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Effect of metal-support interactions on oxidation states

 The example of atomic Ni on CeO2(111)
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HPC

1 state → 64 processors x 72 hs = 4.6 TH

150 state ~ 690 TH
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Effect of metal-support interactions on oxidation states
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Effect of metal-support interactions on oxidation states

 The example of Ni on CeO2(111)

Ni1 / CeO2(111)

 

2 Ce3+

(22)

 rapid weakening of 
metal–oxide 
interactions

Ni(111) 

Ni0 2 4s e transferred
Ni2+

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

 
 

Ni0 

2Ce3+

3 Ni +0.7 

Ni4 / CeO2(111)

 

Flat

Pyramid

 4   Ni +0.5 



Models Validation

On-top CO-Ni2+

On-top CO-Ni0
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Landscape of potential energy 
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Ni(111)

Ni(111):

Ni/CeO2(111):

weakly bound CH4

moderately bound CH4

                 ;  high dissociation barrier   [0.91.1 eV] 
;  barrier reduction    [0.7 0.8 eV]

 
Ni2+ species enhance the reactivity of Ni to cleave CH bonds

Liu et al., Angew. Chem. Int. Ed. 55 (2016)
Lustemberg et al, ACS Catal 6 (2016)
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Ni1/CeO2(111) Ni1/Ce2O3(0001)

DFT+U (4.5)

-0.22 -0.72

CH4 adsorption on the M0/Ce2O3(0001) surfaces is 
aided by substantial hydrogen-metal interactions

Ni0 Ni2 
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Closer approach


 increased charge transfer
Ni0 

Bader qC  wrt CH4
gas

Ni1/Ce2O3(0001)
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 (111): The Ni coverage effect

C1s intensity

Ni coverage (ML)

NiCx

1 Torr CH4, 1 Torr CO2  
@ 650 K
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CO H2

Activity
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 Cu0: large energy barrier  negligible dissociation
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CH4  CH3+H   accesible at lower T

Cu(111): 
Co(0001): 
Ni(111): 

1.64
1.07
0.9

MOx/CeO2

Ni
Cu
Co

Ni

Cu

Co

-0.17
-0.14

-0.25

-0.11

-0.22

-0.21

1.45

0.87

0.79

M0/Ce2O3

Ni

-0.72

-0.10

 Ni0:  Ni0/CeO2-x and Ni2+ /CeO2  similar barriers
              more strongly bound CH4 enhanced reactivity 

Ni0

0.78

CH4 dissociation on Metal/Ceria (111)

-0.10



 Cu0: large energy barrier  negligible dissociation

 Co2+/Ni2+: barrier reduction wrt. extended metals (~0.2 eV)
CH4  CH3+H   accesible at lower T

Cu(111): 
Co(0001): 
Ni(111): 

1.64
1.07
0.9

MOx/CeO2

Ni
Cu
Co

Ni

Cu

Co

-0.17
-0.14

-0.25

-0.11

-0.22

-0.21

1.45

0.87

0.79

M0/Ce2O3

Ni

-0.72

-0.10

 Ni0:  Ni0/CeO2-x and Ni2+ /CeO2  similar barriers
              more strongly bound CH4 enhanced reactivity 

Ni0

0.78

CH4 dissociation on Metal/Ceria (111)

Ni
Co

-0.72

-0.10

Co

Ni

-0.33
-0.38

0.78

negligible
barrier !!

0.05



Co0 147

 195

 Ni0
 131

 188

 Ce2O3

 TS

Co0  
works alone

 Ni0  and Osurf 
 work cooperatively

Co0 forms stronger Metal-H bonds

Co0 155 Ni0
 153

 Ce2O3

 H
 H

 -2.24 eV -2.96 eV

 wrt. ½ H2

Co0/CeO2-x


 

 CH more easily cleaved
 

 more Ce3+ ; more Ovac

M0/Ce2O3

 Ni
Co

 -0.72

 -0.10
Co

 Ni

-0.33
-0.38

 0.78

 negligible
 barrier !!

0.05

CH
4
 dissociation on Metal/Ceria (111)



Lustemberg et al. JACS 140 (2018)
 

CH4 + ½ O2  CH3OH
 

    CH4 + ½ O2  CO + 2H2

CH4 + ½ O2  CH3OH
 

    CH4 + ½ O2  CO + 2H2

Ni ~ 0.15 ML

H2O  rich environment helps!H2O  rich environment helps!

Ni coverage (ML)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

m
o

le
cu

le
s 

p
ro

d
u

ce
d

 / 
10

15
 m

o
le

c 
cm

-2
 s

-1

0.0

0.2

0.4

0.6

0.8 1 Torr CH4, 0.5 Torr of O2, 

       4 Torr H2O, 450 K     

CH3OH

CO/CO2

Ni/CeO2(111)

Ni coverage (ML)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

m
o

le
cu

le
s 

p
ro

d
u

ce
d

 / 
10

15
 m

o
le

c 
cm

-2
 s

-1

0.0

0.2

0.4

0.6

0.8 1 Torr CH4, 0.5 Torr of O2, 

       4 Torr H2O, 450 K     

CH3OH

CO/CO2

Ni/CeO2(111)

Low Ni loading !Low Ni loading !

Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

 Ni
4
.Flat/CeO

2 
Model

Ce3+

CH4 + ½ O2  CH3O + H  CH3OH CH4 + ½ O2  CH3O + H  CH3OH 

CH4  CH3  CH2  CH  CCH4  CH3  CH2  CH  C O2 2OO2 2O

-1.98

-4.78

v
+0.12



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

CH4 + ½ O2  CH3O + H  CH3OH CH4 + ½ O2  CH3O + H  CH3OH 

H2O  H  +  OHH2O  H  +  OH

0.18
0.81

1.21

1.90

0.72
0.38

 How does CH3O form?
 
 How does H2O  help?

 How does CH3O form?
 
 How does H2O  help?

Angew. Chem. Int. Ed. 54, 3917 (2015)
 



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 CH4 + ½ O2  CH3O + H  

CH3OH 

CH4 + ½ O2  CH3O + H  
CH3OH 

CH
4
 (g)

+3H
2
O(g)



Direct conversion of CH
4
 to CH

3
OH on Ni/CeO

2
 (111)

Lustemberg et al. JACS 140 (2018)
 

 changes the path
 blocks sites for CH3 dissociation
 provides OH  + H:     NiOH  + CH3OH (g) 

 changes the path
 blocks sites for CH3 dissociation
 provides OH  + H:     NiOH  + CH3OH (g) 



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

 Support effect

M0 /CeO2-xM2+ /CeO2

CH4  CHx+xH DRM

300 K 700 K

 “right” metal-oxide
 metal loading

Summary

Ni/Co/ceria for DRM

Nin/ceria Methanol production  

 Catalysis Today 253 (2015) 20–32 

 Ceria is 
 non-innocent

Lustemberg et al. JACS (2018) in press
 



Interaction of HCl with CeO
2
 (111)

Deacon Reaction

o 2HCl + ½ O
2
 → Cl

2
 + H

2
O

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

o dissociative adsorption of HCl



Interaction of HCl with CeO
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 (111)

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

STM

HCl/CeO
2
 (111) surface structure 

HCl gas pressureTemperature

Ab-initio thermodynamics



Interaction of HCl with CeO
2
 (111)

Associative desorption of HCl is much 
more favorable than the recombinative 
Cl2 desorption
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surface 
reduction
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  700 K 
      CH4  CH3  CH2  CH  C
      
      C + Osurf   COgas + Vac    
      
      H + H + Osurf       H2O + Vac

surface 
reduction

CO2 dissociation at O-vacant sites!
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2
-, CO

3
-       

500 K
no CO2 diss.

CO2 + CH4  2 H2 + 2 CO

CO2
gas

CHx

300 K

500 K

700 K

COgas COx

C1s XPS spectra

CH4
gas

CH4
gasCO2

  700 K 
      CH4  CH3  CH2  CH  C
      C + Osurf   COgas + Vac
      
      H + H        H2

gas

 
      CO2

gas + Vac      COads + O-Vac
      CO2

gas + HHOCOCOads + OH

low-loaded Ni0/CeO2-x(111):

DRM activity!!  

No coke !  No NiCx!
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