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Challenges across the scales

Surface chemistry:
adsorption, diffusion,
reaction, desorption

Self-consistent coupling to reactive
flow field and appropriate
heat balance

Accurate (first-principles) energetics
of individual elementary processes

Quantitative transient and
“ steady-state surface kinetics




Multiscale modeling

Ab initio atomistic thermodynamics and statistical mechanics of surface propertiesand functions
K. Reuter, C. Stampfl, and M. Scheffler, in: Handbod of Materials Modeling Vol. 1,
(Ed.) S. Yip, Springer (Berlin, 2005). http://www.hi-berlin.mpg.de/th/paper.html



|. ,Bottom up best practice*:

Multiscale modeling approach to
In-situ CO oxidation at RuO,(110)



Electronic regime: Energetics of elementary processes
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K. Reuter and M. Scheffler, Phys. Rev. B 68, 0454§Z003)



Mesoscopic regime: Tackling rare-event time scales

Transition State
Theory
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First-principles kinetic Monte Carlo ssmulationsfor heterogeneous catalysis: Concepts, status and frontiers
K. Reuter, in “Modeling Heterogeneous Catalytic Reations: From the Molecular Process to the Technicabystem?”,
(Ed.) O. Deutschmann, Wiley-VCH, Weinheim (2011). hp://www.fhi-berlin.mpg.de/th/paper.html



Kinetic Monte Carlo: essentially ,coarse-grained MD"

Molecular Dynamics: Kinetic Monte Carlo:
the whole trajectory coarse-grained hops
ab initio MD: ab initio kMC:

up to 50 ps up to minutes



Building a first-principles kinetic Monte Carlo model

CO oxidation @ RuGQ,(110)
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-— Q) — 1 - O, adsorption/desorption (dissociative/associative)
mé - CO adsorption/desorption (unimolecular)
\ - O and CO diffusion
c§° - CO + O reaction
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W K. Reuter, Oil&Gas Sci. Technol. 61, 471 (2006)
Z K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433006)



Surface structure and composition in the reactive environment
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K. Reuter, D. Frenkel and M. Scheffler,
Phys. Rev. Lett. 93, 116105 (2004)



Steady-state and transient parameter-free turnover frequence
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Macroscopic regime: Heat and mass transfer

Computational
Fluid Dynamics:

point flow
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Isothermal limit: Mass transfer limitations
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ll. Towards error-controlled
first-principles microkinetic models



Key ingredients to ,predictive-quality* microkinetic modeling

Accurate rate constants: K =T ex p[_ AE; . j
- kT
Transition state theory and beyond
DFT functionals: ,self-interaction®
van der Waals interactions
Reaction mechanism
CO+* « CO*
Process identification O,+2* < O*+O0O*
Lattice mapping / spatial distributions | €O* + O0* & CO,
,Hot chemistry* beyond Markov

cus site bridge site

cus bridge
sites sites

Pt




Mean-field approximation: Phenomenological rate equations
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The ,power” of fitting

CO oxidation : fEiiiciinieck: 2
at RuO,(110) HEEHHEH! E
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Po, = 1 atm, T =600 K
100 =
0.5 5 100
Pco (atm)
Fitted rate constants deviate from “real” rate constants
by up to two orders in magnitude for dominant processes
Effective parameters without microscopic meaning B. Temeletal.,

J. Chem. Phys. 126, 204711 (2007)




Diffusion at metal surfaces: surprises...

Hopping mechanism

Ag(100) AE = 0.45 eV
Au(100) AE = 0.83 eV

Exchange mechanism

Ag(100) AE = 0.73 eV
Au(100) AE = 0.65 eV

B.D. Yu and M. Scheffler, Phys. Rev. B 56, R155692997)



Automatized process identification

Accelerated molecular dynamics:

-----------

-
.........

1 1m0

Hyperdynamics

Other approaches: - metadynamics
- dimer method

Extending the Time Scale in Atomistic Simulation of Materials,
A.F. Voter, F. Montalenti and T.C. Germann,
Annu. Rev. Mater. Res. 32, 321 (2002)



Error propagation through rate-determining steps
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Source for ,rough* rate constants: Hybrid UBI-QEP ?!

A + B (gas-phase
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Tackling complexity: Bottom-up meets top-down

Start with ,working“ engineering microkinetic model
(semi-empirical rate constants, rate equations...)

{

—p-  Perform sensitivity analysis

Y

All rate-determining steps
already describedab initio?

No/ Yes

Refine rate constants

for rate-determining steps Done
with first-principles calculations ©

(switch to KMC if indicated)




C1 microkinetic model for
methane conversion to syngas on Rh/AD,

H2
oxidation

CO
oxidation

coupling
H,& CO

= Bond -
No. Reaction (unhlfss beta P Activation Energy [kcal'mol]
ors™)

1 H,+2*=2H* 7.73E-01 0.9387 0.50 0.0

2 2H* = H,+2* 5.56E+11 -0.4347 0350 20.540T)

3 0,+2* 20 481E-02 19965 050 0.0

4 20°* -50,+2° 431E+12 11995 0.50 81.0-352.08-NT)

5 OH*+*_H*+O* 5.20E+12 -0.2659 0.30 242+ 18,85 &0 B T)

6 H*+0* — OH*<* 4.60E+12 -0.8196 0.30 142+ 16,6 8o B0a T)

7 H,0*+* —H*+OH* 5.74E+11 0.0281 0.55 24.6 + TG Gw B v Guo T)
8 H*+OH* - HO*+* 1.80E+00 12072 0.55 268+ 16, G 6 v Ssr T)
9 H,0*+0*20H* 2.08E+13 -2.1130 0.30 114+ 08 &b I

10 20H* - HO0*+0* 7.22E+10 -0.2902 0.30 236+ 16, & G T)

11 OH=+*-—OH* 266E-01 -0.2891 0.50 0.0

12 OH* -0H=+* 1.14E+13 -0.9500 0.50 70.0 - 33.08, = 25.084, +NT)
13 HO+* > HO* 7.72E-02 14067 0.50 0.0

14 HO* -HO+* 2.06E+13 -1.8613 0.50 10.8 = 25.08,4 - 4.5840 +NT)
e e B S i oo

16 H* =H+* 240E+12 13208 0.50 623-258; =3.780+NT)

17 0+* =0 446E-02 -19236 050 0.0
18 O —0+°* O.74E+12 -1.0701 0.0 100.0- 2608, 1)

19 CO+*—CO* 500E-01 -2.0000 0.50 0.0

20 CO* -CO+* 5.65E+12 19879 0.50 38.5-3.78; = 15.0 &, *AT)
21 CO;+*—=CO* 367E-01 -2.32904 0.50 0.0

22 CO,* -CO,+* 7.54E+10 21831 0.50 52+07)

23 CO*+*—=CO*+0* 412E+09 19608 0.90 195+f18, 8. 80 T)
24 CO*+0* - CO*+* 327E+09 13560 0.90 156+ge|,gﬂ,a,;n

25 COOH + * — COOH* 534E-01 -1.0767 0.50

26 COOH* — COOH +* 1L12E+11 16803 0.50 62.2~ﬂ1‘;

27 HCOOQ +2* — HCOO** 189E-02 -0.5548 0.50 0.0

28 HCOO** — HCOO +2* 3.74E+13 05548 0.50 69.2+NT)

20 CO,*+H* — CO* + OH* 1.60E+13 0.0301 0.70 6.1+ 160, & 6o B T)

30 CO*+OH*—CO.*+H* 1.40E+13 -0.0301 0.70 222+/18, 84 8o B I

M. Maestri et al., AIChE J. 55, 993 (2009)




C1 microkinetic model for
methane conversion to syngas on Rh/AD,

coupling H, & CO

O
I
SN

pyro-
lisis

A

No. Reaction (uitless  beta Do Activation Energy [kcalmol]
oz Loy ex

31 COOH*+* — CO*+0OH* 1.07E+12 04123 0.50 62+ &, 8. Bo. 8o T)

32 CO*+OH* — COOH*+* 037E+11 04123 050 18.6 + 16, 61 o, Buo. T

33 COOH*+* _ CO,*+H* 1.00E+10 -0.4424 0.80 68+f18s G0 T

33 CO,*+H* — COOH*+* 0.00E+00 04424 0.80 31+M6 60 D

35 CO* +H.0* — COOH* + H* 3.34E+11 -0.2222 0.80 33.1+ flGow. 64 G G0 T)

36 COOH*+H* — CO* + H,0* 120E+09 02223 0.80 229 + 8o Bs 8o B T)

37 CO,*+OH* — COOH®* + O* 105E+11 07192 0.50 223 + 6o Ba T)

38 COOH* +0* — CO,* ~ OH* 9.51E+10 -0.7192 0.50 16.0 + /18 620 T)

3% CO0,*+H;0* - COOH* - OH* 1.78E+12 -0.1922 0.50 135+/f&, &n. 8o T)

30 COOH*+OH* — CO,* + H,0* S.60E+09 0.1922 0.50 194+ /18 B B T)

31 CO,*+H* — HCOO** 104E+09 11254 0.50 43 +M(6s Ga D

42 HCOO** — CO,*+H* 3.86E+13 -11253 050 0.0+/18, 6o D

43 CO,* + OH* +*— HCOO** + 0O* 1.OSE+09 14022 0.50 216+ i, 820 T)

34 HCOO**+0*—CO,*~OH*+*  367E+13 -14022 0.50 134+ 16 800 D)

45 CO,* +H,0* + *— HCOO** + OH* 9.24E+09 04908 0.50 184+, &n. Gina T)

36 HCOO** +OH* —CO,*+H,0* +* 108E+12 -0.4908 0.50 164+ /18 o B T)
— i — — U T —— yy

48 C* »C+* 3S4E+04 18618 050 159.0417)

49 CH+*—sCH* 220E-02 -1.0798 0.50 0.0

50 CH* —CH+* 3.08E+13 1.0798 0.50 151.2407)

51 CH,+*— CH:* $.09E-02 -0.4265 0.50 0.0

52 CH,* —CH,+* 173E+13 04265 0.50 10934177

M. Maestri et al., AIChE J. 55, 993 (2009)




methane conversion to syngas on Rh/AD,

C1 microkinetic model for

& Bond
No. Reaction (unhl?ss beta PHiF . Actvation Energy [kcal/mol]
SL <)
v 53 CH,+*—>CH;* 135E-01 0.0326 0.50 0.0
N 54 CH* —CH,+* 5.2E+12 -0.0325 0.50 $2.4-0T)
—_ 55 CH,+2*—>CH,*+H* 5.72E-01 0.7883 0.50 0.7+ 18 &0u. I
@) 56 CH,*+H* — CH,+2* 7.72E+10 -0.7883 0.50 95+t Gu T)
; 57 CH*+*—CH*+H* 249E+10 0.0862 0.50 10.6 +/16y 60 T)
o 58 CH*+H* - CH*+* 257E+09 -0.0862 0.50 201+8: 60 1)
59 CH*+*—-CH*+H* 5.50E+10 -0.1312 0.50 205+M18: 8o )
= 60 CH*+H* — CH*+* 727E+09 01312 0.50 3.6+ /16 &0 T)
L 61 CH*+*—C*+H* 458E+12 -02464 0.0 27.6+/16y 8o T)
(@) 62 C*+H* L CH*+* 2.18E+11 02464 0.50 17.1+ 18 60 D
64 CH,* +OH*— CH;*+0* 338E+10 0.1906 0.70 384+/&. Ba
65 CH*+OH*—CH/*+0* 3.83E+10 04081 0.70 5.7+ 16 60 D
66 CH,*+0*— CH*+OH* 2.61E+11 -0.4081 0.70 326+M16. 6o D
c 67 C*+OH*-CH*+0* 230E+10 05232 0.50 208+/8, 80 T
o 68 CH*+0*—C*+OH* 435E+11 -05232 0.50 304+/&. 80 D
= 69 CH,*+H,0*—CH*+0H* 5.73E+10 -0.7208 0.70 200+118, B B T)
I 70 CH,* +OH* — CH,* - H,0* 1.74E+09 0.7208 0.70 13.6+f1&. &n. 020 T)
S 71 CH*+H,0* - CH,*+0H* 6.49E+11 -0.5033 0.70 218+ 18 & B T)
—_— 72 CH,* + OH* — CH* + H.0* 1.54E+10 05033 0.70 209+, 8w S T)
X 73 C*+H,0* - CH* +OH* 9.74E+11 -0.3882 0.50 10.5+ /18, G Bupo T)
(@) 74 CH*+OH* — C*+H,0* 6.41E+10 03882 0.50 233+l & G0 T)
< 75 CO*+*5C*+0°* 1.25E+09 05712 0.50 91+08. 8,8, D
T 76 C*+0* = CO*+* 7.22E+09 -05712 0.50 123+f1&. 81 8o T)
Q 77 CO*+H* - CH*+0* 9.07E+09 08176 0.80 69.1+M8, 8 80 1
78  CH*+0*— CO*+H* 1.10E+12 -0.8176 0.80 29+M16. 6. 80. )
79 CO*+H*—C*+0H* 1.18E+12 029044 0.15 268+8, 84 8o By T
80 C*+O0H*—CO*+H* 7.60E+12 -02044 0.15 0.0+ M6 & Bo. o I)
81 2C0* -»C*+CO,* 1.11IE+09 02644 0.50 29+M8, 80T
82 _C*+CO.* 200" 8.10E+09 -0.2644 0.50 00+18; 80 D

M. Maestri et al., AIChE J. 55, 993 (2009)




|dentified key issues: Water-gas shift and r-WGS

[COlg, + [COLg + co
/[OH]Rh H]Rh\% [OH]g, + [Hlg, p
[CO, 1, +2[H]g, [Hlgy #[OHIg, + Rh (€O, ], +2[H]g, r-WGS  [Hlg, +[OH]g, + Rh
UBI-QEP UBI-QEP
microkinetic model microkinetic model RDS
CO2
[H,O]q, + 2Rh co, [H,0]q + 2Rh
H, 3Rh 3Rh
Hz
H,0 H,0

CO,/CO ratio not well captured by the model,
pointing at an incorrect description of WGS pathways

Same RDS for WGS/r-WGS inconsistent with experimental data

[d

M. Maestri et al., Topics Catal. 52, 1983 (2009)



First-principles refinement:
When an ,elementary step” is not elementary...

25 r
,CO + OH — CO, + H* -
: 18
$ ., NAVNAY
T )‘» \ 1
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g 7\
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Reaction coordinate

WGS proceeds through carboxyl mechanism

New RDS consistent with all experimental data

M. Maestri and K. Reuter (submitted)

[COlgy, o

A +2[0H],, + RN
[c-COOH]g,+[OH]g,+2Rh v

2[OH]g, + 2Rh
[t-COOH], + WGS

+[OH],,+2Rh DFT-refined ?
microkinetic model 2[H]Rh +2[0H]Rh
[CO, ], +[H,0lq, +2Rh / RDS
2[H,0], + 2Rh
4Rh
H,0
co
2 2H,0
RDS
[CO, )y + 2R ==———
[COls
co,

+0ly, +Rh

HZ
3Rh r-wWaGS

DFT-refined
microkinetic model Z[H]Rh +[O]Rh

[H,0];, + 2Rh
w [H]g, +[OH]g, + Rh



Multiscale catalysis modeling: From hype to reality

State-of-the-art in catalysis modeling:

- Prevalence of highly coarse-grained models
based on effective parameters without true
microscopic meaning

rate equation theory
based on empirical rate constants

- Emergence ofad-hoc dual-scale modeling

first-principles kinetic Monte Carlo

10 =

10 =

length
(m)

10

electronic
regime

macroscopic
regime

mesoscopic
regime

1071°

10°

simulations for heterogeneous catalysis

Steps towards a predictive character multiscale catalysis meting:

- Replace effective parameters by first-principles data

fitted vs. DFT-based rate constants

- Refined modeling at each individual level

necessity to resolve spatial arrangement at surface

Integrate first-principles surface chemistry into reactor models

- Robust links between theories that enable reverse-mapmn
sengitivity analysis to control flow of error across scales
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