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Motivation

79%

11%

7% 3%

2020 US Greenhouse Gas 
Emissions (CO2,eq)

Carbon dioxide

Methane

Nitrous oxide

HFCs, PFCs, SF6,
and NF3

5981 MT total

Data source: U.S. EPA, 2022 Rosen J., “Methane Leaks,” Eos, 2014.
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Syngas

De Smit, E. Chem. Soc. Rev. 2008, 37, 2758-2781.
* H2/CO syngas ratio

CH4Syngas
H2 + CO

Fuels and chemicals

𝐂𝐂𝐂𝐂𝟒𝟒 + 𝒂𝒂𝐎𝐎𝟐𝟐 + 𝒃𝒃𝐂𝐂𝐂𝐂𝟐𝟐 + 𝒄𝒄𝐇𝐇𝟐𝟐𝐎𝐎

𝐂𝐂𝐂𝐂 + 𝐇𝐇𝐇𝐇
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Syngas production

Ce Zr Ni O

CATALYTIC PROCESSES

METAL OXIDE-BASED CATALYSTS
Binary MxOy Mixed M1,1-xM2,xOy Active metal MxOy

e.g. CeO2 e.g. Ce1-xZrxO2 e.g. Ni@ Ce1-xZrxO2

Dry Reforming of Methane
(DRM)

Steam Reforming of Methane
(SRM)

Partial Oxidation
(POx)
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CHEMICAL LOOPING

CH4

H2

CO

MxOy

Syngas production

CATALYTIC PROCESSES

CH4 + CO2

2H2 + 2CO

→ CH4 + H2O

3H2 + CO

→ CH4 + 1/2 O2

2H2 + CO

→

Dry Reforming of Methane
(DRM)

Steam Reforming of Methane
(SRM)

Partial Oxidation
(POx)

CO-FEED

RxnCH4

Oxidant

H2

CO

Prone to side reactions

MxOy-δ
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Syngas production

CATALYTIC PROCESSES

CH4 + CO2

2H2 + 2CO

→ CH4 + H2O

3H2 + CO

→ CH4 + 1/2 O2

2H2 + CO

→

Dry Reforming of Methane
(DRM)

Steam Reforming of Methane
(SRM)

Partial Oxidation
(POx)

CATALYST REGENERATION

MxOy−δ + δCO2

MxOy + δCO

→

Carbon Dioxide
(CO2)

MxOy

MxOy−δ + δ1/2 O2→

Oxygen
(O2)

MxOy−δ + δH2O

MxOy + δH2
→

Steam
(H2O)

CHEMICAL LOOPING
CH4

H2

CO
Oxidant

MxOy

MxOy-δ

H2 or

CO5



• Partial oxidation:
CH4 + MxOy 

MxOy−δ + CO + 2H2

• CH4 decomposition:
CH4 + (MxOy−δ)

C(+MxOy−δ) + 2H2

Chemical looping on Ni@CZO

CH4 hydrocarbon fuel 

CO2 splitting

Partial oxidation

Regeneration

Ni@CZO2-δ Ni@CZO2

Ce Zr Ni

C O H

Syngas
H2 and CO

(Ideal ratio H2/CO ~ 2)

V

V

V

V

V

V

V

O-diffusion

⟺
→

• Regeneration:
CO2 + MxOy 

MxOy−δ + CO

⟺

Reduces catalyst

Oxidizes catalyst
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CL performance of Ni/CZO catalysts in literature

Han Y., et al. ACS Sustain. Chem. Eng. (2021)

Kumar P., et al. Energy & Fuels. (2007) 21, 3113-3123.

5Ni@CZO good stability in 
CDRM (>90% XCH4)

Guerrero-Caballero J., et al. Catal. Today (2019) 333, 251-258.

CZO good conversion in 
CLDRM (>90% XCH4)

Goal: near 100% 
conversion
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Investigation
• How do active sites, reduction state, and carbon formation affect syngas production in 

chemical looping? 

V

V

V

V

V

V

V

V

V

V

V

V

V

V

ACTIVE SITES REDUCTION STATE CARBON

Kinetics Conversion Selectivity H2/CO
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Carbon depositions

Potential effects:
• Coverup active sites
• Maintain slightly reduced state
• “Pluck” off catalyst material

Cs – surface carbon; Cm – metal carbon; Os – surface oxygen; OL – lattice oxygen
S.A. Theofanidis, et al. Appl. Catal. B. (2019)

Support

AMORPHOUS

V

V

GRAPHITIC

V

V

FORMS

From support:
• Redox support OL oxidation of Cs

At active metal sites:
• Dissociation by Ni: Os oxidation of Cm

OXIDATION
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H2O

Material synthesis

60°C

NH3

pH 9

~6-8 h

Ce
NH3

pH 9 Vacuum

Filter

CO-PRECIPITATION

Dry 100°C
Calcine 800°C

Grind
< 250 µm
250-300 µm

PROCESSING

Dry 100°C
Calcine 800°C

5wt.% Ni
WET IMPREGNATION

5Ni@Ce0.6Zr0.4O2

(5Ni@CZO)

COMPLETE!

Zr

H2O
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700

Reaction

• Gas Hourly Space Velocity: 108.12 h-1 
𝑉𝑉𝑉𝑉𝑉𝑉. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔/ℎ𝑟𝑟
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑣𝑣𝑣𝑣𝑣𝑣. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

• Temperature ramp rates: ±10°C/min

T Pretreat
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Reaction data

Conversion:
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Performance
𝐗𝐗𝐂𝐂𝐂𝐂𝟒𝟒 >96%
𝐗𝐗𝐂𝐂𝐂𝐂𝟐𝟐 >92.5%
𝐒𝐒𝐂𝐂𝐂𝐂 >92.5%

𝐇𝐇𝟐𝟐/𝐂𝐂𝐂𝐂 ~8

%𝑋𝑋𝑛𝑛 =
𝐹𝐹𝑛𝑛,𝑖𝑖𝑖𝑖 − 𝐹𝐹𝑛𝑛,𝑜𝑜𝑜𝑜𝑜𝑜

𝐹𝐹𝑛𝑛,𝑖𝑖𝑖𝑖
∗ 100%

%𝑆𝑆𝐶𝐶𝐶𝐶 =
𝐹𝐹𝐶𝐶𝐶𝐶

𝐹𝐹𝐶𝐶𝐶𝐶 +𝐹𝐹𝐻𝐻𝐻
∗ 100%

Selectivity for CO during 
CO2 flow:

%∆𝐶𝐶 =
𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜

𝐶𝐶𝑖𝑖𝑖𝑖
∗ 100%

Carbon balance:

Track deposition/oxidation 
of carbon during reaction
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Material evolution - CL
FRESH

200 nm

(2 0 0) 
NiO

10 nm

CLx5 no H2 CLx5 w/ H2

C
ry

st
al

s
C

N
T

Ni MWCNT

Evidence of CNTs

~20-40 nm

NiO present

(2 0 0)
XRD

Thermal stability

BET (m2/g) Fresh Aged CLx5 no H2 CLx5 w H2
CZO 47 34

5%Ni@CeO2 26 13
5%Ni@CZO 28 27 25 24
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Material evolution – CNT growth with time

200 nm

200 nm

FRESH

CH4 45 MIN

5 
m
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15 m
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30
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45 m
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1 um 1 um

1 um

1 um

COVERAGE BY TIME ON CH4
~13.5 um

Ni particles
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Carbon quantification

CH4 
(min)

Transformation
(C)

Qty. 
(%wt.loss)

Transformation
(C)

Qty. 
(%wt.loss)

Total mass loss
(%)

5 405.40 -1.87 579.37 -0.41 -2.28
15 409.17 -4.00 596.00 -1.09 -5.09
30 408.11 -4.19 598.10 -1.21 -5.40
45 410.08 -4.23 603.05 -1.69 -5.92
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~405-410°C ~580-603°C

Amorphous 
C

Structured 
C

+

• Initial loss of H2O and 
equilibration

• Two types of C deposits
1. Amorphous
2. Structured

• Increased C deposition 
with increasing time on 
CH4
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Carbon characterization

200 nm

200 nm

10 nm

38.5 nm
39 layers

NiEDS

Average particle size: 20 nm

Particles ruptured from catalyst

MWCNT

Ni catalyzed

CZO particles

CH4 45 MIN
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1500 2500 3000 3500

Ex situ Raman

In
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ity

Raman Shift (cm-1)

 5 min
 30 min

D
G

D+D’’

2D

D+D’ 2D’

ID/G
D G 2D D+D’’ D+D’ 2D’

Cluster cm-1 cm-1 cm-1 /G cm-1 /G cm-1 /G cm-1 /G

30
 m

in
 C

H 4 4 0.49 1339 1568 2676 0.81 2433 0.08 2907 0.07 3214 0.05
3 0.48 1340 1570 2677 0.86 2454 0.15 2908 0.04 3195 0.06
2 0.42 1351 1575 2672 0.85 2424 0.11 2900 0.05 3201 0.05
1 0.44 1351 1575 2686 1.15 2458 0.33 - - - -

5 
m

in
 C

H 4 4 1.02 1346 1580 2678 0.55 2441 0.17 2905 0.17 - -
3 1.01 1346 1580 2680 0.55 2466 0.22 2902 0.18 3223 0.19
2 1.09 1344 1579 2671 0.47 2479 0.11 2921 0.14 3207 0.05
1 1.01 1341 1582 2675 0.53 2468 0.18 2911 0.14 - -

Carbon quality
G

In plane sp2 stretch
D

Defects, edge effects, 
dangling bonds

ID/G

Rosenburg, et al. Materials (2018), 11, 93.

• ↓ defect concentration 
w/ time on CH4

• Resonant peaks = 
MWCNTs

1

2

3

4

1

2

3

4

18



4000 3500 3000 2500 2000 1500 1000
−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

H2 pretreatment

In
te

ns
ity

 (a
.u

.)

Wavenumber (cm-1)

 110
 99
 90
 75
 71
 60
 48
 43
 40
 37
 31
 25
 17
 15
 10
 0

2400 2200 2000 1800 1600 1400 1200 1000 800 600
−0.1

0.0

0.1

0.2

0.3

0.4

0.5

H2, CH4 short/CO2 soak

In
te

ns
ity

 (a
.u

.)

Wavenumber (cm-1)

 Initial Ar
 H2 end
 CH4 10min
 CH4 20min
 CO2 10min
 CO2 20min
 CO2 30min
 CO2 40min
 CO2 50min
 CO2 60min
 CO2 70min
 CO2 80min
 CO2 90min
 CO2 100min
 Final

4000 3500 3000 2500 2000 1500 1000
−0.03

−0.02

−0.01

0.00

0.01

0.02

0.03

0.04

0.05

No H2, CH4 short/CO2 soak

In
te

ns
ity

 (a
.u

.)

Wavenumber (cm-1)

 Initial
 CH4 10min
 CH4 20min
 CO2 10min
 CO2 20min
 CO2 30min
 CO2 40min
 CO2 50min
 CO2 60min
 CO2 70min
 CO2 80min
 CO2 90min
 CO2 100min
 Final

2400 2200 2000 1800 1600 1400 1200 1000 800 600
−0.1

0.0

0.1

0.2

0.3

0.4

H2 pretreat, O2 soak

In
te

ns
ity

 (a
.u

.)

Wavenumber (cm-1)

 Initial Ar
 H2
 O2 10min
 O2 20min
 O2 30min
 O2 40min
 O2 50min
 O2 60min
 O2 70min
 O2 80min
 O2 10min
 O2 100min
 O2 120min
 O2 130min

Surface reactions
• Intensity increase of baseline 

related to increased oxygen 
vacancies

Ovac

• Oxidation after reduction 
confirms (permanent peak 
~1160 cm-1)

• 20 mineq CH4  100 mineq CO2

1300-1600 weak carbonates

Redox state

Strongly adsorbed carbonates

CO desorbs and weak 
carbonates desorb 
after O2 replenishes
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 CO2 50min
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 CO2 80min
 CO2 90min
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 Final

1300-1600 weak carbonates

Redox state

Strongly adsorbed carbonates

CO and weak 
carbonates desorb 
after O2 replenishes

CO

• Weak carbonates desorbed after 
40-50 mineq CO2 (amorphous)

• CO desorbes after oxygen 
replenishes 

• Strongly adsorbed carbonates 
remain after 100 mineq CO2 
oxidation (graphitic)

CO2 successfully oxidizes catalyst, but CH4 leaves residual strongly 
adsorbed carbonates
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Current conclusions

Good performance of 
5wt.%Ni@Ce0.6Zr0.4O2 

catalyst in chemical looping 
of CH4 and CO2

Evidence of amorphous and 
CNT on catalyst during CL

Ni Catalyzed

Ruptures CZO

MWCNT

Increasingly 
graphitic w/ TOS

Harder to oxidize

10 nm

1500 2500 3000 3500

Ex situ Raman

In
te

ns
ity

Raman Shift (cm-1)

 5 min
 30 min

D
G

D+D’’

2D

D+D’ 2D’

Help better predict reaction strategies to control C formation 
for the best chemical reaction kinetics with a stable catalyst

• E.g. Control CH4 deposition of C to maintain easy to oxidize C
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Performance
𝐗𝐗𝐂𝐂𝐂𝐂𝟒𝟒 >96%
𝐗𝐗𝐂𝐂𝐂𝐂𝟐𝟐 >92.5%
𝐒𝐒𝐂𝐂𝐂𝐂 >92.5%

𝐇𝐇𝟐𝟐/𝐂𝐂𝐂𝐂 ~8



Future work

XRD
• Bulk reduction state comparison 

at various redox states

In situ Raman
• Growth of surface C
• Role of different active sites 

during redox

Dynamic Oxygen Storage Capacity
• Total oxygen capacity
• Oxygen mobility rates

Temporal Analysis of Products

• Intrinsic surface reactions/kinetics
• Evolution as fn(reaction sites):

•  Ovac, C, Ni
• Reaction rate constants
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 13CO2  CO  CO2
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