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Importance of catalysis for energy

• The chemical sector is the largest industrial 
energy user, accounting for 10% of total 
worldwide energy demand and 7% of green 
house gas emissions.

• 90% of chemical processes use catalysts.

• Efficiency improvements of 20-40% will save 
13 Exajoules and 1 Gigaton of CO2 per year 
by 2050*

• Many transformative technologies are limited 
by the cost of precious metal catalysts.

• energy efficient fuel cell vehicles

• chemical production of liquid fuels

• CO2 reduction back into hydrocarbons

*Interna(onal	Energy	Agency

Hyundai	Tucson:	$100,000	fuel	cell
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The promise of materials by design

• With an increase in available 
computational power and improvement of 
theoretical algorithms, it is now becoming 
possible to understand the function of 
existing materials at the atomic scale.

• Looking forward, we will focus on the 
inverse challenge of the computational 
design of new materials with desired 
properties.

• Development of tools and methods that 
will make it possible to use first-principle 
theory to predict the sizes, compositions, 
and structures of heterogeneous catalysts 
that have desired catalytic functions.

Materials	Genome	Ini(a(ve



Catalyst design cycle

Characterization

Evaluation Modeling and Prediction

Novel  
Catalysts

Synthesis



Modeling catalysis

2 H2 + O2 2 H2O + (4 x 1.23) eV

Optimal catalyst
• balance low barrier 
with weak binding 
• approach the 
thermodynamic limit

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

noble
metal

reactive
metal

thermodynamic 
limit

O2 dissociative 
adsorption



Brønsted-Evans-Polanyi relation

Similar catalysts: saddle point 
energies are linearly related to 
reaction energies

Electronic structure: 
Barriers and binding energies are both 
determined by the energy of the bonding 
electronic states (d-band)

weaker binding

low
er barrier

Xu, Ruban, Mavrikakis, JACS.126, 4717 (2004) 
Bligaard, Nørskov, et al., J. Catal. 224, 206 (2004)

BEP
relation

O2 dissociative adsorption



Volcano plots from reactivity descriptors

high
barrier

strong
binding

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

noble
metals

reactive
metals

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



Near surface alloys for tuning catalysts

ARTICLES
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The fi rst step is to estimate the surface composition in vacuum 
from the solute/host segregation energy database of Ruban et al.24 . 
The segregation energy (Eseg) is the energy required to move a solute 
atom from the bulk to the surface of the host metal. If this energy 
is suffi ciently negative, the surface layer will be pure solute, and an 
overlayer structure will result (Fig. 1 inset); if it is suffi ciently positive, 
the surface layer will be pure host (we have found that, within the 
context of our surface model, even small segregation energies are 
enough to ensure that the surface layer on a close-packed surface 
will be a pure metal; see Supplementary Information, Table S1). 
In the latter case, solute deposited on the surface of the host metal 
preferentially segregates to the subsurface metal layer (high-
temperature annealing may be required to overcome kinetic barriers 
for this process to occur) and a subsurface alloy forms (Fig. 1 inset), 
as a few groups have observed experimentally10,25,26 .

The second step in determining the stability of NSAs is to assess 
the effect of hydrogen adsorption on the surface composition. 
In general, adsorbates can draw to the surface components of alloys 
to which they bind strongly. We have found, for example, that the 
thermodynamics are favourable for hydrogen to pull substrate Pt 
atoms to the Au surface of the Au*/Pt overlayer NSA. Such effects 
complicate modelling efforts, and we have therefore focused our 
attention on cases where there is no signifi cant adsorbate-induced 
segregation. We fi nd that a reliable estimate of the tendency of 
hydrogen to induce surface segregation can be made by comparing 
Eseg of the solute to the difference in the magnitudes of the hydrogen 
binding energies between the pure solute and the pure host 

(|BEH
sol| – |BEH

host|, where BEH is the energy change when atomic 
hydrogen is adsorbed from the gas phase onto the metal surface; see 
Fig. 1). If, for example, Eseg is positive, then in vacuum the solute 
will be found in the subsurface layers of the host. Further, if H 
binds more strongly to the host than to the solute, surface hydrogen 
will not attract the solute to the surface, and no hydrogen-induced 
segregation will occur. Hence, there is no H-induced segregation 
for the few solute/host pairs that lie in the lower right and upper 
left quadrants of Fig. 1. In the upper right and lower left quadrants, 
the parity line divides segregating from non-segregating regions. 
We have confi rmed that this simple technique reliably predicts 
segregation behaviour in the presence of hydrogen, although there 
may be exceptions in cases where Eseg and |BEH

sol| – |BEH
host | are within 

~0.1 eV of one another (see Supplementary Information, Table S2). 
In general, Fig. 1 suggests that hydrogen will not induce surface 
segregation for most solute/host transition metal pairs, at least at 
low temperatures and pressures. This analysis can be extended to 
estimate the stability of NSAs in more complicated, multi-adsorbate 
reaction environments. The range of BEs of oxygen, sulphur and CO 
across the pure transition metals is larger than is the corresponding 
range for hydrogen (the range of BE between Au and Ru, for 
example, is 0.75 eV for H, 1.87 eV for CO, 2.25 eV for S and 2.70 eV 
for O), so these species will generally have larger thermodynamic 
driving forces for adsorbate-induced segregation. 

A careful analysis of NSA structures and compositions with 
the above ‘screening’ approach based on fi rst principles should 
allow physically meaningful NSA confi gurations to be identifi ed. 
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Figure 1 Stability of NSAs with respect to hydrogen-induced segregation. Metal alloys are denoted as solute/host pairs. The x axis indicates the energy (Eseg) for a 
single solute atom to move from the bulk to the surface layer of the host metal. The y axis denotes the difference between the magnitudes of the hydrogen binding energies 
(θH = 1/4 monolayer) on the pure solute (|BEH

sol|) and on the pure host (|BEH
host|) close-packed metal surfaces. Regions in which hydrogen-induced segregation is expected 

are hatched. The * symbol denotes overlayers; otherwise, subsurface alloys (see inset schematics) are present. See text in connection to the Au*/Pt system. The colour code 
used for each class of NSAs, characterizing the host metal used for the class, is preserved in subsequent fi gures.
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Overlayers:  
Alloy metal can wet the surface, 
or form a subsurface alloy

segregate to the surface and a pure Pt overlayer forms, which

agrees with the experimental finding that Pt-only layers form

on Pt3Co or near-Pt3Co alloys upon annealing.3,11 This is so

because Pt atoms segregate strongly to the surface of Pt-Co
alloys (the segregation energy of Pt is about -0.5 eV), but the
ordering energy, which could help Co atoms incorporate into

the surface layer of this particular facet,54 is not strong enough.

The ordering energy is further suppressed by the ferromagnetism

of the Pt3Co alloy. Our MC simulations show that, if the alloy

is confined in the ferromagnetic state, the critical temperature

for order T disorder transition is reduced to ∼500 K, signifi-
cantly lower than the ∼1000 K if the alloy is allowed to cross
into the paramagnetic state.

This picture is valid, however, only in the case of a clean

Pt3Co(111) surface. In the presence of O, one has to take into

consideration an additional gain of the energy due to the

difference in the binding energy of O to Pt and Co atoms on

the surface. In particular, the binding energy of O at the Co

center of Pt3Co(111) is ∼0.8 eV greater than that on the

monolayer Pt skin, and thus, the gain in O adsorption is

sufficient for overcoming the segregation energy (∼0.5 eV) and
effecting a countersegregation of Co atoms to the surface, which

has been observed experimentally on Pt3Co(110).55 Therefore,

the adsorption of O and other oxygenated species (such as OH

and H3O+) may cause the migration of near-surface Co atoms

to the surface. This could in turn lead to the dissolution of the

Co atoms and accelerate the formation of Pt skin structures at

the cathode of a low-temperature acid-electrolyte fuel cell
during operation.

Because the d-band model developed by Hammer and

Nørskov56,57 has been used successfully to explain trends in

reactivity of transition-metal and alloy surfaces, we implement

it here to explain the activity of the Pt skin surface. Table 5

lists several parameters in the d-band model: ϵd, the center of

the d band with respect to the Fermi level or the first moment

of the d band; σ, the spread of the d band or its second moment;
f, the filling of the d band. The overall binding energy of an

adsorbate to a transition-metal surface can be decomposed in

the following way:

Esp comes from the coupling of the adsorbate levels to the metal

sp states and is usually the main stabilizing contribution. The

next two terms arise from the coupling of the renormalized

adsorbate states to the metal d states. Ed_orth is the cost of

orthogonalization, which is proportional to V2, the d-band

coupling matrix element. Ed_hyb is the gain from hybridization,

which is proportional to V2/|ϵd - ϵa|, where ϵd and ϵa are the

centers of the metal d band and the renormalized adsorbate

states, respectively.58 According to the analysis of Hammer et

al.,59 if the change is small in the adsorbate-surface interaction,
one can expect a linear correlation over a small range of ϵd:

The binding energies of O on Pt(111), 2%-compressed Pt-

(111), Pt skin, and Pt3Co(111) are plotted against the d-band

centers of the corresponding clean surfaces in Figure 7. The

first two surfaces consist purely of Pt atoms, so each is

characterized by a single ϵd. The Pt skin and Pt3Co(111)

surfaces, however, are composed of nonequivalent atoms. For

instance, the Pt-III atoms on the Pt skin surface have a d-band

center of-2.79 eV, whereas the Pt-I atoms have a d-band center
of -2.58 eV (see Table 5). Consequently, although the fcc-III
site is surrounded only by Pt-III atoms and may be characterized

by the ϵd of the Pt-III atoms, the fcc-I site, on the other hand,

is not homogeneous. Following the example set out in ref 60,

we have calculated the ratio (r) of the quantity V2/|ϵd - ϵa|2 for
Pt on the Pt(111) surface to that for Pt-I and Pt-III atoms on

the alloy surface (see ref 61 parameter values):

The results are nearly unity and so should permit us to include
(54) Ruban, A. V. Phys. ReV. B 2002, 65, 174201.
(55) An, K. S.; Kimura, A.; Kamakura, N.; Kakizaki, A.; Park, C. Y.; Tanaka,

K. Surf. Sci. 1998, 401, 336.
(56) Hammer, B.; Nørskov, J. K. Surf. Sci. 1995, 343, 211.
(57) Greeley, J.; Nørskov, J. K.; Mavrikakis, M. Annu. ReV. Phys. Chem. 2002,

53, 319.

(58) Hammer, B.; Morikawa, Y.; Nørskov, J. K. Phys. ReV. Lett. 1996, 76, 2141.
(59) Hammer, B.; Nielsen, O. H.; Nørskov, J. K. Catal. Lett. 1997, 46, 31.
(60) Pallassana, V.; Neurock, M.; Hansen, L. B.; Hammer, B.; Nørskov, J. K.

Phys. ReV. B 1999, 60, 6146.

Table 5. Several Characteristics of the Electronic and Geometric
Structures of the Four Clean Surfacesa

ϵd
(eV) σ

f
(%)

max corrugation
of top layer (Å)

min vertical
separation b/w
Pt atoms in top
two layers (Å)

Pt(111) -2.52 5.93 93.3 0.00 2.33

2%-compressed Pt(111) -2.63 6.20 93.2 0.00 2.39

Pt skin on Pt3Co(111) Pt-I -2.58 6.14 93.4 0.10 2.32

Pt-III -2.79 6.13 93.3
Pt3Co(111) Pt -2.69 5.88 93.5 0.06 2.28

Co -1.45 5.56 79.0
Co(0001) -1.48 5.57 81.3 0.00 n/a

a Co(0001) is included as a reference. See the text for definitions of the
parameters. n/a stands for not applicable.

E ) Esp + Ed_hyb + Ed_orth

Figure 7. Binding energies of atomic O vs d-band centers (ϵd) of the four
clean surfaces. Labels identify the adsorption sites. The best linear fit is
drawn.
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the fcc-I point in Figure 7 by calculating a V2-weighted ϵd62 for
the fcc-I site:

The same problem exists for the Pt3Co(111) surface: We are
able to include the fcc-P point in Figure 7, but at the Co center
because the O atom interacts with disparate Co and Pt d states
simultaneously (rPt(111)/Cov) 1.64; rPt(111)/CoV) 2.32; see ref 61),
a single effective ϵd cannot be calculated according to the spirit
of the d-band model. Nevertheless, considering the clear
preference of O for the Co center on Pt3Co(111), if we calculate
the arithmetic mean of the ϵd values of the three atoms
surrounding the fcc-C site and add the corresponding point to
Figure 7, we observe that the linear trend is preserved.
Apparently, the differences in the reactivity toward O among
these sites and surfaces can be rationalized as due mainly to
the change in the position of ϵd.
The 2% compressive strain noticeably downshifts ϵd (-2.63

eV for 2%-compressed Pt(111) vs -2.52 eV for Pt(111); see
Table 5) because it increases the spread of the d band, a
consequence of the Pauli exclusion principle, but does not
change the filling of the d band since the slab is still purely Pt.
To explain the additional change in ϵd on the Pt skin, we note
that the minimum vertical separation between Pt atoms in the
top two layers (also in Table 5) is reduced by 0.07 Å in going
from 2%-compressed Pt(111) to the Pt skin. Evidently the Pt-
III atoms are held much closer to the second layer by the Co
atoms beneath than they would be in the absence of the Co
atoms. The compressed pure Pt surface can relieve some of its
strain by increased separation from the layer beneath it, but this
relief is frustrated for the Pt skin by the Co atoms. We also
note that the Pt-I atoms in the surface are located 0.10 Å above
the Pt-III atoms (the maximum corrugation in Table 5, calculated
as the vertical separation between the highest and lowest lying
atoms in the surface layer). Somewhat separated from their
neighbors, the Pt-I atoms now experience a smaller effective
coordination and become somewhat more reactive than the Pt-
III atoms (compare the binding energy of O in the fcc-I site
with that of O in the fcc-III site in Table 1). Still, the monolayer
Pt skin as a whole becomes even less reactive than the 2%-
compressed Pt(111). In a recent study63 of epitaxial Pt layers
grown on Ru(0001) Schlapka et al. found that the influence of
the Ru substrate decays rapidly with the thickness of the Pt
layers and is negligible beyond four Pt monolayers. The
compressive strain imposed by the Ru substrate, on the other
hand, is relieved more slowly, and it takes 20-30 monolayers
for the adsorption properties of CO, the probe molecule, to revert

to that of Pt(111) at the equilibrium lattice constant. Therefore,
we expect the interlayer Co-Pt interaction to be what further
reduces the reactivity of the monolayer Pt skin. This coupling
effect would quickly dissipate as the Pt skin grows thicker, and
the reactivity of the surface would eventually revert to the 2%-
compressed Pt(111) level.
Finally, although the Pt atoms have a diluting effect on the

more reactive Co atoms on the Pt3Co(111) surface, the difference
between their d-band centers (-2.69 eV for Pt and -1.45 eV
for Co; see Table 5) is in fact widened compared to that of
pure Pt(111) (-2.52 eV) vs pure Co(0001) (-1.48 eV). Lopez
and Nørskov have suggested that bimetallic alloys with one
magnetic and one nonmagnetic component tend to result in
inhomogeneous surfaces with both active and inactive centers.64

Our results suggest that Pt3Co may belong to this group. We
also note that the Pt d-band filling does not change appreciably
across the four systems. Alloying Pt with Co seems to result in
a slight charge transfer from Co to Pt, which may be attributable
to the difference in electronegativity of Pt and Co. For now we
cannot reconcile this result with the substantial increase in Pt
d-band vacancy previously reported for Pt-M alloys.1

Linear Energy Correlation. On several close-packed transi-
tion-metal surfaces that we have studied so far, including Cu-
(111),21 Ir(111),28 and 10%-stretched Au(111),29 as well as
Ag(111)65 and equilibrium and 2%-compressed Pt(111), the
energetics of O2 dissociation follows a well-defined trend (see
Figure 8), i.e., that there is a linear correlation between the
energy of the transition state and the energy of the final atomic
state. Furthermore, points corresponding to the alloy surfaces
considered in this study, i.e., Pt3Co(111), Pt3Fe(111), and their
corresponding skin surfaces, all lie close to the line predicted
by the monometallic systems. To our knowledge, this is the
first time that a Brønsted-Evans-Polanyi-type correlation for
surface reaction66 was successfully extended to multicomponent
systems. This linear correlation between transition-state and

(61) ϵa is the position of the renormalized O 2p state, which is centered at about
-5.5 eV. ϵd is the center of the Pt d band (see Table 5). V2 is calculated
from the LMTO potentials of the O and Pt states and has an inverse
dependence on the sixth power of the Pt-O bond length (O is adsorbed in
the fcc site). We have calculated V2 to be 60.5 ()4491/2.056) for Pt-I,
53.9 ()4491/2.096) for Pt-III, 37.0 for Cov(spin-up) ()1581/1.876), and
43.2 for CoV(spin-down) ()1846/1.876). The d-band centers for Covand
CoVare -2.45 and -0.45 eV, respectively, on Pt3Co(111). For reference,
V2 for equilibrium Pt(111) is 59.1 ()4518/2.066). For values of V2 for other
transition metals, see: Ruban, A. V.; et al. J. Mol. Catal. A: Chem. 1997,
115, 421.

(62) Pallassana, V.; Neurock, M.; Hansen, L. B.; Nørskov, J. K. J. Chem. Phys.
2000, 112, 5435.

(63) Schlapka, A.; Lischka, M.; Gross, A.; Käsberger, U.; Jakob, P. Phys. ReV.
Lett. 2003, 91, 016101.

(64) Lopez, N.; Nørskov, J. K. Surf. Sci. 2001, 477, 59.
(65) Xu, Y.; Greeley, J.; Mavrikakis, M. Manuscript in preparation.
(66) Nørskov, J. K.; Bligaard, T.; Logadottir, A.; Bahn, S.; Hansen, L. B.;

Bollinger, M.; Bengaard, H.; Hammer, B.; Sljivancanin, Z.; Mavrikakis,
M.; Xu, Y.; Dahl, S.; Jacobsen, C. J. H. J. Catal. 2002, 209, 275.
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Figure 8. Binding energies of the transition states of O2 dissociation (EbTS)
vs binding energies of the atomic final states with respect to gas-phase O2
(EbFS ) 2EbO - BEO2(g)) on the (111) facets of several fcc transition metals
and alloys. If multiple dissociation paths exist on a surface, the one with
the most stable transition state is chosen. The result of least-squares linear
regression of all the data points is EbTS ) (0.79 ( 0.03)EbFS + (1.73 (
0.08). R2 is equal to 0.99.

A R T I C L E S Xu et al.

4724 J. AM. CHEM. SOC. 9 VOL. 126, NO. 14, 2004

Subsurface alloys:  
Change the d-band level 
(and reactivity) of the surface

Besenbacher, Chorkendorff, Clausen, Hammer, Molenbroek, 
Nørskov, and Stensgaard, Science 279, 1913 (1998).  
Greeley and Mavrikakis, Nature Materials 3, 810 (2004)

strain effect ligand effect



Dendrimer encapsulated nanoparticles
Dendrimer encapsulation: 
make reproducible alloy or core/
shell nanoparticles

Core/shell:  
use core metal to 
tune the reactivity 
of the shell

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

Ĥ = E 

EXAFS (extended x-ray adsorption)

• Short range  
• Atom identity

• Potential energy
• Idealized model • Particle size and morphology

• Long range
• Total scattering 

PDF (x-ray: pair distribution function)
2  n m2  n m

DFT (density functional theory) TEM (transmission electron microscopy)

hv

(k-1)

hv

k

e-



Structural information from X-ray scattering
Pair Distribution Function

Compare experimental 
PDF data (Gexpt) with 
that calculated from a 
model particle (Gcalc):

Combine error in PDF (χ2) with the 
total energy (U) to give a single 
object function, (F):

X-ray Data:  Valeri Petkov

M. Welborn, W. Tang, J. Ryu, V. Petkov, and G. Henkelman, J. Chem. Phys. 135, 014503 (2011).



FCC crystals are the best-fit structures

1

2 3

truncated-octahedron icosahedroncubo-octohedron

Refine with DFT: truncated octahedron (1) best fits 
the experimental data and has the lowest energy
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EXAFS spectra and standard fitting

N	=	Coordina-on	Number	
CNX-Y:	Average	number	of	atoms	X	around	Y	
Bulk	Au:	CNAu-Au	=	12	
Au147	NP:	CNAu-Au	=	8.98	

R	=	Bond	Length		

σ2	=	Debye-Waller	Factor	
Average	bond	length	variance	
Combina(on	of	sta(c	and	dynamic	disorder
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Fitting

e.g.	with	IFEFFIT
Determine	N, R, σ2



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

Distributions in bond lengths may be non-
Gaussian, particularly at low temperatures
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A range of Debye-Waller factors can 
also be found in disordered materials

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



Self-consistency test for the fitting model

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: hri ,�2, N, c3, c4

DFT model

Determine the accuracy of the fitting model without experimental uncertainty

S. T. Chill, R. M. Anderson, D. F. Yancey, A. I. Frenkel, R. M. Crooks, and G. Henkelman, ACS Nano 9, 4036 (2015).
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Problems for Au nanoparticles
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Thiol-induced disorder in Au nanoparticles
Experimental vs Theoretical (MD-DFT) Analysis

Experimental
EXAFS + Fit

Change surface disorder with increasing thiol ligands (N)

Theoretical
MD -> EXAFS

MD vs. Fit
bond lengths

Fitted Model Values

N
=0

N
=2

4
N

=7
2

MD
Fit

D. F. Yancey, S. T. Chill, L. Zhang, A. I. Frenkel, G. Henkelman, and R. M. Crooks, Chem. Sci. 4, 2912-2921 (2013).



First attempt: ORR on Pd-shell nanoparticles

E=0 is O2 in gas phase

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

A truncated octahedral structure 
has the lowest energy in vacuum

Choose Pd shell because it is 
close to Pt

See how the core metal changes 
the ORR on the shell

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



BEP relationship for nanoparticles
Pd-shell nanoparticles:  
follow a BEP relationship as 
the core metal is changed

d-band center of the shell:  
is a good measure of the barrier 
and binding for the ORR

Tune the Pd shell to 
be like Pt by choosing 
a non-noble core metal 

BEP
relation



Activity is not intermediate to the core and shell

Co
Mo

Pd

Co@Pd

Mo@Pd

A Pd shell 
particle, combined 
with a less nobel 
metal core, results 
in a particle with a 
shell that is more 
noble than Pd Core Shell

Possibility: can a core-shell particle be constructed from non-noble metals that 
reacts like a noble metal?



Experimental tests: Stability is important

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.

Synthesis: Keith Stevenson’s group
Mo@Pd are found to form a Pd@MoOx structure

HAADF

HRTEM

Pd

MoOx



Example I: Tuning a Pd/Au alloy @ Pt particle
Tune the activity of a particle shell with the core composition.

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



Experimental validation

= 75% Pd
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L. Zhang, R. Iyyamperumal, D. F. Yancey, R. M. Crooks, and G. Henkelman, ACS Nano 7, 9168-9172 (2013).



Example II: Cyclohexene hydrogenation
Reaction Mechanism: elementary steps follow BEP relationships for pure 
metals

S1 S2 S3 S4 S5 S6

H2(g)+CHE(g)
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Scaling relations + Microkinetic model

= Volcano Plot:
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Experiments: Turn over frequency
Rh/Ag Rh/Au



Experiments: Catalytic activity

Specific activity

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

Specific activity / Rh atom



Calculations of H binding to Alloys

Rh/Ag Rh/Au

Volcano Peak

Alloying: can tune the H binding energy to the optimal value



When the details matter: Part I

Calculations: 2 nm Au/Pd@Pt 
particles show a smooth change in 
the CO binding energy with core 
composition

Experiments: 1.7 nm Au/Pd@Pt 
particles show an unusual non-linear 
CO stripping potential with core 
composition

Pt140



When the details matter: Part I

Calculations: 1.7 nm Au/Pd@Pt Experiments: 1.7 nm Au/Pd@Pt 
particles show an unusual non-linear 
CO stripping potential with core 
composition

deform at 
 Au-rich core

invert for 
Pd-rich core



When the details matter: Part II
Descriptors: H and Allyl Alcohol 
binding energies

Can particles be tuned for 
hydrogenation by alloying?

Pd/Au Pt/AuRh/Au

+ H2 

Allyl alcohol hydrogenation: on 
metal surfaces



Experiments

Alloys: Cu UPD stripping

DENs size distribution: TEM Catalytic activity: Measure the 
change in H2 pressure over time



Experimental results
Pd/Au alloys have enhanced activity; Pt/Au do not!



Different trends in H binding energies

Linear tunability Non-linear tunability No tunability



What makes an alloy tunable?

Tunable
Binding

Non-Tunable
Binding

Pt/Au: binds to Pt; 
hollow, bridge or 
top site

Pd/Au: Mixed metal 
hollow binding site



Tunability factor
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Comparison to Experiment: H coverage
Measurements of H coverageCalculations of H coverage

hydride
wave

oxide
reduction



Comparison to Experiment: Activity

Theory: but with the details
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Experiments

Pd/Au alloys: significant improvement

Pt/Au alloys : basically no improvement
Rh/Au alloys: some improvement
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