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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 
or microextrusion), we developed optimised techniques for tailoring both the support’s  macro- 
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 ‘chemical imaging’, namely X-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 (‘direct write’) 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 (Sasol’s Puralox 

TM 100/150 UF) and alumina spheres (Sasol’s spheres 1.0/160)61 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 

ensure a transition of the Puralox powder to a γ-Al2O3 phase.  

 

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

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

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). 600 



and 800 µm nozzles were used at a printing speed of 700 and 450 µl/min respectively. The 

structures were subsequently left to dry in a humidity chamber for a week maintained at 85 % RH 

and 25 °C followed by a thermal pre-treatment at 500˚ C to remove the organic binder from the 

green printed catalyst bodies. 

 

   
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 

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

sorption measurements were performed on a Quantachrome Autosorb-iQ–MP 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 min−1) from ambient temperature to 700 °C with a heating rate of 5 °C min−1  leading 

to weight loss (or gain) as a result of a change in the sample’s content (e.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 Pro diffractometer (with Cu Kα source (λ = 1.5418 Ǻ) at 40 kV and 40 mA 



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- γ-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 

30 μm x 30 μm.  XRD-CT scans were recorded using interlaced method64 comprising two angular 

subsets covering 0 to 180 ° in steps of 1 ° with sample translated over 11 mm in steps of 50 μm 

(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 

40 μm x 20 μm (Horizontal x Vertical). The total acquisition time per point was 20 msec and each 

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

(with a translation step size of 40 μm) covering 0 – 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 
 
The 3D printed Ni alumina structures showed an increase of approximately 30 % in specific surface 

area compared to the starting impregnated powder. The 3D printed calcined Octolyst structure 

shows a slightly higher specific surface area than the 3D printed calcined Ni-alumina powder. It is 

noteworthy that of all the unused structures, the commercial catalyst had the largest specific 

surface area.  

When comparing the structure before and after the methanation of CO2, it can be seen that each 

catalyst (both in the 3D printed form and the spheres) exhibited a decrease in surface area after 

methanation. The decrease in surface area could be caused by the catalyst shrinkage upon long 

duration of exposure to high temperatures. The decrease in surface area can be explained by 

some carbon deposition on the surface of the catalyst. The TGA-MS results on 3D printed reduced 

and spent Octolyst samples (before and after the reaction respectively) that are shown in 

Supplementary Figure S1, indicate a low content carbonaceous impurity contributing to a mass 

loss of 2.9 and 1.9 % corresponding to CO2 release detected by a mass spectrometer. Similar levels 



of residual carbon observed in both the pre- and post reaction samples originate from burning off 

the printing binder residues. 

The specific surface areas derived from nitrogen adsorption isotherms by the BET method are 

shown in Table 1. 

 

 

Table 1. Overview of results of BET analysis 

Sample Specific surface area (m²/g) 

Puralox powder as received 135-165 
Calcined Ni impregnated alumina powder 109 

3D printed (calcined) Ni-alumina structure (600 µm) 150 

3D printed (calcined) Ni-alumina structure (800 µm) 157 

3D printed Ni-alumina structure after reaction 106 

Intercept = 0.000e+ 
Ni-alumina pellets after reaction 116 

Octolyst as-received powder 246 

3D printed (calcined) Octolyst structure (800 µm) 177 

3D printed Octolyst structure after reaction 152 

Alumina 1.0 mm spheres as received 150-170 

 
Ni impregnated 1.0 mm spheres before reaction 156 

Ni impregnated 1.0 mm spheres after reaction 129 

 
Both the freeze-dried and Octolyst starting powders were milled to a D90 particle size of roughly 

50 µm prior to mixing the printing pastes. However, the cross-sectional SEM images reveal a 

different, coarser morphology of the 3D printed Ni-alumina structures than that of the 3D printed 

Octolyst structures. Grains of 5 to up to 50 µm can be observed in the fibre of the 3D printed Ni-

alumina catalyst. The SEM images show both the micro and macrostructure of the 3D printed 

catalysts. SEM/EDX analysis of the spent catalyst did not reveal any obvious changes to the 

catalyst micro and macrostructure (see the details in the SEM and EDS images shown in the 

Supplementary Information). 

 

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, 

peaks corresponding to γ-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 

presence was observed while NiO was present at 2θ values of 43.5, 50.7 and 74.5° only in the 3D 

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 

2θ of 52.3; 61.1; 92.1 and 115.2° in the 3D printed Ni-alumina structures as well as Ni alumina 

pellets after reaction. Additionally, small increases of γ-Al2O3 are observed at 54 and 104 2θ°. 

Further details are provided Figure S2 in the Supplementary Information. 

 

 
Figure 3. XRD diffractograms of 3D printed Ni-alumina (top) and Octolyst (bottom) samples after 

calcination, reduction and reaction showing the region between 20 and 70° 2θ in more detail.  

Indexing lines for the positively identified phases present in the patterns are given below.   

 

3.2 Catalyst activity  
 



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

and achieved CO2 conversion, CH4 yield and CH4 selectivity (see Figure 4). In addition, previously 

reported values (Danaci et al, 2016, 2018)54 for Ni coated 3D-SS and 3D-Cu were added to this 

comparison (wherein 3D-SS is a 3D printed stainless steel structure and 3D-Cu a 3D printed Cu 

structure). 

The top plot in Error! Reference source not found. shows the CO2 conversion per catalyst as a 

function of temperature (see in addition the thermal equilibrium conversion of the reaction which 

is plotted against the temperature). The 3D printed Octolyst exhibits the highest levels of 

conversion at all the temperatures, which is due to the thermodynamic equilibrium position 

favouring conversion. The results for both 3D printed catalysts show high activity at temperatures 

around 350°and a slight decrease in activity at rising temperatures between 350 and 450 °C.  This 

trend is consistent with what has been reported elsewhere: the equilibrium favours methanation 

which is an exothermic reaction takingplace at lower temperatures. In contrast, Ni-alumina 

pellets and beads show an increase in conversion and yield with increasing reaction time. Pellet-

shaped catalysts have comparable conversion rates to one another, at 400 and 450 °C. The 

impregnated 1.0 mm beads have the lowest CO2 conversion and CH4 yield in comparison to the 

samples manufactured by 3D printing (the stuctures and their crushed and pelletised 

equivalents). This shows that the shape of the catalyst plays a role in the reactions.  

The effect of the morphology (macroporosity and geometry) of the catalyst on the reaction can 

clearly be seen in the selectivity data. It is shown that the selectivity towards CH4 for all the 

catalyst decreases with an increasing temperature, except for 3D printed Ni alumina, which does 

not exhibit temperature dependence. According to Gao et al, (2012, 2015) increasing the reaction 

temperature above 450°C results in an increase in carbon monoxide as a by-product due to a 

reversed water gas shift reaction, alongside an increase in unreacted CO2 and H2, while the CH4 

product starts to decrease.  

Regarding the effect of the geometry, the results for the 3D printed stainless steel and Cu coated 

structures (3D-SS and 3D-Cu, respectively) described by Danaci et al., 2016, 2018 are shown in 

Figure 4 for comparison showing opposing results: while the CH4 yield for all the samples is at its 

highest at 350 °C, the coated structures show the maximum CH4 yield at 450 °C. In particular their 

CH4 selectivity (in Figure 4c), catches the eye as it displays the highest CH4 selectivity (98 %) 

overall, slightly above that of the 3D printed Octolyst structure at both 350 °C and 400 °C. This 

can be explained by CO2 conversion. When CO2 conversion rates are lower (far removed from the 

equilibrium point), as is the case for the coated structures, the chances of forming by-products 

are limited due to high affinity for CH4 formation (henceit is safe to assume that the reverse water-



gas shift reaction is negligable). Therefore, the main production of these coated structures will be 

CH4, which explains their high CH4 selectivity. 

This substantial difference can be rationalised in terms of a number of factors including loading 

on the structure, coating thickness, different support structures, nickel distribution on th support, 

geometry and macroporosity. The radically different methods of the catalyst preparation and 

different measurement conditions (GHSV) prevent a straightforward comparison between these 

two structured forms.  

In addition, the CH4 productivity was calculated for each sample at set temperatures (350, 400 

and 450°C). The results are given in Error! Reference source not found.. The productivity of the 

3D printed Octolyst structures are higher than those of the other tested catalysts while the Ni 

impregnated beads show the lowest productivity. These results confirm the earlier conclusion 

that the highest catalytic activity (CH4 yield, CH4 selectivity and CO2 conversion) can be obtained 

by 3D printing the commercial catalyst. A notably sharp drop in selectivity (corresponding to low 

but increasing conversion) observed for Ni-alumina pellets and Ni-alumina beads leads to a loss 

in productivity at temperatures from 350 ° C.  



 

 



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

productivity of all the examined samples at temperatures of 350, 400 and 450 °C, H2:CO2 ratio of 

4:1 and at a GHSV of 3750 h-1 (total flow of 200 ml/min: 40 ml/min of H2 and 10 ml/min of CO2 in 

150 ml/min of He) at 1 atm; the 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 Catalyst stability 
 

The 3D printed Octolyst catalyst was selected for further testing based on its superior activity. 

Possible catalyst deactivation during methanation has been monitored by mass spectrometry 

under methanation operating conditions at 350 °C and 300 °C, a GHSV of 2812.5 h-1 for 240 hours 

(see Figure 5). The measured data for the Octolyst structure were constant with small variations 

in CO2 conversion and CH4 yield between changes in flow rate and temperature (for further details 

on gas analysis see Figure S9 the Supplementary Information). However, both the MS and the 

previous GS measurements (shown in Figure 4) have confirmed that the highest conversions in 

this work were achieved for Octlyst at 350 °C which is in agreement with the data found in the 

literature on Ni-alumina based catalysts (as briefly mentioned in the introduction). 



 

Figure 5. Comparison of consecutive MS measurements (CO2 conversion, CH4 yield, CH4 selectivity 

data) during a total 240 h of methanation reaction over a 3D printed Octolyst structure at a GHSV 

of 2812.5 h-1, 1 atm and at the following flow rates and temperatures: (top-1) 350 °C 40 ml/min 

of H2, 10 ml/min of CO2 in 100 ml/min of He (top-2, middle and bottom) 350 °C, 300 °C and 350 

°C respectively at 80 ml/min of H2, 20 ml/min of CO2 in 50 ml/min of He. 

 

 

 

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 γ-Al2O3 support (see Figure S10, Supplementary Material).  The series of scans 

labelled “400 °C stacks” (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 ‘400 °C stacks’ present 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 



show: top row - Al2O3 average crystallite size, colour scale bar 25-40 nm; second row:  Al2O3 peak 
centre position, colour scale bar 1.390-1.410 Å; third row: Ni fcc average crystallite size, colour 
scale bar 25-40 nm; bottom row:  Ni fcc peak centre position, colour scale bar 1.760-1.790 Å. 
 
 
 
For comparison, identical operando experiments were performed using the 3D printed in-house 

Ni-alumina and 3D printed commercial catalyst (Octolyst).  

Some preliminary results from the opearndo experiment on the 3D printed in-house Ni-alumina 

catalyst are presented in Figures 8 (also see Figure S15 in the Supplementary Information). These 

maps are derived from the sum of the diffraction intensity of a peak of interest corresponding to 

Ni, NiO and Al2O3 after background subtraction. The maps shown in Figure 8 correspond to XRD-

CT scans 1, 3, 5, 7 and 9 (top) and XRD-CT scans 2, 4, 6, 8 and 10 (bottom) - details of the 

experimental protocol are shown in Figure S14. The Al2O3 distribution is homogeneous; this is 

expected as it is the support of the catalyst. However, the crystalline Ni species seem to be less 

homogeneously distributed as there are regions of high concentration of this material (hotspots 

in Figure 8). The presence of NiO and Al2O3 was observed in the fresh catalyst; the presence of 

the spinel phase NiAl2O4 was confirmed by the lab XRD analysis. Upon reaching 450 °C, it can be 

seen that the NiO has reduced to metallic Ni. 

 

 

Figure 8. Phase distribution maps of Ni, NiO and Al2O3 for XRD-CT scans performed at two z 
position, at the top and bottom of the 3D printed Ni-alumina catalyst: top - XRD-CT scans 1, 3, 5, 
7 and 9 and bottom - XRD-CT scans 2, 4, 6, 8 and 10 (see Figure S14 for details). 

The XRD-CT datasets for the 3D printed Octolyst catalyst are presented in Figure 9 and 

Supplementary Figure S17 corresponding to the experimental protocol shown in Figure S16. It 

can be clearly seen that the main difference between the 3D printed Octloyst and the in-house 



catalyst prepared is related to the Ni species. Specifically, the diffraction peaks corresponding to 

the NiO phase (and the Ni phase after the reduction/activation step) are seen to be broader for 

the Octolyst sample. This suggests that the Ni species are less crystalline with smaller crystallite 

size. The results presented in Figure 9 offer limited information as due to this broadening effect 

it was not possible to follow the same data processing strategy as in Figures 8. Therefore, these 

maps correspond to the summed intensity of certain diffraction peaks of interest without 

background subtraction. It is noteworthy, however, that the distribution of the Ni species appears 

to be more homogeneous in the Octolyst sample compared to the in-house sample. In order to 

extract more information from these datasets it is necessary to perform Rietveld analysis. 

 

Figure 9. Phase distribution maps of Ni, NiO and Al2O3 for the 3D printed Octolyst catalyst 
(background has not been subtracted): XRD-CT scans 1-8 (see Figure S16 for details). 

 

4. Conclusions 
 
Nickel-alumina based catalysts have been investigated as model systems for the design (3D 

printing) of monolithic structures for CO2 methanation reactors. The structure-activity 

relationships of the 3D printed catalysts were explored under typical conditions for CO2 

hydrogenation to methane using the operando X-Ray Diffraction Computed Tomography (XRD-

CT). The printed structures showed the potential to achieve optimal functionality and design 

(regular straight channel patterns) compared to the conventional randomly packed beds such as 

powders and granules. With 3D printing technologies on the cusp of bringing revolutionary 

changes to chemical engineering and catalysis, this work provides further impetus to the ongoing 

development of a series of monolithic/multi-channel components for reactor systems and devices 

with a high degree of flexibility for a wide range of chemistry and energy applications.  

The tomographic ‘chemical imaging’ approach used demonstrates the importance of operando 

studies. The research presented herein reveals the evolution and spatial distribution of the active 

Ni-based species (in terms of both their crystalline phase and crystallite sizes) during their 

activation while operating under methanation conditions. These results can, in turn, be fed 

back into the 3D design of the catalyst structures. 



In addition to the findings confirming the distribution of the Ni species to be more homogeneous 

in the 3D printed commercial catalysts (compared to the 3D printed in-house catalyst), the 3D 

printed commercial catalysts (Octolyst, Evonik) exhibit superior performance to other catalyst 

forms studied in this work (such as 3D printed in-house prepared Ni-alumina, pellets and beads) 

with conversion reaching equilibrium. The 3D printed Octolyst catalyst has the best performance 

at 350°C and 400°C as the formation of methane is thermodynamically favoured. From 400°C a 

steep decrease in its CH4 yield and selectivity is observed. It can be seen that 3D printed structures 

show highest activity, followed by their pellet shaped counterparts. The performance of Octolyst 

in the shape of pellets shows the same trend as its printed equivalent and confirms the advantage 

of 3D printing. The 3D printed in-house prepared Ni-alumina shows less catalytic activity at 350°C 

and 400°C but still comparable to the Octolyst pellets. The Ni impregnated alumina spheres show 

the lowest CO2 conversion, CH4 selectivity and yield. Crucially, when other reaction parameters 

were kept constant, the samples with different geometries displayed different temperature 

dependence as can be seen from the significant variation in selectivity with temperature. At the 

same time, they have similar trends in a gradual loss in productivity, indicative of CO2 

consumption. This can be attributed to the simultaneous occurrence of the reverse water gas 

shift reaction leading to the unreacted CO2 and H2 forming the undesired product, carbon 

monoxide. 
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