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Modeling catalysis

Oxygen reduction: different catalysts change both the energy of saddle
points and the binding energy of products

noble thermodynamic
limit

2H, + O, 2 H,O + (4 x 1.23) eV

Optimal catalyst

e balance low barrier
with weak binding

* approach the
thermodynamic limit



Bronsted-Evans-Polanyi relation

Similar catalysts: saddle point O: dissociative adsorption
energies are linearly related to —> Au
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Volcano plots from reactivity descriptors

Volcano plot:

A peak in catalytic
activity corresponds
to the optimal
balance between
reactive and noble
metals

Pt has the highest
activity of any
single transition
metal catalyst for
the O-reduction
reaction (ORR)

optimal

reactive noble
metals

metals

Activity
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Bligaard, Norskov, Dahl, Matthiesen, Christensen, and Schesten, J. Catal. 224, 206 (2004)



Calculations and Experiments of HER

Hydrogen evolution U=0 V

pH=0 - Calculations:
oa| Volmer Heyrovsky DFT calculations of the free energy
ol F(HT+ ) +(H I—T e-) of adsorbed H to a set of metals
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Modeling the Overpotential

Hydrogen evolution U=0 V

Calculations:
DFT calculations of the free energy
of adsorbed H to a set of metals
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Near surface alloys for tuning catalysts
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Overlayers:

Alloy metal can wet the surface,

or form a subsurface alloy

Subsurface alloys: S

Change the d-band level e

(and reactivity) of the surface ke

Besenbacher, Chorkendorff, Clausen, Hammer, Molenbroek,

Ngrskov, and Stensgaard, Science 279, 1913 (1998).
Greeley and Mavrikakis, Nature Materials 3, 810 (2004)
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Dendrimer encapsulated nanoparticles

Dendrimer encapsulation:
make reproducible alloy or core/
shell nanoparticles

1. Co-complexation Method

° MAP’ [ NaBH4
. Maq"'
Gn-OH h Alloy
2. Sequential Method
Weak Reducing
Agent {.'e H,)
NaBH4
Gn-OH
3. Partial Displacement Method or Core/shell -
TR use core metal to
. M,a.m More Noble G Coreisiel tune the reaCtIVIty
e [ Metal Salt
NaBHy of the shell
Gn-OH

R. W. J. Scott, O. M. Wilson, S.-K. Oh, E. A. Kenik, and R. M. Crooks, J. Am. Chem. Soc. 126, 15583 (2004).
O. M. Wilson, R. W. J. Scott, J. C. Garcia-Martinez, and R. M. Crooks, J. Am. Chem. Soc. 127, 1015 (2005).



Tools for determining nanoparticle structure

PDF (x-ray: pair distribution function)

Atomic PDF G(r)
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Structural information from X-ray scattering

Pair Distribution Function X-ray Data: Valeri Petkov
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object function, (F):
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M. Welborn, W. Tang, J. Ryu, V. Petkov, and G. Henkelman, J. Chem. Phys. 135, 014503 (2011).



FCC crystals are the best-fit structures
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EXAFS spectra and standard fitting

Experiment
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CNx.y: Average number of atoms X around Y
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R = Bond Length
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Potential problems with EXAFS fitting

Dependency between fitting parameters

EXAFS fitting can convolute physical properties, for example, coordination
number and disorder (disordered particles look like smaller bulk-like particles)

Bulk reference model can break down for nanoparticles

Pt140 Bond Histograms

Distributions in bond lengths may be non- ol
Gaussian, particularly at low temperatures 14 |
12
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0.8 r
0.6 | Ll
ordered disordered oz |
02 2‘.2 N P
' ‘ /‘\0-2 Bond Length (A)
@ -
/\0
® /‘\Ol A range of Debye-Waller factors can
r . . .
O O @ S also be found in disordered materials

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



Self-consistency test for the fitting model

Determine the accuracy of the fitting model without experimental uncertainty

R (A R (A
DFT model ) al
PDF
I <
= A \~4/\
EXAFS YaValidation
1, =
Fit =

k (A7) R (A)

Use DFT to generate an ensemble of structures around an initial geometry.
Do a full EXAFS calculation, using FEFF, for each configuration in the ensemble.

Compare fit values to direct ensemble averages: (r),o°, N, cs3,cq

S. T. Chill, R. M. Anderson, D. F. Yancey, A. I. Frenkel, R. M. Crooks, and G. Henkelman, ACS Nano 9, 4036 (2015).



Problems for Au nanoparticles
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Thiol-induced disorder in Au nanoparticles

Experimental vs Theoretical (MD-DFT) Analysis

Change surface disorder with increasing thiol ligands (N)

Theoretical
MD -> EXAFS

MD vs. Fit
bond lengths

Experimental
EXAFS + Fit
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First attempt: ORR on Pd-shell nanoparticles

1 » -’ Choose Pd shell because it is
_ @ crystal surface (111) 53 7
a o close to Pt
S L7 e
CI=J 0 P -
g A See how the core metal changes
2 2 @ the ORR on the shell
<} - Pt
A -
o I E=0 is Oz in gas phase
-4 3 2 1 0 0 r

Binding Energy of atomic oxygen [eV]

A truncated octahedpral structure
has the lowest energy in vacuum

Energy [eV]

Reaction are assumed to take place
on the (111) facet; this is the lowest
energy, and most noble surface

D5 : : : . :
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Reaction coordinate [A]

W. Tang and G. Henkelman, J. Chem. Phys. 130, 194504 (2009).



BEP relationship for nanoparticles

Saddle point energy [eV]
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Activity is not intermediate to the core and shell

A Pd shell 2 Auo-
particle, combined < o5k e
with a less nobel 3 i
metal core, results 5 o0l ,-° BEP
. . . @ g - . .
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Possibility: can a core-shell particle be constructed from non-noble metals that
reacts like a noble metal?



Experimental tests: Stability is important

Synthesis: Keith Stevenson’s group
Mo@Pd are found to form a Pd@MoOy structure
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< o,r4,, € Scanning electrochemical

microscopy: Allen Bard’s group

While Co@Pd particles are not
stable, de-alloyed Co/Pd bulk
samples are seen to be highly active
for the oxygen reduction reaction.


http://books.google.com/books?id=H8WJpA5fqggC&printsec=frontcover&dq=Scanning+Electrochemical+Microscopy&source=bl&ots=oRtWqsvHsD&sig=NL2Dh758G_YUnFD90zkbnh5GXGQ&hl=en&ei=1BcvTZ6ZC8P58AaexYGECg&sa=X&oi=book_result&ct=result&resnum=2&ved=0CDIQ6AEwAQ#v=onepage&q&f=false
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Example I: Tuning a Pd/Au alloy @ Pt particle

Tune the activity of a particle shell with the core composition.
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A
qal Pd core a

15 target binding energy L
| O/Pt(111)

Tunable
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Durable
Pt Shell
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Ratio of palladium in the core

Oxygen binding energy (eV)

Optimal core composition is predicted to be 3 Pd/1 Au

L. Zhang and G. Henkelman, J. Phys. Chem. C 116, 20860-20865 (2012).



Experimental validation
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Example lI: Cyclohexene hydrogenation

Reaction Mechanism: elementary steps follow BEP relationships for pure
metals
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Scaling relations + Microkinetic model

= Volcano Plot:
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Experiments: Turn over frequency

Rh/Ag Rh/Au
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Experiments: Catalytic activity

Highest activity: found when Au or Ag is alloyed with Rh

Specific activity Specific activity / Rh atom
30 o 160
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S. Garcia, L. Zhang, G. W. Piburn, G. Henkelman, and S. M. Humphrey, ACS Nano 8, 11512-11521 (2014).



Calculations of H binding to Alloys

Alloying: can tune the H binding energy to the optimal value
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S. Garcia, L. Zhang, G. W. Piburn, G. Henkelman, and S. M. Humphrey, ACS Nano 8, 11512-11521 (2014).



When the details matter: Part |

Calculations: 2 nm Au/Pd@Pt Experiments: 1.7 nm Au/Pd@Pt
particles show a smooth change in particles show an unusual non-linear
the CO binding energy with core CO stripping potential with core
composition composition
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When the details matter: Part |

Calculations: 1.7 nm Au/Pd@Pt

deform at

Au-rich core

%Pd in the core
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Experiments: 1.7 nm Au/Pd@Pt
particles show an unusual non-linear
CO stripping potential with core
composition
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L. Luo, L. Zhang, G. Henkelman, and R. M. Crooks, J. Phys. Chem. Lett. 6, 2562-2568 (2015).



When the details matter: Part Il

Allyl alcohol hydrogenation: on
metal surfaces

energy (eV)

reaction coordinate

Descriptors: H and Allyl Alcohol
binding energies
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Can particles be tuned for
hydrogenation by alloying?
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Experiments

DENSs size distribution: TEM Catalytic activity: Measure the
P change in Hz pressure over time
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Experimental results

Pd/Au alloys have enhanced activity; Pt/Au do not!
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Different trends in H binding energies
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What makes an alloy tunable?

Pd/Au: Mixed metal
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Comparison to Experiment: H coverage

Calculations of H coverage
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Comparison to Experiment: Activity

Experiments Theory: but with the details
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Main Points

* An integration of theoretical and experimental tools is
a promising way forward for the development of new
catalytic systems.

e Reactivity descriptors provide a very powerful way of
predicting catalytic activity; sometimes, however, the
specific details of the catalytic system can be critically
important for understanding structure-function
relationships.
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