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Syngas
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Syngas production

CATALYTIC PROCESSES

Dry Reforming of Methane Steam Reforming of Methane Partial Oxidation
(DRM) (SRM) (PO,)

METAL OXIDE-BASED CATALYSTS
Binary M,0O, Mixed M, ;,M,,O, Active metal M,0,

e.g. N@ Ce, Zr,0O,
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Syngas production

CATALYTIC PROCESSES

[ Dry Reforming of Methane

Steam Reforming of Methane

Partial Oxidation

(DRM) (SRM) (PO,)
CH, + CO, CH, + H,0 CH, +1/2 0,
! L !
2H, + 2C0 3H, + CO 2H, + CO
- CO-FEED "\ /  CHEMICAL LOOPING I
M,O
CH, 9 H, CH, ' + g @
> O = © >® 90 co
Oxidant C:O Hy O Oxidant

"

|

J

Prone to side reactions
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CHEMICAL LOOPING

|

M,O
. CH, X7y - Hyor
Syngas production )C}(% o
H, & Oxidant
K COO’. Ileoy-ﬁ J
CATALYTIC PROCESSES
Dry Reforming of Methane Steam Reforming of Methane Partial Oxidation
(DRM) (SRM) (PO,)
CH, + CO, CH, + H,0 CH,+1/20,
l & \)
2H, + 2CO 3H, + CO 2H, + CO
Carbon Dioxide Steam Oxygen
(COy) (H,0) (0,)
M,0y_s + 6CO, M,0y_s + 6H,0 M,0y_5+61/2 0,
l y !
M,0, + 8CO M,0, + 6H, M,0,
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n Chemical looping on Ni@CZO

- o ;; Partial oxidation:

CH, hydrocarbon fuel l CH, + MxOy

Reduces catalyst Syngas 0

H,and CO M,0Oy-_s + CO + 2H;

(Ideal ratio HyCO ~ 2) CH, decomposition:

[ CH, + (MxOy_s)
l
Ni@CZzO Ni@CZzO
@CZ0;5 @CZ0, 0o C(+MxOy_s) + 2H;

Regeneration:

Regeneration > '
COZ + MXOy

CO, splitting

Oxidizes catalyst
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CL performance of Ni/CZO catalysts in literature

100 Table S2. Comparison of syngas yield, methane conversion and metal loadings for chemical
90 “ * - . -
V\P - looping methane-to-syngas.
80 |
" Syngas  Feed CH, co Metal
g 60 " & = - = © - Redox
5 50 Yield CH; Conversion Selectivity loadings
g 1 1 Materials
: w0 CZO good conversion in omlel ) 09 . i)
O
50 CLDRM (>90% Xcpa)
20 Ni/CeD, 3.30 5 95 96 8.8
10 * * - - -
0+ ' . * * . ' . . ' Ni/Ce0--TiO, 4.54 1 100 76 5
1 2 3 4 5 6 7 8 9 10 11 12
Cyele (n.) i
_ ) _ Nip s WO, /ALO; 2.85 16.7 58 95 5
~#-Ni/CeO2-IMP -#-CeNi0.30y-CP —*Ni/Ce02-COM
CeNi0.5Zr0.50y-CP —*-Fe/Ce02-IMP ~*-Co/CeO2-IMP -
Fig. 2. CH, conversion on all studied carriers upon first exposure to CLDRM at 800 °C. NifCeZ10, 1.92 5 87 87 3

Guerrero-Caballero J., et al. Catal. Today (2019) 333, 251-258.
100 Rh/LaCeOs 5 0.50 10 98 90 0.5

g M S R S AR L E IR TN Y T v
g SNI/CeO, 3.35 5 100 772 50
5 60 . - N
E 40 5NI@CZO gOOd Stablllty N INi/CeO, 3.42 5 100 97.1 0.74°
i | CDRM (>90% Xgpo)
g 0. 1IN/ CeO, 3.41 5 99.1 97.6 0.07"
0
0 50 100 150 200 250 *Ni loadings are the mass percentage measured by ICP.
TOS (h) Han Y., et al. ACS Sustain. Chem. Eng. (2021)
Figure 14. Long-term stability test of 5% Ni/CepeZrosO: (CTAB) . (0)
catalyst at 800 °C, feed (CH4:COxN; = 2:2:1) rate of 5.04 x 10* mL/ Goal . hear 1 OO A)
(h g-cat.), and reduction temperature of 710 °C. ConverSIOn IDAHO NATIONAL LABORATORY

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




n Investigation

* How do active sites, reduction state, and carbon formation affect syngas production in
chemical looping?

ACTIVE SITES REDUCTION STATE
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“ Carbon depositions

Potential effects:

* Coverup active sites

» Maintain slightly reduced state
* “Pluck” off catalyst material

AMORPHOUS GRAPHITIC
OXIDATION
Sy & From support:
co
co/co, \ » Redox support O, oxidation of C,
0
\ 2 =S At active metal sites:

 Dissociation by Ni: O, oxidation of C_,
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\ Support
S.A. Theofanidis, et al. App;. Catal. B. (2016) S.A. Theofanidis, et al. Appl. Catal. B. (2019)
C, — surface carbon; C_, — metal carbon; O, — surface oxygen; O, — lattice oxygen




Material synthesis

CO-PRECIPITATION

NH,
Ce G Zr @0§
s

=T oh )

)

WET IMPREGNATION

" 5wt.% Ni Dry 100°C

Calcine 800°C
' ~

~N

= Dry 100°C
Calcine 800°C

J

Grind
\\ <250 um
250-300 ym

SNi@Ce Zr; 40,
(5Ni@CZ0)
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Reaction
- Gas Hourly Space Velocity: 108.12 h’ ]

Vol. flow rate of gas/hr g
External vol. catalyst 30
8

« Temperature ramp rates: £10°C/min

w

~ T Pretreat ~ H, Pretreat CL Cool \"
700_ __________________________________ - S L.
o
g- 4 min 4 min
ks Ar purge 25 sccm Ar purge
DO F--mmmmmm e Y 10% COZ

t 90% Ar
_
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Reaction data

; One chcles . 5Ni@CZO chemical looping (Conversion; R
6 - — 12
-CH4InJectlon§ Ar Purge CO, Injection Ar Purge 100 . | F . _ F
. - B S —— lil 110 %X, = el LOut 100%
> ° | \_ Fn,in )
> 80+ *—*—*\*\k
£ 3 —*—x 8 .. .
: 3| /o . ‘Selectivity for CO during |
E S 1#S | CO, flow:
8 2 40 F
8 g " —a—cH,Conv. 1* %Sco = —C% %« 100%
E —e—CO,Conv. | \ Fco +Fu> )
07 o —A— CO Selectivity 2
1 —*— H,/CO cycle
. 3 s — 1 éarbon balance: )
0 2 4 6 8 10 C C
Time elapsed (min) Cycle __v“in = “out
20
T T TR Xcu, >96% Track deposition/oxidation
S 2 3 5 6 1 i i
5 1 1 4 I Xco, >92.5% Q‘ carbon during reaction |
% 1o - Sco  >92.5%
ycle
m C balance CH4 = C balance CO2




Material evolution — Fresh 5Ni@CZO

@ 2
4 Bulk composition I Separatﬁ CeandZr , ~
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# =710, < ) 4 %3
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Material evolution - CL

FRESH CLx5noH

N
e
=
X
(&)
2
L
N

~20-40 nm

Crystals

Thermal stability

CNT

NiO present

(i Ig[())) Evidence of CNTs
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Material evolution — CNT growth with time

FRESH
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Carbon quantification

TGA Differential Scannining Calorimetry
101 60
100 50 -
] 0 « Initial loss of H,O and
<% s equilibration
£ 974 530—
s 3
= o ° 1 « Two types of C deposits
T 5mn 10 1. Amorphous
94 1—— 30min N 2. Structured
1(IJO 2(|)0 3(|)0 4(IJO 5f|)0 6(|)0 7(IJO 800 1(IJO 2(|)0 3(|)O 4(IJO 5(IJO 6(|)0 7(IJO 800 .
T(C) T(C) * Increased C deposition
with increasing time on
CH, [Transformation| Qty. [Transformation| Qty. |Total mass loss CH
(min) (C) (%wt.loss) (C) (%wt.loss) (%) 4
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
~405-410°C ~580-603°C
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Carbon characterization

CH 45 MIN

Particles ruptured from catalyst CZO particles
& 4

Average particle size: 20 nm

MWCNT

Ni catalyzed IDAHO NATIONAL LABORATORY




Carbon quality

Ex situ Raman

G i
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« | defect concentration
w/ time on CH,

« Resonant peaks =
MWCNTSs

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

Intensity increase of baseline
related to increased oxygen
vacancies

Oxidation after reduction
confirms (permanent peak
~1160 cm)

20 min,, CH, > 100 min,, CO,

Weak carbonates desorbed after
40-50 min,, CO, (amorphous)

CO desorbes after oxygen
replenishes

Strongly adsorbed carbonates
remain after 100 min,, CO,
oxidation (graphitic)

CO, successfully oxidizes catalyst, but CH, leaves residual strongly

adsorbed carbonates

Intensity (a.u.)

H,, CH, short/CO, soak

Initial Ar
0.5 1 —CH:af?gmin
—— CH, 20min
- A —— CO, 10min
‘A\ . —— CO, 20min
0.4 1 T ——CO, 30min
O —— CO, 40min
N —— CO, 50min
Redox state | ¢ o eomin
0.3 - — cojaomi
CO and weak —— CO, 90min
carbonates desorb ot
0.21 after O, replenishes
1300-1600 weak ca
0.1 M - ey |
— |
. AR L L e
OO = U | T
CO Strongly adsorbed carbonates
—0.1 - 1 - 1 - 1T 1

| ' | ' | ' | '
2400 2200 2000 1800 1

600 1400 1200 1000 800

Wavenumber (cm™)
\I
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Current conclusions

/ \ ( King’tic's“ | conversion ][ Selectivity | | Hfz),co\ ) s oMz @
Ni Catalyzed -

Good performance of
SwWt.%Ni@Ce ¢Zr; 4O,
catalyst in chemical looping Bl
of CH, and CO,

N

Evidence of amorphous and PE A “'- ®
CNT on catalyst during CL i
Ruptures CZO

‘ b _— "

' T

Performance % y - ; P .;..l _
: . o R \ ~V] IS ™™

XCH4 >96% . ;f:g& ese ;;’ - |ncreaS|ng|y 'R. .
Xco, >92.5% - ‘\ 5 graphitw/ S \j

vy

ity Raman
»

+D

2D

7 1

. ’
" 20Am. S
S >92.5% - -
o \_ Harder to oxidize i
HZ/C O ~8 N S 4 - —= 1500 2500 3 Hzy CHy short/C0, Soaim
e, v == Raman Shift (cm™) ”

Help better predict reaction strategies to control C formation

for the best chemical reaction kinetics with a stable catalyst

« E.g. Control CH, deposition of C to maintain easy to oxidize C
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Future work

Temporal Analysis of Products

——1"c0,— CO——CO,
3 3co 3C0O, - in
£
C Yy
S~
c
e
=)
o) 0.5¢
>
()
n
S

0 5000 10000 15000 20000
Cumulative "*CO, injection/ nmol

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

* Oy C, Ni
Reaction rate constants

XRD

* Bulk reduction state comparison
at various redox states

- J
4 )

In situ Raman

e Growth of surface C
* Role of different active sites
during redox

\_ J

Dynamic Oxygen Storage Capacity
« Total oxygen capacity

« Oxygen mobility rates

N\ /
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