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The “Control Age”

• How to design energy- & atom-efficient 
synthesis of new materials with tailored 
properties to reduce environmental impact?

- Computer guided catalyst and materials 
design rooted in fundamental understanding

- Search for the “materials genome”

* Directing Matter and Energy: Five Challenges for Science and the Imagination, 
Basic Energy Sciences Report, U.S. DOE (2009).

We now stand at the brink of a “Control Age” that could spark revolutionary changes in 
how we inhabit our planet, paving the way to a bright and sustainable future for us all. *
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Catalysts and Real Materials

Nano-particles:

• Finite size
• Many facets
• Steps/Edges
• Corners
• Defects
• Support
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Validity of Surface Science Approach

adsorption on Au nano-particles

A. Larsen, J. Kleis, K.Thygesen, J. K.Nørskov, K. Jacobsen, Phys. Rev. B 1, 84 (2011)
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Elementary Surface Reaction Steps
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Key Ingredients to Surface Reactions: Adsorption and Barriers

AB (g)

AB*

A*+B*

Ets

EAB*

Ediss (=EA*+EB*)

∆Ea
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Ammonia Synthesis, Stepped Ru(0001) Surface

+ =

• Overall reaction

• Elementary steps
RDS

K. Honkala et al., Science 307, 555 (2005)

N2(g) + 3H2(g) � 2NH3(g)

N2(g) + 2⇤ � 2N⇤

H2(g) + 2⇤ � 2H⇤

N⇤ +H⇤ � NH⇤

NH⇤ +H⇤ � NH⇤
2

NH⇤
2 +H⇤ � NH⇤

3

NH⇤
3 � NH3(g)

R = R1 = k1pN2✓
2
⇤(1� �)

• Rate of reaction
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What About Other Catalysts?

•Why is Ru good and Ni poor?
•What determines reactivity?

Ozaki and Aika, Catalysis 1 (Anderson and Boudart, Ed.)

+ =

S. Dahl et al., Phys. Rev. Lett. 83, 1814 (1999)

Volcano plot

Descriptor
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Dealing with Complexity

•How many energetic 
variables are there?

Ammonia Synthesis on Ru(0001) 1. N2(g) + 2⇤ � 2N⇤

2. H2(g) + 2⇤ � 2H⇤

3. N⇤ +H⇤ � NH⇤

4. NH⇤ +H⇤ � NH⇤
2

5. NH⇤
2 +H⇤ � NH⇤

3

6. NH⇤
3 � NH3(g)

N2(g) � N⇤
2+
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Dealing with Complexity

•How many energetic 
variables are there?

6 intermediates 
+ 

6 transition states 
= 

12 different energy parameters

Ammonia Synthesis on Ru(0001) 1. N2(g) + 2⇤ � 2N⇤

2. H2(g) + 2⇤ � 2H⇤

3. N⇤ +H⇤ � NH⇤

4. NH⇤ +H⇤ � NH⇤
2

5. NH⇤
2 +H⇤ � NH⇤

3

6. NH⇤
3 � NH3(g)

N2(g) � N⇤
2+
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Scaling Relations

• Relationships between bond 
energies of different intermediates

• Relationships between activation 
energies and reaction energies

Adsorption scaling

Brønsted-Evans-Polanyi (BEP)/
Transition state scaling
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Perform Computer Experiments
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Machines: Supercomputers

www.top500.org

Pe
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s

Blue Gene/Q Argonne National Laboratory #4

SUNCAT computer cluster

http://www.top500.org
http://www.top500.org
http://en.wikipedia.org/wiki/Blue_Gene/Q
http://en.wikipedia.org/wiki/Blue_Gene/Q
http://en.wikipedia.org/wiki/Blue_Gene/Q
http://en.wikipedia.org/wiki/Blue_Gene/Q
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Main Method: Density Functional Theory

Outline Introduction Method Results Bonding Adsorption Model for TiN(111) and TiC(111) Summary Outlook

Tool: Density-Functional Theory (DFT)

N interacting electrons
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DFT Performance: “It’s All in the Exchange-Correlation Functional”

J. Wellendorff, et al., Phys. Rev. B 85, 23 (2012),
J. P. Perdew et al. in AIP Conf. Proc. 577 (2001), 
M. A. L. Marques et al., Comp. Phys. Commun. 183, 2272 (2012).
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Application of BEEF: Physorption of n-alkanes in Zeolites (ZSM22)

R. Brogaard, P. G. Moses, J. K. Nørskov, Catal. Lett. 142, 1057 (2012).
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Computer Experiments I

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

AB (g)

AB*

A*+B*

Ets

EAB*

CH3

CH2

CH

close-packed surfacestepped surface
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Computer Experiments I

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

AB (g)

AB*

A*+B*

Ets

EAB*

CH3

CH2

CH

close-packed surfacestepped surface

y=0.26x+0.14

y=0.49x-1.24

y=0.76x-1.04
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Computer Experiments II

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

AB (g)

AB*

A*+B*

Ets

EAB*

close-packed surfacestepped surface

NH2

NH
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Computer Experiments II

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

AB (g)

AB*

A*+B*

Ets
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close-packed surfacestepped surface

NH2

NH

y=0.36x-0.53

y=0.64x-0.83
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Computer Experiments III

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

AB (g)

AB*

A*+B*

Ets
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close-packed surfacestepped surface
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Computer Experiments III

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

AB (g)
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OH

close-packed surfacestepped surface

y=0.50x-0.23
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Adsorption Scaling Relations

Atom A:
•Valency:
•# H atoms attached:
•# bonds to surface:

Bond order conservation

x

max

x

x

surf

= �x

max

�x

max

+ x = x

max
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� =
x

max

� x
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Adsorption Site and Scaling Relations

A ! C, xmax ! 3 for A ! N, and xmax ! 2 for A ! O; S).
Since "xmax # x$ is the valency of the AHx molecule, we
conclude that for the four families of molecules considered
the slope only depends on the valency of the adsorbate. In
the following we will consider a model that allows us to
understand the origin of this effect.

For some of the considered systems, simple valency or
bond-counting arguments [14] can explain the results:
Comparing CH, CH2, and CH3 on the close-packed sur-
faces, we generally find CH (with a valency of 3) to prefer
threefold adsorption sites, CH2 (valency of 2) to prefer
twofold adsorption, and CH3 (valency of 1) to prefer one-
fold adsorption. The implication of these trends is that
unsaturated bonds on the carbon atom form bonds to
surface metal atoms; in effect, each unsaturated sp3 hybrid
on the central C atom binds independently to the d states of
the nearest neighbor metal atoms, consistent with the
slopes in Fig. 1. However, this picture cannot include
adsorbed atomic C. Adsorbed C also adsorbs in a threefold
site (neglecting long range reconstructions), but it does not
have four bonds as would be needed to explain all the C
data in Fig. 1. We also note that the overall scaling behav-
ior is independent of the adsorption geometry and hence
the details of the bonding; see Fig. 2. The scaling in Figs. 1
and 2 must therefore have a more general explanation that

includes the argument above for CH, CH2, and CH3 as a
special case.

We will base our analysis on the d-band model which
has been used quite successfully to understand trends in
adsorption energies from one transition metal to the next
[8,15–19]. According to the d-band model, it is useful to
think of the formation of the adsorbate-surface bond as
taking place in two steps. First, we let the adsorbate states
interact with the transition metal sp states, and then we
include the extra contribution from the coupling to the d
states:

 !E ! !Esp % !Ed: (2)

The coupling to the metal sp states usually contributes the
largest part of the bonding and involves considerable hy-
bridization and charge transfer. In terms of variations from
one transition metal to the next it can, however, be consid-
ered to be essentially a constant; the sp bands are broad,
and all the transition metals have one sp electron per metal
atom in the metallic state [20]. According to the d-band
model, the main contribution to the variations in bond
energy from one transition metal to the next comes from
the coupling to the metal d states; the d states form narrow
bands of states close to the Fermi level, and the width and
energy of the d bands vary substantially between transition
metals. According to the d-band model, all the variations
among the metals observed in Fig. 1 should therefore be
given by !Ed. That means that the x dependence of
!EAHx"x$ must be given by the d coupling alone: Let us
assume for the moment that the d coupling for AHx is
proportional to the valency parameter ! defined above:

 !EAHx
d ! !"x$!EAd (3)

Using Eq. (1), this will lead to the kind of relationship in
Fig. 1. We can write the adsorption energy of molecule
AHx in terms of the adsorption energy of molecule A as
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FIG. 2 (color). Binding energies of CH3 plotted against the
binding energies of C for adsorption in the most stable sites
(triangles) and in the case where both CH3 and C have been fixed
in the on-top site (squares).

FIG. 1 (color). Adsorption energies of CHx intermediates
(crosses: x ! 1; circles: x ! 2; triangles: x ! 3), NHx inter-
mediates (circles: x ! 1; triangles: x ! 2), OH, and SH inter-
mediates plotted against adsorption energies of C, N, O, and S,
respectively. The adsorption energy of molecule A is defined as
the total energy of A adsorbed in the lowest energy position
outside the surface minus the sum of the total energies of A in
vacuum and the clean surface. The data points represent results
for close-packed (black) and stepped (red) surfaces on various
transition-metal surfaces. In addition, data points for metals in
the fcc(100) structure (blue) have been included for OHx.

PRL 99, 016105 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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CH3 1-fold

CH2 2-fold

CH 3-fold
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Overall scaling independent of adsorption geometry 
and details of bonding ⇒ more general explanation
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Origin of Adsorption Scaling Relations

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

d-band model

+

Effective medium theory

=

CH

CH2

CH3
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The d-band Model of Chemical Bonding on Metal Surfaces

large and constant small and varies

�Eads = �Esp +�Ed

B. Hammer et al., Surf. Sci. 343, 211 (1995); Nature 376, 238 (1995);  Adv. Catal. 45, 71 (2000).

�Ed = �2(1� f)
V 2
ad

|"d � "a|
+ 2(1 + f)↵V 2

ad

adsorbate level
in gas phase

sp-coupling
renormalized state

d-coupling
bonding - antibonding states

electronic structure of
transition metal 

E(eV) EFermi
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Calculated Density of States
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Variations in O Adsorption Energies

B. Hammer, J. K. Nørskov, Adv. Catal. 45, 71 (2000). A. Vojvodic, J. K Nørskov, F. Abild-Pedersen, Top. Catal, accepted (2013).
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“d-band model part”
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“Effective medium part”

Introduction Results Model Generalization Summary

Coupling strength

V 2
ad({rai}) function of the number of metal neighbors and their

distance to the adsorbate.
Add H atoms to the central C, N, O or S i.e. x %)

• rai %
• V 2

ad({rai})&

sp-coupling determines the adsorption bond lengths rai
Use effective medium theory (EMT)

CHALMERS Aleksandra Vojvodic 11 / 18

Introduction Results Model Generalization Summary

Adsorbate-d state coupling

Contribution to the adsorption energy from the coupling
between the adsorbate and the TM d-states
�Ed = �Ehyb

d + �Eorth
d

In the weak coupling limit �Ehyb
d / �Eorth

d / V 2
ad , where V 2

ad is
the coupling strength between the adsorbate and the metal
d-states.
Several adsorbate levels) V 2

ad =
P

i V 2
aid

Suggestion: V 2
ad / �

CHALMERS Aleksandra Vojvodic 10 / 18
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“Effective medium part”
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Introduction Results Model Generalization Summary

Effective medium theory (EMT)

• Interaction of atom A with atoms in the vicinity ⇡
interaction of A with a homogeneous electron gas
(effective medium) of a density given by a spherical
average n of the nearby atoms. �E = �Ehom(n).

• �Ehom(n) has a minimum for a particular electron density
n0 ) Equilibrium geometry is the position where A
experiences n = n0

CHALMERS Aleksandra Vojvodic 12 / 18

Introduction Results Model Generalization Summary

Surface electron density nsurf needed for n = n0 & as x %

) nsurf = xmax�x
xmax n0 = �(x)n0

Assumption: d-states have approximately the same decay
length as the sp-states) V 2

ad scales with nsurf

�Ed / V 2
ad / nsurf (x) / xmax�x

xmax = �(x)

CHALMERS Aleksandra Vojvodic 13 / 18
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Prediction of Reaction Energies Based on Adsorption Scaling

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99, 016105 (2007).

�E =
NX

i=1

(�i�EAi) +�⇠

For any (de)hydrogenation reaction of 
molecules bonding to a TM surface via 
C, H, O or S atoms estimate the 
reaction energy       for all TM’s just by 
knowing         for one TM.

�E
�E

 !E !
XN

i!1

"!!i!EAi # !"i$ !
XN

i!1

"!!i!EAi$ #!": (7)

The change in the " parameter for the particular reaction
needs to be calculated once and for all by calculating the
reaction energy for one single metal. In Fig. 3, we compare
the model to complete DFT calculations for hydrogenation
or dehydrogenation of a series of hydrocarbons, alcohols,
thiols, and amino acids. In each case, we have calculated
!" from Pt(111) data. The agreement between the model
and the full DFT calculations indicates that the model has
the power to describe both the absolute magnitude and the
trends in reaction energies for hydrogenation or dehydro-
genation reactions of a number of organic molecules on
transition-metal surfaces. We note that the scaling relations
can easily be generalized so that the adsorption energy of
any hydrogenated species AHy is used as the reference
instead of A.

By combining the present model with the Brønsted-
Evans-Polanyi–type correlations that have been estab-
lished between activation barriers and reaction energies
for surface reactions [8,10,11], it will be possible to esti-
mate the full potential energy diagram for a surface cata-
lyzed reaction for any transition metal on the basis of the C,
N, O, and S chemisorption energies and a calculation for a
single metal. We suggest that this will be a useful tool in
screening for new catalysts. Such estimates can subse-
quently be followed up by full DFT calculations and ex-
periments for the most interesting systems.

The Center for Atomic-scale Materials Design is spon-
sored by the Lundbeck Foundation. Additional support
from the Danish Research Councils and the Danish
Center for Scientific Computing are also acknowledged.
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Reducing Complexity: BEP/Transition State Scaling Relations

 J. K. Nørskov et al., J. Catal. 209, 275 (2002).

AB (g)

AB*

A*+B*

Ets

Ediss

Relations are active site dependent

E t
s (

eV
)

E t
s (

eV
)

Ediss(A*+B*) (eV)

Ets = ��Ediss + ⇠



Norderney, Germany 20130722Aleksandra Vojvodic: “Scaling Relations: A Computational Approach to Catalyst Search”

Transition State Structures
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More BEP/Transition State Scaling Relations

S. Wang, et al, Catal. Lett. 141, 370 (2011). S. Wang, et al, Phys. Chem. Chem. Phys.13, 20760 (2011).

C-C, C-O, C-N ... bond breaking C-H, O-H, N-H ... bond breaking
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Dealing with Complexity of Ammonia Synthesis

•How many energetic 
variables are there?

6 intermediates 
+ 

6 transition states 
= 

12 different energy parameters

1. N2(g) + 2⇤ � 2N⇤

2. H2(g) + 2⇤ � 2H⇤

3. N⇤ +H⇤ � NH⇤

4. NH⇤ +H⇤ � NH⇤
2

5. NH⇤
2 +H⇤ � NH⇤

3

6. NH⇤
3 � NH3(g)

N2 dissociation is rate determining step

N2(g) � N⇤
2+
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Dissociation of A2 is Rate Determining Step

!
! !,! = !!!!!!!∗! 1− ! !!!!!!!!!!!!!!! !
! ! ! !
!! =

!!!
ℎ !

!∆!! !!!
!!! !!! = !!(∆!!)!

!

! = !!"!
!!"!!!!!!

! !

!
!∗ =

1
1+ !!!!!!

!

! ! ! ! !

!! = !
!!!!° !!! = !!(∆!!)!



Norderney, Germany 20130722Aleksandra Vojvodic: “Scaling Relations: A Computational Approach to Catalyst Search”

Invoke BEP relations
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descriptor

�E1 = 2EN

Ea1 = ��E1 + ⇠ ⌘ Ea(2EN )
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Volcano for Ammonia Synthesis

+ =experiment

theory

Descriptor �E1 = 2EN
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Volcano for Ammonia Synthesis

+ =experiment

theory

effect of alkali promotion

Descriptor �E1 = 2EN
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Motivation: Syngas Conversion

Feedstocks Fuels

Pure
Hydrogen

Methane

Synthetic
Petroleum

Mixed
Alcohols

Catalysis Catalysis

Alcohol Synthesis

Water-gas s
hift

Fischer-Tropsch

Methanation
Syngas
H2+CO

Electrochemistry

Gasification

Reforming

Gasification

Coal

Methane

Biomass

Water
+ CO2

“Anything can be gasified”
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Methanation Volcano (CO+3H2=>CH4+H2O)
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J. K. Nørskov, et. al. Proc. Nat. Acad. Sci. USA 108, 937 (2011).

513 K
40 bar H2

40 bar CO

• C & O adsorption energies are 
descriptors 

• CO dissociation = RDS

• Ru, Co highest activity

• Rh, Ni, Fe also have high activity

211 monometallic surface
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Finding Methanation Catalyst Leads
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Identification of Ni3Fe as Methanation Catalyst
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M. Andersson, et. al. J. Catal. 239, 501 (2006).
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model behind Fig. 2 and clearly predicts that both Ni3Fe and
NiFe should be good candidates for catalysts with an activity
higher than the constituents and close to that of the best cata-
lysts, Ru and Co. For Ni3Fe, our thermodynamic analysis of the
free energies of the surface under reaction conditions found that
the structure included in Fig. 1 is the most stable.

3.2. Experimental results

The Ni–Fe catalysts are synthesized and tested as described
in the Methods section, and the reaction rates are plotted as
a function of the Fe content in Fig. 4. The experiments com-
pletely confirm the predictions from computational screening.
Depending slightly on temperature and concentration, the max-
imum activity is found either for Ni3Fe or in between Ni3Fe
and NiFe. The measured value of the catalytic activity for the
new Ni3Fe-based catalyst is almost as good as that for Co,
and it is considerably cheaper. Considering that no attempt
has been made to optimize the preparation method and acti-
vation procedure, this finding must be considered quite promis-
ing.

Fig. 4. Measured rate of CO removal for a gas containing 2% CO in 1 bar of
H2 as a function of the Fe content in FeNi alloy catalysts. Results are shown
for two different temperatures and two metal concentrations.

4. Discussion

Fe–Ni alloys have been found to have good catalytic prop-
erties for a partial oxidation of methane to syngas [30], and the
catalytic activity of Fe–Ni alloys has also been tested for other
hydrogenation reactions of carbon-containing compounds, such
as CO2 methanation [31] and benzene hydrogenation [32], with
varying success. In particular, it has been found that Ni–Fe al-
loys are good for CO hydrogenation under Fischer–Tropsch
conditions (i.e., high CO pressure) [33]. Based on this find-
ing, it may not be very surprising that Fe–Ni alloys are su-
perior methanation catalysts. Still, we note that even a recent
state-of-the-art experimental high-throughput screening search
for methanation catalysts did not find the results shown in
Fig. 4 [15].

Under the conditions of the present experiments correspond-
ing to the situation in which small amounts of CO (or CO2)
are removed from an H2 stream, the best catalysts all have
methane as the prime product (>90% selectivity). In view of
the renewed interest in Fischer–Tropsch synthesis in connec-
tion with the production of clean diesel and other fuels [10,34],
it would be interesting to extend the present analysis to in-
clude high CO pressures, at which the product distribution is
quite different. This cannot be done trivially, however, because
the optimum value of Ediss determining the overall rate is ex-
pected to depend on the reaction conditions [35] and because
for Fischer–Tropsch synthesis, the selectivity is often more in-
teresting than the overall turnover.

The predictive power of the DFT calculations relies strongly
on the fact that the width of the volcano-like relation in Fig. 1b
is of the order several tenths of an eV—a general finding making
rates of complete catalytic reactions considerably less sensitive
to systematic errors in calculated interaction energies than the
rate of each of the individual reaction steps [2,3,36]. This is an
accuracy that can be routinely obtained by current versions of
the exchange-correlation functional [21].

5. Conclusion

In conclusion, we have shown that it is possible to establish
quantitative descriptors for the catalytic activity of the metha-
nation reaction by combining catalytic measurements with DFT
calculations of appropriate properties of the catalyst surface.
We can then use DFT calculations and models developed based
on these calculations to screen for new catalysts with better
catalytic performance. Synthesis and testing of these catalysts
revealed that they are superior to the conventional Ni catalyst.
We have also shown that it is possible to perform multivariable
optimization of catalyst properties, and suggest that the concept
of the Pareto-optimal set may be useful in catalyst development.

A number of challenges remain in the development of an
entirely computational approach to catalyst optimization. The
first of these challenges is to provide a completely ab initio de-
termination of the optimum value for the descriptor. This will
entail the development of a reliable kinetic model. The sec-
ond challenge is to calculate the descriptor parameter directly
using DFT rather than using the interpolation model applied
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The Industrial Cu/ZnO/Al2O3 Methanol Catalyst

M. Behrens, et. al. Science 336, 893 (2012).

HRTEM

• no correlation btw Cu surface area and activity

• only Cu has low activity => need ZnO

• stacking faults => surface defects (steps/kinks ...)

• correlation btw amount of defects and activity 
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Reaction Path for CO + 2H2 => H3COH

M. Behrens, et. al. Science 336, 893 (2012).

order of activity 
CuZn(211) > Cu(211) > Cu(111).
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Reaction Path for CO + 2H2 => H3COH

Extend to other metal surfaces => correlations M. Behrens, et. al. Science 336, 893 (2012).

order of activity 
CuZn(211) > Cu(211) > Cu(111).
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Scaling Relations for CO Hydrogenation

adsorption energies transition state energies

C & O adsorption energies only descriptors F. Studt, et. al. J. Catal. 293, 51 (2012).
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Methanol Volcano (CO + 2H2 => CH3OH)

F. Studt, et. al. J. Catal. 293, 51 (2012).
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Finding Methanol Catalyst Leads

• same data points as for 
methanation

• screening can be reused for 
many reactions

Database
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CatApp

CHEMENG 124/224 - Catalysis, April 10Jens S. Hummelshøj:   “The CatApp”

Jens Strabo Hummelshøj

strabo@stanford.edu



The CatApp

Wednesday, April 11, 12

 http://suncat.stanford.edu/catapp/

• ~1500 DFT calculated 
adsorption and activation 
energies

• Published data
• Consistent sets of results
• Free web application tool
• Runs in any modern web 

browser without plug-ins

http://suncat.stanford.edu/catapp/
http://suncat.stanford.edu/catapp/
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CatApp Publication

 http://suncat.stanford.edu/catapp/

Web Applications
DOI: 10.1002/anie.201107947

CatApp: AWeb Application for Surface Chemistry and Heterogeneous
Catalysis**
Jens S. Hummelshøj, Frank Abild-Pedersen, Felix Studt, Thomas Bligaard, and Jens K. Nørskov*

Solid catalysts form the backbone of the chemical industry
and the hydrocarbon-based energy sector. Most catalysts and
processes today are highly optimized, but there is still
considerable room for improvements in reactivity and
selectivity in order to lower energy consumption and waste
production. In addition, the development of sustainable
energy solutions is a tremendous challenge to catalysis science
and engineering. The ability to store solar energy as a fuel
calls for new catalysts, as does the development of a
sustainable chemical industry that is based on biomass and
other non-fossil building blocks.

The development of new catalysts could be accelerated
significantly if we had access to systematic data for the
activation energies of elementary surface reactions. Once the
key parameters that determine the activity or selectivity of a
certain process have been established through experiments or
calculations, such a database would enable searches for new
catalyst leads. Ideally, data would come from detailed,
systematic experiments, but it is generally not possible to
find such data. Electronic structure calculations provide a
powerful alternative. The accuracy is not such that detailed
predictions of absolute rates of elementary reaction steps can
be made, but for classes of interesting catalysts (such as
transition metals) it is possible to create systematic data with
sufficient accuracy to predict trends in reactivity.[1–16] Herein,
we introduce such a set of calculated reaction energies and
activation energies for a large number of elementary surface
reactions on a series of metal single-crystal surfaces, including
surfaces with defects such as steps. We also introduce a simple
web application (CatApp) for accessing these data. The data
will be part of a larger database of surface reaction data that
are being developed under the Quantum Materials Informat-
ics Project.[17]

The database includes reaction energies for all surface
reactions that involve C!C, C!H, C!O, O!O, O!H, N!N, C!
N, O!N, N!H splitting for molecules with up to three C, N, or
O atoms on close-packed face-centered cubic fcc(111),
hexagonal close-packed hcp(0001), and body-centered cubic

bcc(110) surfaces, as well as stepped fcc and hcp surfaces. The
metals included in the database are Ag, Au, Co, Cu, Fe, Ir,
Mo, Ni, Pd, Pt, Re, Rh, Ru, Sc, V. The data have been
compiled from previous reports,[18–23] where details of the
calculations can be found. The key point is that the values
have all been calculated with the same code (DACAPO), the
same exchange-correlation energy functional (GGA-
RPBE),[24] and similar calculational parameters. Therefore
one adsorption energy or reaction barrier can be compared to
another with some confidence. Gas-phase CO2 and O2 , for
which the RPBE functional performs poorly, were corrected
as described in Refs. [25] and [26], respectively

In cases where there are no calculated data for a given
reaction, we use the recently developed scaling relations to
provide an estimate. The scaling relations link the adsorption
energies of different molecules that contain varying amounts
of hydrogen.[18] In a similar fashion, we exploit the fact that
transition-state energies are quite generally found to scale
with reaction energies.[1, 22, 27]

We have developed a simple visual query tool for
accessing the data presented above. On our homepage,[28]

we maintain a list of hyperlinks to the available versions of the
tool, together with a list of references to the scientific data it
employs. The tool is a web application implemented in
JavaScript, SVG, and HTML, and runs in modern web
browsers without any plug-ins. The application can be easily
used on computers and portable devices with a touch
interface. By running the application, one can choose a
surface and an elementary reaction and be presented with a
reaction path that reports the reaction and activation energy.
If a DFT value is not found for a given reaction and a scaling
estimate is used, the value is shown in italic type.

In Figure 1 we have shown an example of the use of the
application. The energy barrier needed to break the N2 bond
on two different surface orientations of ruthenium, Ru(0001)
and stepped Ru(0001), are extracted. The plots immediately
show the structure dependence of this important step in the
Haber–Bosch process (N2 + 3H2!2NH3). Our web applica-
tion will allow anyone to download data such as that shown in
Figure 1, and to quickly explore whether there may be other
metals or structures where the N2 bond is broken more
readily.

All code and data are downloaded when the application is
accessed for the first time and is kept in the local storage of
the browser. This feature allows the application to be used
even when the user has no internet connection. More
importantly, it guarantees the user complete privacy, since
all queries are performed locally in the browser and not by
connecting to our server. The only information that is
delivered from the user to our server is an anonymous
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Department of Chemical Engineering, Stanford University
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