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Abstract 
 
Ni-alumina-based catalysts were directly 3D printed into highly adaptable monolithic/multi-
channel systems and evaluated for CO2 methanation. By employing emerging 3D printing 
technologies for catalytic reactor design such as 3D fibre deposition (also referred to as direct write 
ƻǊ ƳƛŎǊƻŜȄǘǊǳǎƛƻƴύΣ ǿŜ ŘŜǾŜƭƻǇŜŘ ƻǇǘƛƳƛǎŜŘ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ǘŀƛƭƻǊƛƴƎ ōƻǘƘ ǘƘŜ ǎǳǇǇƻǊǘΩǎ  ƳŀŎǊƻ- 
and microstructure, as well as its active particle precursor distribution. A comparison was made 
between 3D printed commercial catalysts, Ni-alumina based catalysts and their conventional 
counterpart, packed beds of beads and pellet. Excellent CO2 conversions and selectivity to methane 
were achieved for the 3D printed commercial catalyst (95,75 and 95,63 % respectively) with 
stability of over 100 h. The structure-activity relationship of both the commercial and in-house 3D 
printed catalysts was explored under typical conditions for CO2 hydrogenation to CH4, using 
operando ΨŎƘŜƳƛŎŀƭ ƛƳŀƎƛƴƎΩΣ ƴŀƳŜƭȅ ·-Ray Diffraction Computed Tomography (XRD-CT). The 3D 
printed commercial catalyst showed a more homogenous distribution of the active Ni species 
compared to the in-house prepared catalyst. For the first time, the results from these comparative 
characterisation studies gave detailed insight into the fidelity of the direct printing method, 
revealing the spatial variation in physico-chemical properties (such as phase and size) under 
operating conditions. 
 

 



 
1. Introduction 

The utilisation of CO2 as a feedstock in the chemical industry for the synthesis of various chemical 

products offers great potential for meeting CO2 emissions reduction targets, while increasing 

independence from fossil fuels.1 Since the energy is required to convert CO2 to value added 

products it is only possible to deliver low-carbon energy solutions when CO2 conversion 

technologies are combined with surplus renewable electricity transformed into hydrogen (via 

electrolysis of water).2 The direct catalytic hydrogenation of CO2 such as methanation (also referred 

to as the Sabatier reaction) is pertinent to the present drive towards maximising the potential of 

renewable power-to-gas applications for converting hydrogen into synthetic methane by reaction 

with CO2.3,4,5 Power-to-gas CO2 methanation processes are already at an advanced stage of 

development towards commercial application, capable of the utilisation of 1 tonne of CO2 per 

tonne of synthetic natural gas (SNG) product, employing proprietary catalyst formulations with 

conversions of up to 100 % at relatively low temperatures and high pressures.6, 7,8 

Alongside the development of microchannel reactors for CO2 methanation9,10, two classes of well-

known structured reactors employing high surface-to-volume ratio supports have been reported in 

the literature on novel reactor designs for the methanation reaction, namely monolithic 

honeycomb supports and foams. In comparison to their conventional counterparts (packed bed 

reactors), monolithic honeycombs offer a controllable low pressure drop and heat transfer (in 

particular the metallic monoliths) but lack radial mass transport11,12,13,14,15, while foam structures 

provide good radial heat and mass transfer but an higher (adjustable) pressure drop due to their 

random porous structure.16, 17

The burgeoning demand for 3D printing technology for functional materials design is due to its 

suitability to produce structured arrays by well-controlled deposition of both sacrificial and active 

material with a wealth of potential applications in chemistry, biology and physics. Largely due 

to the pioneering work of Lewis and co-workers, direct ink-writing has shown itself to be an 

attractive and flexible method for patterning and processing functional three-dimensional lattices 

with architectures and compositions made of a broad range of ink formulations, including 

concentrated colloidal, nanoparticle and fugitive organic-based inks.18,19,20,21 

Despite having potential for cross disciplinary synergies, the success of the direct write technique 

has so far mainly been demonstrated for electronics22 and biomedical applications23 with sizes 

ranging from hundreds of microns to submicrons. The 3D printing όΨŘƛǊŜŎǘ ǿǊƛǘŜΩύ of catalytically 

active materials in a variety of compositions has only recently gained wider interest in an attempt 

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


to develop more advanced and efficient alternatives to packed bed reactors and coated 

honeycomb monoliths.24,25,26,27,28,29,30,31  

To date, a number of comprehensive thermodynamic and kinetic analyses have been carried out 

on the proposed CO2 methanation mechanisms.32,33,34,35,36,37 The operating parameters used in 

this work consist of a 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 of temperature, H2:CO2 ratio and pressure on CO2 methanation.For H2:CO2 

ratios equal to or more than 4, the CH4 conversion and yield is thermodynamically favoured at 

low temperatures (250-350 °C) and high pressure. 38,39 

Although there has been extensive research to date into other heterogeneous formulations 

(various supports and metal-oxide promotors)40,41,42,43,44, Ni supported alumina remains among 

the most widely studied catalysts due to its proven track record within successful systems; it is 

the most commonly supplied catalyst by major catalyst manufacturers.45,46,47,48 There has been 

substantial work conducted into Ni-alumina catalysts for CO2 methanation with nickel loadings of 

up to 88%, typically ranging from 10 to 25 wt%.49,50 A study by Chang et al. (2003) showed that 

the maximum CH4 yield and selectivity was obtained at 500 °C for an optimum Ni loading on RHA-

Al2O3 of 15- 20 wt.%.51 Using a Ni/Al2O3 catalyst with a loading of 20 wt%, Rahmani et al. (2014) 

reported the highest values for conversion (83.6%) and CH4 selectivity (100%) at 350 °C; a further 

increase in Ni content (25 wt%) showed reduced conversion to CH4.52  The 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 

H2:CO2 ratio of 60:15 mL/min and at 1 atm pressure.53

Previous studies of the authors on Ni-alumina coated onto 3D printed metals supports provided 

further impetus to the development of the directly printed Ni-alumina based monolithic 

structures for methanation that are presented herein.54,55   

In this work direct write has been employed for the 3D co-printing of Ni-alumina catalysts to 

mimick Ni-alumina coated monoliths/honeycombs. By directly patterning the honeycomb-like 

(multichannel) monolithic catalysts with active materials and supports, a significantly higher 

degree of control has been achieved over the materials distribution, geometry, morphology and 

function. 

Synchrotron in situ XRD-CT physico-chemical imaging56,57,58,59,60 has been employed to reveal the 

fidelity of the direct printing method, as well as the resulting chemical and physical properties of 

the 3D printed catalyst structures at both the macro- and nanoscale and during the methanation 

reaction (under operating conditions). SEM and EDX were used to confirm the morphology of the 



3D printed structures and the distribution of the Ni particles and alumina support within the 

structures. The catalytic performance of the 3D printed structures in both an in-house prepared 

and commercial catalyst powder (mainly nickel on alumina support) was compared to 

conventional packed beds of beads. 

 
2. Experimental 
 
2.1 Catalyst preparation 
 
The catalysts were prepared by a single step impregnation method whereby nickel nitrate salt in 

a 0.43 M Ni(NO3)2.6H2O (Panreac) solution was deposited onto alumina powder ό{ŀǎƻƭΩǎ tǳǊŀƭƻȄ 

TM 100/150 UF) and alumina ǎǇƘŜǊŜǎ ό{ŀǎƻƭΩǎ ǎǇƘŜǊŜǎ мΦлκмслύ61 to obtain a theoretical loading 

of 12 wt. % nickel (this loading was selected as representative of a wide range of nickel loadings 

that have been reported in the recent literature). 

 

The mixtures were stirred until a homogeneous slurry was obtained. Freeze-drying of the slurry 

was selected as a more suitable method than ambient drying. The Ni-alumina catalyst slurry was 

dried under vacuum in a HETO Powerdry LL3000 freeze dryer whilst being frozen at a low pressure 

ensuring that water vapour remained below its triple point. Once the equilibrium had been 

reached, the temperature was increased and the water content removed from the frozen 

material by sublimation. After the mixture had completely dried, it was ball milled and sieved with 

a mesh of 45 µm. The spheres were impregnated by leaving the mixture overnight at room 

temperature on an orbital shaker platform at ambient temperatures to ensure sufficient 

adsorption of the nitrate solution into the accessible pores of the spheres. Prior to calcination the 

spheres were dried at ambient temperature. The impregnated catalyst samples were calcined at 

500°C for 2 h with a heating rate of 1-2 °C per minute. This specific temperature was used to 

ŜƴǎǳǊŜ ŀ ǘǊŀƴǎƛǘƛƻƴ ƻŦ ǘƘŜ tǳǊŀƭƻȄ ǇƻǿŘŜǊ ǘƻ ŀ ʴ-Al2O3 phase.  

 

3D periodic tetragonal structures were printed using the in-house produced Ni-alumina catalyst 

as well as a commercially supplied Ni on ɹ -Al2O3 catalyst from Evonik (composed of 80-85 % ɹ -

Al2O3, 3-7 % Ni, and 8-15 % NiO). The structures contained bentonite and alumina-based binders 

at 18 wt. % on a dry basis to increase their mechanical properties. The 3D printing (direct write) 

of the homogeneous ink (paste) with the desired and reproducible rheological properties (as 

described elswhere54,62,63) involved extruding and stacking the active material through a 

deposition nozzle and laying down the filaments into log-pile structures with a 0-90 ° pattern and 

a spacing of the size of the filament (see Figure 1 showing photos of the printing process). слл 



ŀƴŘ улл ҡƳ ƴƻȊȊƭŜǎ ǿŜǊŜ ǳǎŜŘ ŀǘ ŀ ǇǊƛƴǘƛƴƎ ǎǇŜŜŘ ƻŦ тлл ŀƴŘ прл ҡƭκƳƛƴ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ 

ǎǘǊǳŎǘǳǊŜǎ ǿŜǊŜ ǎǳōǎŜǉǳŜƴǘƭȅ ƭŜŦǘ ǘƻ ŘǊȅ ƛƴ ŀ ƘǳƳƛŘƛǘȅ ŎƘŀƳōŜǊ ŦƻǊ ŀ ǿŜŜƪ maintained at 85 % RH 

ŀƴŘ нр ϲ/ ŦƻƭƭƻǿŜŘ ōȅ ŀ ǘƘŜǊƳŀƭ ǇǊŜπǘǊŜŀǘƳŜƴǘ ŀǘ рллɕ / ǘƻ ǊŜƳƻǾŜ ǘƘŜ ƻǊƎŀƴƛŎ ōƛƴŘŜǊ ŦǊƻƳ ǘƘŜ 

ƎǊŜŜƴ ǇǊƛƴǘŜŘ Ŏŀǘŀƭȅǎǘ ōƻŘƛŜǎΦ 

 

   
Figure 1. 3D printing of two catalyst materials: in-house synthesised Ni-alumina (left) and 
commercial catalyst, Octolyst (right). 
 

 
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 dispersion system (SDC) with 

integrated ultrasound probe for sample dispersion. After the impregnation and calcination of the 

samples, Ni load loading in the powders and spheres were confirmed by inductively coupled 

plasmaςatomic emission spectrometry (ICP-AES) on an Perkin-Elmer Optima 3000 dv. Nitrogen 

sorption measurements were performed on a Quantachrome Autosorb-iQςMP to determine the 

surface area of the catalysts before and after the reaction using the Brunauer-Emmett-Teller 

(BET) method. Thermogravimetric analysis (TGA) was 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 inert gas or dry air 

flow (of 70 ml minҍм) from ambient temperature to 700 °C with a heating rate of 5 °C minҍм  leading 

to weight loss όƻǊ Ǝŀƛƴύ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŀ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎŀƳǇƭŜΩǎ ŎƻƴǘŜƴǘ όe.g. residual water, 

decomposition of possible organic fractions, polymers, inorganic fillers, carbon black). The TGA 

equipment was coupled online to an Omnistar GSD 301 O2 (Pfeiffer Vacuum) mass spectrometer. 

 

Conventional lab powder X-ray diffraction (XRD) characterisation was carried out on a 

Philips/Panalytical X'Pert tǊƻ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ όǿƛǘƘ /ǳ Yʰ ǎƻǳǊŎŜ ό˂ Ґ мΦрпму *ύ ŀǘ пл ƪ± ŀƴŘ пл Ƴ! 



at room temperature. Phase identification was carried out using X'Pert High Score Plus software 

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

 

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy images were 

collected using a FEGFEI Nova NanoSEM 450 instrument operating at an accelerating voltage of 

25 keV equipped with a Bruker QUANTAX 200 EDX system with an XFlash 5030 SDD detector.  

 

2.3 Catalyst activity 

 

Online gas chromatography (GC) analysis of the concentrations present in the reaction mixture 

was performed on a Varian 450-GC (Bruker) equipped with two TCDs and one FID detectors 

(containing Hayesep Q, Hayesep and Molsieve columns arranged in series). GC measurements 

were performed on the outlet gas mixtures produced from the following sets of catalysis 

experiments: 1) Ni-Al2O3 3D printed structures with nozzle sizes of 600 and 800 µm 2) Ni- ɹ -Al2O3 

and Octolyst pellets (made from crushed 3D printed structures) with sizes ranging from 800 µm 

to 1000 µm 3) 1.0 mm Ni impregnated alumina spheres. A Hiden HPR-20 gas analysis system 

(Hiden quadrupole mass spectrometers configured with Electron Impact ionisation) was used for 

a continuous analysis of outlet gas composition on stream experiments for an extended period of 

time. Ex situ reactions were performed over the pre-reduced 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 reduced in situ in the 

quartz 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 % H2 in 20 % He. After the reduction 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 

quartz wool inside the 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 temperatures. In the GC measurements the catalysts were exposed to a 

flow rate of 40 ml/min of H2 and 10 ml/min of CO2 in 150 ml/min of He. The flow rates used in the 

stability tests were slightly varied and are specified in the caption of the respective figure. Further 

details on the protocol of the methanation experiments are presented in the Supplementary 

Information. 



2.4 Operando studies 

 

Operando XRD-CT measurements at the ESRF ID15A beamline were performed on the in-house 

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

ол ˃Ƴ Ȅ ол ˃ƳΦ  ·w5-CT scans were recorded using interlaced method64 comprising two angular 

subsets covering 0 to 180 ° in steps of 1 ° ǿƛǘƘ ǎŀƳǇƭŜ ǘǊŀƴǎƭŀǘŜŘ ƻǾŜǊ мм ƳƳ ƛƴ ǎǘŜǇǎ ƻŦ рл ˃Ƴ 

(220 steps).  Each complete interlaced scan comprised 39,600 diffraction patterns.  Each 

diffraction pattern was acquired over 10 msecs. 

 

A second set of comparative operando XRD-CT measurements were carried out on both the 3D 

printed in-house Ni-alumina catalyst and 3D printed Octolyst catalyst at the same beamline 

station, ID15A at ESRF. A 90 keV monochromatic X-ray beam was focused to have a spot size of 

пл ˃Ƴ Ȅ нл ˃Ƴ όIƻǊƛȊƻƴǘŀƭ Ȅ ±ŜǊǘƛŎŀƭύΦ ¢ƘŜ ǘƻǘŀƭ ŀŎǉǳƛǎƛǘƛƻƴ ǘƛƳŜ ǇŜǊ Ǉƻƛƴǘ ǿŀǎ нл Ƴǎec and each 

XRD-CT scan lasted for a total of 20 min. Each XRD-CT scan was made with 171 translation steps 

όǿƛǘƘ ŀ ǘǊŀƴǎƭŀǘƛƻƴ ǎǘŜǇ ǎƛȊŜ ƻŦ пл ˃Ƴύ ŎƻǾŜǊƛƴƎ л ς 180 ° angular range, in 151 steps. 

 

In all runs 2D powder diffraction patterns were collected using a state-of-the-art Pilatus3 X CdTe 

2M hybrid photon counting area detector. The detector calibration was performed using a CeO2 

NIST standard. Every 2D diffraction image was converted to a 1D powder diffraction pattern after 

applying an appropriate filter (i.e. 10 % trimmed mean filter) to remove outliers using pYFAI. The 

final XRD-CT images (i.e. reconstructed data volume) were reconstructed using the filtered back 

projection algorithm. 

 

Similar to the lab ex situ experiments, the catalyst structures were supported between quartz 

wool inside a quartz tube. Two types of tubes were used: a tube with an OD of 13 mm, ID of 10 

mm and length of 10 mm for the in-house Ni on alumina, and a tube with an OD of 6 mm, ID of 5 

mm, and length of 10 mm. The catalyst structures were cut to size to fit snugly into the reactor 

tube. Figure 2 shows a photograph of the experimental set-up in place at the ID15A beamline. 

The reactor was mounted onto a motorised stage perpendicular to the beam and on the axis of 

rotation. The uniform temperature in the catalyst bed was maintained using a set of two heat 

guns. The gas mixture was delivered 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 2. Experimental set-up on beamline ID15 at the ESRF for in situ/operando XRD-CT studies: 
(A) quartz reactor tube loaded with a sample: (B1&2) heat guns, (C) reactor inlet, (D) reactor 
outlet, (E) rotation stage, (F) incoming beam. 
 
3. Results and discussion 
 
3.1 Catalyst properties 
 
¢ƘŜ о5 ǇǊƛƴǘŜŘ bƛ ŀƭǳƳƛƴŀ ǎǘǊǳŎǘǳǊŜǎ ǎƘƻǿŜŘ ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ол ҈ ƛƴ ǎǇŜŎƛŦƛŎ ǎǳǊŦŀŎŜ 

ŀǊŜŀ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǎǘŀǊǘƛƴƎ ƛƳǇǊŜƎƴŀǘŜŘ ǇƻǿŘŜǊΦ ¢ƘŜ о5 ǇǊƛƴǘŜŘ ŎŀƭŎƛƴŜŘ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜ 

ǎƘƻǿǎ ŀ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ǎǇŜŎƛŦƛŎ ǎǳǊŦŀŎŜ ŀǊŜŀ ǘƘŀƴ ǘƘŜ о5 ǇǊƛƴǘŜŘ ŎŀƭŎƛƴŜŘ bƛπŀƭǳƳƛƴŀ ǇƻǿŘŜǊΦ Lǘ ƛǎ 

ƴƻǘŜǿƻǊǘƘȅ ǘƘŀǘ ƻŦ ŀƭƭ ǘƘŜ ǳƴǳǎŜŘ ǎǘǊǳŎǘǳǊŜǎΣ ǘƘŜ ŎƻƳƳŜǊŎƛŀƭ Ŏŀǘŀƭȅǎǘ ƘŀŘ ǘƘŜ ƭŀǊƎŜǎǘ ǎǇŜŎƛŦƛŎ 

ǎǳǊŦŀŎŜ ŀǊŜŀΦ  

²ƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ǘƘŜ ƳŜǘƘŀƴŀǘƛƻƴ ƻŦ /hнΣ ƛǘ Ŏŀƴ ōŜ ǎŜŜƴ ǘƘŀǘ ŜŀŎƘ 

Ŏŀǘŀƭȅǎǘ όōƻǘƘ ƛƴ ǘƘŜ о5 ǇǊƛƴǘŜŘ ŦƻǊƳ ŀƴŘ ǘƘŜ ǎǇƘŜǊŜǎύ ŜȄƘƛōƛǘŜŘ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǎǳǊŦŀŎŜ ŀǊŜŀ ŀŦǘŜǊ 

ƳŜǘƘŀƴŀǘƛƻƴΦ ¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ǎǳǊŦŀŎŜ ŀǊŜŀ ŎƻǳƭŘ ōŜ ŎŀǳǎŜŘ ōȅ ǘƘŜ Ŏŀǘŀƭȅǎǘ ǎƘǊƛƴƪŀƎŜ ǳǇƻƴ ƭƻƴƎ 

ŘǳǊŀǘƛƻƴ ƻŦ ŜȄǇƻǎǳǊŜ ǘƻ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎΦ ¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ǎǳǊŦŀŎŜ ŀǊŜŀ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ 

ǎƻƳŜ ŎŀǊōƻƴ ŘŜǇƻǎƛǘƛƻƴ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŎŀǘŀƭȅǎǘΦ ¢ƘŜ ¢D!πa{ ǊŜǎǳƭǘǎ ƻƴ о5 ǇǊƛƴǘŜŘ ǊŜŘǳŎŜŘ 

ŀƴŘ ǎǇŜƴǘ hŎǘƻƭȅǎǘ ǎŀƳǇƭŜǎ όōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŜǎǇŜŎǘƛǾŜƭȅύ ǘƘŀǘ ŀǊŜ ǎƘƻǿƴ ƛƴ 

{ǳǇǇƭŜƳŜƴǘŀǊȅ CƛƎǳǊŜ {мΣ ƛƴŘƛŎŀǘŜ ŀ ƭƻǿ ŎƻƴǘŜƴǘ ŎŀǊōƻƴŀŎŜƻǳǎ ƛƳǇǳǊƛǘȅ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ŀ Ƴŀǎǎ 

ƭƻǎǎ ƻŦ нΦф ŀƴŘ мΦф ҈ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ /hн ǊŜƭŜŀǎŜ ŘŜǘŜŎǘŜŘ ōȅ ŀ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊΦ {ƛƳƛƭŀǊ ƭŜǾŜƭǎ 



ƻŦ ǊŜǎƛŘǳŀƭ ŎŀǊōƻƴ ƻōǎŜǊǾŜŘ ƛƴ ōƻǘƘ ǘƘŜ ǇǊŜπ ŀƴŘ Ǉƻǎǘ ǊŜŀŎǘƛƻƴ ǎŀƳǇƭŜǎ ƻǊƛƎƛƴŀǘŜ ŦǊƻƳ ōǳǊƴƛƴƎ ƻŦŦ 

ǘƘŜ ǇǊƛƴǘƛƴƎ ōƛƴŘŜǊ ǊŜǎƛŘǳŜǎΦ 

¢ƘŜ ǎǇŜŎƛŦƛŎ ǎǳǊŦŀŎŜ ŀǊŜŀǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ƴƛǘǊƻƎŜƴ ŀŘǎƻǊǇǘƛƻƴ ƛǎƻǘƘŜǊƳǎ ōȅ ǘƘŜ .9¢ ƳŜǘƘƻŘ ŀǊŜ 

ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мΦ 

 

 

¢ŀōƭŜ мΦ hǾŜǊǾƛŜǿ ƻŦ ǊŜǎǳƭǘǎ ƻŦ .9¢ ŀƴŀƭȅǎƛǎ 

{ŀƳǇƭŜ {ǇŜŎƛŦƛŎ ǎǳǊŦŀŎŜ ŀǊŜŀ όƳчκƎύ 

tǳǊŀƭƻȄ ǇƻǿŘŜǊ ŀǎ ǊŜŎŜƛǾŜŘ морπмср 
/ŀƭŎƛƴŜŘ bƛ ƛƳǇǊŜƎƴŀǘŜŘ ŀƭǳƳƛƴŀ ǇƻǿŘŜǊ млф 

о5 ǇǊƛƴǘŜŘ όŎŀƭŎƛƴŜŘύ bƛπŀƭǳƳƛƴŀ ǎǘǊǳŎǘǳǊŜ όслл ҡƳύ мрл 

о5 ǇǊƛƴǘŜŘ όŎŀƭŎƛƴŜŘύ bƛπŀƭǳƳƛƴŀ ǎǘǊǳŎǘǳǊŜ όулл ҡƳύ мрт 

о5 ǇǊƛƴǘŜŘ bƛπŀƭǳƳƛƴŀ ǎǘǊǳŎǘǳǊŜ ŀŦǘŜǊ ǊŜŀŎǘƛƻƴ млс 

LƴǘŜǊŎŜǇǘ Ґ лΦлллŜҌ 
bƛπŀƭǳƳƛƴŀ ǇŜƭƭŜǘǎ ŀŦǘŜǊ ǊŜŀŎǘƛƻƴ ммс 

hŎǘƻƭȅǎǘ ŀǎπǊŜŎŜƛǾŜŘ ǇƻǿŘŜǊ нпс 

о5 ǇǊƛƴǘŜŘ όŎŀƭŎƛƴŜŘύ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜ όулл ҡƳύ мтт 

о5 ǇǊƛƴǘŜŘ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜ ŀŦǘŜǊ ǊŜŀŎǘƛƻƴ мрн 

!ƭǳƳƛƴŀ мΦл ƳƳ ǎǇƘŜǊŜǎ ŀǎ ǊŜŎŜƛǾŜŘ мрлπмтл 

 
bƛ ƛƳǇǊŜƎƴŀǘŜŘ мΦл ƳƳ ǎǇƘŜǊŜǎ ōŜŦƻǊŜ ǊŜŀŎǘƛƻƴ мрс 

bƛ ƛƳǇǊŜƎƴŀǘŜŘ мΦл ƳƳ ǎǇƘŜǊŜǎ ŀŦǘŜǊ ǊŜŀŎǘƛƻƴ мнф 

 
.ƻǘƘ ǘƘŜ ŦǊŜŜȊŜπŘǊƛŜŘ ŀƴŘ hŎǘƻƭȅǎǘ ǎǘŀǊǘƛƴƎ ǇƻǿŘŜǊǎ ǿŜǊŜ ƳƛƭƭŜŘ ǘƻ ŀ 5фл ǇŀǊǘƛŎƭŜ ǎƛȊŜ ƻŦ ǊƻǳƎƘƭȅ 

рл ҡƳ ǇǊƛƻǊ ǘƻ ƳƛȄƛƴƎ ǘƘŜ ǇǊƛƴǘƛƴƎ ǇŀǎǘŜǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ŎǊƻǎǎπǎŜŎǘƛƻƴŀƭ {9a ƛƳŀƎŜǎ ǊŜǾŜŀƭ ŀ 

ŘƛŦŦŜǊŜƴǘΣ ŎƻŀǊǎŜǊ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǘƘŜ о5 ǇǊƛƴǘŜŘ bƛπŀƭǳƳƛƴŀ ǎǘǊǳŎǘǳǊŜǎ ǘƘŀƴ ǘƘŀǘ ƻŦ ǘƘŜ о5 ǇǊƛƴǘŜŘ 

hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜǎΦ DǊŀƛƴǎ ƻŦ р ǘƻ ǳǇ ǘƻ рл ҡƳ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ŦƛōǊŜ ƻŦ ǘƘŜ о5 ǇǊƛƴǘŜŘ bƛπ

ŀƭǳƳƛƴŀ ŎŀǘŀƭȅǎǘΦ ¢ƘŜ {9a ƛƳŀƎŜǎ ǎƘƻǿ ōƻǘƘ ǘƘŜ ƳƛŎǊƻ ŀƴŘ ƳŀŎǊƻǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ о5 ǇǊƛƴǘŜŘ 

ŎŀǘŀƭȅǎǘǎΦ {9aκ95· ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎǇŜƴǘ Ŏŀǘŀƭȅǎǘ ŘƛŘ ƴƻǘ ǊŜǾŜŀƭ ŀƴȅ ƻōǾƛƻǳǎ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ 

Ŏŀǘŀƭȅǎǘ ƳƛŎǊƻ ŀƴŘ ƳŀŎǊƻǎǘǊǳŎǘǳǊŜ όǎŜŜ ǘƘŜ ŘŜǘŀƛƭǎ ƛƴ ǘƘŜ {9a ŀƴŘ 95{ ƛƳŀƎŜǎ ǎƘƻǿƴ ƛƴ ǘƘŜ 

{ǳǇǇƭŜƳŜƴǘŀǊȅ LƴŦƻǊƳŀǘƛƻƴύΦ 

 

Conventional (ex situ) laboratory XRD measurements (presented in Figure 3) show a comparison 

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

ǇŜŀƪǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ʴ-Al2O3 phase could not be completely distinguished as they overlap with 

the nickel alminate NiAl2O4 phase present due to the nickel oxide-support interaction. The 

presence of unreduced NiAl2O4 can significantly alter catalytic activity; the reducibility of nickel 

phases is strongly dependent on the calcination temperature. An overall decrease of the NiAl2O4 

ǇǊŜǎŜƴŎŜ ǿŀǎ ƻōǎŜǊǾŜŘ ǿƘƛƭŜ bƛh ǿŀǎ ǇǊŜǎŜƴǘ ŀǘ нʻ ǾŀƭǳŜǎ ƻŦ поΦрΣ рлΦт ŀƴŘ тпΦрϲ ƻƴƭȅ ƛƴ ǘƘŜ о5 

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



clearly be observed in the 3D printed reduced Ni-alumina sample. Ni peaks appear and remain at 

нʻ ƻŦ рнΦоΤ смΦмΤ фнΦм ŀƴŘ ммрΦнϲ ƛƴ ǘƘŜ о5 ǇǊƛƴǘŜŘ bƛ-alumina structures as well as Ni alumina 

ǇŜƭƭŜǘǎ ŀŦǘŜǊ ǊŜŀŎǘƛƻƴΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǎƳŀƭƭ ƛƴŎǊŜŀǎŜǎ ƻŦ ʴ-!ƭнhо ŀǊŜ ƻōǎŜǊǾŜŘ ŀǘ рп ŀƴŘ млп нʻϲΦ 

Further details are provided Figure S2 in the Supplementary Information. 

 

 
CƛƎǳǊŜ оΦ ·w5 ŘƛŦŦǊŀŎǘƻƎǊŀƳǎ ƻŦ о5 ǇǊƛƴǘŜŘ bƛπŀƭǳƳƛƴŀ όǘƻǇύ ŀƴŘ hŎǘƻƭȅǎǘ όōƻǘǘƻƳύ ǎŀƳǇƭŜǎ ŀŦǘŜǊ 

ŎŀƭŎƛƴŀǘƛƻƴΣ ǊŜŘǳŎǘƛƻƴ ŀƴŘ ǊŜŀŎǘƛƻƴ ǎƘƻǿƛƴƎ ǘƘŜ ǊŜƎƛƻƴ ōŜǘǿŜŜƴ нл ŀƴŘ тлϲ н ̒ƛƴ ƳƻǊŜ ŘŜǘŀƛƭΦ  

LƴŘŜȄƛƴƎ ƭƛƴŜǎ ŦƻǊ ǘƘŜ ǇƻǎƛǘƛǾŜƭȅ ƛŘŜƴǘƛŦƛŜŘ ǇƘŀǎŜǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǇŀǘǘŜǊƴǎ ŀǊŜ ƎƛǾŜƴ ōŜƭƻǿΦ   

 

3.2 Catalyst activity  
 



The catalysts were evaluated based on their performance in the CO2 methanation experiments 

and achieved /hн ŎƻƴǾŜǊǎƛƻƴΣ /Iп ȅƛŜƭŘ ŀƴŘ /Iп ǎŜƭŜŎǘƛǾƛǘȅ όǎŜŜ CƛƎǳǊŜ пύΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǇǊŜǾƛƻǳǎƭȅ 

ǊŜǇƻǊǘŜŘ ǾŀƭǳŜǎ ό5ŀƴŀŎƛ Ŝǘ ŀƭΣ нлмсΣ нлмуύрп ŦƻǊ bƛ ŎƻŀǘŜŘ о5π{{ ŀƴŘ о5π/ǳ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ǘƘƛǎ 

ŎƻƳǇŀǊƛǎƻƴ όǿƘŜǊŜƛƴ о5π{{ ƛǎ ŀ о5 ǇǊƛƴǘŜŘ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ ǎǘǊǳŎǘǳǊŜ ŀƴŘ о5π/ǳ ŀ о5 ǇǊƛƴǘŜŘ /ǳ 

ǎǘǊǳŎǘǳǊŜύΦ 

The top plot in 9ǊǊƻǊΗ wŜŦŜǊŜƴŎŜ ǎƻǳǊŎŜ ƴƻǘ ŦƻǳƴŘΦ ǎƘƻǿǎ ǘƘŜ /hн ŎƻƴǾŜǊǎƛƻƴ ǇŜǊ Ŏŀǘŀƭȅǎǘ ŀǎ ŀ 

ŦǳƴŎǘƛƻƴ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ όǎŜŜ ƛƴ ŀŘŘƛǘƛƻƴ ǘƘŜ ǘƘŜǊƳŀƭ ŜǉǳƛƭƛōǊƛǳƳ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ǿƘƛŎƘ 

ƛǎ ǇƭƻǘǘŜŘ ŀƎŀƛƴǎǘ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜύΦ ¢ƘŜ о5 ǇǊƛƴǘŜŘ hŎǘƻƭȅǎǘ ŜȄƘƛōƛǘǎ ǘƘŜ ƘƛƎƘŜǎǘ ƭŜǾŜƭǎ ƻŦ 

ŎƻƴǾŜǊǎƛƻƴ ŀǘ ŀƭƭ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ǿƘƛŎƘ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ŜǉǳƛƭƛōǊƛǳƳ Ǉƻǎƛǘƛƻƴ 

ŦŀǾƻǳǊƛƴƎ ŎƻƴǾŜǊǎƛƻƴΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŦƻǊ ōƻǘƘ о5 ǇǊƛƴǘŜŘ Ŏŀǘŀƭȅǎǘǎ ǎƘƻǿ ƘƛƎƘ ŀŎǘƛǾƛǘȅ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ 

ŀǊƻǳƴŘ орлϲŀƴŘ ŀ ǎƭƛƎƘǘ ŘŜŎǊŜŀǎŜ ƛƴ ŀŎǘƛǾƛǘȅ ŀǘ ǊƛǎƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ ōŜǘǿŜŜƴ орл ŀƴŘ прл ϲ/Φ  ¢Ƙƛǎ 

ǘǊŜƴŘ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǿƘŀǘ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ŜƭǎŜǿƘŜǊŜΥ ǘƘŜ ŜǉǳƛƭƛōǊƛǳƳ ŦŀǾƻǳǊǎ ƳŜǘƘŀƴŀǘƛƻƴ 

ǿƘƛŎƘ ƛǎ ŀƴ ŜȄƻǘƘŜǊƳƛŎ ǊŜŀŎǘƛƻƴ ǘŀƪƛƴƎǇƭŀŎŜ ŀǘ ƭƻǿŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ bƛπŀƭǳƳƛƴŀ 

ǇŜƭƭŜǘǎ ŀƴŘ ōŜŀŘǎ ǎƘƻǿ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŎƻƴǾŜǊǎƛƻƴ ŀƴŘ ȅƛŜƭŘ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǊŜŀŎǘƛƻƴ ǘƛƳŜΦ tŜƭƭŜǘπ

ǎƘŀǇŜŘ Ŏŀǘŀƭȅǎǘǎ ƘŀǾŜ ŎƻƳǇŀǊŀōƭŜ ŎƻƴǾŜǊǎƛƻƴ ǊŀǘŜǎ ǘƻ ƻƴŜ ŀƴƻǘƘŜǊΣ ŀǘ плл ŀƴŘ прл ϲ/Φ ¢ƘŜ 

ƛƳǇǊŜƎƴŀǘŜŘ мΦл ƳƳ ōŜŀŘǎ ƘŀǾŜ ǘƘŜ ƭƻǿŜǎǘ /hн ŎƻƴǾŜǊǎƛƻƴ ŀƴŘ /Iп ȅƛŜƭŘ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ 

ǎŀƳǇƭŜǎ ƳŀƴǳŦŀŎǘǳǊŜŘ ōȅ о5 ǇǊƛƴǘƛƴƎ όǘƘŜ ǎǘǳŎǘǳǊŜǎ ŀƴŘ ǘƘŜƛǊ ŎǊǳǎƘŜŘ ŀƴŘ ǇŜƭƭŜǘƛǎŜŘ 

ŜǉǳƛǾŀƭŜƴǘǎύΦ ¢Ƙƛǎ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ǎƘŀǇŜ ƻŦ ǘƘŜ Ŏŀǘŀƭȅǎǘ Ǉƭŀȅǎ ŀ ǊƻƭŜ ƛƴ ǘƘŜ ǊŜŀŎǘƛƻƴǎΦ  

¢ƘŜ ŜŦŦŜŎǘ ƻŦ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ όƳŀŎǊƻǇƻǊƻǎƛǘȅ ŀƴŘ ƎŜƻƳŜǘǊȅύ ƻŦ ǘƘŜ Ŏŀǘŀƭȅǎǘ ƻƴ ǘƘŜ ǊŜŀŎǘƛƻƴ Ŏŀƴ 

ŎƭŜŀǊƭȅ ōŜ ǎŜŜƴ ƛƴ ǘƘŜ ǎŜƭŜŎǘƛǾƛǘȅ ŘŀǘŀΦ Lǘ ƛǎ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ ǎŜƭŜŎǘƛǾƛǘȅ ǘƻǿŀǊŘǎ /Iп ŦƻǊ ŀƭƭ ǘƘŜ 

Ŏŀǘŀƭȅǎǘ ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜΣ ŜȄŎŜǇǘ ŦƻǊ о5 ǇǊƛƴǘŜŘ bƛ ŀƭǳƳƛƴŀΣ ǿƘƛŎƘ ŘƻŜǎ 

ƴƻǘ ŜȄƘƛōƛǘ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǇŜƴŘŜƴŎŜΦ !ŎŎƻǊŘƛƴƎ ǘƻ Dŀƻ Ŝǘ ŀƭΣ όнлмнΣ нлмрύ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǊŜŀŎǘƛƻƴ 

ǘŜƳǇŜǊŀǘǳǊŜ ŀōƻǾŜ прлϲ/ ǊŜǎǳƭǘǎ ƛƴ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŎŀǊōƻƴ ƳƻƴƻȄƛŘŜ ŀǎ ŀ ōȅπǇǊƻŘǳŎǘ ŘǳŜ ǘƻ ŀ 

ǊŜǾŜǊǎŜŘ ǿŀǘŜǊ Ǝŀǎ ǎƘƛŦǘ ǊŜŀŎǘƛƻƴΣ ŀƭƻƴƎǎƛŘŜ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ unreacted CO2 and H2Σ ǿƘƛƭŜ ǘƘŜ /Iп 

ǇǊƻŘǳŎǘ ǎǘŀǊǘǎ ǘƻ ŘŜŎǊŜŀǎŜΦ  

wŜƎŀǊŘƛƴƎ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǘƘŜ ƎŜƻƳŜǘǊȅΣ ǘƘŜ ǊŜǎǳƭǘǎ ŦƻǊ ǘƘŜ о5 ǇǊƛƴǘŜŘ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ ŀƴŘ /ǳ ŎƻŀǘŜŘ 

ǎǘǊǳŎǘǳǊŜǎ όо5π{{ ŀƴŘ о5π/ǳΣ ǊŜǎǇŜŎǘƛǾŜƭȅύ ŘŜǎŎǊƛōŜŘ ōȅ 5ŀƴŀŎƛ Ŝǘ ŀƭΦΣ нлмсΣ нлму ŀǊŜ ǎƘƻǿƴ ƛƴ 

CƛƎǳǊŜ п ŦƻǊ ŎƻƳǇŀǊƛǎƻƴ ǎƘƻǿƛƴƎ ƻǇǇƻǎƛƴƎ ǊŜǎǳƭǘǎΥ ǿƘƛƭŜ ǘƘŜ /Iп ȅƛŜƭŘ ŦƻǊ ŀƭƭ ǘƘŜ ǎŀƳǇƭŜǎ ƛǎ ŀǘ ƛǘǎ 

ƘƛƎƘŜǎǘ ŀǘ орл ϲ/Σ ǘƘŜ ŎƻŀǘŜŘ ǎǘǊǳŎǘǳǊŜǎ ǎƘƻǿ ǘƘŜ ƳŀȄƛƳǳƳ /Iп ȅƛŜƭŘ ŀǘ прл ϲ/Φ Lƴ ǇŀǊǘƛŎǳƭŀǊ ǘƘŜƛǊ 

/Iп ǎŜƭŜŎǘƛǾƛǘȅ όƛƴ CƛƎǳǊŜ пŎύΣ ŎŀǘŎƘŜǎ ǘƘŜ ŜȅŜ ŀǎ ƛǘ ŘƛǎǇƭŀȅǎ ǘƘŜ ƘƛƎƘŜǎǘ /Iп ǎŜƭŜŎǘƛǾƛǘȅ όфу ҈ύ 

ƻǾŜǊŀƭƭΣ ǎƭƛƎƘǘƭȅ ŀōƻǾŜ ǘƘŀǘ ƻŦ ǘƘŜ о5 ǇǊƛƴǘŜŘ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜ ŀǘ ōƻǘƘ орл ϲ/ ŀƴŘ плл ϲ/Φ ¢Ƙƛǎ 

Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ /hн ŎƻƴǾŜǊǎƛƻƴΦ ²ƘŜƴ /hн ŎƻƴǾŜǊǎƛƻƴ ǊŀǘŜǎ ŀǊŜ ƭƻǿŜǊ όŦŀǊ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ 

ŜǉǳƛƭƛōǊƛǳƳ ǇƻƛƴǘύΣ ŀǎ ƛǎ ǘƘŜ ŎŀǎŜ ŦƻǊ ǘƘŜ ŎƻŀǘŜŘ ǎǘǊǳŎǘǳǊŜǎΣ ǘƘŜ ŎƘŀƴŎŜǎ ƻŦ ŦƻǊƳƛƴƎ ōȅπǇǊƻŘǳŎǘǎ 

ŀǊŜ ƭƛƳƛǘŜŘ ŘǳŜ ǘƻ ƘƛƎƘ ŀŦŦƛƴƛǘȅ ŦƻǊ /Iп ŦƻǊƳŀǘƛƻƴ όƘŜƴŎŜƛǘ ƛǎ ǎŀŦŜ ǘƻ ŀǎǎǳƳŜ ǘƘŀǘ ǘƘŜ ǊŜǾŜǊǎŜ ǿŀǘŜǊπ



Ǝŀǎ ǎƘƛŦǘ ǊŜŀŎǘƛƻƴ ƛǎ ƴŜƎƭƛƎŀōƭŜύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ Ƴŀƛƴ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜǎŜ ŎƻŀǘŜŘ ǎǘǊǳŎǘǳǊŜǎ ǿƛƭƭ ōŜ 

/IпΣ ǿƘƛŎƘ ŜȄǇƭŀƛƴǎ ǘƘŜƛǊ ƘƛƎƘ /Iп ǎŜƭŜŎǘƛǾƛǘȅΦ 

¢Ƙƛǎ ǎǳōǎǘŀƴǘƛŀƭ ŘƛŦŦŜǊŜƴŎŜ Ŏŀƴ ōŜ ǊŀǘƛƻƴŀƭƛǎŜŘ ƛƴ ǘŜǊƳǎ ƻŦ ŀ ƴǳƳōŜǊ ƻŦ ŦŀŎǘƻǊǎ ƛƴŎƭǳŘƛƴƎ ƭƻŀŘƛƴƎ 

ƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ŎƻŀǘƛƴƎ ǘƘƛŎƪƴŜǎǎΣ ŘƛŦŦŜǊŜƴǘ ǎǳǇǇƻǊǘ ǎǘǊǳŎǘǳǊŜǎΣ ƴƛŎƪŜƭ ŘƛǎǘǊƛōǳǘƛƻƴ ƻƴ ǘƘ ǎǳǇǇƻǊǘΣ 

ƎŜƻƳŜǘǊȅ ŀƴŘ ƳŀŎǊƻǇƻǊƻǎƛǘȅΦ ¢ƘŜ ǊŀŘƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ ƳŜǘƘƻŘǎ ƻŦ ǘƘŜ Ŏŀǘŀƭȅǎǘ ǇǊŜǇŀǊŀǘƛƻƴ ŀƴŘ 

ŘƛŦŦŜǊŜƴǘ ƳŜŀǎǳǊŜƳŜƴǘ ŎƻƴŘƛǘƛƻƴǎ όDI{±ύ ǇǊŜǾŜƴǘ ŀ ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘ ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǘƘŜǎŜ 

ǘǿƻ ǎǘǊǳŎǘǳǊŜŘ ŦƻǊƳǎΦ  

Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ /Iп ǇǊƻŘǳŎǘƛǾƛǘȅ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ ŀǘ ǎŜǘ ǘŜƳǇŜǊŀǘǳǊŜǎ όорлΣ плл 

ŀƴŘ прлϲ/ύΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ƎƛǾŜƴ ƛƴ 9ǊǊƻǊΗ wŜŦŜǊŜƴŎŜ ǎƻǳǊŎŜ ƴƻǘ ŦƻǳƴŘΦΦ ¢ƘŜ ǇǊƻŘǳŎǘƛǾƛǘȅ ƻŦ ǘƘŜ 

о5 ǇǊƛƴǘŜŘ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘƻǎŜ ƻŦ ǘƘŜ ƻǘƘŜǊ ǘŜǎǘŜŘ Ŏŀǘŀƭȅǎǘǎ ǿƘƛƭŜ ǘƘŜ bƛ 

ƛƳǇǊŜƎƴŀǘŜŘ ōŜŀŘǎ ǎƘƻǿ ǘƘŜ ƭƻǿŜǎǘ ǇǊƻŘǳŎǘƛǾƛǘȅΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ŎƻƴŦƛǊƳ ǘƘŜ ŜŀǊƭƛŜǊ ŎƻƴŎƭǳǎƛƻƴ 

ǘƘŀǘ ǘƘŜ ƘƛƎƘŜǎǘ ŎŀǘŀƭȅǘƛŎ ŀŎǘƛǾƛǘȅ ό/Iп ȅƛŜƭŘΣ /Iп ǎŜƭŜŎǘƛǾƛǘȅ ŀƴŘ /hн ŎƻƴǾŜǊǎƛƻƴύ Ŏŀƴ ōŜ ƻōǘŀƛƴŜŘ 

ōȅ о5 ǇǊƛƴǘƛƴƎ ǘƘŜ ŎƻƳƳŜǊŎƛŀƭ ŎŀǘŀƭȅǎǘΦ ! ƴƻǘŀōƭȅ ǎƘŀǊǇ ŘǊƻǇ ƛƴ ǎŜƭŜŎǘƛǾƛǘȅ όŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ƭƻǿ 

ōǳǘ ƛƴŎǊŜŀǎƛƴƎ ŎƻƴǾŜǊǎƛƻƴύ ƻōǎŜǊǾŜŘ ŦƻǊ bƛπŀƭǳƳƛƴŀ ǇŜƭƭŜǘǎ ŀƴŘ bƛπŀƭǳƳƛƴŀ ōŜŀŘǎ ƭŜŀŘǎ ǘƻ ŀ ƭƻǎǎ 

ƛƴ ǇǊƻŘǳŎǘƛǾƛǘȅ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŦǊƻƳ орл ϲ /Φ  



 

 



Figure 4. Comparison of a) CO2 conversion, b) CH4 yield and c) CH4 selectivity d) Ŏŀǘŀƭȅǎǘ 

ǇǊƻŘǳŎǘƛǾƛǘȅ ƻŦ ŀƭƭ ǘƘŜ ŜȄŀƳƛƴŜŘ ǎŀƳǇƭŜǎ at temperatures of 350, 400 and 450 °C, IнΥ/hн Ǌŀǘƛƻ ƻŦ 

пΥм and ŀǘ ŀ DI{± ƻŦ отрл Ƙπм όǘƻǘŀƭ Ŧƭƻǿ ƻŦ нлл ƳƭκƳƛƴΥ пл ƳƭκƳƛƴ ƻŦ Iн ŀƴŘ мл ƳƭκƳƛƴ ƻŦ /hн ƛƴ 

мрл ƳƭκƳƛƴ ƻŦ IŜύ ŀǘ м ŀǘƳΤ ǘƘŜ 3D printed Octolyst displayed all three points of conversion at 

the equilibrium maximum; corresponding thermodynamic equilibrium data points were 

calculated using the FactSage 7.2 software package65; 3D-SS and 3D-Cu were previously described 

by Danaci et al., 2016, 2018. 

 

3.3 /ŀǘŀƭȅǎǘ stability 
 

¢ƘŜ о5 ǇǊƛƴǘŜŘ hŎǘƻƭȅǎǘ Ŏŀǘŀƭȅǎǘ ǿŀǎ ǎŜƭŜŎǘŜŘ ŦƻǊ ŦǳǊǘƘŜǊ ǘŜǎǘƛƴƎ ōŀǎŜŘ ƻƴ ƛǘǎ ǎǳǇŜǊƛƻǊ ŀŎǘƛǾƛǘȅΦ 

tƻǎǎƛōƭŜ Ŏŀǘŀƭȅǎǘ ŘŜŀŎǘƛǾŀǘƛƻƴ ŘǳǊƛƴƎ ƳŜǘƘŀƴŀǘƛƻƴ Ƙŀǎ ōŜŜƴ ƳƻƴƛǘƻǊŜŘ ōȅ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ 

ǳƴŘŜǊ ƳŜǘƘŀƴŀǘƛƻƴ ƻǇŜǊŀǘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ŀǘ орл ϲ/ ŀƴŘ олл ϲ/Σ ŀ DI{± ƻŦ нумнΦр Ƙπм ŦƻǊ нпл ƘƻǳǊǎ 

όǎŜŜ CƛƎǳǊŜ рύΦ ¢ƘŜ ƳŜŀǎǳǊŜŘ Řŀǘŀ ŦƻǊ ǘƘŜ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜ ǿŜǊŜ Ŏƻƴǎǘŀƴǘ ǿƛǘƘ ǎƳŀƭƭ ǾŀǊƛŀǘƛƻƴǎ 

ƛƴ /hн ŎƻƴǾŜǊǎƛƻƴ ŀƴŘ /Iп ȅƛŜƭŘ ōŜǘǿŜŜƴ ŎƘŀƴƎŜǎ ƛƴ Ŧƭƻǿ ǊŀǘŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ όŦƻǊ ŦǳǊǘƘŜǊ ŘŜǘŀƛƭǎ 

ƻƴ Ǝŀǎ ŀƴŀƭȅǎƛǎ ǎŜŜ CƛƎǳǊŜ {ф ǘƘŜ {ǳǇǇƭŜƳŜƴǘŀǊȅ LƴŦƻǊƳŀǘƛƻƴύΦ IƻǿŜǾŜǊΣ ōƻǘƘ ǘƘŜ a{ ŀƴŘ ǘƘŜ 

ǇǊŜǾƛƻǳǎ D{ ƳŜŀǎǳǊŜƳŜƴǘǎ όǎƘƻǿƴ ƛƴ CƛƎǳǊŜ пύ ƘŀǾŜ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ǘƘŜ ƘƛƎƘŜǎǘ ŎƻƴǾŜǊǎƛƻƴǎ ƛƴ 

ǘƘƛǎ ǿƻǊƪ ǿŜǊŜ ŀŎƘƛŜǾŜŘ ŦƻǊ hŎǘƭȅǎǘ ŀǘ орл ϲ/ ǿƘƛŎƘ ƛǎ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ Řŀǘŀ ŦƻǳƴŘ ƛƴ ǘƘŜ 

ƭƛǘŜǊŀǘǳǊŜ ƻƴ bƛπŀƭǳƳƛƴŀ ōŀǎŜŘ Ŏŀǘŀƭȅǎǘǎ όŀǎ ōǊƛŜŦƭȅ ƳŜƴǘƛƻƴŜŘ ƛƴ ǘƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴύΦ 



 

CƛƎǳǊŜ рΦ /ƻƳǇŀǊƛǎƻƴ ƻŦ ŎƻƴǎŜŎǳǘƛǾŜ a{ ƳŜŀǎǳǊŜƳŜƴǘǎ ό/hн ŎƻƴǾŜǊǎƛƻƴΣ /Iп ȅƛŜƭŘΣ /Iп ǎŜƭŜŎǘƛǾƛǘȅ 

Řŀǘŀύ ŘǳǊƛƴƎ ŀ ǘƻǘŀƭ нпл Ƙ ƻŦ ƳŜǘƘŀƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴ ƻǾŜǊ ŀ о5 ǇǊƛƴǘŜŘ hŎǘƻƭȅǎǘ ǎǘǊǳŎǘǳǊŜ at a DI{± 

ƻŦ нумнΦр ƘπмΣ м ŀǘƳ ŀƴŘ ŀǘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ Ŧƭƻǿ ǊŀǘŜǎ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜǎΥ όǘƻǇπмύ орл ϲ/ пл ƳƭκƳƛƴ 

ƻŦ IнΣ мл ƳƭκƳƛƴ ƻŦ /hн ƛƴ млл ƳƭκƳƛƴ ƻŦ IŜ όǘƻǇπнΣ ƳƛŘŘƭŜ ŀƴŘ ōƻǘǘƻƳύ орл ϲ/Σ олл ϲ/ ŀƴŘ орл 

ϲ/ ǊŜǎǇŜŎǘƛǾŜƭȅ ŀǘ ул ƳƭκƳƛƴ ƻŦ IнΣ нл ƳƭκƳƛƴ ƻŦ /hн ƛƴ рл ƳƭκƳƛƴ ƻŦ IŜΦ 

 

 

 

3.4 XRD-CT studies under under operando conditions 
 
In the XRD-CT data for the 3D printed Ni-alumina based catalyst, the majority of peaks present 

correspond to the ɹ-Al2O3 support (see Figure S10, Supplementary Material).  The series of scans 

ƭŀōŜƭƭŜŘ ά400 °C stacksέ (shown in Figure 6) show reflections forming at ca. 1.77 and a shoulder 

at 2.04 Å at 400 °C under methanation operating conditions, corresponding to metallic face 

centred cubic (fcc) Ni. The data collected 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 long-range order due to their being 

nanocrystalline. The 200 reflection (1.77 Å) increases in intensity/height between 1st stack and 



2nd/3rd stacks (at 400 °C under methanation operating conditions). The average crystallite size 

does not vary much, indicating that this is an increase in the amount of crystalline material and 

not due to sintering.  The main 111 reflection at 2.04 Å cannot be fitted as it is a broad shoulder 

on the alumina peak at ca. 2.0 Å.  Therefore the 200 reflection at 1.77 Å is used for fitting.  Due 

to the metallic Ni shoulder, the Al2O3 peak at 2.00 Å is not used for fitting but the one at 1.40 Å 

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

present, so it may be that the initial form of the Ni is non-crystalline. 

 

A Scherrer analysis from the profiling of the 200 reflection yields a support-average crystallite size 

of around 33 nm, with the majority of the distribution in the range of 30-35 nm.  This is broadly 

consistent across the different data sets, however the final two stacks at 400 °C exhibit a small 

decrease in the average crystallite size to 29 nm. The metallic Ni has a crystallite size distribution 

of 15-20 nm.66 

 
Figure 6.  Reconstructed images Ψплл ϲ/ ǎǘŀŎƪǎΩ ǇǊŜǎŜƴǘ four different positions across the 3D 
printed structure, PO,P1, P2, P3 (see columns corresponing to positions in a schematic in the 
bottom left corner) at 400°C under methanation operating conditions. Images within each panel 


