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IMoapayowyn H,

231
K, 2 CO
e Y’i " CH4+ H,0 — CO + 3H,
P , CO + H,O —- CO, + Hy

[ Support ]

Aq:l:;e 2H20 — 2H2 + 02 |AEO| = 1,23 A\

Supply

T

PEM Electrolyzers

AVO&OQ: 2H20(1) — Oz(g) + 4H+(aq) +4e
K(l(‘)OﬁOQZ 4H+(aq) +4e — 2H2(g)

Solid Oxide Electrolysis Cells

Avodog: 207 — Oy t+4e
Ka8odog: 2H,0 + 4e” —2Hyy) + 20
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MeOavomroinon tov CO,

COZ + 4H2 — CH4 + 2H20 ArH =-164 kJ/ mol
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Metal nanoparticles N], Rll, Rh

Strong metal-support
7 interaction

e Metal oxide
- support

CO, + 4H, = CH, + 2H,0

o Oxygen vacancy amount
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Koatarivteg MeBavomroinong (1/3)

CO, + 4H, ==t CH, + 2H,0
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Koataivteg MeBavomroinong (2/3)
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SIAKAVELAS, Georgios I., et al. Highly selective and stable nickel catalysts supported on ceria
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towards highly active and selective Ni-based CO2 methanation catalysts. Journal of Energy
Chemistry, 2022, 71: 547-561.

TSIOTSIAS, Anastasios I., et al. Enhancing CO2 methanation over Ni catalysts supported on
sol-gel derived Pr203-CeQ2: An experimental and theoretical investigation. Applied Catalysis
B: Environmental, 2022, 318: 121836.

TSIOTSIAS, Anastasios I., et al. Ni-noble metal bimetallic catalysts for improved low
temperature CO2 methanation. Applied Surface Science, 2023, 158945.



I[TANEIIIXTHMIO
AYTIKHY MAKEAONIAXZ

e

Koatarivteg MeBavomroinong (3/3)

TSIOTSIAS, Anastasios ., et al. Bimetallic Ni-Based Catalysts for CO2
Methanation: A Review. Nanomaterials, 2021, 11.1: 28.
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“*1s highly dispersed over the
support and the Ni NPs

* Promotes the metal
dispersion, reducibility and
moderate basicity

+* Energetically favors the
CO, adsorption

+* Drastically increases the
low-temperature catalytic
activity

Napadayovteg Tlov kaBopilouv TV

EvePYOTNTA EVOG KATAAUTN yla TtThv aviidpaon
pebavomnoinong sivat:

Vi.

Vii.

To €ido¢ ™G evepyng MeTaAAKAG dAong
(r.x. Ni, Ru, Rh ] kpapa autwv KTA.).

To €ibo¢ tou umootpwpartog (r.x. CeO,,
Zr0,, Al,0,, SiO, KT\.).

H rtpomonoinon pe kamowo &evtepoO
HETaAAO

H aAAnAenidpaon HeTAAAoOv-
UTTOGTP WHLOLTOG,.

To péyebog kot n Swaomopd TWV
METAAALKWV VaVOSWHATLSLwv.

H duaBeoipotnta kevwv B€cswv o§uyovou

Kot Bacwkwv Bécewv otnv emipAvela Tou
UTTOOTPWHLOTOC.

To mnopwdeg (edkn emdpdvela) Ttou
KOtaAuTn K.oL.
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‘_’ . Flue gas:
7\

Ariertovpyika vikd (DFMs)

(320 °C)

CO, free gas

Step 1: CO, capture
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Renewable energy
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I .. Renewable H, Step 2: CO, methanation

© S

(320°C)

v

ho —\ ]

CH, (recycled as fuel)

TSIOTSIAS, Anastasios |., et al. The role of alkali and alkaline earth metals in the
CO2 methanation reaction and the combined capture and methanation of
CO2. Catalysts, 2020, 10.7: 812.

CH,
H,0
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Power to Gas (PtG or P2G)

|. Fluctuating electricity generation from renewable energy sources @ )

]

o [ i https://www.youtube.com/

" : @ _________ @ watch?v=j6ktfz2R9fo
Matural gas grid

.; ) ]

& ® @

Industrizl use Mahility Electricity generation Haat supply

Generation of e-gas \
Methanation joins hydrogen and carbon dioxide

..................

https://www.youtube.com/wa
tch?v=MWh23EOMRJY

,' i iéLAFEC


https://www.youtube.com/watch?v=j6ktfz2R9fo
https://www.youtube.com/watch?v=j6ktfz2R9fo
https://www.youtube.com/watch?v=MWh23EQMRJY
https://www.youtube.com/watch?v=MWh23EQMRJY
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YNUOVTIKOTEPES UVTIOPUGELS

1. Iapaywyn vopoyovoy uEc® NAEKTPOAVGNS TOV VEPOU:

H>O — H» + %Oz

2. MeOavomoinen tov droieroiov Tov avipaka (CO, methanation):

CO2 + 4H>» —» CH4+ + 2H20

3. AvTioTPOPY] AVTIOPUOT HETATOTIGNG TOV VOUTOS
(Reverse Water-Gas Shift - RWGS):

CO» + Hh » CO + H20

2&%
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IIp®OTOKOALO HETPICEMV

e Cylinder PRV:  Pressure Regulator Valve
GG GasChromatographer TC:  Temperature Controller
MFC:  Mass Flow Controller Vi Valve

Pl Pressure Indicator
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O1 KaToAVTIKEC OOKIUES TTPOLY LLOTOTTOLOVVTOL
G€ OVTIOPOCTNPA GTAOEPOTOINUEVTC KATVTC.
H xatoAvtikn kiivn anotedgiton amd o
Bdon quartz wool ko TV TOGOTNTO TOL
KoTaloT.

H ocvvolkn pon tn¢ tpopodoaciog mov
ypnolpomoleiton amotedgiton and aéplo
uetypa CO, / H, / Ar pe avaroyio 1/4/5
(Zvvolkn pony 100 ml min!)

Ipotoxkorro #1 (Ileypapata Bnpotiking avénonc e Oepuokpaciog):
H Oepuokpocio tov avtidpactipo petafdireton otadiakd petacd 200 kot 500 °C, mapapévovtag yio 30 Aentd o
Kka0e Oepuroxpacia (steady state) mote va mpayuotonotndel LETPNON GTOV OEPLO YPOUATOYPAPO.

Hpwtokoiro #2: (Ilepapata ota0epoTnTog):

H Oepuokpacio avtidpaonc mapapével e pio Oepuokpacio yio 8-20 dpec. Ot LETPNGELC GTOV AEPLO YPOUATOYPAPO

wpoypatorolovvtal Kdbe pia (1) opa.
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Biuoto meipopatikng owvowkaotiog (1/2)

Bipa 1:

Zvyilovpe 0,1 — 0,25 g katodvtn otov gpyaotnproko (uyd (TNa 0.24 g ko por} 100 ml min-!, 1
oo Ydpov (WHSV) teodtan pe 25000 ml g! h-1). Torobetodue quartz wool otov
AVTIOPUGTHPA KO TOV KATAADTN TTov £yovue Cuyicel pe 1 Ponfela kmvikod ymviov.

Bipa 2:

TomoBetov e Tov avtdpactipa ot povada. EAEyyovue ) povada yia 01oppoég Ko cuveyilovue
ue avaywyn tov kotaAvtn yo 1 h (cuvnBme petacy 300-500 °C) 6e atos@apiKY| mieoT Vo pon
avoy®ywkoL aepiov H,.

(MO, + xH, — M + xH,0, m.y. NiO + H, — Ni + H,0)

Bfua 3:

Metd to 1élog TnC avaywync, puOuilovue TIC poig TV aePi®V TPOPOOOGINC YPTCULOTOLDOVTOC
bubble flowmeter. AoV £yovue Bdrel oe Aettovpyio TOV AEPLO YPOUATOYPAPO Taipvovue bypass,
v vo EAEYEOVLLE OTL 01 GLYKEVTPMOGELS TV aeplmv €160d0v (C.,) etvar ot embountéc.

éL/ \ B LAFEC
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Buoto meipopatikng owvotkaoiog (2/2)

B1no 4:

Agpnvovpe to @ovpvo va youybel Emg otovg 200 °C. Tpo@odoTolE TOL 0EPIOL GTO ECMOTEPIKO TOV
avtiopactipa kot TeptuEvovue 20 Aemtd wote va, eméABovv novipes cuvinKes (avapéveton aueon
Kol kpn avénon g Beprokpacioc otov avidpactipo, Letd m dwpifacn tov aspiomv, Kabwng n
avtidpaon etvor eEmBepun).

Ot HETPNOELC TOV AEPI®V TPOTOVTMV TPOLYLLOTOTOLOVVIAL GTOV OEPLO YPOUATOYPAPO amd Tovg 200 °C
£€mw¢ tovg 500 °C kdBe 30 Aemtd pe Prypata 25 1 50 °C.

B 5:

TéNOG, apob £yovue TaPEL KO TNV TEAELTOLO LETPTON, CTAUATALE TNV AEPLA TPOPOSOGiaL.
Xvveyilovpue pe kaBapiopd e povadag yua 20 Aemtd vd pon Ar.

éL/ \ B LAFEC
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IHewpopoatikn owatoin

C Cylinder PRV:  Pressure Regulator Valve 0 8 P ’
GC: Gas Chromatographer TC: Temperature Controller LGTNUA TPOPOOOGTIUS TV AEPLMV
MFC:  Mass Flow Controller Vi Valve - nd
Pl: Pressure Indicator - -
- - - -
| ——— == Z e = = =] X0omuo KatoAuTikoD ovtiopactipo [ = =
| |
LI ‘ "ﬁﬂ B W0, | Pre-heater BEERE; |
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c-p01 C-02 C-03
CO2 Hz Ar

c03 C04 C05
Air H, He

SO0 avAADONS TOV AEPI®Y TPOIOVT®V o1V ££000 TOL AVTIOPACTI P
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200TNUA TPOPOOOGLUS AEPLOV

Drédeg Ko pLavOUETPOL.

Poopetpa paloc kot niektpovikeg BarPideg elcaywyn aepimv.
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Voo 1600epung pone Ue TANPOTIKO
VMKO (KoTtoAvTNG), Tomobetnuévo péca
o€ £va NAEKTPIKO POVPVO.

H Oepuokpacio eAéyyetor pe m ypnon
Oepuooctoryeiov THmov K.

[Ipokettor y éva cLOTNUA VYNANG
Oeppoxpacioc (¢og 900°C) ko mieomng
(g 4 bar) mov umopel va
YpNoyomon et (of5 TANOoOpa,
KOTAADTIKOV O1EPYUCIDV.

Mmopodv vo GUVLTTAPYOLV TPEIS PAGELC
TOVTOYPOVOL:
- H vypn (vepd) oe mepintmon
A TUO-OVOUOPPOOTC,
- H aépua (n.y.: CO,/H,)
- H otepen (kataivtc)

Po% ea B8 BA UN s

P e R e O e




——

> ‘
E XV0TNUO AVAAVGNS TOV UEPLMOV TPOLOVTOV % c
O
9 E * To obomnua avdivons Tov aéplov TPoioviemv TEPILaUPavel aéplo YPOUOTOYPAPO
E N/ (Agilent 7890A) eEomhiocuévo pe dvo otreg (HP-plot Q xor HP-molesieve) kot 600
T < aviveuTéc (Zymua 5), ntot aviyveutr Bgpukng ayoywynotnrtog (TCD) kot aviyvevti)
E E oA0Y0g oviopov (FID), mov Asttovpyel ypnopomoidviag cav eépov aépto to He.
— A
=2
< F-
2 < il
oo
fafEEe

* O aéplog YpOUATOYPAPOS YpNOILoTOLEiTOL, KOt KOPLo AOYO, Y10 TOV doY®PIGUO TMV
AVTOPOVIOV Kol TPoiovImVv Tng aviidpaong, nrot. CH,, CO, CO,, H, kot Ar
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Avairvon aeplov npoiovtoyv (GC — TCD)

F . €V’ Opa avtidpaong

TCD2 B, Back Signal (CO2 HYDROGENATIONCO2_HYDRODOOSES .0

Huarm. ]

mits  —
[

Ar

20 Ato&giono Tov
| avlpaxo

1800 —

MeOavio

I
|
|
|
|
|
|
|
I
I ' Movocigioro
I ' TOV QvOpaka
Yopoyovo : :
1) ! J “
¢
I I I :
I I I :
I ! -2
IS I : : el 9
| . -1 . | : |
i |§K: LI /1L A Y Vi
g m— T — L_L_I [——— | I———
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Avairvon aeplov npoiovtoyv (GC — TCD)

C

out?

2007100 0EPLOV NIYHOTOS 6TV £6000 TOV GVTIOPAGTIPA

EuBadov (oAokAnpwua)

XpOvog KatakpAtnong

avtiotowng kopudng otov TCD

Signal Z2: TCDI

RetTime
[min]

2.791 BE
3.0

ApvnTLKO
onua ywo
To H,

4,224 BE
g

7.643 BE
8. 740

9.731 BE
12.161 BE

Totals

JUYKEVTPWON (TTOCOOTO) TOU CUYKEKPLULEVOU
aeplou 0TO CUVOALKO pel

E, Back /Signal

Area amt/Area Hame
[25 pVW* =]
————— R e R e s
381.04022 8.13962e-3 4.,.72945 COZ
= = = CZH4
j P S 1 s O e o~ O e i B e il CZHGB
13.21321 8.40842e-1 15.31444 HZ
de30.07031 7.94855e-3 63 .59658 Ar
= = £ NZ
494 .12555 1.0264d42e-2 Q.17751 CH4
d6.79869 1.02681e-2 Z.75173e-1 0

98 .47447
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Ynoroyiopnog KatoAvTIKOV peyedmyv (1/3)

Ov petatponég tov aviwpoviov (kvpiog tov CO,) vroioyilovioaw Bdoer twv poav (1 TV
CUYKEVIPMGEMV ETL TNC GLVOMKNC POTG) TV OVTICTOLY®V EVOCEMYV GOUPMOVA LLE TO OTTOTELEGLLOTO TTOV
wposkvyav and uetpnoelg GC-TCD, mc¢ eénc:

170 out
{?’02 o FGOQ

XCO;; . £100%

11

COy

Me Fco,in ovpporiCetar n pon tov CO, oty €i6060 TOL AVTIOPACTHPE. YTOAOYICETOL GTNV OPYN TOV
K0e mewpdpoatog LEGH ANYNGS HETpnomng bypass, OnAadn HEC® TapAKALLYNS TNS PONG TNE TPOPOJOGTIOG TOV
aePloV UiYHATOS EKTOC TOV avTIdpacThpa Kal Katevbeiav otov avaivty GC-TCD.

H pétpnon bypass Aapfavetor oy apyn kot to péyebog Ceo, 5, Beopeitar og otabepod kabd” 6in
owdpKeta Tov mEPapatog. Me Feg, o, cupBoriCetar n por tov CO, 6NV €000 TOL OVTIOPAGTNPA.
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Xnuetlo tpocsoyns Pon # Xvykévrpowon, Metaforic 0ykov Cy\w

O avaoivtiic GC-TCD petpder ovykevrpooels C kat oy poég F. O cuykevipmoelg eCoptovtor KAI
a0 TOV GLVOAMKO OYKO TV 0epiwV, 0 0moilog otV mepintmon s avtiopaong pebavoroinong tov CO,
uetaPdireton katd peydho Pabuod. O 6ykog TV aepimv TPoidVT®V ival KoTd TOAD KPOTEPOS TOV OYKOV
TOV agpiov avTdpovtov (volume contraction).

5 mol agpimv avTIdpGOVTOY ... ... 0tvouvv 1 mol agpiov mpoiovrog (H,O vypomorcitm)

™~

CO + 4H>» —> + 2H-20

20V OmOTEAEG LA, O1 GUYKEVTPWGELS C, ., €ival Kot TOAD HeEYOADTEPES AMO TIC AVAUEVOUEVES (LEIMON TOV

GUVOALKOD OYKOV 6TNV £€£000).

out>

['a mapdoetypa, yio. 1o Ar 1oV 0€V GUUUETEXEL GTNV avTiopacTn, oty opyn (bypass) epeaviCetor pe Tyeg
Kovtd 6to 50%, evd o€ pio pETpnon Ue LeYdAn LETOTPOTY), UTOPEL va TTapEL TIEC UEYPL Kot 75%.
[Tpogavamg Ar dev mapdyeTol KOTA TNV OVTIOPACT], ®GTOCO 1) GLYKEVIPMOOT ELPOVILETOL LEYOAVTEPT] AOY®
TOL UIKPOTEPOL OYKOV AOY® TMV LITOAOIT®V AEPIMV.
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Metapolréc 0yKov, TpoOTOL 010pOmONg

1. AopOmwon pe facn to Ar (Ar correction)

To adpaveg a€pro (Ar) ¥pMNOLOTOLEITAL KOl GV EGOTEPTKO TPOTLTTO O1OPHMONC Yo peTaPoAEC OyKOvL.
Kataokevaletol pio £Gtpo otNAN oto excel ko ya kGO petpnon voroyiCetor 0 Adyog Cp i, / C oy OOV
Carout M OVYKEVIP®OT AT (TN IOV diveTan) o€ Kabe PETPNOT 0TV £6000 TOL AVTIOPACTIPO KO Cy, i 1
GLYKEVIPWOTN Ar 670 bypass. 211 cuvéyetla 1 kabe cvykévipoon agpiov 6ty €000 (.. Ceo, gur)
mollamlactaleton e avtd Tov aplipd, Kot 1 LETATPOTY) TPOKVMTEL AV GTOV TTPOTYOVUEVO TOHTTO OVTL Y10 POEC
BdAove TIC VEEC VTTOALOYIGUEVEC GLYKEVTPDOOELC,.

in out
FCOg _FCOg

Xco, = £100%

in

COq

IL.y. 670 bypass givor Cepy i, = 10% xar Cy 1, = 50%
Kar og pior pérpnon (m.y. otovg 350 °C) Cegy oy = 3% k0L Cy oy = 75%
Tote Cp iy / Carou = 50%/75% = 0,6667 ka1 véa Tipn Y10 Cegy oy = 3% - 0,6667 = 2%

Xco.,(%) = =22 100 = 80% (can i1 70%

6 \ B LAFEC
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Metaporég 0ykov, TPOTOL O10POM®ONS IR

2. Néog Tvmog

Mébvo Yo avTidpAcELS TOL 0€V £(OVUE EVOTO0gon GvOpaKa UTOPOVLE VO YPNCLOTON|COVUE KATOLOV
evarhaxtikd TOomo. H pebavoroinon tov CO, givon pio amd avtég Kot 0 TOToG Tov puropel va ypnoipomon el
Aaupavovtog an’ vBeiag TIC TIUEC CUYKEVIPMGEMV GTNV ££000 TOV AVTIOPAGTIPO OTMC KATAYPAPOVTOL ATtd TOV
aviyvevtn TCD givat:

out out
Cailgt o0 000,
Cout Cout Cout ' 0
Co, T “cHy T Lco

Xcoz(%) -

AapBavovtor VoYV HOVO 01 GLYKEVIPWOGELC aePI®V 6TV €000 Kal Oyl To bypass (amd To 0moio oAl ELEYYOLLE
av £(OVUE GOGTN AVOAOYi AEPI®Y GTNV TPOPOJOGin)

AvAA0YOl TUTTOL OEV UTTOPOVV VAL YPNGILOTONO0VV GE aVTIOPAGELC ENPTNC AVOLOPPMOGTC, OTTOV LTTAPYEL Evamdfeon
avOpaka.
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Y7oAoYI6H0S KATUAVTIKOV peyedmyv (2/3)

Ot exhekTikOTTES, S, Y100 T0 KAOE Tpoidv (CH, ko CO) vworoyilovion ®g 0 TNAiKO TV
GUYKEVIPMOGEMV TMOV GLYKEKPIUEVAOV TPOIOVIMV GTNV €000 TOV OVTIOPOGTIP, OG TPOC TO AOpOIGLOL
TOV GLYKEVIPOGEDYV OADV TMOV TPOIOVIWOV GTNV ££000 TOV OVTIOPAGTNP. LVVETMGS, EXOVLE:

out
CH Coo
SCH — - _ LB].OO% Sco = £100%
! %ig _|_ Og‘%_i CO’Ut CE}:E; .

KoBwg to povoéeido tov avBpa (CO) eivor un-emBountd mopoampoiov yioo T GLYKEKPLUEVN
avtiopaon (etvalr motdco entBountd oty avtiopacn RWGS), eivar kaAvtepo 1 ekhekTIKOTNTO
TPOG OVTO VoL Elvor Lkpm.

—
CO: + 4H> —> + 2H20 *MeBavomoinon CO,

—
CO: + H» —) + H20 *RWGS
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Ynoloyiopnog KataAvTIKOV pneyedov (3/3)

Ot am0d00ElC Y G Tpog T d1dpopa TPoidvia tng avtiopaons, oniadn wg npog CH,, ko CO
LTOAOYICOVTOL WG TO YIVOUEVO TNG HETOTPOTI|S TOV d10Eediov Tov avOpaka (Xc(,), LE TNV
EKAEKTIKOTITA O TPOG TO GUYKEKPIUEVO TTPOTOV (Scyy, M Scp) Or0pdvrag pe 100.

Xco.™ScH.
100

YCH4 —

Xco.* Sco
100

Yco =

i
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1. Abstract ka1 Conclusions

Abstract

The present work reports on the investigation of the catalytic performance for the methanation of CO, over Ni catalysts based on CeO,, and
for the first time, of Ni catalysts based on binary CeO,-based oxides Sm,0;-CeO,, Pr,0,-CeO, and MgO-CeO,. The supports were obtained
using the microwave assisted sol-gel method under reflux, while the catalysts were prepared by the wet impregnation method. For the
investigation of the morphological, textural, structural and other intrinsic properties of the catalytic materials a variety of characterization
techniques were used, i.e., Raman spectroscopy, XRD, N, physisorption-desorption, CO,-TPD, H,-TPR, H,-TPD, XPS and TEM. Carbon
deposition and sintering were investigated using TEM. It was shown that the addition of Sm3* or Pr**, incorporated into the lattice of CeO,,
generated oxygen vacancies, but the Ni/Pr-Ce catalyst was found to possess more surface oxygen vacancies (e.g. Ce*"-O_-Pr** entities).
Moreover, modification of CeO, using Sm*" or Pr3* restricted the agglomeration of nickel active sites and led to the genesis of Lewis basic
positions. These characteristics improved the hydrogenation reaction at lower temperature. On the other hand, the addition of Mg?* resulted at
strong metal support interactions reinforcing the resistance of the Ni/Mg-Ce catalyst against sintering. Moreover, the addition of Sm3*, Pr3*
and Mg?" cations increased the overall basicity and the moderate adsorption sites and led to the formation of smaller Ni nano particles;
these physico-chemical properties enhanced the CO, methanation reaction. Finally, the activity experiments (WHSV =25,000 mL g ' h™!,
H,/CO,=4:1,T =350 °C) showed that at lower reaction temperature the Ni/Pr-Ce had the highest catalytic performance in terms of CO,
conversion (54.5%) and CH, yield (54.5%) and selectivity (100%). The TOF values were found to follow the order Ni/Pr-Ce >> Ni/Mg-
Ce > Ni/Sm-Ce > Ni/Ce.

Conclusions (ITapopoireg TAnpo@opicg pe To Abstract)

In this work, the catalytic performance, in terms of activity and stability, of Ni catalysts based on Sm-Ce, Pr-Ce and Mg-Ce was compared with a Ni/Ce catalyst for the
CO, methanation reaction. The supporting materials were synthesized using the microwave assisted sol-gel method. To the best of our knowledge, this is the first time
that ceria promoted with Sm3*, Pr3* or MgO have been used as supporting material for Ni based catalysts in the CO, methanation reaction. Moreover, this is also the
first time that this particular support preparation method has been used for the reaction at hand. From the results presented herein, it was shown that the addition of
Sm** or Pr¥, incorporated into the lattice of CeO,, generated oxygen vacancies, but the Ni/Pr-Ce catalyst was found to possess more surface oxygen vacancies e.g.
Ce*-Ov-Pr" entities). Moreover, modification of CeO, using Sm** or Pr3* restricted the agglomeration of nickel active sites and led to the genesis of Lewis basic
positions. These characteristics improved the hydrogenation reaction at lower temperature (10-40% increase of the conversion). On the other hand, the addition of
Mg?* resulted at strong metal support interactions reinforcing the resistance of the Ni/Mg-Ce catalyst against sintering. Moreover, the addition of Sm>*, Pr3* and

Mg?" increased the overall basicity and the moderate adsorption sites and led to the formation of smaller Ni nano particles; these physico-chemical properties enhanced
CO, methanation reaction. Finally, the activity experiments showed that at low reaction temperature (350 °C) and at WHSV =25,000 mL g™' h™!, H,/CO, =4:1 the
Ni/Pr-Ce showed the highest catalytic performance in terms of CO, conversion (54.4%) and CH, yield (54.4%) and selectivity (100%). The TOF values were found to
follow the order Ni/Pr-Ce >> Ni/Mg-Ce > Ni/Sm-Ce > Ni/Ce.
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2. Experimental Part, M£0oodog Ilapaokeung

2.1. Support and catalyst preparation

CeO, and M,0,-CeO, (M =Sm"?, Pr**, Mg?*) promoted supports were synthesized by a microwave assisted sol-gel method using a
microwave accelerated reaction system (MARS-6) with a power output of 0-1800 W * 5% (IEC 705 Method-1988). The microwave
reaction system was described in detail previously [33]. The metal nitrates Ce(NO;); 6H,O (Aldrich, 99.95%), Sm(NO,),; 6H,0
(Aldrich, 99.95%), Pr(NO;); 6H,0O (Aldrich, 99.95%) and Mg(NO;), 6H,O (Aldrich, 99.95%) were used as precursors. During the
process, 0.06 mol of the metal salts (nominal molar ratio Ce:M = 0.9:0.1) were dissolved in 300 mL of a mixture of 66.7 vol.%
ethylene glycol in water, under continuous stirring at room temperature (RT). The metal salt and ethylene glycol mixture were subjected
to microwave heating (130 °C/800 W) and stirring until a yellowish gel was formed. The solutions were then stirred at RT for 2 h
where the formation of precipitate was noticed. Following microwave synthesis, all samples were dried at 120 °C for 12 h and calcined
at 500 °C for 6 h under atmospheric conditions to form the oxide and mixed oxide samples.

Metal supported catalysts were prepared in a second synthesis step following a wet impregnation procedure where the appropriate
concentration of Ni(NO;), 6H,0O (Chem-Lab > 96%) aqueous solution was used in order to obtain catalysts with a Ni loading of about
10 wt.%. After impregnation, the materials obtained were air dried overnight at 120 °C and calcined at 400 °C for 6 h; theses samples
are denoted throughout this manuscript as “calcined” samples. Reduced catalysts were also produced by reduction at 500 °C for 1 h
under a flow of pure H,. Finally, the supports used herein were labelled as Ce, Sm-Ce, Pr-Ce and Mg-Ce and the catalytic samples as
Ni/Ce, Ni/Sm-Ce, Ni/Pr-Ce and Ni/Mg-Ce.

M£00d0¢ mapaockevic vTooTpOpudTov Tpomomopuévilg CeO,: Microwave assisted sol-gel

Yvotoon vrootpopatmv: CeO,, portorompévn og 10600td 10% mol pe Sm3*, Pr3*, Mg?*.

Yovroun owadtkacio: Xpromn VITPIK®OV aAAT®V Kot Uiypo vepoy — aBLAEVOYAVKOANG, TOPALLOVT GE POVPVO
LIKPOKDUAT®V VIO avauién, kotafodion kitpvomod otepeol, Topwon 500 °C yia 6 h.

M£0000¢ TaPaoKEVTS VITOGTNPLLOREVOV KOATUAATOV: YYPOS EUTOTIGUOG

Yootoon kotorlvtdv: 10% Ni/ CeO, tporomompévn o€ 1060016 10% mol pe Sm*™3, Pr3t, Mg?”.

Yovroun dwudikacio: Xpron vitpikoh GAatoc Kot peydio oykov vepov, topwon 400 °C yia 6 h.
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HK I : . : S : : .
L pwrokoMa ] : 50% Ar, corresponding to a H,/CO, molar ratio equal to 4, i.e., at the stoichiometry of the methanation reaction. After the reduction

2. Experimental Part, KataAvtiko testing

2.3. Catalytic tests

I The catalytic activity tests were performed at atmospheric pressure, using a continuous flow fixed-bed tubular reactor (reactor I
I I.D.=0.9 cm, catalyst loading w_,, =0.240 g). A cold trap was employed at the reactor outlet to remove the produced water vapour l
I during the reaction. Before catalytic evaluation measurements, all catalysts were in situ activated for 1 h at 500 °C under a flow of |
I pure H,. The catalytic evaluation tests were performed using three experimental protocols (#1, #2 and #3). I
| Experimental protocol #1 was designed with the purpose of investigating the effect of the reaction temperature on CO, conversion, CO I
' and CH, selectivity and CH, yield in the temperature range of 200-500 °C at a Weight-basis Gas Hourly Space Velocity (WHSYV) of I
25,000 mL g ' h™!; the total flow rate used was 100 mL min~'. The gas mixture used as feedstock consisted of 10% CO,, 40% H, an
process, the temperature of the catalytic bed was retained at 500 °C under a flow of pure Ar for 30 min. Then the reaction mixture was !
| introduced into the reactor and the temperature was decreased stepwise (50 °C steps), remaining for 30 min at each temperature in OI‘dCI‘I
| to ensure reaction conditions at steady-state operation. Experimental protocol #2 was designed with the purpose of investigating
| catalytic stability during 20 h time-on-stream (again, H,/CO, =4/1, WGHSV =25,000 mL g ! h™!). Stability was tested at 400 °C andj

= | The reactor outlet composition was analyzed online by gas chromatography using an Agilent 7890A (Agilent Technologies, California, USA) with He

I ZTOLXE la OLVOL)\UTI"] L carrier gas equipped with thermal conductivity detector (TCD) and flame ionization detector (FID) and two columns in parallel, Agilent J&W HP Plot-Q I

| Yohoyiopdg TOF

|
L gvepyoroinong_|

| The intrinsic reaction rates were measured under differential reaction conditions, i.e., for conversions of reactants lower than 15% (specifically,
A WGHSV =100,000 mL g 1h™1, weight of catalyst =0.06 g). These results, along with the measurements of metal dispersion, were used to calculate the
/ i turnover frequencies (TOFs) of carbon dioxide conversion, defined as moles of CO, converted per moles of surface nickel metal atom per second (s™).

.
) A e e T R I e e e e e e e e e e e e e e e e
koL evépyeag
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3. Results and discussion, XRD

3.2. Crystal structure and adsorption isotherms

The XRD diffraction patterns showing the crystalline composition of each catalytic sample are presented in Fig. 2(a), while Fig. 2(b) focuses
on 20 = 25-40°. For all catalysts, the polycrystalline ceria fluorite structure is clearly observed through the presence of sharp diffraction
peaks (i.e., 20 = 28.5° for plane (111), 26 = 33.0° for plane (200), 26 = 47.3° for plane (220), and 26 = 56.3° for plane (311) [59]. Moreover,
two small peaks at 37.3° and 43.2°, present in the diffractogram correspond to the (111) and (200) planes of the NiO cubic structure (JCPDS
card no. 96-900-8694).

As can be observed from Fig. 2b, the (111) diffraction peak at 20 = 28.5° of the Ni/Sm-Ce and Ni/Pr-Ce catalytic systems has been slightly
shifted to lower diffraction angles in comparison with the pure ceria-based catalyst. The shift to lower angles is associated with an increase
in the lattice parameters resulting from the incorporation of the larger Sm3* and Pr3* ions into the cerium oxide crystal lattice, in
agreement with other literature reports [41]. In the case of Ni/Mg-Ce catalyst, the addition of 10 at. % Mg does not result in any shift of the
(111) diffraction peak, indicating that the much smaller Mg ions are not being incorporated into the CeO, lattice and are most probably
forming a separate amorphous or highly dispersed MgO phase.

= (@)
< (®) :
u Fig. 2. (a and b) XRD patterns of
nimg-ce| the calcined Ni/Ce, Ni/Sm-Ce,
| Ni/Pr-Ce and Ni/Mg-Ce

catalysts.
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-
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e

Ni/Pr-Ce

Ni/Sm-Ce|
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| ! Ni/Sm-Ce
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Avayvopion KpuoTalMkav ¢doemv: 1. ®Llovoprtikn doun dnuntpiag (CeO,) pe kopveéc (111), (200), (220), (311). ko 2. doun kvPucov NiO (#).
Tpomomoinon vrostpopdrov CeO,’, Tponoroinomn pe Sm3* ko Pr3* odnyel og petotomion g kopveng (111) oe pikpotepes yovieg (n-A = 2-d-sinb),
AOY® TG adENONG TV KPUGTAAAOYPUPIKOV TAPAUETP®V (aHENGT YKoV TNG KLWEAIDNG).
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3. Results and discussion, XRD

(a) 1 . (b)

~(111)

I = )
‘ % 3 y s N, Ni/Mg-Ce

K @ \ NiMg-Ce
= }\W:“"TJAW Fig. 2. (a and b) XRD patterns of
o J\NJW the calcined N1/Ce, N1/Sm-Ce,
. o e M Ni/Pr-Ce and Ni/Mg-Ce
M ; i catalysts.
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For all catalysts, the crystallite sizes, have been calculated using the Scherrer formula and are determined from the strongest (111)
reflection at 28.5° (Table 1). For the doped catalysts, the crystallite sizes of CeO, were found between of 7.8-8.7 nm, smaller than
that of the undoped catalyst (<11 nm), as expected. Moreover, as can be observed in Table 1, the addition of dopants also resulted in
smaller nickel particle sizes, which followed the order Ni/Mg-Ce (12.5 nm) < Ni/Pr-Ce (15.1 nm) < Ni/Sm-Ce (18.7 nm) < Ni/Ce
(22.8 nm), possibly due to interaction/synergism between Ni-support [60]. As is well established, smaller metal particles improve the
dispersion of active sites and lead to higher catalytic activity and selectivity in terms of the desired gaseous products. It is also
worthwhile to mention that the smallest Ni particle size (12.5 nm) is achieved in the case of the smallest support size (Mg-Ce: 7.8 nm).
This demonstrates the better Ni dispersion on the smallest crystallite size support and allows us to speculate for stronger metal-support
interactions due to the finer interface.

Table 1. Textural properties of the Ni/Ce, Ni/Sm-Ce, Ni/Pr-Ce and Ni/Mg-Ce catalysts.

Catalyst CeQ, particle NiO particle  Ni° particle

msize' (nm) size’ (nm) size” (nm)

* Muwpn| peimon tov peyébouvg tmv e 1 = e
kpvotarltdv g CeO, kot Tov Ni ota e > & .
TPOTOTOMUEVA VTTOGTPAOUOTA, AAUPAVOVTOG — 5 - iato
VILOYIV TO TAGTOG TMV TLO EVIOVMV KOPLOOV Ce
TOV OVTIOTOI(®V KPUGTAAAIK®OV QAGEDV. NijMe: 7S 125 37212

Ce

Note: *Calculated by the Scherrer formula, 2Caleulated by the TEM analysis.
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3. Results and discussion, puoikn Tpocspoenon N,

The specific surface area (m2 g1), pore volume (cm3 g-1) and average pore width (nm) of the supporting material and catalysts used herein
are presented in Table 1. As expected, the specific surface area recorded for the supporting materials (Ce =59.0 m2 g1, Sm-Ce = 68.5 m? g},
Pr-Ce =67.8 m? g™t and Mg-Ce = 71.5 m? g™1) was higher in comparison to that of the catalytic samples (i.e., after the introduction of the Ni
particulates) (Ni/Ce =42.7 m? g1, Ni/Sm-Ce = 45.8 m? g1, Ni/Pr-Ce =50.1 m? g1 and Ni/Mg-Ce = 48.1 m2 g~!) however, the catalytic samples
did not present significant differences between them (Table 1). The decrease in the specific surface area is due to the nickel particulates
covering of the internal surface area of the support pore system blocking the micropores [61]. According to the International Union of Pure
and Applied Chemistry (IUPAC) classification the synthesized catalytic materials present type IV isotherms [62]. Fig. 3 present the

N, adsorption/desorption isotherms curves and the pore size distribution for the catalytic samples. As can be observed, there is a small
hysteresis loop in the P/P, adsorption and desorption range of 0.45-0.80, which can be related with capillary condensation of N, gas inside
the mesopore structures [63]. Furthermore, at the maximum P/P, point of = 0.99 the N, isotherms extend in an almost vertical direction due
to the typical macropore structures of the catalytic samples (i.e., pore sizes above 50 nm) [62], which can be confirmed by the

corresponding pore size distribution.
100

0.030

(a) _ (b) —=— NilCe
—a— Ni/C 2 —e— Ni/Sm . . .
Eaol o niemce . 0025 T Niaee Fig. 3. (a) N, adsorption-desorption
= —a— Ni/Pr-C Yy —v— NilMg- : 1
® . NiMg-Ce 2 0020 Nilte-Ce isotherms and (b) pore size
E 604 2 .. . . .
=1 S ot distribution of the calcined Ni/Ce,
o s b . . .
8 40 < Ni/Sm-Ce, Ni/Pr-Ce and Ni/Mg-Ce
3 20010
2 ] : catalysts.
E 20005 Tzble 1. Textural properties of the Ni/Ce, Ni/Sm-Ce, Ni/Pr-Ce and Ni/Mg-Ce catalysts.
0 T T T T T T 0.000 T T T T Catalyst BET  Porevolume Average Pore
0.0 0.2 0.4 0.6 0.8 1.0 0 50 100 150 200 250 )
PIP, Pore size (nm) (mifg)  (enrg) width (nm)
NifCa 427 012 20
* Olot o1 kataAdTeg epeavitovy 1600epuec Tomov IV ko Bpdyyo Nifsm- 455 008 s
Ce
voTéPNoNG, e€outiog TG TOPOVGINS LEGOTOPWMV GTNV TEPLOYN e s o .
puéExpt S0 nm. ce
NifMg- 481 011 18
* Ot pokpomdpot £xovv emiong LEYAAN GLVEIGPOPE GTO TOPMOES ce

v
TV U}\alKO\)V . Note: ‘Calculated by the Scherrer formula, 2Calculated by the TEM analysis.
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3. Results and discussion, HAekTpovikn pikpookomio.

Fig. 7 presents the HAADF-STEM images, EDS spectra and particle size distribution histograms obtained for the reduced Ni/Ce
(Fig. 7a), Ni/Sm-Ce (Fig. 7b), Ni/Pr-Ce (Fig. 7¢) and Ni/Mg-Ce (Fig. 7d) catalysts. HAADF-STEM images have Z-contrast, where
heavy atoms have high brightness. As can be seen in Fig. 7, the larger particle sizes (> 20 nm) depicted in the HAADF-STEM images
can be assigned to spongy porous uniform nanospheres of CeO, structures [100,101]. Moreover, the resulting EDS mapping patterns
confirms the presence of Ni and Ce on all samples and Sm and/or Pr on the corresponding promoted catalysts as expected. It is
noted that the identification of Cu on the EDS spectra for all samples is due to the TEM grid-support used in the analysis. From the
particle size distribution histograms, the mean nickel particle size followed the order Ni/Ce (4.4 £ 1.5 nm) > Ni/Mg-Ce

(3.7 £ 1.2 nm) > Ni/Sm-Ce (3.6 * 1.2 nm) > Ni/Pr-Ce (3.4 * 1.0 nm). Thus, it can be concluded that the addition of dopants (Mg?*,
Sm3* and Pr3*) helped obtain slightly smaller Ni nanoparticles.

T G5 A

Fig. 7. HAADF-STEM images with Z-contrast (heavy
atoms have high brightness, EDS spectrum of red-
dashed area marked and particle size distribution
histogram of the a) Ni/Ce, b) Ni/Sm-Ce, c) Ni/Pr-Ce
and d) Ni/Mg-Ce reduced catalysts.
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3. Results and discussion, KatoAvtikd neipapota
Pnuatikng avénong g 0sprokpaciog

As can be seen, the X, increases as the temperature rises from 250 to 400 °C for all catalytic samples. The largest differences in activity
between the catalysts are recorded at 350 °C where X, takes the value 39.4% (Ni/Ce), 44.9% (Ni/Sm-Ce), 54.5% (Ni/Pr-Ce) and 43.2%
(Ni/Mg-Ce) (Table 4). Thus, from the results presented herein, the un-promoted catalytic sample is the least active and the Ni catalyst
supported on Pr-Ce appears to be more active in terms of X, and Y, in comparison with the other promoted catalytic samples. In
particular, for the X, values presented above, compared to pure Ni/Ce catalyst, Ni/Pr-Ce catalytic sample shows an increase of 38%.
Moreover, the Ni/Sm-Ce and Ni/Mg-Ce catalysts appear quite similar in terms of their total activity. In addition, it is worth noting that the
Xco, decreases at temperatures higher than 400 °C for all samples. This is due to the fact that the exothermic CO, methanation reaction
is not thermodynamically favoured at high temperatures; specifically, at T > 600 °C the Gibbs free energy change of the methanation
reaction (Eq. 1) takes positive values. An additional factor could be the agglomeration of nickel nano-particles at the high operating temperature
(decreasing the Ni active sites) [102]. Further, as shown in Fig. 8b, for all catalytic samples Sy, is close to 100% up to 400 °C, and then,
decreases slightly, while S increases with temperature, probably due to (1) the exothermic character of the CO, methanation reaction, and
(1) the endothermic character of the reverse water gas shift reaction [74]. Comparing the catalytic performance in terms of Sy, and S, it
seems that Ni/Pr-Ce sample has the highest S, and the lowest S, for the whole temperature range.

Fig. 8. Catalytic performance for Ni/Ce, Ni/Sm-Ce, Ni/Pr-Ce and Ni/Mg-Ce as a
function of reaction temperature: (a) CO, Conversion, (b) CH, and CO
selectivity; Reaction conditions: Experimental Protocol #1.
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3. Results and discussion, KatoAvtikd neipapota
otafepotnTog

The catalytic stability tests were performed at constant reaction temperature of 400 °C under experimental protocol #2 for 20 h; the
aim of these experiments were: (a) the investigation of possible carbon formation on the catalyst surface via CO disproportionation (2CO
= C+CO,) or via incomplete CO reduction reaction (CO + H, = C + H,0) and its effect on catalytic stability, and (b) the investigation of
the extent of nickel nanoparticles sintering [105]. As shown in Fig. 9(a-c), the catalytic activity followed the order: Ni/Pr-Ce >> Ni/Mg-
Ce > Ni/Sm-Ce = Ni/Ce, which indicates that performance (as a function of time) depends on the support nature, as well as, to the
promoting effect of dopants (Mg**, Sm** and Pr**). The remarkable performance of the Ni/Pr-Ce catalyst in terms of CO, conversion
during the time on stream experiments, can be attributed to the interaction/synergism between Ni and praseodymium oxide that leads
to the formation of stable and high capacity hydrogen adsorption sites [106,107] and the fact that the addition of an f-block element can
influence the acid-base properties enhancing the activity and stability of the catalysts [12,108,109]. Regarding the CH, selectivity and
yield, it is clear from Fig. 9b that the doped catalysts show highly stable CH, values for the duration of the 20 h time on stream
experiments, which suggests that the deactivation of the catalytic samples due to thermal sintering of nickel nanoparticles has been
successfully prevented.

Fig. 9. Stability tests for Ni/Ce, Ni/Sm-Ce, Ni/Pr-Ce and Ni/Mg-Ce * H tpontonoinon tov vrostpopdtmv mg CeO, odnyet
as a function of reaction time: (a) CO, Conversion, (b) CH, and CO o€ peyaldTepn evepyotnTo Kot 6TodepOTNTA Y100 TNV
selectivity; Reaction conditions: Experimental Protocol #2. avtidpaon g pebavomoinong otovg 400 °C.
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