up to 
10%), formulas for both linear 
atomic approximation and area-
corrected sphere are within the 
error bars for particles up to about 
1000 atoms. 
 
Enclosed sphere model gives 
particle sizes that are well beyond 
the error bars. 
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Particle size of monometallic fcc clusters 

N.S. Marinkovic et al, Zast.Mater. 57 (2016) 101. 
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Bimetallic systems 

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

NMM = xANAM + xBNBM 

N (M1 M2) ≈ N (M2 M1) ≈ 0 
R (M1 M1) ≈ R (M1_bulk)  
R (M2 M2) ≈ R (M2_bulk)  

�𝑁𝑁 M1Mj = 
𝑗𝑗

�𝑁𝑁 M2Mj  
𝑗𝑗

 

R(M2 M2) < R(M1 M2) < R(M1 M1) 

Homogeneous mixture 

Heterogeneous mixtures 

x (M2) 
x (M1)  

N (M1M2) 
N (M2M1) 

= 

mole fractions 

N.Marinkovic, K.Sasaki, in preparation. 
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Particle size of polymetallic clusters 

Bimetallic solid solution: The 
particle size is approximated using 
the total coordination number of 
one metal, and the radius that 
equals to the weighted average of 
radii of the two atoms: 

ΣN(M1) = ΣN(M2) = N(M1-M1) + N(M1-M2) 

Bimetallic core-shell: For thin shells, 
the particle size can be approximated 
using the total coordination number 
of the core metal (M1), and the core 
metal radius R1. 

ΣN(M1) = ΣN(M2) = N(M1-M1) + N(M1-M2) 

R (M1-M2) = x1 R1 + x2 R2 

R (M1-M2) = R1 

Trimetallic solid solutions and 
superlattice-layered structures can be 
approximated by the method for 
bimetallic clusters. 

N.S. Marinkovic et al., PCCP, submitted. 
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Composition Structure ACN Size (nm) 
– XAS 

Size (nm) -
other technique 

Rh Monoatomic 7.7 + 0.4 1.3 + 0.2 1.3 (TEM) 

Pt Monoatomic 9.3 + 0.5 2.1 + 0.7 2.6 (XRD) 

Pt-Rh Solid solution 10.0 + 0.8 2.4 + 0.3 2.3 (TEM) 

Pt-Rh Solid solution 9.1 + 0.8 2.0 + 0.5 2.1 (TEM) 

Ni-Ir Core-bilayer shell 11.0 + 0.7 4.0 + 1.0 4.7 (XRD) 

Pd-Pt Core-monolayer 
shell 

11.0 + 0.7 4.5 + 1.0 4.2 (TEM) 

PdAu-Pt PdAu solid soln. 
core-Pt shell 

10.0 + 0.7 3.6 + 0.6 3.8 (TEM) 

Comparison with other techniques 

Limit 

N.S. Marinkovic et al, in preparation. 
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Particle size: summary 
• First-shell fitting of XAS data gives an average coordination 

number of all atoms in the x-ray path. 
• Average coordination number (ACN) of nanoparticle gives an 

estimate of the particle size 
• Error in obtaining average coordination number by above 

analysis is larger than the differences in ACN of different-
shaped nanoparticles.  

• Particle size obtained by XAS corresponds best to the 
diameter of a sphere that has the same volume as the 
nanoparticle 

• Particle size through XAS fitting can be extended to 
polyatomic nanoparticles  

• Particle size estimation by XAS works best for nanoparticles 
smaller than ca. 4 nm. 
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Obtain time on Synchrotron 
• SCC will continue to operate beamline 2-2 at SSRL 

(Stanford, CA) until the January 2018; about 90 days will 
be allocated to SCC members and users. 

• Beamtime can be obtained through SCC-SSRL one-year 
agreement. For March-June 2017, new proposals should 
be submitted through SSRL portal.  

• SCC can assist you in writing the proposal; SCC 
member will be present during your beamtime at SSRL. 
SCC can assist in the analysis of the data.  

SCC will collaborate with three beamlines at NSLS II: TES,  
ISS and QAS. The former two are now accepting general 
users proposals. QAS will follow in late 2017. 
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MEA Test of Pt Monolayer on PdAu Alloy Core 

MEA stability test with potential cycling 
between 0.6 V and 1.0 V 
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Stability:   

PtML/Pd9Au1 > PtML/Pd > Pt 

K. Sasaki et al, Nat. Comm., 3 (2012) 1115 
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The structure of Pt shell on PdAu core was 
retained after the 100k cycle test 

STEM/EDS elemental maps 
after 20k cycle test between 
0.6V-1.4V 

For relatively large particles, the 
core-shell structure is clearly 
retained under the harsh condition. 

0.6V (10s) — 1.0V (10s) 
H2/N2, 150 kPa absolute 
80 °C, 100 %RH 
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Characterization of PtML/Pd/C catalyst after FC tests 

 The core(Pd)-shell(Pt) structure 
is retained after the cycle test 
 A considerable loss in Pd in the 
core 
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Distribution of components 
in a Pt/Pd/C nanoparticle 
after the 100,000 potential 
cycle test, obtained by 
scanning transmission 
electron microscopy with 
energy dispersive capability 
(STEM-EDS). 
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e 

A large Pd band (as well as Pt band) 
was formed in the membrane, which will 
cause degradation of the membrane. 
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Accelerated fuel-
cell stability tests  
• Enhanced stability of the PtML/Pd/C vs. 
commercial Pt/C. 
• After 60,000 cycles Pd EXAFS signal 
almost lost  Pd dissolution 
• Pt EXAFS spectra before and after test 
very similar  Pt shell is retained. 
• Pd dissolution prevents the cathode 
potential from reaching high values at 
which Pt dissolution easily takes place  
cathodic protection. 

Preferential Pd dissolution → 
Protection of Pt shell 
This electrocatalyst is commercially available 
from N.E. Chemcat Co., based on four patents 
licensed by BNL to NECC 
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NAu-Au 2.3 (±1.6)  
NAu-Pd   8.1 (±1.1)  
NPd-Pd   9.2 (±0.4)  
NPd-Au   0.9 (±0.1) 

Au-Au  2.771 Å  
Au-Pd (= Pd-Au)  2.760 Å 
Pd-Pd  2.756 Å   

For an ideal AB solid-solution alloy NPs with the 
mole ratio xA/xB  
(i) NA-A/NA-B = xA/xB  
         NAu-Au/NAu-Pd = 0.28  : xAu/xPd = 0.16  
         NPd-Pd/ NPd-Au = 10.2 : xPd/xAu = 0.90 
(ii) NA-M = NB-M 
         NAu-Au + NAu-Pd = 10.1 : NPd-Pd + NPd-Au = 10.4 
 
The fitting result indicates the formation 
of Pd-Au solid-solution nanoparticles. 

(Frenkel, Z. Kristallogr. 222 (2007) 605) 
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In Situ XAS of Pd9Au1/C Nanoparticles 
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2H2O → O2 + 4H+ + 4e-  

PtO2 + 2H+ → PtO + H2O 
PtO + 2H+ → Pt2+ + H2O 

A decrease in step height represents a loss of Pt   
 Detachment of Pt NPs by vigorous O2 

evolution and/or carbon corrosion 
 Dissolution  
 of Pt oxide 

In Situ XAS Cell for Higher Potentials 

The edge-step height starts to decrease 
above 1.5 V  (~20% at 2.5 V) 

Pt 
O 
H 

∆𝐶𝐶 =
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[H+] = ~5 M 
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X-ray Diffraction 

2dsin(θ) = nλ 
  
 
 
 
 
 

X-ray diffraction (XRD) with a constant wavelength of the order of the size of the 
atom probes crystalline structures on atomic level, offering structural, physical 
and chemical information of the sample material. 

Lattice constant:   a = λ (h2+k2+l2)1/2 / (2 sinθ) 
h,k,l are Miller indices;   λ is the wavelength of the x-ray radiation; 
2θ is the angle at the peak described by the h,k,l. 
 

Particle size ds (Scherrer eq):  ds = λ / (W cosθ)  
W is the full width at half-maximum of the above peaks. 
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Pd/CeO2 nanotubes in WGS 
Bulk CeO2 is a poor water-gas shift (WGS) 
catalyst. One dimensional ceria (1D-CeO2) 
displayed catalytic activity at a temperature 
as low as 300 °C due to novel morphology 
of the oxide systems. Pd-loaded 1D-CeO2 
displayed significant WGS activity starting 
at 200 °C. The low temperature hydrogen 
pretreatment results in higher WGS activity 
for Pd-loaded 1D-CeO2. 

W.Han et al., J.Phys.Chem. 113 (2009) 21949. 
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Core-shell Au/Ni 
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Emerging techniques: DAFS 
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Cu(111) DAFS

Marriage of XAS and XRD 
techniques, combines short-
range order of XAS with the long-
range periodicity of XRD. 
Measures diffraction intensity of 
a Bragg peak as a function of 
energy across an absorption 
edge.  
Sensitive to the local structure in 
the certain species, or to the 
atoms in specific lattice sites 
only. 
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Emerging techniques: 
Quick-XAS 

S.Khalid et al., Rev.Sci.Instrum. 81 (2010) 015105. 

For studying sub-second time scale reactions. 
One full-scan in 0.1 s.  Reduction of Cu-

doped CeO2 during 
reduction in H2 
atmosphere from 
Cu2+ to Cu0; PCA 
analysis shows 
intermediate phase, 
identified as Cu+.  
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Emerging techniques: XAS/DRIFTS 
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N.Marinkovic et al., in press; 
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1% Pt on Al2O3 reduction by 5% CO/He – white 
line reduces in intensity. DRIFTS shows CO on 
steps and terraces on Pt nano-catalyst. 

Ru3(CO)12  
DRIFTS 

In situ catalysis followed by two 
complementary techniques. 
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