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Reactivity of ceria-supported metal nanoparticles

M Ni /ceria, Co/ceria & Cu /ceria — CO, reforming of CH,
CO,+CH, —» 2H, +2CO syngas

+ 4 H,0
B Ni_/ceria— Methanol production CH, + %2 O, — CH,OH




Reactivity of ceria-supported metal nanoparticles
M Ni /ceria, Co/ceria & Cu /ceria — CO, reforming of CH,
CO,+CH, —» 2H, +2CO syngas

+ 4 H,0
B Ni /ceria— Methanol production (CH,+ %2 O, — CH,OH

CH, — greenhouse gas




Reactivity of ceria-supported metal nanoparticles
® Ni /ceria, Co,/ceria & Cu, /ceria —» CO, reforming of CH,
CO,+CH, — 2H, +2CO syngas

+ 4 H,0
B Ni /ceria— Methanol production (CH,)+ %2 O, — CH;0H

CH, — greenhouse gas

W CO, reforming of CH,

Challenges: Catalyst:
Activation of and CH, Pt, Rh, Ru — expensive
High temperature (~1200 K) Ni-Pd, Ni-Pt, Co-Pt, Co-Ru
Coke formation TiO,, MgO, CeO,, ...etc.

Pakhare et al. Chem. Soc. Rev., 2014,43, 7813-7837




Reactivity of ceria-supported metal nanoparticles
® Ni /ceria, Co,/ceria & Cu, /ceria —» CO, reforming of CH,
CO,+CH, — 2H, +2CO syngas

+ 4 H,0
B Ni /ceria— Methanol production (CH,)+ %2 O, — CH;0H

CH, — greenhouse gas

W CO, reforming of

Chgﬁ’e‘nges: Catalyst:
Activation of and CH, Pt, Rh, Ru — expensive
High temperature (~1200 K) Ni-Pd, Ni-Pt, Co-Pt, Co-Ru
Coke formation TiO,, MgO, CeO,, ...etc.
DRM Cata|yst5 Pakhare et al. Chem. Soc. Rev., 2014,43, 7813-7837

3 Active site?
3 Role of metal? CH, —» CH, + xH

# Role of oxide?
# Reaction mechanism?



Ni/CeO, real catalyst

NiO/CeO, precursor

20%H,/He @ 723 K

In situ X-ray diffraction
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Ni/CeO (111) model catalysts: CH, dissociation

100 mTorr CH,
Model Catalyst @ 300K

0.1 ML Ni on CeO,b(111)




Ni/CeO (111) model catalysts: CH, dissociation

100 mTorr CH,
—CH; > CH, > CH > C

Model Catalyst @ 300K

0.1 ML Ni on CeO,(111)

Cls XPS spectra

— CH; > CH, - CH >

s
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E .
© |Pristine &~ - <4
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X
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Ni/CeO (111) model catalysts: CH, dissociation

Liu et al., Angew. Chem. Int. Ed. 55 (2016)
Lustemberg et al, ACS Catal 6 (2016)
100 mTorr CH,

—CH; > CH, > CH > C

Cls XPS spectra Ce 4d + Ni 3p spectra

Normalized Intensity (a.u.)
Mormalized Intensity (a.u.)

J
T b

206 294 292 290 288 286 284 282 130 120 110 100 90 80 70 60
Binding Energy (eV) Binding Energy (eV)




Ni/CeO (111) model catalysts: CH, dissociation

Liu et al., Angew. Chem. Int. Ed. 55 (2016)

Lustemberg et al, ACS Catal 6 (2016)
100 mTorr CH,

—CH; > CH, > CH > C

Cls XPS spectra Ce 4d + Ni 3p spectra

J
: &
I..- .H.. :I._ F‘-'II__I
Ao =T

i
Pristine ,-*"‘FJ ; '*'-,l

PP
N

Normalized Intensity (a.u.)
Mormalized Intensity (a.u.)

| Pristine
| eeap——————— L e

206 294 292 290 288 286 284 282 130 120 110 100 90 80 70
Binding Energy (eV) Binding Energy (eV)

60




Effect of metal-support interactions on oxidation states

The example of atomic Ni on CeO,(111)

)y Ce-bridge
O-bridge
O-hollow

. O-top
Ov-hollow

: 8+
N NI
Nit ni°

strong support J. Phys. Chem. C 117, 8241 (2013)
effect ACS Catal 6, 8184 (2016)




Effect of metal-support interactions on oxidation states

The example of atomic Ni on CeO,(111)

y Ce-bridge
O-bridge
O-hollow

. O-top
Ov-hollow

‘ 15
N NI
Nit ni°

0 1/4 1/2 3/4

HPC

1 state — 64 processors x 72 hs =4.6 TH
150 state ~ 690 TH




Effect of metal-support interactions on oxidation states

The example of atomic Ni on CeO,(111)

)y Ce-bridge
O-bridge
O-hollow

. O-top

Ov-hollow

W -
NG Nl
Ni* NI

support effect
N i2+

2QL Ce,0, / 2TL\CeO,

!

Ni©

Ni/Ce,0,(0001)



Effect of metal-support interactions on oxidation states

i J. Phys. Chem. C 117, 8241 (2013)
The example of Ni on CeO,(111) ACS Catal 6, 8184 (2016)

Ni, / CeO,(111)

2% 4s e~ transferred




Effect of metal-support interactions on oxidation states

i J. Phys. Chem. C 117, 8241 (2013)
The example of Ni on CeO,(111) ACS Catal 6, 8184 (2016)

Ni, / Ce0,(111)

Ni(111)

2% 4s e~ transferred

Ni,/ Ce0,(111)




Effect of metal-support interactions on oxidation states

) J. Phys. Chem. C 117, 8241 (2013)
The example of Ni on CeO,(111) ACS Catal 6, 8184 (2016)

Ni /CeO (111)

Ni(111)

2% 4s e~ transferred

Ni, / CeO,(111)

i ~+0.7

rapid weakening of
metal-oxide

2 "’?"‘N ‘!*7»"1 2% - -
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Models Validation

IRRAS
CO adsorption at 100K

Ni.%/Ce,O, (0001)

—— As deposited @ 300K
— Annealed @ 700K

Ni, 2*/Ce0 (111)
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CH, dissociation on Ni/CeO, (111)
Minimum Energy Path

Second Order Saddle Point

Transition Structura A
Transition

 Structure B
rd

Landscape of potential energy

PO surface for a catalytic

Minimum for | ™. ; A N ] reaction can be very

Product A | M e i \ g J .
~ : ; / complicated!!!
____'__ hAimirmumm
{, for Product B
Second Order ::; % ¥
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From Encyclopedia of Computational Chemistry

A path is an MEP only if the forces
defined by any image along the path . ;
are oriented directly along the path S RammemiEC
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CH, dissociation on Ni/CeO, (111)

Liu et al., Angew. Chem. Int. Ed. 55 (2016)
Lustemberg et al, ACS Catal 6 (2016)

NEB Method
PBE+U (4.5)

EH'HQ'I' — ch_{a_d!.] - TS _-"ICH3+H]'ﬂ:I5

B Ni(111): weakly bound CH, high dissociation barrier - [0.9-1.1 eV]
B Ni/CeO,(111): moderately bound CH, barrier reduction [0.7- 0.8 eV]

Ni’* species enhance the reactivity of Ni to cleave C-H bonds




CH, dissociation on Ni/CeO, (111)

Liu et al., Angew. Chem. Int. Ed. 55 (2016)
Lustemberg et al, ACS Catal 6 (2016)
Lustemberg et al, JACS 140 (2018)

NEB Method
PBE+U (4.5)

: rveyy
CH'HQ'I' — CHq_{a_ﬂ;] - TS _-"ICH3+H]'ﬂ:I5

B Ni(111): weakly bound CH, high dissociation barrier - [0.9-1.1 eV]
B Ni/CeO,(111): moderately bound CH, barrier reduction [0.7- 0.8 eV]
® NiFlat/CeO,(111): moderately bound CH, barrierless [0.04]

Ni?* species enhance the reactivity of Ni to cleave C-H bonds




CH, dissociation on Ni/CeO, (111)

Liu et al., Angew. Chem. Int. Ed. 55 (2016)
Lustemberg et al, ACS Catal 6 (2016)

NEB Method
PBE+U (4.5)

Ni,/Ce,0,(0001)

|Ni,/CeO,(111)
* Metal and oxide

work

CHy(g) = CH4(ads) = TS =—»(CH;3+H),q4, cooperatively

m Ni(111): weakly bound CH, high dissociation barrier - [0.9-1.1 eV]

B Ni/CeO,(111): moderately bound CH, barrier reduction [0.7- 0.8 eV]
B Ni/Ce,05(0001): stronger bound CH, barrier reduction

Ni°species enhance the reactivity of Ni to fastly cleave C-H

bonds




CH, adsorption on Ni/Ceria

DFT+U (4.5) Liu et al., Angew. Chem. Int. Ed. 55 (2016)
Lustemberg et al, ACS Catal 6 (2016)

Ni,/CeO,(111) Ni,/Ce,0,(0001)

12+
NI d(H,-C) = 109.6

d(H,-C) = 109.7 : : d(H,-C) = 109.6
d(H,-C) = 109.6 g d(H,-C) = 112.9

d(H;-C) = 109.9 00" d(H,-C) = 116.2
rj':H.;'f::' = 110.0 T

CH, adsorption on the M%Ce,0,(0001) surfaces is

C-Ni distance reduced by ~1 A aided by substantial hydrogen-metal interactions

Bader Aq. wrt CH,9s

L

increased charge transfer +0.15 e-

Ni,/Ce,0,(0001)




CH, dissociation on Ni,.pyr/CeO, (111)

— Nil-CE:D 3
w Ni,-pyr.Ce,0,

— Hi{111)
— HNi,-Ce,
— Hipyr.-Ceq,

Same Trend!!!




CH, dissociation on Ni/CeO, (111): The Ni coverage effect

Cls intensity

. : : 1 Torr CH4, 1 Torr CO,
1 Torr CH4, 1 Torr CO, i 2.8 @ 650 K
06 | @ 650K Activity

0.8

/" Ni AN Above ~0.15 ML —
- ‘ ' decline in the
activity due to NiC,

formation

C 1s intansity / Mi coverage (arb units)

post-reaction

T . ¥ T T 1 =
0.1 0.2 0.3 0.4 ). g 0.0

0.1 i 0.3 [}.4 0.5
Ni coverage (ML) Ni 1(":overage (ML) y

NiC, formation relates to
C adsorption energy trend

Ni(111) = Ni,/ceria > Ni,/ceria

Ni,/CeO .
) _é.-55. Ni,/Ce,O,

-6.8 Ni,/Ce,O;




How unique is Ni/ceria for DRM? The examples of Cu &Co

e : Liu et al. Angew. Chem. Int. Ed. 56,13041(2017)
DEM activity on low-loaded Metallceria(111)

1Torr CO, - ]
1Torr CH, Ce®* concentration % (XPS)
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By~0.2 ML

il
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CulCeO, NilCeO, ColCeO,

T Cu Ni Co

300 K Cu' atoms—» Cu? particles | Ni**/Ce0Q, | Co?*/Ce0,
CH, dissociation Q

T T I f I . 1
~700 K Ni%Ce0,, | Co%CeO,, o0 400 500 600  TOO
DRM activity Q Tem perature (K)

M2+ /Ce0O, — M° /CeO,, M2+ /CeO, — M° /CeO,_,

D . .. . 3+
Models CH, produces vacancies, i.e., Ce

Cu, ' Q Very high reaction with Co° /CeO,_,

O Poor reaction with Cu® /CeO,

CeOz(lll)
2xCe3+




How unique is Ni/ceria for DRM? The examples of Cu &Co

Liu et al. Angew. Chem. Int. Ed. 56,13041(2017)

DEM activity on low-loaded Metallceria(111)

_ 1Torr CO, :
E 25 1 1Torr CH, . Ce?®* concentration % (XPS)
B 650 K
g 2.0 Co
13 =
;_:‘ i'lu 0.2 ML is hest! 5[} ITITﬂrr EHq C .ﬁ.
E 1.5 804 Ehy~0.2 ML O
T Ni
_E 1.0
£
S 05
Cu
Dn I 1 | 1 | |
CulCeD, NilCeD, ColCeO,
T Cu Ni Co
300 K Cu'* atoms— Cu” particles | Ni?*/Ce0Q, | Co?*/Ce0,
CH, dissociation
Q ] H I ! ] N I . 1
~700 K Ni%/Ce0,, | Co%CeO,, 300 400 500 600 700
DRM activity Q Tem perature (K)

M2+ /CeO, — M /CeO,_, M2+ /CeO, — M° /CeO,_,

O CH, produces vacancies, i.e., Ce3*

Models

Ni

I1
Nio°
Fo> W
Ce,0,(0001) KN

allxCe3+ allxCe3+

Co, ono Q Very high reaction with Co® /CeO,
0]

O Poor reaction with Cu® /CeO,




CH4 dissociation on Metal/Ceria (111)

d Cu: large energy barrier — negligible dissociation QO Ni°% Ni%/CeO,, and Ni?*/CeO, — similar barriers
more strongly bound CH,— enhanced reactivity

U Co?*/Ni2+*: barrier reduction wrt. extended metals (~0.2 eV)
CH,— CH;+H accesible at lower T

Cu(11l): 1.64
Co(0001): 1.07
Ni(111): 0.9




CH4 dissociation on Metal/Ceria (111)

M%/Ce, O,

MO,/CeO,
N Ni
200~ —CU
" ==CO
1.00}—
0.80 =
= 050 | "M
i | &
w0400

U Cu®: large energy barrier — negligible dissociation

U Co?*/Ni2+*: barrier reduction wrt. extended metals (~0.2 eV)
CH,— CH;+H accesible at lower T

Cu(11l): 1.64
Co(0001): 1.07
Ni(111): 0.9
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O Ni°: Ni°/CeO,,, and Niz* /CeO, — similar barriers
more strongly bound CH,— enhanced reactivity




CH, dissociation on Metal/Ceria (111)

* Ni° and Osurf
* work cooperatively

negligible
Co? forms stronger Metal-H bonds barrier !

Co®

C-H more easily cleaved
l

. wrt. % H, more Ce3+; more O,




Direct conversion of CH, to CH OH on Ni/CeO, (111)

o
©

1 Torr CHy, 0.5 Torr of O,,
4 Torr H,0, 450 K
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Lustemberg et al. JACS 140 (2018)




Direct conversion of CH, to CH OH on Ni/CeO, (111)

CH* + 3H*




Direct conversion of CH, to CH OH on Ni/CeO, (111)

CH, CH,O

M

H,O TS
Angew. Chem. Int. Ed. 54, 3917 (2015)

a




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

- ()




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)

3

g,
-0.46 -
-0.54% TS,




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)

3

g,
-0.46 -
-0.54% TS,




Direct conversion of CH,  to CH OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)
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Direct conversion of CH, to CH _OH on Ni/CeO, (111)

Lustemberg et al. JACS 140 (2018)

v changes the path
v" blocks sites for CH; dissociation

v  provides OH + H: Ni- CH,0




Summary

Support effect

/

— CH, +xH

* Angew. Chem. Int. Ed. 55, 7455 (2016)
* ACS Catal 6, 8184 (2016)
* Angew. Chem. Int. Ed. 56,13041(2017)

B Ni /ceria— Methanol production

+aH,0
CH, + 0.50; CH,0H

Ni-Ce0,(111)

Lustemberg et al. JACS (2018) in press

® Ni/Co/ceria for DRM Ni* and Osurt

work coogaralivaly

“right” metal-oxide
metal loading

DM sty on loy

1Tarr GOy
1Torr CHy

works alone
¥ 3 3
i 850 K
G oag
=

Ey=0.2 ML
e is best!

Cu

CulCed, NIlCel,

CH, 1 Terr, O; 0.5 Torr

o wWaler 450 K

Ceria is
non-innocent

HyO 4 Tor

pCiion coxo; SR Catalysis Today 253 (2015) 20-32

o

14 -3 _ .
malecules produced / 107 molec cm™ 57




Interaction of HCI with CeO_ (111)

Deacon Reaction

2HCl + % 0, > Cl_+ H.0O

8|
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3
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e
o
-‘-'I.
B
[ =l &
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c
[
=|
o
B

HCl dosage / L

Figure = LEED patterns (49 eV) of the CeO,(111) layer and after
exposure of 3.8 L of HCI to CeO,(111) at 300 K. The (1 X 1) unit
cell is shown in black and the (3 X /3)R30° unit cell in green.
The graph shows the integrated intensity of the first order overlayer
diffraction spot as a function of HCIl exposure at 300 K, 49 V.

Sack et al., J. Phys. Chem. C 122 (2018)
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Interaction of HCI with CeO_ (111)

Sack et al., J. Phys. Chem. C 122 (2018)

HCI/CeO2 (111) surface structure

Temperature L HCI gas pressure

- /
N

Ab-initio thermodynamics

HCl(gas) + CeO,(111) — (H + CI)/CeQ,(111)

N | Ens+eryceo, (1) — El—lulr'na:.':- - Eu'_'.eu,r'1|1'|
..l[‘r m~ L h 4 3 ! L
A N

Figure . STM image of the CeOy(111) (3 % 3 )R30° structure
after exposing the CeO,(111) surface to 5 L of HCI at 300 K. (a) 13
% 13 nm?, U= 3.7V, and I = 0.15 nA. (b) DFT simulations of empty-
state STM images (0—1.8 eV) of the (3 x 3)R30° — Cl + H
surface compared to a small section of (a). The calculated structure is
superimposed where H and Cl species and the outermost O and Ce
ions are depicted as yellow, green, red, and gray spheres, respectively.



Interaction of HCI with CeO_ (111)
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Associative desorption of HCI is much
more favorable than the recombinative
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Ni/CeO (111) model catalysts: CH, dissociation
Liu et al., Angew. Chem. Int. Ed. 55 (2016)

Lustemb t al, ACS Catal 6 (2016
100 mTorr CH, SRS S S )

—CH; > CH, > CH > C

Cls XPS spectra

Binding Energy (V)

surface
reduction

Normalized Intensity (a.u.)

296 294 292 290 288 286 284 282
Binding Energy (eV)




Ni/CeO (111) model catalysts: CH, dissociation
Liu et al., Angew. Chem. Int. Ed. 55 (2016)

Lustemberg et al, ACS Catal 6 (2016)
100 mTorr CH,

—CH; > CH, > CH > C

Cls XPS spectra

Binding Energy (V)

surface
reduction

CO, dissociation at O-vacant sites!

Normalized Intensity (a.u.)

296 294 292 290 288 286 284 282
Binding Energy (eV)




Ni/CeO (111) model catalysts: CH, dissociation

100 mTorr CO
100 mTorr CH2 Liu et al., Angew. Chem. Int. Ed. 55 (2016)
N Lustemberg et al, ACS Catal 6 (2016)

+ — 2 H, + 2

Cls XPS spectra

E 700K
CH, > CH; > CH, - CH > C

CQ_gas e as
3C09as|'r-'ﬁ$51-u CHae C+ Osurf — CO9* + Vac
|"'|I "
[\

'\

[\ A ™ 700 K
R H+ H — H,9°s

Y-
r = .I > = i
II 290.2 e
|"1| 20.2 |'r1|‘ L e a

| | ' CO,%s+ Vac — CO% 4+ 0O-Vac
C0O,9%s + H-HOCO—CO? + OH

no CO, diss.

Normalized Intensity (a.u.)

300 K low-loaded Ni%/CeO, (111):

no CO, diss.
CO,: CO,, CO,
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Binding Energy (eV)
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