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UCCS l. Introduction
BIOGAS 1.1. Biogas as a flexible energy source for SOFC

‘I.l.

Production de biométhane, en TWh

24
22
14
6
2'2 -
[
Capacité inscrite 2019 2023 (PPE*) 2028 (PPE*) Projets inscrits en

2019

Min ® Potentiel

Biogas: Future plan & Situation in France [2:
(Biomethane as Main component of Biogas)
® Production above government forecasts

® With more and more competitive price

Biogas production grows and prices fall :

® The Multiannual Energy Program defines objectives that
the sector will exceed from 2023. Projections for the
sector aim to reach 12 TWh in 2023 and 30 TWh in 2030.

PPE (Programmations pluriannuelles de I'énergie) @ The_ produc_:tipn Price should fall by 40% by 2028 due to
Evolution of the purchase price — biogaz the industrialization of the sector and processes.

Sit. Actuslle 2023 {PPE) 2028 (PPE)

[1] — Kougias, P.G. et al., Biogas and its opportunities—A review. Front. Environ. Sci.\/ [2] — GRDF: Le biométhane atteindra les objectifs de la PPE* 2028
Eng. 12, 14 (2018). avec 4 ans d’avance



l. Introduction
1.2. High throughput technology

Scientific A
experts

Core

Screening
strategies

Flowrence 1220 — Avantium Systems

High-throughput Data
equipment treatment
Loqic

REALCAT platform was funded by the French National Research Agency (ANR-
11-EQPX-0037) within the frame of the ‘Future Investments’ program (PIA). y 2
The Nord-Pas-de-Calais Region and the FEDER are acknowledged for their  Control & monitoring

financial contribution to the equipment of the platform.

g s




UCES} l. Introduction

1.3. Dry reforming of methane by supported Ni-catalyst

Dry reforming of methane
CH, + CO, «~ 2CO + 2H,
H,ggc = + 247 kJ/mol

® Hydrogen production
° U ° ® Strong endothermic reaction

(energy storage)

® Conversion of two greenhouse gases

Challenges for long-life SOFC CH,Conversion (%) = <ain ~Haout 100,

CHy in

anode materials: Ni-catalysts €0, Conversion (%) = <222 ~02out y 1009,
2,in
® Avoid coke deposit Yield of H,(%) = 2224y 100%

. . . 2CH 4,in
® Avoid sulfur poisoning

g .
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UCCS

. Il. Pathway to catalyst synthesis

2.1. Sol-gel route & impregnation method
1. Sol-gel (citric acid routes)

—— 2. Impregnation
Aqueous :5°|“t'°“ Metal oxides in HNO,
metal r(utrat)es (250 °C Combustion) Support in
Ex. Ni(NO
\_ 3/2 J frefl o .
2 Citric Acid (CA) Aqueous solutions
‘L [ CA/Metal = of Ni(NO;), )
e ( D
Evaporation Calcination
(Solvent removal) (500 °C, 10 h) p A 2 .
\ Evaporation
- r — \ | (Solvent removal)
Gel forming Calcination
(1200 °C, 12 h) \ 4
\. J a Y
Drying process Calcination
) . Ni Catalyst ~ g
Calcination in furnace
| (Gel decomposition) Ni/Support
Ni Catalyst . .
Y The impregnation method can anchor the
_ _ nickel species on the catalyst surface but
The sol-gel method can promote strong interaction weakening interaction with the support
between the active nickel species and the support, could lead to particle accumulation and loss
the modification of catalyst can change the surface of active nickel species.
— defects and increase the oxygen vacancies.

1 - P. B. Managutti et al., ACS Appl. Mater. Interfaces 2021, 13, 35719—35728\,/ 3
2 — P. B. Managutti et al., ACS Appl. Mater. Interfaces 2023. xx, XXXXX-XXXXX




3. Coprecipitation

Adding dropwise a solution containing
dissolved precursor salts [Ex. Ni(NO,),] into
triethylamine diluted in methanol solution

Solvent removal
by filtration

Drying at 100 °C for 24h

v

Calcination in furnace
in air at 500 °C for 4h

]

v

Ni Catalyst

Il. Pathway to catalyst synthesis

2.2. Coprecipitation & mechanochemical approach

The conventional coprecipitation method is suitable for
preparation of Ni doped catalyst from cerium zirconium
solid solution, and take advantage of the high oxygen

mobility and relative high temperature stability of
cerium zirconium support.

Figure — HOKKAIDO UNIVERSITY
Mechanochemical: VD: Dr. Victor Duffort;
Coprecipitation: LD: Dr. Louise Duhamel.

oy

4. Ballmill

Mechanochemical approach

UI
e -_w ¥ 4

Ni Catalyst

The Ballmill mechanochemical method provides a
more uniform synthesis method of different mixed
oxides and better control of the distribution of
catalyst particles and catalytic oxides [1].

Condition:

~ 1.7 g powder (1.5 g support + 0.186 g NiO).

~ 20 g ball (zirconia @ =5 mm).

~ 2 g ethanol as solution.

~ 2 hours grinding e
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UCCS!

lll. High throughput approach of catalysts

3.1. Catalysts for high throughput screening

Reactor Catalyst Synthesis ?;%Le;tg?fg Characterizations Reaction
No.
1 CeNip ; Coprecipitation 750 °C XRF Obtained
2 Lagy 5Sr; sMng gNig 5,0, Sol-gel 750 °C XRF Obtained
8 ProsSr, sMng gNig,0,4 Sol-gel 750 °C XRF/H,-TPR Obtained
4 Lag 5Sr; sMng;Nig 30, Sol-gel 750 °C XRF/H,-TPR Obtained
5 Pr; 5Sr; sMn; :Nij ,Fe; 105 Sol-gel 750 °C XRF Obtained
6 Pro.5Sr1.5Mny sNig 55F€0 2507 Sol-gel 750 °C XRF Obtained
7 SiC = 750 °C - Obtained
8 YSz Commercial 750 °C XRF Obtained
9 elcogen half-cell YSZ_Ni Commercial 450 °C XRF Obtained
10 cellules GDC/NIO FENTO Commercial 450 °C XRF Obtained
11 8YSZ_NiO, 10%Ni Ballmill 450 °C XRF/H,-TPR Obtained
12 HSA GDC+NiO, 10% Ni Ballmill 450 °C XRF/H,-TPR Obtained
13 Ni-CZS Pseudo Sol-gel 450 °C XRF/H,-TPR Obtained
14 LSA GDC+NiO, 10%Ni Ballmill 450 °C XRF/H,-TPR Obtained
15 Ni/YZ Impregnation 450 °C XRF/H,-TPR Obtained
16 CeZrysNigs Coprecipitation 450 °C XRF/H,-TPR Obtained

3,4, 12, 13 and 16: high & medium conversion of CH, & CO, .

\/ 11




UCCS

lll. High throughput approach of catalysts

Block |

Block Ill

020,
3 @

Block Il

® ©
@ (@)

Block IV

D)
19 @©

Blocks & Reactors composition

[N}

—_ Diluent inket

Liquid inlet

Mix gas inlet "
‘ Teg bas
/i
|\ '/ Awactev ection
Al
% Reactor tube
!
| Calcinated glass sock favoring the
,'.} evaporation of the liguid feed |absorption
I/ by capillarity}

SiC

' Catalyst

| SiC

Frit

T

oulet — Reactor filling

3.2. Conditions of high throughput screening

Pretreatment in H, Block | & Il Block Il & IV
Temperature 750°C 450°C
Duration 24h 12h
Block land Il lland IV
T (cC)A Step 1 Step 2 Step 3
Pretreatment Reaction Reaction
in H, GC tests: 4 points GC tests: 4 points
750
200 [ 24 h 25 at750°C, 10h
at450°C at700°C, 10 h
=~
Schematic Diagram

450 12 h
at 750 °C ic Di
Temperature Programmed Reaction

130 Time
(h)
Catalytic test Test 1 Test 2
Temperature 700°C 750°C
Duration 10h 10h

Catalyst mass

20 mg

CH, & CO, 6.67 ml/min (0.4 L/h) per gas per reactor
He 3.33 ml/min (0.2 L/h) per gas per reactor
GC test 4 points/catalyst, ~10 min/analysis
GHSV 35 000ht

12



CH, & CO, Conversion (%)

UCES lll. High throughput approach of catalysts
"""" 3.3. Results of CH, & CO, conversion of high throughput screening

MrooccHyZrooc o) \ —;:gg EE(H)))“‘ Description:
401 - - Catalytic conversions rate (high &

ol TT—T——— . .
20 _ \\ medium) of CH, & CO, of 5 typical
- L High pre-reduced catalysts

0
60 La__Sr, Mn__Ni O

Time (h) ] .
50 ] 0518 07 03t conversion . . .
2 \ | Global catalytic activity at 700 °C

20

o] T ) and 750 °C of CH, and CO,
-—.‘-—‘—.—'—_——_-_. - - -
RS conversions illustrate different trends
o ﬁ due to diverse synthesis methods,
= : physicochemical properties and
10] f elemental composition.
0] T T T T ¥ T T t T r T T T .
60 : 1 f i .
5 Time (h) _ Pr, . Sr, .Mn_Ni 0, 7 COﬂC'USIOn:
i j | L Medium The modified perovskite (Site-A &
20] i |conversion  GSijte-B elemental substitution) and
10 < 4 . . - - -
GE——— cerium zirconium solid solution
w0 g ! b (Gd & Sm incorporation) show
] \ ] relatively better conversion rate.
4 4 \
= \ Ll e Need to do:
0 s T Elemental an_alv3|s In fII’.S'[ & Hy-TPR to
c study reduction properties.
les. e

— )
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Analyser: M4 Tornado — Bruker
How ? — 1.X-ray spectrometer. 2.Sample support.
3.fluorescence X detection.

Why ? — an energy dispersive micro X-ray
spectrometer that can be used for mass elemental
analysis of metal materials:
Advantages: Efficient and nondestructive

1. Generally, the Ni elemental proportion in metals
calculated by theory is close to XRF analysis results.

2. Considering the HT reaction results, the XRF results of
divers catalyst has positive significance for optimizing

catalyst composition (Goal of this study) for

reducing Ni content and selection of supports,

preventing sintering and avoiding carbon deposition.

IV. Elemental analysis & Reducibility

4.1. Nickel based catalysts — XRF elemental analysis

Catalysts ' Theoretical . XRF
Ni (metal mass %) Ni (metal mass %)
Ni/YZ 10% 9.4%
Ni-CZS 10% 11.5%
8YSZ_Ni 10%Ni 10% 9.3%
HSA GDC+NiO 10%Ni 12.4% NiO 12.3% NiO
LSA GDC+NiO 10%Ni 12.4% NiO 12.4% NiO
ProsSry sMng gNip ,0,4 4.6% 4.3%
Lay sSr, sMng ;Nig 30, 6.8% 6.3%
CeZrysNigs 13.6% 15.1%
YSz Commercial 0
CeNig, 4% 2.7%
Ni/CY 10% 11.4%
Ni/CGO 10% 14.3%
elcogen half-cell YSZ_Ni Commercial 37.1%
cellules GDC/NiO FENTO Commercial 58%
Lag 5Sry sMng gNiy,0, 4.6% 4.1%
Pr, sSry sMny gNig 4Feq ;04 5.2% 4.6%
Pry 5Sri sMny sNig osF€q 2507 3.2% 3.1%
PrysSry sMng gNip ;0,4 2.3% 2.1%

Elcogen: Commercial supplier. Cellules: Commercial ceramic cellules.

8YSZ: 8 mol% Y,0, stabilized ZrO,. LSA: 12 m?/g. HSA: 23 m?/g.

g

15




IV. Elemental analysis & Reducibility

4.1. Nickel incorporated perovskites — XRF elemental analysis vs. reactivity

ig—_ 'L+7°°°C,CHéC°"‘fersi°" 4’:700“‘3-‘302'30"25:" 60 —®—750°C, CH, Conversion —® 750 °C, CO, Conversion RUdd|ESden-PODper perOVSkites :
£ s 40
20 3 2 _. 20 . La, ;Sr, ;Mn,.Ni, ,0, An+lB nO(Sn +1)+3
0 1 Lao.ssri.smnu,rN'o.aoa 0 1 2
T bt T T T T T T T 4 T T T T T T T T T -
60 60 ' ' ' : ' ' (2) Lag 5Sry sMn ;Nig 30, showed best
- ;g' 3 0 ] activity and stability generally.
£ . _LaySry M, Ni, 0, | T 22‘. 3 - La, St M, N0, | \When 750 °C increasing conversion in first
= T T T T 1 ! I T T T 1 T T v . - .
S S 80 o el e but decreasing. Ni inverse exsolution [1,2]
$ 40+ ‘w404
] 1 o 1 ;
% 28—_ M Pr,,Sr, Mn,Ni, 0, % ?-g-_ 1 . Pry ST M, N0, (1) Pr0.58r1.5Mn0.8N|0_.204 & (3)
O eyl s e 8. s ' ' Lonal 2ol 0 Lag sSr; sMng gNig ,0,
4 o 8" 40+ showed activity when 700 °C, but nearly no
s 2014 Pr, Sr, Mn, Ni, Fe, 0, | & 207 4 Pr,,Sr, Mn, Ni, Fe, O, conversion when 750 °C.
=~ __h_ T .n T B B A +« 0 T — 7 ¢
EE 60 I 60
40 © 4] (1) ProsSry sMng gNig ,0, vs. (3)
20 ] 5.; . Prn.s‘s’].5M"1.5Nio.steo.-zso7 20 ] 5 Pr,sSr, sMn, Ni, ..Fe, 0, L a0.58r1.5M n 0.8N I 0.204
gode T T T e n T h ST T ! e T e P Pr substitution: positive impact for
40 40 Formula Ay 5Sr; sMng gNigp ,0,
20__ SiC - Control Experirrlent 20__ SiC - Control Experiment i
Y o — R L e N T P B s e e (2) Lag 5Sr; sMng 7Nig 30, vs. (3)
Time (h) Time (h) La, =Sr, :Mn, sNi, ,O
Th tical XRE ) 0.5_ 15 08 0.2_ 4
NO. Catalysts _ heoretica , More Ni doping: positive impact for
Ni (metal mass %) | Ni (metal mass %) .
Formula Lag 5sSr; sMn,Ni; , O,
1 ProsSry sMng gNig ,0, 4.6% 4.3%
2 Lag sSr; sMn;Nig 50, 6.8% 6.3% (4) I:)r1.5sr1.5Mnl.5|\“o_.4':eo.1o7 vs. (5)
3 Lag sSr,sMngNig ,0 4.6% 4.1% Pr1.s573.6MN1.sNlo 257 €0.2507
052 157 08 024 : : More Ni doping is better to
4 Pr, £Sr; sMn, Nij ,Fe, ;04 5.2% 4.6% Formula Pr, sSr, sMn, sNi,Fe; O,
B 5 Pr, 5St; M, cNig psF€0 2505 3.20% 3.1% Fe doping goal : for coke oxydation.
1-P. B. Managutti et al., ACS Appl. Mater. Interfaces 2021, 13, 35719—357ﬂ /

2 — P. B. Managutti et al., ACS Appl. Mater. Interfaces 2023.

3—Y-M Park et al., Inter. Jour. of Hydrogen Energy,36, 15, 2011, 9169-9179. -6



IV. Elemental analysis & Reducibility

60 4 —®—700°G, GH, Gonversion ——®——700 °C, CO, Gonversion 60 —8— 750 °C, CH, Conversion —®—750°C, €O, Conversion
40 40
2 ] 3 CeNi, a0 ] 3 CeNi,
0 ———— = T 0 T T T A
g 60 g 60
g 20+ .\.\-\. g E o " . eijslnj
g 2 cozr i, | 2 12— . -
o 0 L B S B S B S S E—— o 0 T | I S —— T T T
© 60 Uwso -
o] (@)
O 40 © 40+
oJ o3 Ni-CZS
20 720 11— . e
o {11 Ni-czs| © — et . —
0 T T T T T T T O T T T v T T T T T T T T
60 - 60
40 40
20 4 20 1
1 SiC - Control Experiment 1 SiC - Control Experiment
0 -— T T d T Y T T T 47 0 T T ? d T T 1+ T T T .8
Time (h) Time (h)
No Catalvsts Theoretical XRF
’ y Ni (metal mass %) Ni (metal mass %)
1 Ni-CZS 10% 11.5%
2 CeZr,sNigs 13.6% (No counting O) 15.1% (No counting O)
3 CeNig ; 4% 2.7%
1-Y-M Park et al., Inter. Jour. of Hydrogen Energy, Vol 36, 15, 2011, 9169-91 79\~/

Catalysts based on cerium oxide

On the whole :
Ni-incorporation into cerium
oxide : positive impact for
cerium based solid oxide.

Global profiles :

Increasing temperature from 700

°C to 750 °C : negative impact for
cerium based solid oxide.

CeZrysNigsVvs. CeNig
Zr doping in cerium oxide :
positive impact for dry reforming
of methane reactivity.

CeZrysNigsvs. Ni-CZS .
Sm doping in cerium zirconium
oxide : positive impact for dry
reforming of methane reactivity.

17



IV. Elemental analysis & Reducibility

4.1. Nickel based catalysts — XRF elemental analysis vs. reactivity

15 J ——700 °C, CH, Conversion _._700“0, €O, Conversion 16 ] —&—750°C, CH, Conversion —8—750 °C, CO, Conversion
10 10 1. Sicvs. (3) YSZ support: no
activity.
10+ 104 /,—./' 2. (4) Commercial one (elcogen
2 3:— 5 ) half-cell YSZ_Ni) with high
s, 2 g TTATY Nickel doping 37% percentage :
v = m— LA B A R R R R R — | .
g, ] 2o nearly no conversion at 700 °C
§ 5 3 . & such low conversion at 750
8:5 : 4. _ _ coogen hafcal Y53 8N15 : 4Tﬁ T . Ielcigenlhalfl-celll YST Ni °C.
& o8
= S 3. (1) Ni/YZ & (2) 8YSZ_Ni 10%Ni :
°13 - °13 increasing conversion from 700
ol - B = B e e & °C to 750 °C.
10 1 10
5 5 4. (1) Ni/YZ & (2) 8YSZ_Ni 10%Ni :
0] ——. € Contmmsinen ol ¢ $————iCControt Exparigent| similar activity during HT tests
Time (h) Time (h) because of Ni species on
Theoretical XRF surface of YSZ
No. Catalysts Ni (metal mass %) | Ni (metal mass %)
Catalysts based on [ e 0% 5 1%
YSZ support _ .
2 8YSZ_Ni 10%Ni 10% 9.3%
3 YSZ Commercial 0
LR 4 elcogen half-cell YSZ_Ni Commercial 37.1% R

Elcogen: Commercial supplier. Cellules: Commercial ceramic cellules.

8YSZ: 8 mol% Y,0, stabilized ZrO,.

1-Y-M Park et al., Inter. Jour. of Hydrogen Energy, 36, 15, 2011, 9169-9179.



UCCS IV. Elemental analysis & Reducibility

i 4.1. Nickel based catalysts — XRF elemental analysis vs. reactivity

20 20

i E +TDU°C,CH4Conversion —®—700°C, CO, Conversion ] +750Vc, CH, Conversion —.—750“0Y CO, Conversion 1. (3) CommerC|a| One
. L (cellules GDC/NIO
L 3 10 3 cellules GDC/NIO FENTO FENTO) with high Ni
5_. cellules GDC/NiO FENTO 5__ 0—/"\0—”/’ doping 58%
R L B e S s B R | e /;—/.’/‘___‘__—-— percentage : nearly no
£ 154 & 15 . conversion at 700 °C &
e .
S 109 4 S 10 1 such low conversion
o ]
S 5- HSA GDC+NiO (10% Ni)| & 5 at 750 °C.
E ol z o HSA GDC+NiO (10% Ni)
8 8 20 | . — T T T T T T
ON15_ 0~15_‘ 2. (1, 2) HSA/LSA
g 1o O ] GDC+NiO 10%Ni :
o ] -~ . . .
g s L cnanoe | 2 /__/_. mcreasmg] converscl)on.
wl s e o ] - LSA GDC+NIO (10% Ni] from 700 °C to 750 °C ;
; . . . R—— i , | : y ' . . : .
s R s e R B increasing activity at
15 4 i
] 15 750 °C. (But what we
107 10+ want is low temperature
5 5 reaction goal)
o R SiC - Con_tEI_Exjpelﬂent 1 SiC - Control Experiment
— . T o ——
GDC: Gadolinium Cerium. Tlme (h) Time (h) 3. Conversion of (1) HSA
Theoretical XRF i 0 i
+ >
Catalysts based No. Catalysts Ni (metal mass %) | Ni (metal mass %) GDC+NIO lO.A)NI (2)
on Gd doped LSA GDC+NIO 10%Ni :
- : 1 HSA GDC+NiO 10%Ni 12.4% NiO 12.3% Hiagh specific surface
cerium oxide : : . gn sp .
2 LSA GDC+NiO 10%Ni 12.4% NiO 12.4% area showed pOSItlve
e o= 3 cellules GDC/NiO FENTO Commercial 58% impact_ e

Cellules: Commercial ceramic cellules. /, LSA: low specific surface area 12 m?(g.

. i 1
1-Y-M Park et al., Inter. Jour. of Hydrogen Energy, Vol 36, 15, 2011, 9169-9179. HSA: high specific surface area 23 m?/g. 9



UCES} IV. Elemental analysis & Reducibility

4.2. Nickel based catalysts reducibility by H, Thermal Programmed Reduction

H,-TPR Protocol

Step Temperature Time/Rate

Degassing 200 °C 1 hour

Reduction Amb. — 1000 °C 10 °C/min

1000

Degassing process - 1 hour | Reduction process

800
9
&~ 600
o
=2
o
8 400
£
Q
|_

200

0 Heating rate: 10 °C/min in H,/He flow
) v I ! I B
Time (h)

— e

What is H,-TPR:

an thermal-analytical technique
that examines the reduction
properties of metal oxides in
hydrogen under varying thermal
conditions, an important factor in
catalysis studies.

How is H,-TPR: ~ 50 mg catalyst
inside U type quartz tube on
AutoChem 2920 in 5% H./He flow

Why is H,-TPR:

to clarify the different interaction

capacity between nickel species

and divers support through study

of reduction peak temperature.
e

20



UCCS: IV. Elemental analysis & Reducibility

4.2. Nickel based catalysts reducibility by H, Thermal Programmed Reduction

P1, P2, P3, P4: Catalysts from 4 different laboratories.

425 Ni/YZ (10% Ni) Total H, H, amount
ﬂ 214 Catalyst amount (mmol/g) M;@ﬁ;gltio
(mmol/qg) (< 600 °C)
T I T | T l 42]9 T | T T | T I T | T
644 NRECZS (10% Ni) Ni/YZ 1.4 14 1.65
389
Ni-CZS 2.0 1.6 0.77
P2 391 (8%)YSZ_N| (10% Ni 8YSZ_N| 10%Ni 1.7 1.7 2.04
HSA GDC+NiO 10% Ni 2.1 1.7 0.67
c
o T I T | T l T | T | T T | T I T | T . 0 .
2 38 HSA GDCHNIO (12.4% NiO)| LSA GDC+NiO 10% Ni 1.9 1.6 0.59
= 771 Pro.sSr; sMng gNig ,0, 1.1 1.0 0.74
> :
21 " " 376/\  LSA GDC+NIO (12.4% NiO)| L20,55"1.5MNo.7NIo 304 13 Lo 0.86
3 776 CeZryNige 25 2.2 0.83
o I ——
=
La,,Sr, ;Mn Ni, O General H,-TPR profiles: [1, 2, 3, 4]
P3 45 ! 1.  Nispecies main reduction < 600 °C (also Project Goal).
: : ; =5 — 1 2. H/Metal molar ratio: Hydrogen consumption per unit molar metals.
P’o,sigf,ss""“o,s”'o,zoc a) When only Ni: H/Ni = 2, Ni2* + H = Ni® + 2H*;
L - ] b)  When only Ce: H/Ce = 1, Ce* + H = Ce3* + H* (Superficial & Bulk);
391 J c) When only Mn: H/Mn =1, Mn** + H = Mn3* + H* (Superficial) &
P4 297 CeZr,Ni, H/Mn =1, Mn3*+ H = Mn?* + H* (Interficial & Bulk);

Attention: Synergic impact of Cerium and Manganese species

100 200 300 400 500 600 700 800 900 1000 incorporation which also participate in reduction.

= Temperature (°C)

1-Y. Wei et al., applied catalysis a: general 2020, 549, 117439. YZIYSZ: Yitria-stabilized zirconia;
2-Ma, Y etal, Catal Lett 150, 1418-1426 (2020). &DC: Gadoliniam Cerium: VD: Victor Duffort: 21
3 — Horlyck, J et al. Top Catal 61, 1842-1855 (2018). 4 —S. Das et al., Chem. Commun., 2019, 55, 6074. CZS: Cerium Zirconium Samarium. |D: Louise Duhamel.



IV. Elemental analysis & Reducibility

4.2. Nickel based catalysts reducibility — Reaction pretreatment (450 °C & 12 h)
Catalysts based on YSZ support

. Total H, | H, amount H/Metal
Synthesis /
Catalyst Ni position amount (mmol/g) Molar
P (mmolig) | (<600 °C) Ratio

NiYZ Impregnation/ 14 14 17
Support surface

8YSZ_Ni10%nNi | Vechanochemical 17 1.7 2.0
- - / Support surface

425

B

NifYZ (10% Ni)

Metal reduction: Ni2* + H = Ni% + 2H"*:
Theoretical molar ratio H/Ni = 2

YZ/YSZ support : Chemically stable (20-1000 °C)

1. Nispecies main reduction < 600 °C (also Project Goal).

H, Consumption

8YSZ_Ni (10% Ni)

2. H/Metal molar ratio : Ni/YZ (1.7) < 8YSZ_Ni (2.0).
3. Reaction pretreatment (450 °C & 12 h) :

a.
b.

Ni/YZ : Slightly incomplete reduction (1.7).
8YSZ_Ni (10% Ni) : Complete reduction (2.0).

— T
100 200

1-Y. Wei et al., applied catalysis a: general 2020, 5
2—-Ma, Y etal., Catal Lett 150, 1418-1426 (2020).

3 — Horlyck, J et al. Top Catal 61, 1842—-1855 (2018).

— — ,
300 400 500 600
Temperature (°C)

— T
700 800

—
900 1000

49, 117439.

4 —-S. Das et al., Chem. Commun., 2019, 55, 6074.

.

Because of different synthesis methods [4] :

1. Impregnation : Ni species in porous structure of YZ.

2. Mechanochemical : Ni particles mainly on YSZ surface.

3. 450 °C is incomplete reduction for Ni/YZ.

R

22
YZ/YSZ: Yttria-stabilized zirconia.



UCCS IV. Elemental analysis & Reducibility

i 4.2. Nickel based catalysts reducibility — Reaction pretreatment (450 °C & 12 h)

Catalysts based on Gd doped cerium oxide

LSA: low specific surface area 12 m?/g. Metal reduction — 1 : Ni2*+ H = Ni® + 2H*:
GDC: Gadolinium Cerium. HSA: h|gh SpeCIfIC surface area 23 m2/g Theoretlcal molar ratlo H/NI —
. Total H, | H,amount | H/Metal Metal reduction — 2 : Ce**+ H = Ce3* + H*
Catalyst ?\I%ntgsii:irﬁ amount (mmol/g) Molar (SU erficial & Bulk) .
P (mmol/g) | (<600 °C) Ratio ) P ] ’
T vE— Theoretical molar ratio H/Ce =1 .
+NI echanochemica o
10% Ni  Support surface 21 17 067 | Gd incorporation in CeO, : 635 & 900 °C [5].
LSA GDC+NiO Mechanochemical = 900
10% Ni / Support surface L9 1.6 0.59 2
= 635
- S [enc
381 HSA GDC+NiO g
§ :z;xm \\ References:
2 Ly s TN GDC support
- ' ““M reduction profile.
c £ [ ¥ALYs
S 771
g— o41 L —— ] 300 400 500 600 700 800 900 46 min
3 Temperature (°C) !
s = ' - ILSA‘GD‘C+I‘\|'0 .
8 e Bulk ' 1. HSA/LSA GDC+NiO at lower temperature than GDC
T Ce* species support : interaction by Ni doping in GDC.
reduction to Ce3* 2. Reaction pretreatment (450 °C & 12 h) : Nearly
545 776 complete reduction of Ni species.
e L AR . .
3. HSA GDC+NIO presented the slightly better
e L e T L L L e redumblllty than LSA GDC+NiO from H/Metal molar
Temperature (°C) ratio (0.67 > 0.59) due to more contact surface.

1-Y. Wei et al., applied catalysis a: general 2020, 549, 117439.

2—Ma, Y etal, Catal Lett 150, 1418-1426 (2020). 4-S5. Daset "Ii" If_”e’”' ICO’”’”””-' 2/"”3 55, 6074. 23
3 - Horlyck, J et al. Top Catal 61, 18421855 (2018). 5—1. V. Yentekakis et al., App. Catal. B: Environ. 192, 5 9 2016, 357-364.
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IV. Elemental analysis & Reducibility

4.2. Nickel based catalysts reducibility — Reaction pretreatment (450 °C & 12 h)

Catalysts based on cerium zirconium oxide ® 35
3
Catalyst Synthesis / ;cr:wtslulr_:tz l_é?n?;noc:/l::]r)]t HiMetal i 832
Ni position (mmolig) | (<600 °C) Molar Ratio % 248 NiCeO
L Pseudo sol-gel / 5 -
(10%Ni) Ni-CZS doping in support 2.0 1.6 0.77 /\/\ NITIO,
. . NVZFO, | piceo,
(10%Ni) Coprecipitation / o5 29 0.83 ————————————— —— . . .
CeZry:Nigs doping in support ' ' ' 100200 %ﬁm:{['iats:fe(g%o) bt ek B RPN .
. Superficial & Bulk Ni-CZS (10% Ni) References: (1) Ni/CeO, & (2) CeO, reduction profile.
Ce®* species 3 Metal reduction — 1 : Ni2*+ H = Ni% + 2H*:
l reduction o Ce Theoretical molar ratio H/Ni = 2 ;
ey 641 Metal reduction — 2 : Ce**+ H = Ce®* + H* (Superficial & Bulk) :
c /\j L Theoretical molar ratio H/Ce = 1.
= P Cerium Zirconium solid solution: oxygen mobility
5 . . . | . | . (Cerium), stability (Zirconium) and surface &
[/;] ! ! ! ! ! .
S fterfacial - Cleoleos structure defect (Samarlum_). o
o Ni2* species Superficial & Bulk 1. Ref(1,2)vs. samples : Nickel doping into
= 297 Ce™ ppecies reduction to Ce® structure presented stronger interaction between
Superficial nickel species and support, Ni%* reduction
Ni2* specie L 769 appeared at higher temperature.
2. Ref (2) vs. samples : Ni and Sm doping improved

| T, T 1
100 200 300 400

I
00
Tempe

—
600 700 800 900 1000
ature (°C)

Superimposed zone of Ni & Ce reduction

1-Y. Wei et al., applied catalysis a: general 2020, 549, 117439.

2—Ma, Y etal, Catal Lett 150, 1418-1426 (2020).

3 — Horlyck, J et al. Top Catal 61, 1842—-1855 (2018).

CZS: Cerium Zirconium Samarium. 35— 1. V. Yentekakis et al., App. Catal. B: Environ. 192, 5 9 2016, 357-364.

Ce** species reduction to Ce3* species.
CeZr,sNiys and Ni-CZS hold similar H/Metal ratio :
coprecipitation similar interaction vs. Sol-gel.

4 —S. Das et al., Chem. Commun., 2019, 55, 6074. o4
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Ruddlesden-Popper perovskites : A,,1B,0n1):5

IV. Elemental analysis & Reducibility

4.2. Nickel based catalysts reducibility — Reaction pretreatment (750 °C & 24 h)

Metal reduction — 1 : Ni2*+ H = Ni® + 2H":
Theoretical molar ratio H/Ni =
Metal reduction — 2 : Mn#* + H = Mn3* + H* (Superficial)

Theoretical molar ratio H/Ni =1 ;
Metal reduction — 3 : Mn3* + H = Mn2* + H* (Interficial & Bulk)
Theoretical molar ratio H/Ni =

Svnthesis / Total H, | H, amount | H/Metal
Catalyst ng osition amount (mmol/g) Molar
P (mmol/g) | (<750°C) | Ratio
. Sol-gel / dopin
ProsSrisMnggNig 04 ingsuppoist g 11 10 0.74
. Sol-gel / dopin
Lagy 5Sry sMng ;Nig 30, ingsuppoﬁt 9 1.3 1.0 0.86
L]aMSr1 sMn, .Ni O, 1.
2.
S
& 1. Ni%*reductipn o _—, . _,_.———" 3
N s G Bulk Mp3* redpiction :
= "‘Lv—wl'ari/jn T&' T 7 |
7]
. . Pr. . Sr. .Mn NI 0
5 interfacial Win3* SR L
s 4
i reduction :
5.
Ll l Ll ‘ Ll l L] l L} ' T l T 'l I T ] T
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Pretreatment (750 °C & 24 h) ensured the
reduction of metal oxides on surface & effect of
Exsolution of Ni species [1, 2, 4].

Sol-gel synthesis: strong interaction between Ni
and support leads to high temperature reduction.
Different perovskite Site-A (Lay 5Sr, 5 & PrysSry 5),
Site-B (Mn and Ni) incorporation determined the
similar reduction profiles & H/Metal molar ratio.
Superficial (Mn4* == Mn3*) & interfacial (Mn3t—
Mn?2*) reduction should be taken into consideration
around 500 °C, bulk (Mn3* — Mn?*) reduction
around 750 °C [3].

Perovskite A-site substitution : surface structure
defect and more oxygen vacancies [3].

6. Perovskite B-site substitution : Ni & Mn synergic

Remind of conversion corresponds to H/M ratio:

Lag 5Sr; sMng ;Nip 30, > Pry sSry sMng gNig ,0,

1-P. B. Managutti et al., ACS Appl. Mater. Interfaces 2021, 13, 35719-35728.
2 — P. B. Managutti et al., ACS Appl. Mater. Interfaces 2023.

effect because of C-H bond breaking by Mn [4].

3 —J. Wu et al., Applied Catalysis A: General, Vol 619, 2021, 118-137.
4 —Y. Zheng et al., Applied Catalysis A: General, Vol 614, 2022, 118-687.
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UCGS V. Conclusion & perspectives

Conclusion — HT approach to optimize Ni-catalyst for dry reforming of methane

1. Comparing parallel HT reactions, La,sSr,sMngy-Nip;O, and Ni-CZS showed the best conversion rates;
ProsSry sMng gNiy ,0,, HSA GDC+NiO and CeZr,:Ni, s exhibited relatively moderate conversion rates from
catalytic results on activity & stability.

2. Among 4 synthesis methods: Sol-gel, impregnation, coprecipitation and mechanochemical approach, Sol-
gel method showed best results due to strong interaction between nickel species and support.

3. YSZ presented chemically stability as support for Ni species.

4. Gd & Sm incorporation into Ce Zr solid oxide showed positive impacts on the reactivity and reducibility.

5. Perovskite (LagsSr; sMng,Nip;0, & PrysSr; sMnggNip,0,) presented significant reactivity and reducibility
with low Ni doping content due to Ni exsolution after reduction in hydrogen and Mn species synergic
influence on C-H bond breaking.

6. H,-TPR : as evidence to confirm the conditions of the catalysts pretreatment (450 °C & 750 °C).

7. Hydrogen consumption & molar ratio H/M of H,-TPR reflected corresponding activity of catalysts.

8. Interaction strength between the nickel species and the supports: By group: Ni-CZS > Ni/YZ,
Lag 5Sr; sMng ;Nip 30, > Pry sSr; sMng gNip ,0,; HSA GDC+NIO > LSA GDC+NiO. (Sol-gel & more SSA : positive)

9. XRF analysis showed catalysts’ metal contents in mass, the theoretical and experimental results are generally

similar in mass nickel.

W .



UCGS V. Conclusion & perspectives

Perspectives — HT approach to optimize Ni-catalyst for dry reforming of methane

Perspectives Ideas

Goal

Co & Fe doping in perovskite

Elemental optimization
Zr & Sm in Cerium oxide

Synthesis Sol-gel with more SSA

XRD

XPS

Characterizations TPO

SEM/TEM

0,-TPD

Avoid coke deposit

More surface defect & active Ni
metal species

Ni stable & active species, with
low content & small nanoparticles
(6-9 nm) [1]

Structure change during
reduction or reaction

Metal valences before vs. after
reaction

Coke deposit

Coke deposit, particles size,
exsolution

Oxygen mobility

g
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UCCS IV. Elemental analysis & Reducibility

i 4.2. Nickel based catalysts reducibility — Reaction pretreatment (450 °C & 12 h)

(a)
355 Total H, H, amount Ratio
- Catalyst amount (mmol/g) H/Ni
Z (mmol/g) | (<450 °C) 2
g o Ni%’o’g% Fi _. . CeZry:Nig s 2.5 1.9 0.4
s | . - i
E T — NVALO, ] Kiceo \Nf/ Ratio H,/Ni: Ni & Ce oxide solid solution
- NiTiO, | caceo, / J\ synergically participate in r_eduction with
/\ NVZrO, S ) stronger Interaction
100 200 300 400 500 600 700 800 900 ) e a0 S0 o0 700 CeZr, Ni
Temeprature (°C) Temperature (°C)
References: CeO, & Ni/CeO, reduction profile o
5
1. Cerium Zirconium mixed oxide significant oxygen %
mobility (Cerium) and stability (Zirconium) g
which promoted Ni species catalytic activity. 2
2. Nickel doping into Cerium Zirconium mixed 3 w
oxide presented stronger interaction between T
nickel species and support, Ni2* reduction L
appeared at higher temperature. e
3. Bulk Ce* & Ce?*reduction appeared ~ 500 °C Ce** species reduction
and > 800 °C. Nickel doping improved Ce?*
species reduction < 800 °C. 400 200 300 400 500 600 700 800 900 1000
— Temperature (°C)
;:X;,;’j/i' :; Z; ng:/eiif ;‘ng'; ; 1 g_elnj zrgl'(’zé%())f 549, 117439 w 4-0. H. Laguna et al., catalysis Today, 172, 2011, 118-123. 20

3— Horlyck, J et al. Top Catal 61, 18421855 (2018). 5—He, J., et al., Environ Sci Pollut Res 28, 26018-26029 (2021).
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IV. Elemental analysis & Reducibility
4.2. Nickel based catalysts reducibility — Reaction pretreatment (450 °C & 12 h)

(a)
355 =
otal H, H, amount Ratio ‘
. Catalyst amount (mmol/g) H/Ni
::; (mmol/g) (< 450 °C) 2
; 832 Ni/YZ 1.4 0.76 0.8
z 24 Ni/CeO,
@ | i- . . .
£ . Ni-CZS 2.0 0.8 0.1 _|
NifTiO, Less hydroger_l cons_umptlon Uniformed Ni
/\ Ni/ZrO per unit of Ni, _ distribution
d  PICeO, more hydrogen consumption on Ni-CZS
100 200 300 400 500 600 700 800 900 , 30 s . S0 s 70 s . 900 in total.
Temeprature (°C) Temperature (°C)
References: CeO, & Ni/CeO, reduction profile NifYZ (10% Ni)
431 Impregnation
1. Impregnation — Ni species on surface: reduction
happened in low < 600 °C temperature zone. S
2. Pseudo sol-gel — Ni species on surface and in 3
. H H - T f T ¥ T ' T T T ¥ T i T 3 T ]
bulk: reduction also appeargd at high > 600 °C @ Ni-CZS (10% Ni)
temperature zone Ce reduction . 3 {\429 Pseutiessol-ge
3. Bulk Ce?* reduction > 800 °C. But Ni & Sm -3 =
. : ion <
doping improved Ce species reduction < 800 7 \//L
°C. Because of surface defect & oxygen __///
vacancies by Sm incorporation. 389
' 1(IJ(J ‘ 2(IJO 3(I}0 I 460 5(130 I B(IJD T(IJO ' 8{I)D ' 9(I)0 1000

——
e

—_—

1-Y. Wei et al., applied catalysis a: general 2020,
2—-Ma, Y etal., Catal Lett 150, 1418-1426 (2020).

—

3 — Horlyck, J et al. Top Catal 61, 1842—-1855 (2018).

Temperature (°C)

I

49, 117439. o
W 4 - 0. H. Laguna et al., catalysis Today, 172, 2011, 118-123. 31

5—He, J., et al., Environ Sci Pollut Res 28, 26018-26029 (2021).
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: 4.2. Nickel based catalysts reducibility — Reaction pretreatment (450 °C & 12 h)

LSA: 12 m?g. HSA: 23 m?/g.

Total H, | H,amount Ratio Aggregation of Ni

Catalyst amount (mmol/g) . : .
(mmolig) | (<450°C) HNi - species on 8YSZ NI patio H./INi: GDC Support (Ce species)

8YSZ_Ni 10%Ni 17 16 1.0 synergically participate in reduction

U”'f_or”’_‘e N_' SPeCIes with stronger interaction
HSA GDC+NiO 10% Ni 2.1 1.5 0.3 distribution on

HSA/LSA GDC+NiO

LSA GDC+NiO 10% Ni 1.9 1.4 0.3

Less hydrogen consumption
per unit of Ni,
more hydrogen consumption
in total.

(8%)YSZ_Ni (10% Ni)

1. HSA/LSA GDC+NIO at lower temperature ¢ B . . B L L
and higher H, consumption: because of ] Pon SDCINO (122 L RIO)
surface defect by Gd doping in Ce oxide. E

2. Reduction at high temperature w
corresponded to bulk Ce?*reduction. S —

3. Gadolinium Cerium mixed oxide supportby =" ! ' ! ' ' idiericnie (1'2.4"% i by

mechanochemical route: HSA GDC+NiO
(High specific surface area) presented the
slightly better reducibility than LSA
GDC+NIO (Low specific surface area).

bulk
Ce?*reduction

ﬁ

T v T I I T T e ——
100 200 300 400 500 600 700 800 900 1000

Temperature (°C) —

1-Y. Wei et al., applied catalysis a: general., 2020, 549, 117439. .
2—Ma, Y etal, Catal Lett 150, 1418-1426 (2020). 4 — 0. H. Laguna et al., catalysis Today, 172, 2011, 118-123.

3 — Horlyck, J et al. Top Catal 61, 1842—-1855 (2018).
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HT approach to optimize Ni-based catalyst for dry reforming of methane
Conclusion

Comparing parallel conversions, Lag 5Sr; sMn;Niy 30, and Ni-CZS showed the best conversion rates (CO,: ~45%, CH,: ~30% at 700
°C; CO,: ~ 20%, CH,: ~5% at 750 °C); Pr,sSr; sMnggNip,0,, HSA GDC+NiO and CeZr,:Ni,s exhibited relatively moderate
conversion rates (CO,: ~35% , CH,: ~20% at 700 °C; CO,: ~20% , CH,: ~5% at 750 °C). Catalytic stability showed interaction
between nickel species and support.
Among 4 synthesis methods: Sol-gel, impregnation, coprecipitation and mechanochemical approach, Sol-gel method showed
best results due to strong interaction between nickel species and support.
YSZ presented chemically stability as support for Ni species.
Gd & Sm incorporation into Ce Zr solid oxide showed positive impacts on the reactivity and reducibility.
Perovskite (LagsSr; sMng;Nip 30, & PrysSr; sMnggNiy,0,) presented significant reactivity and reducibility with low Ni doping
content due to Ni exsolution after reduction in hydrogen and Mn species synergic influence on C-H bond breaking.
H,-TPR analysis with reductive properties of the catalysts as evidence to confirm the conditions of the catalysts reaction pretreatment
(450 °C & 750 °C) and catalytic results and presented also the nickel species interaction between nickel species and support.
H,-TPR hydrogen consumption, low H/Ni showed more uniformed Ni species distribution.
Interaction strength between the nickel species and the supports: By group: Ni-CZS > Ni/YZ; La,sSr;sMng;Nig;0, >
Pr,5Sr; sMn, gNiy ,0,4; HSA GDC+NIO > LSA GDC+NiO.
The mass metal contents of the catalysts were obtained by XRF analysis, the theoretical and experimental results are generally similar

in mass nickel. .
Perspectives

1. Co and Fe incorporation into Ce solid solution and perovskite Site-B to test to avoid coke deposit from elemental design of catalyst.

— 2 _Cha_ragtgr_iz_a}tions: XRD for crystal structure; XPS for metal valence state; TPO, SEM/TEM for post-catalyst for coke deposit test.

L
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