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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.”

e
N

-
-y

1301
1 1
11
' 0l
11 0
11
10
11
1 0
0L
“go
10
b 11
n 1l
Ll
11
+ 01
L1

(S = &
= o

»
’
-
)

(S o =
?
(o

P
=

* How to design energy- & atom-efficient
synthesis of new materials with tailored
properties to reduce environmental impact?
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- Computer guided catalyst and materials
design rooted in fundamental understanding
- Search for the “materials genome”
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" Directing Matter and Energy: Five Challenges for Science and the Imagination,
Basic Energy Sciences Report, U.S. DOE (2009).
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Catalysts and Real Materials

o Q:’d.
* Finite size > 0:::::::.‘
| OS5 Q“‘ ) corners

* Many facets v "':.,‘:‘O:::

e Corners '.// Q//C/“”" steps/
e Defects 9 ‘Q,‘«Q‘«ﬁ’ Edges
e Support ' ‘6‘ ~

Nano-particles:

v |

e Steps/Edges ""‘/.‘4

facets
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ty of Surface Science Approach
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adsorption on Au nano-particles

Cluster diameter (nm)
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|
CO 111 top

' ' ' . CO 211 top edge I
O

O 211 bridge edge Py & v
O 111 fc - O O - e RN
‘ Gt \;.] ‘)_.’L)\ 4’)@‘)(‘(1'%,.{« \/
O e WINE Ly,
\EAR)

XXX/
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13 55 147 309 561 923 1415 13 55 147 309 561 923 1415
# cluster atoms

A. Larsen, |. Kleis, K.Thygesen, |. K.Ngrskov, K. Jacobsen, Phys.Rev.B |, 84 (201 |)
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Elementary Surface Reaction Steps

L

t desorptio7/

adsorption\
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Key Ingredients to Surface Reactions: Adsorption and Barriers

Ediss (=Ea*+Ep+)
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Ammonia Synthesis, Stepped Ru(0001) Surface

e Overall reaction
Na(g) + 3Ha(g) == 2NH3(g)

* Elementary steps

Ny(g) +2* = 2N*  RDS

Hy(g) + 2 = 2H
N*+H* = NH"

NH* + H* = NH;

NH: + H* = NH;

NH;3; = NH;(g)
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e Rate of reaction
R = Ry = kipn,02(1 — 7)

K. Honkala et al., Science 307, 555 (2005)
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What About Other Catalysts!?

Volcano plot
Ru @

Os | Ru(0001)
E,~0.4eV

M
=
-
=
0
-
2
P

Dietrich et al., J.Chem.Phys. 104./T

i pp.375-381 (1996)

Vi

® 1-2% gold on Ru(0001)
§ E, ~ 1.3eV

¢

1 1

0.0015 0.0020 0.0025 0.0030 0.0035

log(initial sticking coefficient)

NH3 act

Reciprocal Temperature [1/K]

5 6 7 8 S. Dahl et al., Phys. Rev. Lett. 83, 1814 (1999)

Number of d electrons *Why is Ru good and Ni poor?

Descriptor * What determines reactivity!
Ozaki and Aika, Catalysis | (Anderson and Boudart, Ed.)

T —
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Dealing with Complexity

Ammonia Synthesis on Ru(0001)
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Reaction coordinate
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2" = 2N*
Hy(g) + 2% = 2H"
N*+H* =2 NH”
NH* + H* = NH;
NH; + H* = NH:
NH; < NH;(g)

+
* How many energetic

variables are there!?




Dealing with Complexity

No(g) + 2% = 2N*
Hy(g) + 2% = 2H"
N*+H* =2 NH”
NH* + H* = NH;
NH; + H* = NH:
NH; < NH;(g)

6 |
\_\_/ * How many energetic

variables are there!?

Ammonia Synthesis on Ru(0001)
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6 intermediates
+

6 transition states

Reaction coordinate |2 different energy parameters
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Scaling Relations

Adsorption scaling

* Relationships between bond
energies of different intermediates
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Bronsted-Evans-Polanyi (BEP)/
Transition state scaling

* Relationships between activation
energies and reaction energies

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



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



A\
)

Machines: Supercomputers
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Main Method: Density Functional Theory

N interacting electrons N non-interacting, fictitious
+ real potential particles + effective potential

HWY(r) = eW(r) Kohn-Sham Equations:

1

—EVZ + Vett| ¥i(r) = €iti(r)

N
n(r) = [i(r)*
=1

0B |n]
~ on(r)

Veff = Vext(T) 4+ VHartree|(T)| + Vxc|[n(r)]  with vy [n(r)]
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DFT: Performance: “It’s All in the Exchange-Correlation Functional™

56uuzen4aﬂ
"1 CHEMICAL
\JACCUMC\[, o

522  Chemisorption

J. P.Perdew et al. in AIP Conf. Proc. 577 (2001),
M.A. L. Marques et al., Comp. Phys. Commun. 183, 2272 (2012). J.Wellendorff, et al,, Phys. Rev. B 85,23 (2012),

A
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Application of BEEF: Physorption of n-alkanes in Zeolites (ZSM22)

Experiment
BEEF-vdW
RPBE

Number of C atoms in alkane

R. Brogaard, P. G. Moses, |. K. Narskov, Catal. Lett. 142, 1057 (2012).

1 A/
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Computer Experiments | SUN

stepped surface close-packed surface

Fit: y=0.26x+0.14

Fit: y=0.49x-1.24 Cu
Fit: y=0.47x-1.4

Pd.oN!

Fit: y=0.75x-1.04
Fit: y=0.76x-1.2
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Computer Experiments | SUN

stepped surface close-packed surface

Fit: y=0.26x+0.14

Fit: y=0.49x-1.24 Cu X |

Fit: y=0.47x-1.4

p P y=0.76x-1.0

Fit: y=0.75x-1.04
Fit: y=0.76x-1.2

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99,016 105 (2007).
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Computer Experiments || SUN

stepped surface close-packed surface

Fit: y=0.36x-0.53
Fit: y=0.37x-1.26

Cu
DPd Y %u

Fit: y=0.64x-0.83
Fit: y=0.67x-1.04

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99,016 105 (2007).

1 A/
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Computer Experiments || SUN

stepped surface close-packed surface

Fit: y=0.36x-0.53
Fit: y=0.37x-1.26

Cu
DPd Y %u

Fit: y=0.64x-0.83
Fit: y=0.67x-1.04

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99,016 105 (2007).

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



Computer Experiments | SUN

stepped surface close-packed surface

Fit: y=0.50x-0.23
Fit: y=0.48x-0.77
Fit: y=0.49x-0.96 Rh

4
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Computer Experiments | SUN

stepped surface close-packed surface

Fit: y=0.50x-0.23
Fit: y=0.48x-0.77
Fit: y=0.49x-0.96 Rh

4
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Adsorption Scaling Relations

Pd nNi -
Rh Ne: v= -12
Pd, ARu Fit: y=0.37x-1.26

o, e AE* = y(x)AE* + &
| ‘)/(X) (xmax —X) /xmax

~ Fit: y=0.71x-0.57
Fit: y=0.67x-1.04

e Atom A:

NH * Valency: Tmax

o e# H atoms attached: =
e bonds to surface: xqu.t

Fit: y=0.50x-0.23
Fit: y=0.48x-0.77 “l Fit: y=0.60x+0.22

e e | Fe 061017, Bond order conservation
| YTmax + T = Tmax

&

Lmax — L

’y:

Lmax
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Adsorption Site and Scaling Relations

0o Ontop adsorption site
v Most stable adsorption site

6 5 4

. AEC (eV)

Aleksandra Vojvodic:“Scaling Relations: A Computational Approach to Catalyst Search”
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MAE=0.13eV

MAE=0.06eV

adsorbate

preferred

adsorption site

CH3

| -fold

CH>,

2-fold

CH

3-fold

C

3-fold

C

| -fold

\'%

L

Overall scaling independent of adsorption geometry
and details of bonding = more general explanation

Norderney, Germany 20130722




Origin of Adsorption Scaling Relations

Fit: y=0.26x+0.14 -
Fit: y=0.25x-0.11 Fit: y=0.41x-0.36

Pd Ni
u o Fit: y=0.37x-1.26

AEM: = y(x)AE* + &

Fit: y=0.49x-1.24 Cu
Fit: y=0.47x-1.4

Fit: y=0.75x-1.04
Fit: y=0.76x-1.2

d-band model

Fit: y=0.50x-0.23 +
Fit: y=0.48x-0.77 Fit: y=0.60x+0.22
e u— . | Fit: y=0.61x-0.1
Fit: y=0.49x-0.96 Rho < _ it: y=0.61x-0 2Cu

Effective medium theory

SHy

6 5 a4 ' 5 -5 45 -4 3.5

AE® (V) AE® (eV) | F. Abild-Pedersen, et al, Phys. Rev. Lett. 99, 016105 (2007).
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The d-band Model of Chemical Bonding on Metal Surfaces

adsorbate level sp-coupling d-coupling electronic structure of
in gas phase renormalized state bonding - antibonding states transition metal

AE.4s = AE,, + AE; —— AE;=—2(1— §)

l

large and constant

small and varies
B. Hammer et al., Surf. Sci. 343, 211 (1995); Nature 376,238 (1995); Adv. Catal. 45,71 (2000).
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Calculated Density of States

Metal d-projected DOS

Oxygen p-projected DOS

DOS (arbitrary units)
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Variations in O Adsorption Energies

alli=1}]

B Exp. (polycrystaline)

W, [eV]

® DFT-GGA

| M |
-4 -2
g4 (eV)

B. Hammer, J. K. Ngrskov, Adv. Catal. 45, 71 (2000). A.Vojvodic, . K Ngrskov, F Abild-Pedersen, Top. Catal, accepted (201 3).
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“d-band model part”

From d-band model: variations between metals depend on AEj

read off from figure for metal independent

each AH,/A combination
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“Effective medium part”

AEy = AED” + AES™

In the weak coupling limit AEgyb x AEY"™ « V2, where V2, is
the coupling strength between the adsorbate and the metal
d-states.

V2 ({rs}) function of the number of metal neighbors and their
distance to the adsorbate.

Add H atoms to the central C, N, OorSie. x "=
¢ ra,- /
o Vo, ({ra}) \

sp-coupling determines the adsorption bond lengths r,

Use effective medium theory (EMT)
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“Effective medium part”

e |nteraction 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. AE = AE;om(n).

Electron density

Surface

S|
A~

o AEn,m(n) has a minimum for a particular electron density
no = Equilibrium geometry is the position where A
experiences n = ny

Surface electron density ng,+ needed for n = ng \,as x ~

Xmax —X
Xmax

= Nsyrf = No = v(X)Ng

L1

Assumption: d-states have approximately the same decay
length as the sp-states = V=, scales with ng

AE, _(n)(eV)

T

AE, x ng X Ngyrf(X) X

0.10 0.153
Electron density ( A ")
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Prediction of Reaction Energies Based on Adsorption Scaling

|O CH,0H(g)+ -->CH,0 +1/2H (g)
O C'H,-CH-C H,-->C H-CH-C H_+1/2H,(g)
For any (de)hydrogenation reaction of O CH,SH+ -->CH,S +1/2H,(g)

: : |O Cysteine+ -->S -CH,-CH(NH,)-COOH+1/2H (g)
molecules bonding to a.TM surface via O C.H +H'->C'-CH +H ()
C, H, O or S atoms estimate the
reaction energy AF for all TM’s just by
knowing A FE for one TM.

o
3.,
%)

(eV)

N

reaction

DFT

AFE = Z(%‘AEAi) + A&

1=1

0 05
model

AE (eV

reaction

F. Abild-Pedersen, et al., Phys. Rev. Lett. 99,016 105 (2007).
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Reducing Complexity: BEP/Transition State Scaling Relations

" (a)

-~ Flat surface

Ets (eV)

Ets — /YAEdiSS = 5

Ets (eV)

Relations are active site dependent

5
4
3 -
2 e
1 -
0 -
1 =
2
5
4
3 -
2 -
1 -
O -
1 -
2

1 | 1 l

Ediss(A*+B™) (eV)

J J. K. Narskov et al., ]. Catal. 209, 275 (2002).
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Transition State Structures

No/Fe: NO/Rh: O, /Pt:

.-

) 4

¢

=

N> /Ru: NO/Pd: O, /Ag: CO/Co:
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C-C, C-O, C-N ... bond breaking

OcC
®ccH
-®cch,
®ccH,
®CHCcH
"McHeH,

<CH,CCH,
<CHCH, CH,
<cH, cCH,
<CH,CHCH,
<CH,CH,CH, <
Y CH, CHCH,

More BEP/Transition State Scaling Relations

SUN

C-H, O-H, N-H ... bond breaking

Ammaonia

Methane

Water

Higher Carbon Chains
Hydrogen

:CHCH3 ;CHgCHQCH?, :t OOH,
| JCH.CH, 7O

SCH,CH,  TCHO
SCHyCH;  TCH,0
»cccH, CH,0
»CCcHCH,  AcN
»CcH,cH, AcHN
»cHccH,  ACNH
»>CHCHCH, ACNH,

Fitted: y=0.84x+1.92
MAE=0.35

Final,diss

S.Wang, et al, Catal. Lett. 141,370 (2011). S.Wang, et al, Phys. Chem. Chem. Phys.13,20760 (2011).
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Dealing with Complexity of Ammonia Synthesis

N2 dissociation is rate determining step . Ny(g) +2° = 2N*

Hso(g) + 2" = 2H"

N* + H* = NH*

. NH* + H* = NH;}

ts . NH} + H* = NH;
” ‘ NH = NH;(g)

6 |
N * How many energetic

variables are there!?

3

~~
>
v
~—
>
o710
—
v
-
wl

6 intermediates
+

6 transition states

Reaction coordinate |2 different energy parameters
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Dissociation of A; is Rate Determining Step

R(T,p) = kipa,6:(1 —y)

k T —ASq

—Eg
e /kBT

2
PaB

Energy (eV)

2A*

Reaction coordinate
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Invoke BEP relations

Ea1 — ”YAEl + & = EQ(QEN)

R(T,p) = kipa,0:(1 —y)

kT —ASq —E,
oy = ——e ke ksT = k,(AE,)

2
PaB

Kequzpl%

Energy (eV)

'}/:

1 descriptor | 2A*

1+ /Kipa,y AE; = 2En

0.

Reaction coordinate

~AG,
K,=e “sT = K; (AE7)
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Volcano for Ammonia Synthesis

experiment

log(TOF) - log(TOFRY)

log(TOF) - log(TOFRY)

|
0.0

AEN- 20E" Descriptor AE; =2Ey
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Volcano for Ammonia Synthesis

experiment

log(TOF) - log(TOFRY)

K promoted

\

Energy (eV)

| — clean Ru(0001)

— 1/8 ML Na/Ru(0001)
4k = 1/6 ML Cs/Ru(0001)
S/Ru(o0001)

log(TOF) - log(TOFRY)

Reaction Coordinate

0.0

AEN- 20E" Descriptor AE; =2Ey
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tivation: Syngas Conversion

2]

Feedstocks Catalysis Catalysis

~ Pure

\
Watef‘%a s SN

Methane ; i Methane

Synthetic

Biomass
Petroleum

MV e
Alcohols

J

“Anything can be gasified”
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2290 JUNIOAN

Methanation Volcano (CO+3H=>CH4+H,0) SUN

513 K
40 bar H>

211 monometallic surface
> 40 bar CO

TUJ
Py
-
O
=
N~
o))
=

e C & O adsorption energies are
descriptors

e CO dissociation = RDS

* Ru, Co highest activity

* Rh, Ni, Fe also have high activit
AES (eV) I, Fe also have high activity

— - ——

1 A/
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J. K. Ngrskov, et. al. Proc. Nat.Acad. Sci. USA 108,937 (201 1).
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Finding Methanation Catalyst Leads SUN

513K

40 bar H, 21| bimetallic surfaces
> 40 bar CO

‘Tm
—
-
O
=
N~
ol
=

AB BCC-B;

C
L) screening of 4400 systems

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



P T T v

Identification of NisFe as Methanation Catalyst

513 K
40 bar H;
40 bar CO

Screening + Paretto analysis => NizFe

® 2.5% metal loading

‘Tm
Py
-
o
=
—
o))
=

[

activity [mmol(CO)/(mol(metal)*s)]

A RN R SR
25 30 75

Fe-Ni alloy composition [%Ni]

AE" (eV)

- ——

J. K. Ngrskov, et. al. Proc. Nat.Acad. Sci. USA 108,937 (2011). M.Andersson, et. al. J. Catal. 239, 501 (2006).
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The Industrial Cu/ZnO/Al,O3 Methanol Catalyst

> 5 . o L7 S -
E e ’ P
--00000:000000000000
S evol sl Ppripeasesaiy
> PR B arny 207 M AL AR P Pw e P o
....‘;vo---‘......o = it R
- - y - L Rk o o e R
. =~ v * S devovrovey i
L .o/:f E I _
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P EE AR R L L L LA . » . | 0:0 f,.:'ll'.’:::o'o':o':rr-.
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»
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- ." P 2 2 2 R R B B L L L

.o‘.oooooooooooooooou"

T Lo rsnrrnnenn
\.ooooooooooooooo---
0...000.0.00.0000.
SR e

e

O > ®0O

§ »

>Pm®NO P

X
S—
_—
-
O
<
7))
-
[3)
<
O
T
>
L —
=
—
O
©
O
n
c
g -
pra—
n
L=

e\ -
- - v
.\ " ".
- .
s ’ 8
B R ) : ..
o, 4 | .
-~ .
- %
~ .

A

S
e s \

¢« e eSS

0.070 0.015
Stacking fault probability

.
ot nn
e R N N .,
eSS SN Y Y
N - .

‘e N SN eSS
Mo NN NN s

3

» .
o
e
-

RN e
Fet
wieg

»
F o
Feo ' whe \y

* no correlation btw Cu surface area and activity
* only Cu has low activity => need ZnO

e stacking faults => surface defects (steps/kinks ...)
e correlation btw amount of defects and activity

M. Behrens, et. al. Science 336,893 (2012).
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> H;COH

Reaction Path for CO + 2H;
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CuZn(211) > Cu(211) > Cu(lI1).

order of activity

HOJ*H

xH + xOJtH

xODtH

xH + x02°H

xOJ°H

xH + xO2JH

xOOH

«H + x0O2

x0D

‘He + 0D

M. Behrens, et. al. Science 336,893 (2012).
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Reaction Path for CO + 2H; => H3;COH

PR PR RRY
PR PR R
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order of activity
CuZn(211) > Cu(211) > Cu(lI1).

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

adsorption energies

0.48AEc - 1.70
R =0.96

- 0.41AEc-1.29
R=0.97

transition state energies

1.10(0.25AEc + 0.50AEp) - 0.34

Ali( ..(cV )

0.73AEy, + 0.58
R=099

1

0.76AE,,, + 040
R =096

0.51AEo - 0.67
R =10.99

1
-1.0 0.5 0.0 0.5
0.25AE,. + 0.50AE,, (V)

C & O adsorption energies only descriptors

AF.“ +AE__ (e¢V)

O

—t A
2.0 -1.5 -1.0 0.5

1 a 2 " 1 a 1 2 1
0.0 0.5 -2 o P 1.0 0.5 0.0
AF.“ - AF‘H( O (eV)
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0.68AE,,, + 0.24
R =096

Norderney, Germany 20130722




513 K
40 bar H»
Y 40 bar CO

‘Tm
o
[
O
=
~
o
Q<

F Studt, et. al. ]. Catal. 293, 51 (2012).
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* same data points as for
methanation

* screening can be reused for
many reactions

!

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

=

e ~|500 DFT calculated

adsorption and activation
energies
* Published data
e Consistent sets of results
* Free web application tool
 Runs in any modern web
browser without plug-ins
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http://suncat.stanford.edu/catapp/
http://suncat.stanford.edu/catapp/

2290 JUNIOAN

CatApp Publication

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

Angewandte
And Finally

. . DOI: 10.1002/anie.201107947
Web Applications /

CatApp: A Web Application for Surface Chemistry and Heterogeneous
Catalysis™*

Jens S. Hummelshgj, Frank Abild-Pedersen, Felix Studt, Thomas Bligaard, and Jens K. Ngrskov*

J. Hummelshgj, Frank Abild-Pedersen, Felix Studt, Thomas Bligaard, and Jens K. Ngrskov,Angew. Chem. Int. Ed. 51,272 (2012).

. 1 A F>
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CatApp Installation

GENERAL USE INSTALBATION DATASETS UPLOAD

CATAPP DOCUMENTATION

M, Cnlpp

! - » \-:“S‘CI) LA SLAMG #Oy ~ SV aed, \AEARD | CALAGP MW 3 ) A
Choose dataset:

CENTER FORINTERFACE SCIENCE AND CATALYSIS

All (903)

Documentation

3 INTRODUCTION

Settings terms of service

CatApp is an web application that provides public a¢cess to DFT-calculated
reaction and activation energies. Instructions for usitig and installing CatApp

Pt(211 Add Bookmark

http://suncat.stanford.edu/catapp/ rerrermr || Sy G2

An con will be added to your home screen

Add to Home 3creen SO you can quickly access this web site.

Mail Link to this Page

CHCH:CH,* CH* + CH:CH»* Tweet
0016V

Caral. Letr. 141, 3, 370.373 (2011

Macintosh HD,

1 A/
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Change surface

Link to publication
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O* + CH?

Norderney, Germany 20130722

Activation energy

Reaction energy

Reverse reaction



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

Design Principle

Experiment Catalytic properties
(Selectivity, turnover, ...)

A

Models

v Meta-data
Descriptors

CO + 3 H2

——

Quantum Data
calculations (Energies, ...)
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e Concepts of Modern Catalysis and Kinetics, |. Chorkendorff, |. W. Niemantsverdriet
* Chemical Bonding on Surface and Interfaces, Eds A. Nilsson, L. Pettersson, |. K. Ngrskov
* Handbook of Surface Science Vol 2, Electronic Structure, Eds, K. Horn, M. Scheffler
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