3D printedNi/Al.Os basedcatalysts for CQ methanation-a
compairative and operandoXRDCTstudy

Vesna Middelkoop, AntonisVamvakero%®, Dieter de Wi, Simon D. M. JacqugsSimge Danaci
ae Clement Jacqudt Yoran de Vo¥, Dorota Matra®, Stephen W. T. PrigeAndrew M. Beakd"

a) Sustainable Materials Management, Flemish Institute for Technological Research, VITO NV,
Boeretang 200, Mol, Belgium.

b) Finden Ltd, Merchant House, 5 East St Helen Street, Abingdon, Oxfordshire OX14 5EG, UK

¢) ESRF, 6 Rue Jules Horowitz, 38000 Grenoble, France.

d) University Colleges Leuwtimburg, Agoralaan B, 3590 Diepenbeek, Belgium

e) Grenobk Alpes University, CEA, LITERrue des Martyrs,-88054 Grenoble, France

f) Department of ChemistryJniversity College London, 20 Gordon Street, London WC1H 0AJ, UK
g) Department of Chemistry, Center for Ordered Materials, Organometallics and Catalysis
(COMOC), Faculty of Sciences, Ghent University, Krijgslaan 281, 9000 Ghent, Belgium

h) Research Compleat Harwell, Rutherford Appleton Laboratory, Didcot, OX110FA, UK

Abstract

Ni-aluminabased catalysts were directly 3D printed into highly adaptable monolithic/multi
channel systems and evaluated for L@ethanation. By employing emerging 3D printing
technologies for catalytic reactor design such as 3D fibre deposition (also referred to as direct write
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and microstructure, as well as its active particle precudistribution. A comparison was made
between 3D printed commercial catalysts,-allimina based catalysts and their conventional
counterpart, packed beds of beads and pellet. Excellenc@@¥ersions and selectivity to methane
were achieved for the 3D mied commercial catalyst (95,75 and 95,63 % respectively) with
stability of over 100 h. The structugetivity relationship of both the commercial andhiouse 3D
printed catalysts was explored under typical conditions for, @@rogenation to CH using
operandoWOK SY A OF f A YIR& Diffracian Cofriputed Tanography (XRD. The 3D
printed commercial catalyst showed a more homogenous distribution of the active Ni species
compared to the irfhouse prepared catalyst. For the first time, the resfribsn these comparative
characterisation studies gave detailed insight into the fidelity of the direct printing method,
revealing the spatial variation in physicbhemical properties (such as phase and size) under
operating conditions.
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1. Introduction

Theutilisation of CQas a feedstock in the chemical industry for the synthesis of various chemical
products offersgreat potential for meetingCQ emissiongeduction targes, while increasing
independence from fossil fuelsSince the energy is required wonvert CQ to value added
products it is only possible taleliver lowcarbonenergy solutionswhen CQ conversion
technologies are combined with surplus renewable electritignsformed into hydrogen (via
electrolysis of water} The direct catalytibydrogenation of C&uch as methanation (also referred

to as the Sabatier reaction) is pertinent to the present drive towards maximising the potential of
renewable powetto-gas applications for converting hydrogen into synthetic methane by reaction
with 00..34° Power-to-gas C@methanation processs are already at an advanced stage of
developmenttowards commercial application, capabdé the utilisation of 1 tonne of Ger
tonne of synthetic natural gas (SNG) produsmployingproprietary catalystformulationswith
conversions of up to 100 % at relativédy temperaturesand high pressures’?®

Alongsidethe development of microchannel reactors for Gfethanatior?, two classes of well
known structured reactors employing high surfaocevolume ratio supports have been reported in
the literature on novel reactor designs for the methanation reaction, nigmmonolithic
honeycomb supports and foams. domparisonto their conventional counterparts (packed bed
reactors), monolithic honeycombs offer a controllable low pressure drop and thaasfer (in
particular the metallic monoliths) but lack radial massnsport12131415 while foam structures
provide good radial heat and mass transfer bothégher (adjustable) pressure drop due to their
random porous structuré® ’

The burgeoning demand for 3D printing technology for functional materials design i® dise t
suitability to produce structured arrays by webntrolled deposition of botlsacrificialand active
material with a wealth of potential applications in chemistry, biology and physicgely due

to the pioneering work ofLewis andco-workers direct inkwriting hasshown itself to bean
attractive andflexiblemethod for patterningandprocessindunctional threedimensionalattices

with architectures and compositios made of a broad range of ink formulationsncluding
concentratedcolloidal nanoparticleandfugitive organiebasedinks 8192021

Despitehavingpotential for cross disciplinary synergiéise successf the direct writetechnique
hasso far mainlybeendemonstrated forelectronicg? and biomedical applicatiod$with sizes
ranging fromhundredsof microns to submicram The3D printingd W R A NB Oficatalytdailyi S Q 0

active materialsn a varietyof compositionshasonly recentlygained wider interesin anattempt


https://www.sciencedirect.com/topics/engineering/low-temperature

to develop more advanced and efficienalternatives to packed bed reactors and coated
honeycomb monolith§#252627.28293031

To date, a number alomprehensivéhermodynamic and kinetianalyses have been carried out
on the proposedCQ methanation mechanism¥3334353637 The operating parameters used in
this workconsist ofa combination of experimental values previously reported by the authors and
others. In particular the work of Gao et al. (2012, 2015) is noteworthy for providing an extensive
analysis on the effects éémperature, H:CQratio and pressure on G@ethanationForH:CQ
ratios equal to or more than,4he CH conversion and yield is thermodynamically favoured at
low temperatures (25650 °C) and high pressuf&®

Although therehas been extensive research to date irdther heterogeneousformulations
(varioussuppors and metatoxide promotorg*041424344 Ni supported aluminaemains among

the most widely studiectatalystsdue to its proven track record within successful systems; it is
the most commonly suppliectatalyst by najor catalyst manufacturer$464748 There has been
substantial work conducted intNi-aluminacatalysts for C&methanation with nickel loadingsf

up to 88% typically rangng from10 to 25 wt%**°° A study by Chang et.4R003) showed that

the maximum Clield and selectivity washtained at 500°C for an optimum Ni loading on RHA
Al203 of 1520 wt.%°>! Using aNi/AlOs catalyst with a loading of 20 %4 Rahmankt al. (2014)
reportedthe highest values faronversion83.6%) andCH selectivity (100%&t 350 °G a further
increasein Ni content (25 wt%) showed reduced conversion ta,.€HThe most recent and
detailed study of Zhang et al. (2019) into the effect of different Ni loadings on alumina showed
that the 25 wt% loaded catalysts were the most active, achieving about 60% yield at 400 °C for a
H,:CQratio of 6015 mL/min and at 1 atrpressure>®

Previous studiesf the authors orNi-aluminacoated onto 3D printed metals supports provided
further impetus to the development othe directly printed Nialumina based monolithic
structures for methanatiorthat are presentedherein®°

In this work direct writehas beenemployed forthe 3D coprinting of Nialumina catalyststo
mimidk Ni-alumina coated monoliths/honeycombsBYy directlypatterning the honeycomblike
(multichannel)monolithic catalyss with active materials and supports significantly higher
degree of controhas been achievedverthe materials distributiongeometry, morphologyand
function.

Synchrotron in sittkRBCTphysicachemicalimaging®°7°8°%60 has been employed teevealthe
fidelity of the direct printingmethod, as well as the resulting chemical and physicapertiesof

the 3D printed catalys$tructuresat both the macreand nanoscale and during timeethanation

reaction(under operating conditionsEM and EDX were used to confirm the morphologyef th



3D printedstructuresand the distribution ofthe Ni particlesand aluminasupport within the
structures. The catalytic performancetbie 3D printed structures in both an-mouse prepared
and commercial catalyst powdem@inly nickel on alumina suppodrtwas compared to

conventional packed bexbf beads.

2. Experimental
2.1 Catalystpreparation

Thecatalyss were preparedby a single stempregnation methodvherebynickelnitrate salt in

a0.43M Ni(NQ)..6H0 (Panreacyolutionwasdepositedonto aluminapowderd { I a 2 f Qa t dzNJ
TM 100/150 UFRand alumingd LK SNB & 0 { I a 2 f*Qoiobtdin dkh&didBcal loadibgi k mc 1 0
of 12 wt. % nickel (this loading was selected as representative of a wide range of nickel loadings

that have been reported in the recentdrature).

Themixtures were stirred until ahomogeneousslurrywas obtained Freezedryingof the slurry
was selectecs a more suitable method than ambient dryifige Ni-aluminacatalystslurrywas
driedunder vacuunin a HETO Powerdky- 3000 freeze dryevhilst being frozemt a low pressure
ensuring thatwater vapour remained below its triple poinOnce the equilibriunhad been
reached the temperature was increased and the water content removasm the frozen
material by sublimatio. Afterthe mixturehadcompleaely dried it wasball milled and sieved with

a mesh of 45 ymThe spheres werémpregnatedby leaving the mixtureovernight at room
temperature on an orbital shaker platformat ambient temperature to ensure sufficient
adsorption of the nitrate solution into the accessible pores of the sphétder to calcination the
spheres were dried at ambient temperaturEhe impregnated catalyst samples were calcined at
500°C for 2 h with a heating rate of21°C per minute. This specific temperature was used to
SyadaNB + (N}yardazy -M@GphaskS t dzNI f 2E LR SRSNI G2 |

3D reriodictetragonal structures were printed using theouse produced Nalumina catalyst
as well asa commercially supplietli on' -AkQOs catalystirom Evonik (composed of 886 %' -
ALO;s, 37 % Niand 815 % ND). The structures containedentonite and alumindased binders
at 18 wt. % on a dry basis to increase their mechanical propertiee3D printing (direct write)
of the homogeneous inl(paste)with the desired and reproducible rheological properti@s
described elswhef@%2%%) involved extrudingand stackingthe active materialthrough a
depositin nozzleand laying down théilaments intolog-pile structures witha 0-90 ° patternand

a spacing of the size of the filamefsee Figure 1 showing photos of the printing processj n
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Figure 1. 3D printing of two catalyst materials:himuse syntheised Ni-alumina (left) and
commercial catalyst, Octolyétight).

2.2 Catalyst characterisation

The particle size distribution of the starting and milled powders was determined using a laser
diffraction analyser, Microtrac S3500, equipped with a wet dispersgsiem (SDC) with
integrated ultrasound probe for sample dispersiéfiter the impregnation and calcination of the
samples Ni load loadingn the powders and spheres were confirmed by inductively coupled
plasmaatomic emission spectrometry (IES) on afPerkinElmer Optima 3000 dWitrogen
sorption measurements wengerformedon a Quantachrome AutosoftQ¢MPto determine the
surface area of the catalystsefore and after the reactiomsing the BrunaueEmmettTeller
(BET) method. Thermogravimetrimalysis (TGAlas performed using a Netzsch STA 449 C
Jupiter to yield valuable information on the thermal stability and composition of the 3D printed
samples as a function of time. The samples were being gradually heated in an in@rdgasir

flow (of 70 ml mirt ¥ from ambient temperature to 700 °C with a heating rate of 5 °C Heading

to weight loss0 2 NJ 3+ Ay o0 Fa | NBadzZ & 2 FedresiialwatarS Ay
decomposition ofpossibleorganic fractions, polymers, inorganitiefrs, carbon black)The TGA

equipment was coupled online anOmnistar GSD 301 @Rfeiffer Vacuuminass spectrometer

Conventional lab powder -day diffraction (XRD)haracterisationwas carried out on a
Philips/Panalytical XPert N2 RAFFNI OG2YSGSNI 6 6AGK [/ dz Yh &2 dzNX



at room temperature Phase identification was carriedit using X'PerHigh Score Plusoftware

and compared to reference data in the ICDD Powder Diffraction database.

Scanninglectron microscopy (SEM) andexgy dispersive-xay (EDX) spectroscopgagesvere
collectedusinga FEGEI Nova NanoSEM 450 instrumeperating at an accelerating voltage of

25 keV equipped with a Bruker QUANTAXEDX systerwith an XFlastb030SDDdetector.

2.3 Catalyst activity

Online @s chromatographyGCanalsis ofthe concentrations preserit the reaction mixture
was performed on a Varian 48BC (Bruker) equipped wittwo TCDs and on€ID detectors
(containing Hayesep ,(Hayesep and Molsiewelumns arranged in seriespCmeasurements
were performed on the outlet gas mixtures produced from the following sets of catalysis
experiments: 1) NAI203 3D printed structures with nozzle sigé800 and 800 um 2) Ni-AbO3

and Octolyst pellet¢émade from crushed 3D printed structuresith sizes rangingfrom 800 pm

to 1000 um3) 1.0 mm Ni impregnated alumina spherésHiden HPRO gas analysis system
(Hiden quadrupole mass spectrometers configured with Electron Impact ionisatéenused for
acontinuous analysis @futlet gas compaositionn stream experimentfor an extended period of
time. Ex situreactions were performed over the preduced catalysts, positioned in the centre
of a reactor quartz tube of 13 mm OD and 10 mm ID, which was placed in a Carbolite® tube

furnace and connected to the steel tubing with the inlet capillary of the GC or MS.

In all experiments, prior to catalytic testing, the calcined catalysts were redincsitu in the
guartz reactor tubes heated with a ramp rate of 1 °C/min to 450 °C, held for 2 h under a flow rate
of 100 mL/min (at STP), 80 %i20 % He. After theeduction step for each catalyst, the reactor
was purged with He and the reaction temperature of the reactor was set to the desired value with
the starting temperature of 350 °C. In all reactor tubes, a thermocouple was pushed through the
guartz wool insidehe reactor to obtain a measurement of the catalyst bed temperature that was
as accurate as possible. Three temperatures, 350, 400 and 450 °C, were selected as typical
methanation reaction temperaturedn the GC measurementsd catalysts were exposed &

flow rate of 40 ml/min of kland 10 ml/min of C&n 150 ml/min of HeThe flow ratesused in the
stability testswere slightly varied and are specified in the caption of the respective figuréer
details on the protocol of the methanation experimts are presented in the Supplementary

Information.



2.4 Operandostudies

OperandoXRBCT measurements at the ESRF ID15A beamline were performed onhihesia

Ni-alumina printed catalyst using a monochromatic beam of 78.500 keV focused to a spot size of

onY >E on -ETéchnswvere weborad using interlaced methdficomprising two angular

subsets covering O to 180n stepsof Pg A G K & YLX S GNI yatlF SR 2@3SNJ 1
(220 steps). Each complete interlaced scan comprised 39,600 diffraction patterns. Each

diffraction pattern was acquired over 10 msecs

A second set of comparativiperandoXRBCT measurements were carried out on both the 3D
printed inhouse Nialumina catalyst and 3D printed Octolyst catalyst at the same beamline
station, ID15A at ESRF. A 90 keV monochromatky Xeam was focused to have a spot size of
nn >Y E un >Y 61 2NAT 2y Gt E +SNJIAOletandieach KS 2
XRDBCT scan lasted for a total of 20 min. Each-XRBcan was made with 171 translation steps
6AGK  GNI¥yatldAazy @&lB& langaldr lake, hIs1ateps. > Y0 02 FS NAR

Inall runs 2D powder diffraction patterns were collected using a stdtthe-art Pilatus3 X CdTe

2M hybrid photon counting area detector. The detector calibration was performed using a CeO
NIST standard. Every 2D diffraction image was converted to a 1D powder diffraction pattern after
applying an appropriate filter (i.e. 10®%mmed mean filter) to remove outliers using pYFAI. The
final XRBCT images (i.e. reconstructed data volume) were reconstructed using the filtered back

projection algorithm.

Similar to the labex situexperiments, the catalyst structures were supporteghikeen quartz

wool inside a quartz tuhelwo types of tubes were used: a tube with an OD of 13 mm, ID of 10
mm and length of 10 mm for thedmouse Ni on alumina, and a tube with an OD of 6 mm, ID of 5
mm, and length of 10 mniThe catalyst structures werut to size to fit snugly into the reactor
tube. Figure 2 shows a photograph of the experinargetup in placeat the ID15Abeamline.

The reactor was mounted onto a motorised stage perpendicular to the beam and on the axis of
rotation. The uniform tempeature in the catalyst bed was maintained using a set of two heat
guns. The gas mixture weslivered through the reactor tube via an inlet valve fitted at the base

of the reactor mount. The exit flow was monitored by an Ecosys portable mass spectrometer.



Figure 2Experimental setip on beamline ID15 at the ESRFifositu/operandoXRDBCT studies:
(A) quartz reactor tube loaded with a samp{B1&2) heat gungC) reactor inlet, (D) reactor
outlet, (E) rotation stage, (F) incoming beam.

3. Results andliscussion
3.1 Catalyst properties
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Conventionaléx sity laboratoryXRD measurements (presented in Figure 3) show a comparison

of the printed calcind, reduced and used printed samples. After the calcination step at 500 °C,

LIS 1 a O2 NNBAEGEhgsRdoyldhot be2completely distinguished as they overlap with

the nickel alminate NiAD; phase present due to the nickel oxidepport interaction. The

presence of unreduced Ni&) can significantly alter catalytic activity; the reducibility of nickel

phases is strongly dependent on the calcination temperature. An overall decrease of th@ NiA
LINBaSyOS o6l a 20aSNWWSR gKAES bAh gl a LINBaSyd i

printed calcined Nalumina sample. This was followed by the reduction of NiO into Ni which can



clearly be observed in the 3D printed reduceeaNimina saple. Ni peaks appear and remain at
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Further details are providkFigure S2n the Supplementary Information.

Counts Alumina powder

3D printed reduced Ni-alumina structure (800 um)

3D printed Ni-alumina structure (800 pm) after reactifn
Ni-alumina pellets after reaction

Ni-alumina powder
——3D printed (calcined) Ni-alumina structure (800 pm},

Paosition [*28] (Cobalt (Co))

| Counts

3D printed (calcined) Octolyst structure (800 pm)
3D printed reduced Octolyst structure (800 pm)
3D printed Octolyst structure (800 pm) after reaction
3000 H\
A
/ g
. ,ﬂwn ‘\‘\ i ‘ﬂll
2000 };. \ f [l W
‘.'\L* ,fl i w \‘M . ¥ \‘ )
/ by It ]
P " W \‘N‘p m‘w\ i 1 .
1000 | Porbivis byl | P e e mmad

Position [*28] (Cobalt (Ca))

00-004-0877; Al2 03; 6-Al2 03, alumina; Aluminum Oxidd

0-047-1308; Al2 O3; y-Al2 03; Aluminum Oxide ‘

01-078-7533; Ni; Nickel ‘

01-078-6794; Ni O; Nickel Oxide | ‘

CA JaN®B5 RA T T Nlo 6l 2BRly i &WRIENIR h Gh2fi@RI LI Sa

Ot OAYy I A2yS

F¥4GS

NBRRIZOEMPY & (R NWET AW R 'S (RSBIEBVA tHan |

LYRSEAY 3 HIRAYEEA FENS (KREBRENVTA SN LIKISH B@H2060¢5E Ny & | N

3.2 Catalyst activity



The catalyst were evaluated basean their performance in the GOnethanation experiments
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Figure 4. Comparison of a) £onversion, b) CHyield and c) CHselectivityd) OF G f & & {
LINE RdzZQFA Bi fie (G KS SaEtempdrafufer of a5D, ¥aWarS 450,1GY / NI G A2 2 F
nYamd G | DI { #d2FK ®wp 2 TKWmn YYKRMWK 2n I YTLKYAY 27F
Mpn Yt kYA GENF ¥v3D Brinted Oablyst displayed all threpoints of conversion at

the equilibrium maximum corresponding thermodynamic equilibriundata points were
calculatedusing the Fa@age7.2 software packad®®, 3D-SS and 3iTu were previously described

by Danaci et al 2016, 2018.
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3.4 XRDCT studies undamderoperandoconditions

In the XRBCT datdor the 3D printed Nalumina based catalysthe majority of peaks present
correspond to the -ALOs support (sed-igure S10,Upplementary Material). The series of scans

f I 6 S400 $fRaclke (shown in Figure &how reflections forming at ca. 1.77 and a shoulder

at 2.04 Aat 400 °Cunder methanation operating conditionscorresponding to metallicate
centred cubic (fcc) NT.he datecollected at 400 °C under methanation conditions also has a very
broad peak in regions associated with fcc Ni. However, these are too broad to fit on a per pixel
basis, indicating that they do not show extensive loagge order due to their being

nanocrystalline. The 200 reflection (1.77 A) increases in intensity/height betwéstadk and



2n9/3™ stacks 4t 400 °C under methanation operating conditipriEhe average crystallite size
does not varymuch, indicating that this is an increase in the amount of crystalline material and
not due to sintering. The main 111 reflection at 2.04 A cannot be fitted as it is a broad shoulder
on the alumina peak at ca. 2.0 A. Therefore the 200 reflection atA ig7used for fitting. Due

to the metallic Ni shoulder, the &) peak at 2.00 A is not used for fitting but the one at 1.40 A

is. For all measurements, no peaks are observed to disappear; no peaks attributable to NiO are

present, so it may be that thaitial form of the Ni is noftrystalline.

A Scherrer analysis from the profiling of the 200 reflecyimids a supporaverage crystallite size

of around 33 nm, with the majority of the distribution in the range30-35 nm. This is broadly
consistent across the different data sets, however the final two stacks at@eghibit a small
decrease in the average crystallgize to 29 nm. The metallic Ni has a crystallite size distribution
of 1520 nm®

Figure6. Reconstructed image¢n nn ¢/ & (fbuCdifférédt podiidghsa&ossthe 3D
printed structure PO,P1, P2, P3 (seelumns corresponing to positions anschematicn the
bottom left cornel) at 400°C undemethanation operating caditions. Images #hin each panel



