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Metal catalyst design: goal
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Metal catalyst design: approach
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First principles based multiscale modelling of

catalytic processes __
' statistical
L L thermodynamics

H(T), S(T), G(T)

electronic structure

E(0K)
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Use d-band property as catalyst descriptor

Density of states (eV1)
: Efermi

DOS at Fermi level

O SAAAAAAANANAAN =

5 Energy (E-E)
center of occupied d-band

N®  Descriptor Svmbol Units

1  d-band center of the whole d-band relative to the Fermi level  £4 — Epermi [eV]

2  d-band center of the filled d-band relative to the Fermi level |4 — Epermil |fies  [EV]

3 Density Of States at the Fermi level of the total DOS DOS g ormi [-]

4  Density Of States at the Fermi level of the d-band DOS [DOSgermillasama  []

5 Width of the d-band at quarter height Wa quarter [eV]

6  Width of the d-band at half height Wi narr [eV]
— B r 7 Carbon adsorption energy on hep-M site AE 45 ¢ [kJ mol”]
L B B 5 Interaction energy between the alloy and adsorbed carbon AE;nteractionc [kJ mol™]
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Antisegregation energy AE antisegr. [eV]
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Catalyst descriptor: principle
Pt;M alloys (111); M = Ag, Au, Cu, Fe, Co, NI, Pd
Pt,M Pt,M/Pt

hulk allov surfaci alloy

Segrega anti-

ted segregated
20 140 - & PtAg/Pt s _
R - bulkallons S center occupied d-band
S 20 - \‘?\ o | *:surface alloys 120 - °
£ . _ .-
3 0 S °  emost stable alloy
2 -60 ~ S ,,9(’.'
of o PRAURte el < #7 Pt most stable benzene
100 PtiAg/Pte ¢ |3't N o adsorption site
N © 60 - ’,r’
-120 . : .
N on o . o *E_ first H-addition

= -2.60 -2.40 -2.20 -2.80 -2.60 -2.40 -2.20



Challenges FP-modeling catalytic reactions

electronic structure | vibrational analysis statistical
(0 K) thermodynamics
N ) N\ \

H(T), S(T), G(T)

N\

thermo & kinetics
K, k., k_

e = _‘k _)
(&t
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hallenges: 1.the “active site”
g

*The “active site” as defined in IUPAC Gold Book

“The term is often applied to those sites for adsorption
which are the effective sites for a particular
heterogeneous catalytic reaction.”

*The “active site” as frequently used in kinetic modeling
ea single type of site
«uniformly distributed over the surface
represented by

*The “active site” as required for first principles calculations
» a precisely formulated, atom-defined entity:
» well-defined surface structure
» well-defined site geometry (xyz coordinates)
 multiple catalyst-adsorbate bonding patterns
;'%—':NT * precise amounts of dopants, additives, adatoms

UNIVERSITY L g | » particular edge and support effects
““"Molina‘dand Hammer,
Phys. Rev. Lett., 2003, 90:206102.
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Bimetallics: the “active site”

2nd

proximatio

roximation

t
Bimetallic catalyst pajffif@tp
(100) facet

‘'skin’ or
(111) surface ‘monolayer’

. -

(100) surface

’ ‘surface sandwich’

(111) surface models

core-shell particles

¢ =

(111) facet

N
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Typical challenges: 2. computational method

Jacob’s ladder illustrates DFT functional hierarchy

increasing complexity
and computational
requirements

Gth- 2
“advanced”

>
3
>

DFT-D

4% hybrids
(gas phase
standard)

Non-empirical
(constraint satisfaction)
(uonoejsnes Auadoud)
reouidwg

N

I PBE -
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PBE Is the common workhorse for

heterogeneous catalysis

* N0 van der Waals interactions

e generic uncertainty of 20-30 kJ/mol
through error cancellation

‘'semi-empirical’ DFT- D methods

o fast: negligible computational cost

e parameterized = manifold of
methods

» performs well for molecular and

pand gap systems

« problematic for interaction with
metal surfaces

RPA Is the ‘best’ tool for
heterogeneous catalysis
e but computationally out of reach




Typical challenges: 3.coverage dependence

Experimental data shows that adsorption enthalpies are strongly coverage dependent

Benzene adsorption energy A_4.H(B)(Bg) H, adsorption energy A_4H(H,)(0g)
250 (differential)
__ 200 e 100 -
B -
z s
2 ] N 80 -
€ 1804 ______ % T-- E 1
- . £ 60 1
§ ] differential = 1
g 100+ AH_, = (197 - 48-0 - 83-0%) kJ/mol = 40§
E 50: i 20 “ -
-. : _ | :calculation
_ calculation O
0 I SR 0.0 0.5 1.0
0.0 0.2 04 0.6 0.8 1.0 Coverage, ML
Coverage (ML)
Ihm et al, J. Phys. Chem. B 2004, 108: 14627 Podkolzin et al. JPCB, 2001, 105:8550
Pt(111) single crystal, 300 K 300 K, Pt/SiO, (low and high dispersion), Pt powder,

Pt(111) by nuclear and recoil scattering
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Figure 2. Measured differential heat of adsorption of benzene as a
function of coverage on Pt(111) at 300 K (dots). Also shown is the
best fit to the data using a second-order polynomial dependence on
coverage (solid line). The integral heat of adsorption computed using
this polynomial is shown as the dashed curve.


Case: benzene hydrogenation on Pt(111)

13CHD(gas) CHE(gas)
B(gas) 13CHD 123THB CHE CHA(gas)

S X >< N

SR aenletetiec aes

\ 4><3 Sy cHa
SRS
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Kinetics at low coverage: ortho path dominant

DPcIuster

minimum energy path (periodic Pt(111))
PW91 functional

DP based on u-kinetic simulation

13CHD 123THB CHE
H H H H
H H H
§ |
| H H H
. | H H ortho path: Bera T, et al.I&EC
N /@ research, 50,12933 (2011)
N /O t :
A DP In agreement
H H H H . =
v 2 - N .4 . with path obtained
AN 0> - 0 . . "o [ -~ :
110 ‘ Algdhd= by regression to
<7100 & 6 1( 10 AN AN 2 107, «  exptl data
B BH 4 \ o
meta path 1235THB C-Hexyl CHA
DP electronic reaction barriers BP86/DZ on Pt,,
cluster H cluster of Pt(111), Saeys et al,J.Phys.Chem.B,

N 109,2064-2063 (2005)

rate coefficients k (s1) (450K)
forward

_
I 1 M !
— H
reverse

JE— H B [l
GHENT L% B 14CHD 135THB 1245THB
UNIVERSITY DRIVIMNG CHEMICAL TECHNOLOGY

benzene adsorbed at hollow adsorption site: more reactive than bridge (based on A*E,)




PW91, low coverage: too low TOF's
CHA yield parity plbtdlependence of conversion (2 scales)

5.E-05 -

dots (exp)

0.7 - |IneS (Slm) - 6.E-07
% 4.E-05 06 - £ E07
e
- |
5 05 /g
_1; 3 E-05 @ - 4.E-07
.|g 5 0.4 . < m 30 atm
S ) - 3E-07 ¢ 20am
o -,
S 2 E-05 2 03 1 o 4 Loam
8 e) e 3im 30 atm
E © 0.2 /A A - 2B07 e Sim 20 atm
g A e sim 10 atm
n 1.E-05 0.1 A Ry

- I I I I I 0.E+00
0.E+00 - 400 420 440 460 480 500 520
0.E+00 1E-05 2E.05 3.E-05 4.E-05 5.E-05 T (K)

Experimental product yield (mol/s)

erates 6-7 orders of

magnitude too low

sincorrect temperature

Range Ry, (Mol/s) 410°%- 510° 71013- 610
1 dependence
e Ny, (P = 30 atm, pB = 0.6 atm) 0.45 - 0.69 0.69-1.02 epartial reaction orders too
GHENT ng (P, = 3 atm) ~0.04 - -0.32 094-100 high, and wrong sign for
UNIVERSITY DRIVING CHEMICAL TECHNOLOGY Denzene

Sabbe et al., JCat, 330(2015):406
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All within 50% apart from outliers


Kinetics at OH = 0.44: ortho path dominant

optPBE vdw-DF functional

13CHD(gas) CHTE(gas)
B(gas) 13CHD 123THB CHE CHA(gas)
H H H H
H H H H H
3a N 43
® [ s

v
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vdw-DF, 6H = 0.44: good agreement

- Cyclohexane product y'eldo_;[emperature dependence of conversior

5.E-05
0.60 - .
@ 4.E-05
3 e . 050 - . )
S5 /o Q = 30 atm
k=) S 0.40 -
.q_; 3 E-05 ‘ ¢ . .g )2 ¢ 20 atm
5 ¢ 2 0.30 o . 10atm
= Ny SRR . S . ——sim 30 atm
S N . © 020 - —sim 20 atm
é’- 2.E-05 o sim 10 atm
% ¥ 4 ] 0.10 -
E oS Outliers: 423k~
n 1.E0S - . 400 420 440 460 480 500 520
¢ (150 °C) T
*
0.E+00 \ \ w w ) . ]
0.E+00 1.E-05 2.E-05 3.E05 4E05 5E-05 e Fair agreement to experimental
Experimental product yield (mol/s) product yields and captures trends
T SRS INETER «Correct qualitative behavior of
Range Ry, (Mol/s) 4106- 5105 410%- 4105  conversionvs. T
N, (P = 30 atm, pB = 0.6 atm)  0.45 - 0.69 0.49 — 0.64 * Partial reaction orders:
— :
T Ng (P = 3 atm) -0.04--0.32  -0.32--1.02 *For H, close to experiment

GHENT % i * For benzene too low
UNIVERSITY DRIVING CHEMICAL TECHNOLOGY OSeleCUVlty Only CHA |f T > 45OK

Sabbe et al., JCat, 330(2015):406
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Can this be further improved?

Temperature dependence of conversion

underestimation of rate at 30 atm conditions .
0.70 corresponding to H

coverages 9, > 0.44
?

/\ conditions corresponding to

H coverages 6, <0.44 ?

0.60

30 atm

o
a1
o

¢ 20 atm

o
I
o

10 atm

sim 30 atm

Conversion (B)
o
w
o

=—35im 20 atm

o
N
o

sim 10 atm

0.10

_ overestimation of rate at 10 atm is a dynamic, explicit
400 420 440 fg(()) 480 500 520 Coverage dependence aS
function of the conditions
underestimation of rate at low T required ?
@ . &£ already evaluated for benzene
GHENT hydrogenation on Pd(111)
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Dynamic coverage-dependent kinetics on Pd(111)

Coupling between microkinetic simulation & coverage-dependent kinetics

k;, K.
1
coverage-dependent Microkinetic simulation
Kinetics
K(Oiot)s K(Oio) V
l9i*
Rate coefficients calculated at 4 coverages: Regression of linear relations to
Kinetic parameters at 4 coverages
0= 0.11 - 6,=0.11 On= 0.44 On= 0.67 For every reaction step:
Gtot— 0.11 0,,= O 22 0= (_)_’._55 Otot— O 78 E.=af,+b |
; ; ' ) A*S =a etot +b s step 1
step 2
¢+ step 3
¢ step 4
¢ step 5
¢ step 6

——Linear (step 1)
Linear (step 2)
—— Linear (step 3)

N

GHENT ——————
UNIVERSITY DRIVING CHEMICAL TECHNOLOGY 0.2 0.4 6 0.6 0.8 1




Dynamic coverage-dependent kinetics on Pd(111)

Activity well predicted compared to experiment Selectivity well predicted for T > 400 K

10
0.45 -
T ——This work 04 - .
1- , 0.35 -
§ A Chou&Vannice powdered Pd _. 03 - CyCIOhexane
%
o /\ 50_25 1
:? 0.1 § A Chou&Vannice supported Pd E|—L) 0.2 -
O /! A 0.15 ‘
* + Vannice&Neikan 0.1 - i CyC|Ohexene
[ ]
0.01 \ 0.05 - .
o ——
‘ ® Mossetal. 0 * w T =
350 450 550 650
T (K)
0.001 w w \
350 450 550 650
T (K)

Total coveragesinrange 0.5-1

Chou & Vannice J.Cat., 107 (1987):129-139
Vannice & Neikam J.Cat., 23 (1971) 401-405 1- total

Moss et al., J.Cat., 58 (1979) 206-219 ~0.9 - B

: : 508 -
| experiment® | Simulated TS —

0.6 -

Range Ry, (Mol/s) 6 x103- 1.1 0.2 Sos5

S04

Ng -0.5--0.2 -0.02 Soz

= n 1 1.2 £02 ]
m H2 . o.é - I

GHENT 350 450 550 650

= —
41%;9 bar, pg= 6.6x10 bar
UNIVERSITY &

hou'& " Vannice'J.Cat., 107 (1987):129-139.

T (K)
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TmaxTOF between 460 and 495 K exp sources


Benzene hydrogenation: take home

ocritical selection of catalyst model, computational method and effects to
be included requires benchmarking/feedback from experiment

selection catalyst surface science & catalytic
model & computational data in broad range of
method experimental conditions

saccounting for explicit coverage dependence brings quantitative
agreement at industrially relevant reactions conditions within reach

kK|

coverage-dependent microkinetic simulation

e kinetics dii, .
T i 4 K(O101): K(Oto1) U dt "
GHENT .. -N =

UNIVERSITY V.
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Case: propane dehydrogenation on Pt/Ga

Siddigi G., Sun P.P., Galvita V., Bell A.T., Journal of Catalysis, 274 (2010).
Sun P.P, Siddiqi G., Galvita V., Bell A.T., Journal of Catalysis, 274 (2010).
Wang T., Jiang F,, Liu G., Zeng L., Zhao Z.J., Gong J., AIChE Journal, 62 (2016)

Selectivity C,H; (%) Carbon/Pt (at/at)
60
99 . L L 0 L —l
< 96l Pt/Mg(Ga)(ANO - 50 F PtMgANO e
2 o3t ?U 40 |
> o
E 90 | % 30 F
(4] i O
@, O . PYMg(A)O 5 O
T 84} 9 S Pt/Mg(Ga)(AN)O
O 10
81}
78 1 ] 1 ] ] ! ] 0 B 1 ] 1 ] 1 L
0O 20 40 o0 80 100 120 140 O 20 40 60 80 100 120
Time on stream, min Time on stream, min

—

T = m'
GHENT
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So experiments have already been performed by the group of Bell on a pure Pt catalyst and a Pt-Ga catalyst using these input conditions. As you can see here on the right, using a Ga promotor leads to increased selectivity and decreased coke formation. Experimentalists hypothesize that this is due a combination of geometric and electronic effects. And so we come to the goal of this work. We want to check the hypotheses and investigate the positive effect of Ga-promoting on selectivity and coke formation using ab initio techniques.

EXTRA: Leg rechtsonder wat trager uit!�EXTRA 2: Voor Pt/Mg(Al)O vlakt de selectivity_C3H6 af met toenemende TOS: dit komt omdat we 2 types sites hebben waarvan 1 gecoked wordt.


u-kKinetics: rate analysis on Pt(111)

based on DFT data on Pt(111) /CHQ\ propane ]
~ oL Hsig or,(propane adsorption) ~

o x‘ ACTIVITY

C/CH<CH3 _CH,
A WLW r,.(C-C scission) ~
2-propyl

1-propyl 44%

w SRS R/ TSERECHVITY

HC/ \CHS o HzT TH H \_JJ_VY Tk?
“ TR \p\r;py;;; 2-propylidene

1-propylidene 28%
(b) 52% (20)
(13) (14) 4%
C
3

(19)
6%
_ HZC—CH
full network contains He—0Ch v propylene H c—c L
41 elementary sterps ” ‘ |
(forward & backward) TN TN Tki N \\ N
1-propenyl 2-propeny|
Saerens et al., ACS Catal. -propeny (23) (24) )
2017, 7, 7495-7508 1m / ﬁ % Ot )
COKe
SN H + Hﬁ Ci (26) CH4
TIIIL 1 L L L T JJL‘ JJL* CoHao
H B I oropyne methylidyne ethylidyne  C2He )

GHENT Pt 111)
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DFT van Staelens en ikzelf (26)
Potential descriptors + 17 reference Pt3M catalysts
D-block different than p-block



First: RDS
Percentages: voor Pt111


C-C scission on Pt3Ga vs Pt

CH-C-CH > CH,-C + CH — Puiil)
T 30 T — Pt,Ga(111)

2l [P E. = 111 kJ/mol Pt; Pt;
propyne  E_ =211 kd/mol ethylidyne methylidyne

High barrier for C-C scission of propyne on Pt;Ga(111)

— no formation of ethylidyne and methylidyne

— neglegible formation of side products coke, CH,, C,H; and C,H,

GHENT
UNIVERSITY DRIVING CHEMICJ’LLTECHT\DLDDY



Coke formation on step sites?

GHENT
UNIVERSITY

Pt(211) surface — include step sites

Energetics at relevant reaction step for coke formation:

CH-C-CH > CH,-C + CH
TR 30 mon

Pt, Pt, Pt, Pt,
propyne ethylidyne methylidyne

Pt(111): AE = -64 kd/mol, E, 4o = 113 kJ/mol
Pt(211): AE,,. = -53 kd/mol, E, ... = 96 kd/mol

elec a,elec

Selective blocking of defect sites by Ga atoms:

Ga prefers to sit in low-coordinated

22 kJ/mol

side view

sites such as edges, kinks and steps:

Ga on surface step — Ga in (111) surface

X Coke formation via atomic carbon or
on step sites less likely for Pt;Ga

nlane




Pt3M bimetallics

Group — 1 2 3 4 5 6 T 8 9 10 11 12 13 14 15 16 17 18
| Period
L
> D
N |
N | | BEEEBREBEEE
40| 4 421 43 144 ] 45 6 7
S -!- ze | Nb |Mo| Te |Ru| RE Pd ig
6 20 N3 | T NFe | | s R
Hf Ta | |W | Re |08 | Ir Pt | Au
- 104 105 106 107 108 109 110 111
Rf Db Sg Bh Hs Mt Ds Rg
250
G A Sn
— _ ‘ a A
7225 G 4sin aPb
¢ d-block alloys £
=200 -
-
A p-block alloys = - Zr Mn *Fe
c *
2 5 *,Cr «Co
¢ 150 - 7
hn Cu ’ n
i 125 - >
/\ * Pt
I = -I-r 100 . . .
GHENT 60 80 100 120 140

UNIVERSITY

DRIVING CHEMICAL TECHNOLOGY

Ea, reaction 1 [kJ m0|-1]

DFT data for all important

or,(propane adsorption) ~ ACTIVITY
*r,;(C-C scission) ~ SELECTIVITY



ldentification of catalyst descriptor: d-block

ecorrelation & regression analysis of DFT data on all important reaction steps

«d-block alloys: a single descriptor can be used for all reactions; AE ;¢ - Works

best
AE‘r,i/Ea,i = a; + ﬁi ) AEc.',ds,C
0 AEreact‘ion 5= 235 + 0'36'AEads, C
= |-
2
o 10
810 |
N
<30
-750 -650 -550
AE 45 ¢ [kd mol]
@ = n- example: AEads reaction 5 —

SHIIE\II\IETRSITY e B f(AEads,C)

DRIVING CHEMICAL TECHNOLOGY
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DFT van Staelens en ikzelf (26)
Potential descriptors + 17 reference Pt3M catalysts
D-block different than p-block



First: RDS
Percentages: voor Pt111


u-kKinetic mapping. d-block

100 p———— - 1.E-05
X 90 { s | selectivity =
S S _ _
E 80 -  E0s D strong carbon adsorption
2 70 - E £
S . . .
T 60 - _ = = high activity
% 0 { conversion . COKE L1pe7 o
2 a0 - \jormatlon g
9 — SN i - .
e > r 1608 weak carbon adsorption
S 107 O = high selectivity
O 1 1 1 1 I I 1 I 1 | I 1 I 1 1 1 1 1 | I 1.E'09
675 650 625 600  -575 _~Al 1t
AE... [kl mol] — good anti-coking ability
—(Conversion = Selectivity ===Coke formation rate
Mn Cr RuCu Zn ZrCoFe TiMoV
L 4 L 4 *e ¢ S0 *e o

-675 -650 -625 -600 -575
AE, 4 ¢ [kJ mol]

[T} Ve = (T =600 °C, p = 1 atm, WHSV = 882 h")

R H N g
GHENT P
UNIVERSITY ORIVING CHEMICAL T[c!w
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First d-block alloys
Next: p-block

Grafiek duidelijk uitleggen (assen)


Multi-objective optimization: d-block

100

. gg?o’?% PO oy
o= « [
optimal trade-offs 79385 § 2 ooy,
P FENgE 3 %o

between

catalytic activity,
selectivity and anti-
coking ability =

f(descriptor) 0 5 10 15 20 25 30 35 40

Objective 1: Conversion [mol%)]

[Mol%]
(o’
o

Q

_:'". Ti (-579
“ {Mlo( (- i %

575)
V (-567) %

00
ol
|
=

5
1)
-\j
n
®

Objective 2: Selectivity

o0
o

-3.5
. T 675
T__ ] Mn (-672)
v O i Ti (-579)
T n- 4 « < Mo (-575) Cr (-660)
S 04'0 1" L viesen) oodjp
= O = — -1 -~ -?__‘B - —~ @O@
(T =600°C,p=1atm, WHSV =882 h™) 8 %E . @ S _64% O@JO
S A° D o2 [
0L 845 3387 & 500F
== $2Z O o
U) o = N O‘)
o £SNg @
O Se
_ 1 Fe (-592)
T 1 M -5.0 . l . . . . ]

GENT .l .N = 0 5 10 15 20 25 30 35 40
UNIVERSITY RIVING CHEMICAL TECHNOLOGY Objective 1: Conversion [mol%]
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High conv: not possible to achieve higher selectivities 


Multi-objective optimization: d-block

—catalyst composition & price

trade-off window for

1 A
o Pt a::ti\ﬁhl/gC
- 1000
7p
3 100 \ * Ru
2 — \ ]
gz 10 \ ‘.
@) E \\ ’0
> o) \ Cu 030 ,P V
Q-U) \ Cr ¢ if_l_l
=2 07 Mn b'o'""‘zﬁo\ ”:
I , 9
% 0.0 , \ 4
0.00 selectivity
0.000" anti-coking abllity
= -750 -700 -650 -600 -550 -500
S = ‘ AE, 4 ¢ [kd mol]
GHENT I
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High conv: not possible to achieve higher selectivities 
In order to simultaneously assess the catalytic performance and the economic relevance of each
of the twelve considered d-block Pt3M catalysts, the purchase cost of metal M versus the carbon
adsorption energy is compared in Figure 7-11. Clearly, the purchase prices can vary
tremendously. By using a single variable (Δ𝐸𝑎𝑑𝑠,𝐶) for the simultaneous description of the
trends in the catalytic activity, selectivity and anti-coking ability, the dimensionality of the
MOO problem is reduced. As previously revealed, stronger carbon adsorption causes an
increase of the conversion at the expense of the selectivity and anti-coking ability in case of dblock
alloys. In this perspective, two Pareto fronts w.r.t. the catalyst price can be graphically
constructed in Figure 7-11, by using Δ𝐸𝑎𝑑𝑠,𝐶 as a descriptor for the activity, selectivity and anticoking
ability: Δ𝐸𝑎𝑑𝑠,𝐶 should be minimized when the catalytic activity is the objective (red


ldentification of catalyst descriptors: p-block

ecorrelation & regression analysis of DFT data on all important reaction steps
*p-block alloys: two descriptors needed; DOS,,,,,; and d-band center

(i ' DOSFermi
AE,i/Eq; = Xi { -
ri/ ai = Xi T “fi ' (€4 — Erermi)

= <25 ¢ 120 -

E _ 110 Ge Rz =0.93
5 5 E
- = 100

z =

g '45 ~ i\ 90
wé =35 1 %0 Ga
< = 70

'65 l l : l 60 | | | |
22 -21 20  -19  -18 2.0 2.5 3.0 3.5 4.0
— Eﬂ_EFEI‘IIli [e‘?] DOSFermi [']

T = - .
GHENT L%
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DFT van Staelens en ikzelf (26)
Potential descriptors + 17 reference Pt3M catalysts
D-block different than p-block



First: RDS
Percentages: voor Pt111
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Multi-objective optimization: p-block

—catalyst composition & price
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Multi-objective optimization: p-block

-simultaneous optimization of p and T for Pt;Ga
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Propane dehydrogenation: take home

Design of bimetallic catalysts can be speeded up by combining:
ofirst principles based activity-catalyst descriptor relations
ui-kinetic modelling

emulti-objective optimization

The approach allows defining optimal trade-offs between composition,
reaction conditions and catalyst cost allowing to reach predefined

ranges of activity, selectivity and coke formation
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e
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introduction approach challenges case benzene case propane take home
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