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A B S T R A C T   

3D-printed high-surface carbon monoliths have been fabricated and tested as catalyst supports of CO2 metha-
nation active phases (NiO-CeO2, 12 wt% Ni). The carbon carriers show a developed microporosity and good 
adherence to the catalytic phases of NiO-CeO2, showing great stability and cyclability. Two monolith designs 
were used: a conventional parallel-channeled structure (honeycomb) and a complex 3D network of non-linear 
channels built upon interconnected circular sections (circles), where flow turbulences along the reactant gas 
path are spurred. The effect of the active phases particle size on the catalyst distribution and the overall per-
formance has been assessed by comparing NiO-CeO2 nanoparticles of 7 nm average (Np), with a reference 
counterpart of uncontrolled structure (Ref). The improved radial gases diffusion in the circles monolith design is 
confirmed, and nanoparticles show enhanced CO2 methanation activity than the uncontrolled-size active phase 
at low temperatures (< 300 ºC). On the contrary, the Ref catalysts achieve higher CH4 production at higher 
temperatures, where the reaction kinetics is controlled by mass transfer limitations (T > 300 ºC). SEM and Hg 
porosimetry evidence that nanoparticles are deposited at deeper penetration through the narrow micropores of 
the carbon matrix of the monolithic supports, which tend to accumulate on the channels surface remaining more 
accessible to the reactant molecules. Altogether, this study examines the impact of the channel tortuosity and the 
active phase sizing on the CO2 methanation activity, serving as ground knowledge for the further rational and 
scalable fabrication of carbon monolith for catalytic applications.   

1. Introduction 

Initiatives to mitigate CO2 emissions are urgently demanded amid 
the global emergency to front climate change. Strategies to capture and 
convert CO2 into added-value products have been set as a primary focus 
in environmental and energy research. In this context, the CO2 hydro-
genation to methane is gaining increasing attention [1–5]. Although the 
CO2 methanation is known since the early twentieth century, it is now 
being proposed as an efficient route to reduce CO2 emissions while 
producing a valuable fuel of relevance in the energy mix, such as CH4, or 
synthetic natural gas [6,7]. 

CO2 methanation is thermodynamically favored at low temperature 
but kinetically restricted, so a catalyst is required to achieve sufficient 
reaction rates with industrial relevance at economically practicable 

temperatures. Among the CO2 methanation active metals, nickel nano-
particles are claimed to be a good option with an operativity between 
200 and 400 ◦C, besides the advantage of its moderate price in com-
parison to noble metals [8–13]. When loaded into ceria-based carriers, 
the activity of nickel is promoted as Ni-Ce interfacial redox interplay 
facilitate both CO2 activation and H2 dissociation [14–16]. Thus, the 
rational design in the synthesis of NiO-CeO2 systems and the occurring 
CO2 methanation mechanisms have been studied in detail. It has been 
reported that reduced Ni particles are efficient sites for H2 dissociation, 
while CO2 activation mainly occurs at oxygen vacancies located at the 
NiO-CeO2 interface. The proportion of the two types of sites rules the 
overall catalytic performance, which can be adjusted to achieve an op-
timum by means of tuning the nanostructure of the dispersed phases 
[17]. 
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As a structure-sensitive reaction, the size of catalyst nanoparticles 
can determine the CO2 methanation activity and selectivity given that 
the surface structure and electronic properties change in this size range 
[18–20]. NiO-CeO2 nanoparticles are highly stable under reaction con-
ditions and active for CO2 hydrogenation at low temperature (T ≥
200–250 ºC) with selectivity towards CH4 near ~100% [21]. 

Besides controlling the microstructural features of the active phases, 
the configurational aspects of the catalytic bed must be carefully 
considered when designing a catalytic process. When high flows are 
demanded, monolithic structures are preferred when compared to 
powder-packed beds to avoid pressure drop in the reactors. Monolithic 
catalysts enable a facile scale-up and are easily replaced while avoid 
degradation by friction occurring in packed beds. Ceramic monoliths, 
typically based on cordierite, are extensively used as catalytic supports 
in a variety of industrial applications, such as catalytic combustion, 
volatile organic compound oxidation or soot combustion among others 
[22–24]. These materials present a high mechanical strength, thermal 
stability that provide versatility in use, besides an easy cleaning and 
replacement [25]. However, the surface properties of ceramic-based 
monoliths, such as porosity and surface chemistry can only be barely 
modified. In contrast, carbon materials possess unique characteristics 
that point them as suitable candidates for a wide range of applications, 
including adsorption, gas separation, or in chemical reactions serving 
either as catalysts or as catalyst supports. Carbon materials can be 
synthesized with high surface area and pore volume, large stability, and 
adaptability due to their great tailoring possibilities on their textural 
properties and chemical features [26,27]. As a result, carbon monoliths 
have been successfully proposed for various applications and have 
demonstrated their promising potential [28,29]. 

Carbon honeycomb monoliths are usually made from a paste con-
taining a precursor, a binder, and an organic or inorganic filler, and are 
manufactured by extrusion. Once dried, the materials are carbonized to 
produce a porous carbon monolith. To avoid shrinkage, carbon mate-
rials can be combined with ceramic binders to provide sufficient 
strength and stability [30–32]. Regardless of the strategy used to 
fabricate the carbon monolith, the channel morphology is limited to 
straight lines rather than complex designs due to the extrusion tech-
nique. Alternative designs can lead to important advances in catalysis by 
enabling a better use of the often-expensive active phases. Conventional 
honeycomb monoliths force the laminar fluid to flow through straight 
channels, causing radial mass transfer limitations that lead to unfavor-
able active phase–reagent contacts and thus loss of activity. Thus, 
modifications in the channel design, which may induce turbulent flow in 
the channels, have demonstrated to be promoters of active 
phase-reactant interactions that eventually improve catalytic perfor-
mance [33]. Advanced designs cannot be manufactured using conven-
tional extrusion techniques. However, nowadays 3D printing can take us 
further in this field. 

Previous investigations of our research group lead to the manufac-
ture of carbon monoliths combining 3D printing and sol-gel techniques 
[34–36]. Polymeric molds were printed with channels of various ge-
ometries, which were then filled with a carbon gel precursor, a 
resorcinol-formaldehyde solution. After polymerization, gelation, and 
solidification, the resin is carbonized to obtain the mold-free carbon 
monoliths. This manufacture pathway opened a window of numerous 
possibilities when designing the structure of the monoliths [37]. One of 
the milestones of this technology was the fabrication of integral carbon 
monolithic supports for NiO-CeO2 CO2 methanation catalysts [36]. In 
this study, it was found that the tunable textural properties of the 
carbonaceous supports directed the NiO-CeO2 dispersion and, in turn, 
the interfacial Ni/NiO/CeO2 redox interplay and synergistic in-
teractions. Compared to pure powdered NiO-CeO2, the structured 
NiO-CeO2 on carbon monoliths exhibited enhanced reducibility by the 
effect of the intimate contact with carbon, while crystalline features of 
NiO-CeO2 remained unaltered. 

With this know-how in the background, we herein take a step 

forward toward the fine tuning of the carbon monoliths as catalyst 
supports for CO2 methanation. On the one hand, a novel monolith design 
built upon interconnected circular sections is tested and compared to 
standard honeycomb counterpart. On the other hand, for the first time 
the effect of the microstructure of NiO-CeO2 active phases in the 
catalyst-carbon contact and catalytic behavior has been addressed. We 
have focused on NiO-CeO2 (12 wt% Ni) mixed oxide prepared by 
microemulsion and by direct calcination of the metal precursors to 
obtain active phases with narrow nanoparticle size and without control 
of the particle size, respectively. They were supported on the porous 
carbon monoliths, and the notorious influence of the particle size of the 
inorganics deposition and eventual catalytic performance has been 
unraveled. This study adds valuable insights to the rational design of 
custom adapted synthesis and utilization of porous carbon monoliths as 
catalyst carriers for a greener future. 

2. Experimental details 

2.1. Catalysts preparation 

Ce(NO3)3⋅6 H2O (99.5%, Alfa Aesar) and Ni(NO3)2⋅6 H2O (Panreac) 
were chosen as metal precursors of Ce and Ni, respectively. Herein, four 
catalysts have been prepared, characterized and tested in CO2 metha-
nation reaction by combining NiO-CeO2 active phases of different par-
ticle size, both with 12 wt% of Ni, and two monolithic carbon supports 
with two different channel designs. The samples nomenclature and their 
synthesis parameters are defined as follows. 

2.1.1. NiO-CeO2 (Ref) 
The CeO2 support of the reference material was prepared by 

calcining the cerium precursor at 500 ◦C for 1 h. Ni was loaded into the 
CeO2 support by incipient wetness impregnation of aqueous solution of 
the Ni precursor. After the impregnation the resulting solid was calcined 
at 500 ◦C for 1 h. 

2.1.2. NiO-CeO2 (Np) 
NiO-CeO2 nanoparticles were synthesized by the reverse micro-

emulsion method [38], involving the preparation of two micro-
emulsions. The first one contains the metal precursors (1.18 g of Ni 
precursor and 4.27 g of Ce precursor) dissolved in 20 mL of water, 114 g 
of n-heptane, 37 g of surfactant (Triton X-100) and 29 g of hexanol as 
co-surfactant. The second microemulsion was prepared using the same 
solvents and surfactants but adding 6.8 g of tetramethyl ammonium 
hydroxide pentahydrate instead of the metal precursors. Both micro-
emulsions were mixed and vigorously stirred for 24 h. After precipita-
tion, the suspension was centrifuged and the solid was washed with 
ethanol, dried at 110 ◦C and calcined at 500 ◦C for 1 h. This synthesis 
route leads to the formation of uniform, stable and active NiO-CeO2 
nanoparticles, as previously reported by our group [21]. 

2.1.3. Carbon monoliths preparation 
The carbon monoliths were synthesized by sol-gel polymerization. 

Firstly, the polymeric templates were designed with a 3D computer 
program Cubify Invent (Fig. 1a) and printed using a 3D-printer Ulti-
maker with UltiMaker CPE+ (co-polyester) filament (Fig. 1b). The 
polymeric templates were created in two different designs: a conven-
tional honeycomb design composed of straight channels (Fig. 1b left; 
referred to as “honeycomb”) and a complex design with a 3D network of 
nonlinear channels of circular interconnections (Fig. 1b right; referred to 
as “circles”). This design forces the reactive gas to converge and diverge 
at the junctions of the circular channels. The tortuous gas path along the 
monolith disturbs the laminar flow and promotes the turbulence, which 
enhances the radial diffusion of the reactant phase towards the catalytic 
layer [39,40]. 

The templates were placed in glass tubes and filled with a mixture of 
resorcinol, formaldehyde and water in 1:2:15 molar ratio. The tubes 
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were sealed and polymerization was carried out at room temperature for 
24 h, then 50 ◦C for 24 h, and finally, 80 ◦C for 120 h (5 additional 
days). The cured gel was unmolded and immersed in acetone for 3 days 
to replace the pore water with acetone and facilitate the drying process 
avoiding porosity collapse. Finally, the green monoliths were carbon-
ized at 900 ◦C for 2 h at a heating rate of 3 ◦C min− 1 in N2 atmosphere. 
The pieces suffered an important contraction upon carbonization, 
namely a decrease in width of 19% and length of 20%. The final di-
mensions of the carbon monoliths (Fig. 1c) were 2.2 cm diameter ×
3.8 cm length. 

2.1.4. Active-phase loading 
Four catalysts were prepared, which are denoted as NiO-CeO2 (Ref) 

honeycomb, NiO-CeO2 (Np) honeycomb, NiO-CeO2 (Ref) circles and 
NiO-CeO2 (Np) circles. The NiO-CeO2 active phases were loaded on the 
carbon monoliths by drop-by-drop impregnation using ethanolic sus-
pensions (15 wt%) with the aim to avoid an undesired blockage of the 
channels, expected to occur in monoliths with unconventional geome-
tries upon their immersion into the wash coat solutions. In such tortuous 
channel configurations, dip-coating methods followed by air blowing 
fail to provide an even active phases distribution evenly along the 
monolith length. The impregnated monoliths were dried for 2 h at 100 
ºC and impregnation was repeated until the nominal load of 200 mg of 
active phase was achieved on each support. Last drying step was carried 
out at room temperature rotating the monoliths in horizontal position to 
promote active phase dispersion into the whole carbon support. Finally, 
the active phase-containing monoliths were heat treated at 500 ◦C in 
inert atmosphere of N2 for 1 h at a heating rate of 3 ◦C min− 1. The final 
amount of active phase loaded on the monoliths was 200 ± 10 mg. 

2.2. CO2 methanation tests 

The catalytic performance was analyzed in the CO2 methanation 
reaction. A fixed-bed 2.7 cm inner diameter stainless-steel cylindrical 
reactor was used. The carbon monoliths were placed inside the reactor 
using aluminum foil to seal the space between the external wall of the 
monoliths and the reactor to avoid the gas to flow through the outer non- 
catalytic surface. The outlet gas composition was monitored during the 
experiments using a set of NDIR-UV gas analyzers AwiFLEX Cool+ for 
CO, CO2 and CH4, and an electrochemical sensor for H2. 

Experiments were performed with total reaction gas mixture flows 
between 100 and 500 mL/min and a stoichiometric composition of 10% 
CO2, 40% H2, and 50% N2 at 1 bar of total pressure Before the reaction, 
the catalysts were reduced in situ at 400 ºC for 1 h with 200 mL/min of 
50% H2 and 50% N2 mixture. Steady state lectures of the gas composi-
tion were taken at different temperatures. 

The effect of reactants partial pressures was studied at 275 ºC and 
300 ºC fixing a flow rate of 200 mL/min and varying the inlet partial 
pressures of CO2 and H2 always maintaining a 1:4 CO2 to H2 ratio in the 
total gas flow. 

2.3. Catalyst characterization 

Gas adsorption measurements were carried out with N2 at − 196 ◦C 
and CO2 at 0 ºC using a Quantachrome Autosorb-6B equipment to obtain 
information about the porosity of the materials. The samples were 
ground for these measurements and degassed at 200 ◦C for 4 h before the 
gas adsorption experiments. Hg porosimetry was carried out on a 
Poremaster 60 GT (Quantachrome) using the grounded samples previ-
ously outgassed at 110 ◦C for 12 h. 

TEM images of the active phases were obtained in a JEOL micro-
scope, model JEM-2010. The active phases particle size distribution was 
measured from TEM images with the program ImageJ using, at least, 
100 particles of each active phase. SEM images of the monolith catalysts 
were captured with the FESEM Zeiss microscope, model Merlin VP 
Compact. X-ray diffractograms (XRD) were obtained in a Bruker D8- 
Advance diffractometer, working with Cu Kα radiation (λ =

1.540598 Å). The diffractograms were recorded using grounded sam-
ples, with a step size of 0.025◦ and a recording time of 3 s per step. 

3. Results and discussion 

3.1. CO2 methanation tests 

Fig. 2 shows the CO2 conversion profiles of the prepared catalysts in 
the CO2 methanation catalytic tests conducted with 100 mL/min of total 
gas flow. 

The CO2 conversion (XCO2) profiles depicted in Fig. 2 show that the 
four structured NiO-CeO2 catalysts present an outstanding CO2 metha-
nation activity. The selectivity of all four catalysts is ~100% to CH4. The 
bare carbon monoliths do not present CO2 methanation activity, so the 
catalytic performance relies on the NiO-CeO2 sites. The swift divergence 
of the CO2 conversion (XCO2) profiles as temperature increases reveals a 
moderate but noticeable improvement in the CO2 methanation perfor-
mance of the monolith with circular structure with regards to honey-
comb counterparts. As temperature increases, intrinsic kinetics 
accelerate, and beyond a certain temperature, diffusion (i.e., mass 
transfer) limits the overall reaction rate. The beneficial support effect is 
ascribed to the different gas diffusional features throughout the mono-
lith lengths. Namely, the circular monoliths are expected to improve the 
gas phase radial mixing as laminar flow is continuously disrupted by the 
tortuous channel design, which is a catalytic advantage when the reac-
tion kinetics is ruled by diffusion. 

Regardless of the channel structure, NiO-CeO2 (Np) containing cat-
alysts present an intrinsic higher activity than those with NiO-CeO2 
(Ref), in accordance with our previous results that evidenced the higher 
activity of nanoparticles [17]. Such differences are more evident at 
increasing the total flow above 100 mL/min, as intrinsic kinetics be-
comes more determining in the overall rate control. As seen in Fig. 3, 
below 300 ºC, higher CO2 methanation rates are achieved by nano-
particles but increasing the temperature beyond 300 ºC leads to the 

Fig. 1. (a) Computer design of the templates; (b) CPE monolith templates manufactured by 3D printing; (c) carbon monoliths.  
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opposite behavior with NiO-CeO2 (Ref) moderately outperforming. This 
is attributed to the fact that nanoparticles are sparsely located through 
the carbon matrix, in contrast to the active phase prepared without 
control of the size, which is preferentially located at the channel surface. 
Thus, nanoparticles end up being partially inaccessible to the gas, which 
turns detrimental at high intrinsic chemical rates as diffusional limita-
tions through the ultra-microporous carbon matrix arise. NiO-CeO2 
(Ref) particles tend to remain closer to the surface of the channels, where 
the reactant gas can flow through swiftly reaching a larger fraction of the 
active sites. In agreement with this, we previously reported for analo-
gous systems that though gases mainly flow through the monolith 
channels, it can also diffuse into the porous structure of carbon up to a 
certain extent depending on specific porosity aspects [31,32]. 

Herein, it is important to discern between internal diffusion and 
external mass transfer concepts. The latter, based on convection and 
advection phenomena, can be optimized by the experimental condi-
tions. However, the diffusive mass transport into the pores cannot be 
neither easily assessed nor tuned, as it depends on factors such as: 
structural features of the catalyst, pore wall-gas interactions or the 
inherent gas diffusivities, which can limit the overall catalytic yield 
when diffusion is inefficient [41]. 

In order to shed some light, Arrhenius plots have been realized by 

representing the apparent activation energy of the mean reaction rate as 
a function of 1/T (Fig. 4). Since CO2 methanation is assumed to be order 
near-zero with respect to CO2 and H2 in related systems, the CO2 
methanation kinetic rates can be approximated to the apparent coeffi-
cient rate to build Arrhenius plots [42,43]. Arrhenius plots enable to 
elucidate whether diffusional restrictions are at play under different 
conditions, since mass transfer and diffusion are not that strongly 
influenced by temperature as the reaction kinetics. A change in the slope 
of the Arrhenius plot to near the half of the one under kinetic control 
regime (Ea,diff = 0.5 × Ea,kin) evidences that the temperature range 
where reaction rate is limited by internal diffusion [44,45]. At higher 
temperatures, the slope of the Arrhenius plots tends to decrease towards 
a near-negligible value when it is dominated by mass transfer kinetic 
limitations, since bulk transport of the gas phase is only weakly 
dependent on temperature. In the case of the powder active phases (see 
Fig. 4a and b), the reference material displays a temperature region 
(between 250 and 290 ºC) where internal diffusional limitations govern 
the overall methanation kinetics. On the contrary, in the nano-sized 
NiO-CeO2 (in Fig. 4b), the kinetics reach the mass transport limits 
beyond 250 ºC. This is consistent with the structural features of the 
corresponding active phases, as the significant decrease in particle size 
of NiO-CeO2 (Np) with regards to NiO-CeO2 (Ref) reduces internal 

Fig. 2. CO2 conversion (XCO2) profiles in CO2 methanation experiments with (a) NiO-CeO2 reference and (b) NiO-CeO2 nanoparticles catalysts supported on the 
different designs. Reaction conditions: Total gas flow 100 mL/min; 10% CO2 + 40% H2 + 50% N2. Pre-treatment: 400 ºC/1 h; 200 mL/min; 50% H2 + 50% N2, 1 bar. 
Dotted line stands for the thermodynamic limit according to the reaction conditions. 

Fig. 3. CO2 methanation rate achieved by the catalysts at different temperatures. Total gas flow 200 mL/min; 10% CO2 + 40% H2 + 50% N2, 1 bar. Pre-treatment: 
400 ºC/1 h; 200 mL/min; 50% H2 + 50% N2. 

I. Martínez-López et al.                                                                                                                                                                                                                        



Journal of CO2 Utilization 81 (2024) 102733

5

diffusion problems because of the superior exposed area of the former. 
Activation energies are in agreement with the published literature for 
Ni-Ce systems [43,46–49], although the apparent activation energy of 
NiO-CeO2 (Np) is slightly above the average. 

Arrhenius plots of the monolithic catalysts are shown in Fig. 4c–f. 
Trendlines show quadratic regression coefficients (R2) above 0.99, 
which indicates that data adjustment is reliable. The moderate de-
viations of the linearities are attributed to the slight divergence from 
zero of the global order of reaction, as assumed in the approximation 
[50]. In the four catalysts prepared, it can be depicted that the transition 
to mass transfer control occurs at 300 ºC. This confirms that NiO-CeO2 
(Np) exhibits better catalytic performance than NiO-CeO2 (Ref) in the 
range where intrinsic kinetics control prevails. On the contrary, at 
higher temperatures (T > 325 ºC), where the rate is controlled by 
external mass transfer limitations, the catalysts with NiO-CeO2 (Ref) 
active phase achieve higher conversions than those loaded with NiO--
CeO2 (Np), as seen in Fig. 3. 

The activation energies obtained for the monolithic catalysts are in 
good agreement with literature [43,46], and they reveal that the effect 
of active phase prevails when compared to monolith design. Thus, 
nanoparticles and reference-based catalysts present similar apparent 
activation energies in between regardless of the monolith design. 
Namely, NiO-CeO2 (Np) catalysts display moderately lower activation 
energies than NiO-CeO2 (Ref), which can be tentatively ascribed to the 
presence of internal diffusion constrains in agreement to the higher 
dispersion of nanoparticles in the carbon matrix. Comparing with the 
corresponding powder catalysts, the monolithic catalysts show lower 
activation energies, falling also in the range of the reported values for 
analog active phases. The disagreements (powder to monolith) 
encountered can be ascribed to potential heat dissipation limitations in 
the packed-bed reactor containing the powder catalyst, as heat transfer 
problems tend to increase activation energies. CO2 methanation is a 
highly exothermic reaction and it is well-known it requires of an effi-
cient heat management to prevent hotspots and temperature excursions 

Fig. 4. Arrhenius plots of the catalytic outputs in CO2 methanation tests performed with 200 mL/min of total flow using (a) NiO-CeO2 (Ref), (b) NiO-CeO2 (Np), (c) 
NiO-CeO2 (Ref) honeycomb, (d) NiO-CeO2 (Np) honeycomb, (e) NiO-CeO2 (Ref) circles and (f) NiO-CeO2 (Np) circles. 
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that could alter methane production yield by approaching the thermo-
dynamic equilibrium and cause thermal stress on the catalyst [51,52]. 
While in the powder catalysts, a generous amount of SiC is mixed with 
the catalyst (10:1 ratio) in the packed bed to act as heat dissipator, in the 
monolithic catalysts, the bulky carbon-based supports disperse the 
NiO-CeO2 particles within their volume, so that the heat effects by the 
intrinsic exothermicity are minimized. This another advantageous 
aspect is of practical interest in the use of carbon monoliths loaded with 
disperse active phase in exothermic reactions. 

The behavioral changes of the catalysts have been further addressed 
by studying the transitions of the reaction rate control regimes in cata-
lytic CO2 methanation experiments. To do so, catalytic tests have been 
performed using different total gas flows keeping in all cases the 4:1 to 
H2 to CO2 stoichiometric ratio (Fig. 5). 

Fig. 5 reveals the effect of temperature, active phase and monolith 
design in the kinetic control transition. The criterion for no external 
mass transfer limitations relies on the independence of the reaction rate 
on the gas linear velocity at constant space velocity [53–55]. The cata-
lytic tests conducted on the carbon monoliths at different flow rates 
depicted in Fig. 5 serve as a rough approximation to assess transport 
limitations, given that gases-catalyst contact time is diminished when 
increasing flows as monolith lengths are a fixed parameter. Thus, 
although this approach is not precise when in intrinsic kinetics and in-
ternal diffusional control by the variability on the mass transfer co-
efficients, as seen by the moderate linearities, the change of slope of the 
trend lines unequivocally reveal the domain of mass transfer rate con-
trol. At the temperature of 275 ºC (open symbols), most of the catalysts 
perform without mass transfer kinetic limitations with the exception of 
NiO-CeO2 (Np) honeycomb at the lowest flow of 100 mL/min. On the 

contrary, at 300 ºC, the intrinsic reaction rate is higher than that of 275 
ºC and the overall rate control is in transition to the mass transfer control 
threshold, in agreement with the breakings found in the slope of the 
Arrhenius plots (Fig. 4). In the case of the honeycomb catalysts (Fig. 5a), 
the prevailing kinetic regime with the NiO-CeO2 (Ref) active phase is 
mass transfer control in the full set of experiments with flows 
100–500 mL/min. However, in the case of the NiO-CeO2 (Np) active 
phase, the CO2 methanation reaction is controlled by intrinsic kinetics 
beyond 100 mL/min, an analog behavior to the observed at 275 ºC for 
the same catalyst. Thus, in the honeycomb-type monolith supports 
structured by a parallel channel array, the deeper penetrability of the 
NiO-CeO2 (Np) active phase into the microporous carbon matrix results 
detrimental as it reduces the availability of active sites decreasing the 
expected intrinsic kinetics when compared to NiO-CeO2 (Ref) on the 
same support. This aspect is especially relevant at higher flows, where 
internal gas diffusion throughout the narrow micropores of carbon is 
compromised. 

In the case of NiO-CeO2 (Np) circles, the catalyst performs under 
kinetic control at the highest flow 500 mL/min at 300 ºC, in contrast to 
NiO-CeO2 (Ref) circles catalyst, which performs under mass transfer 
control in the whole range of flow rates tested. This is attributed to the 
lesser availability of the NiO-CeO2 (Np) active phase on the accessible 
surface, as explained above. The comparison with the behavior at 275 ºC 
in Fig. 5b, when both circles catalysts perform under intrinsic kinetic 
control confirms 300 ºC as the kinetic regime transition point. 

As a complementary check, experiments with different gas mixture 
(CO2 + H2) concentration in the total flow (200 mL/min) at a fixed inlet 
CO2:H2 ratio of 1:4 were conducted at 275 and 300 ºC (Fig. 6). Linear 
trends in the plot rCO2 (CO2 methanation rate) versus pCO2 (and pH2, 
proportionally) depict intrinsic kinetic control as the overall reaction 
rate is ruled by the general kinetic equation r = k × [pCO2]a× [pH2 ]b, 
being a + b < 1. On the contrary, curved trends ascribed to breakings in 
the kinetic equation reveal mass transfer rate limitations, as observed for 

Fig. 5. CO2 methanation rates achieved in fixed-bed catalytic tests with NiO- 
CeO2 (Ref) and NiO-CeO2 (Np) honeycomb (a) and circles (b) catalysts with 
different total gas flows (100–500 mL/min) at 275 ºC (open symbols) and 300 
ºC (solid symbols). Mass transfer rate control is attained in the 
shaded conditions. 

Fig. 6. CO2 methanation rates achieved in fixed-bed catalytic tests with NiO- 
CeO2 (Ref) and NiO-CeO2 (Np) honeycomb (a) and circles (b) catalysts with 
different CO2 and H2 partial pressures (inlet CO2:H2 ratio fixed at 1:4) under 
200 mL/min total flow at 275 ºC (open symbols) and 300 ºC (solid symbols). 
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the circles catalysts and the NiO-CeO2 (Ref) honeycomb at 300 ºC, while 
NiO-CeO2 (Np) honeycomb is confirmed to perform catalytically under 
kinetic rate control at 300 ºC. These outputs are in good agreement with 
the results enclosed in Fig. 5, confirming the catalytic behaviors assessed 
for each catalyst. 

In conclusion, NiO-CeO2 (Np) present higher activity than NiO-CeO2 
(Ref), and this leads to higher CO2 conversions to methane at low 
temperatures when the reaction rate is controlled by intrinsic kinetics. 
However, the distribution of NiO-CeO2 (Ref) allows to achieve better 
catalytic results under mass transfer control than smaller nanoparticles 
occluded into the carbon microporous network. Regarding the monolith 
design, the circular structure improves the gas radial mixing along the 
monolith path, allowing to achieve higher CO2 conversion at low flows 
(100 mL/min) when compared to honeycomb supports. Fig. 5 illustrates 
that the flowing gas presents higher mass transfer constrains in the 
circular channels than in the conventional paralleled ones. The lower 
reaction rates of NiO-CeO2 (Np) honeycomb than that of NiO-CeO2 (Np) 
circles at high flows, can be attributed to a lower availability of the 
nano-sized active sites in the circular monolith design owing to its 
higher bulk carbon density than the honeycomb counterpart. 

3.2. Catalysts characterization 

Fig. 7 shows representative TEM images of the powder active phases 
at different magnifications, where clear differences are observed be-
tween the reference active phase prepared without size control (Fig. 7a, 
b) and nanoparticles (Fig. 7c, d). Particle size distributions assessed 
using a large set of TEM images are included in Fig. 7e. 

The NiO-CeO2 (Ref) active phase shows a broad size distribution with 
heterogeneous particles ranging from 10 to 50 nm, the most frequent 
size being around 23 nm. On the contrary, NiO-CeO2 (Np) shows a 
narrow particle size distribution around 7 nm. These differences are 
deemed to determine their penetrability into the microporous carbon 
matrix of the monoliths support. 

Fig. 8 shows representative SEM images of the catalysts, where 
brighter areas corresponding to the NiO-CeO2 active phases can be 
discerned from the carbon background. SEM images evidence a het-
erogeneous distribution of the active phase on the channel surface and 
within the carbon matrix. When loading NiO-CeO2 (Np) the monolith 
channels remain emptier since a greater amount of the NiO-CeO2 has 
penetrated to the carbon microporous network (Fig. 8b, d). On the 
contrary, NiO-CeO2 (Ref) with a higher average particle size according 
to TEM images, tends to accumulate on the channels surface building up 
a more solid catalyst layer on the carbon channels surface, where the 
reaction gases mainly flow through (Fig. 8a, c). 

Hg porosimetry (Fig. 9, Table 1) performed to honeycomb-based 
catalysts confirms this insight. The pore intrusion profile shows a nar-
row pore distribution between 1000 and 10,000 nm of the bare carbon 
monolith. The catalyst loaded with the NiO-CeO2 (Ref) active phase 
shows a quite similar pore size distribution, evidencing that the carbon 
macroporosity is only slightly affected upon loading the active phase. On 
the contrary, NiO-CeO2 (Np) strongly alters the carbon porosity, filling 
and blocking pores smaller than 5000 nm approximately while gener-
ating large new pores of 10,000 nm. Nanopores blocking evidence 
insertion of nanoparticle clusters into the porosity, and generation of 
large pores could be tentatively attributed to the local oxidation of the 
carbon by ceria oxygen during the thermal treatment at 500 ºC. 

The textural features were also characterized by isothermal gas 
physisorption. N2 adsorption-desorption isotherms at –196 ºC (Fig. 10). 
All isotherms are Type I according to the IUPAC classification, corre-
sponding to microporous materials, in accordance with our previous 
results [32]. The average pore diameter is around 1.4 nm for all mate-
rials (see Table 2). Such narrow average pore diameter hinders N2 
diffusion into the carbon matrix, so that obtaining N2 physisorption 
results of these materials was a challenging endeavor as equilibrium at 
each N2 dose requested large times. Thus, despite our efforts, in some 
cases, there is a moderate mismatch between adsorption and desorption 
branches suggesting that equilibrium state was not fully achieved in 
adsorption points. 

Fig. 7. TEM images of the powder active phases (a,b) NiO-CeO2 (Ref), (c,d) 
NiO-CeO2 (Np) and (e) particle size distribution. 

Fig. 8. Top view SEM images of (a) NiO-CeO2 (Ref) circles; (b) NiO-CeO2 (Np) 
circles; and lateral view of (c) NiO-CeO2 (Ref) honeycomb; (d) NiO-CeO2 
(Np) honeycomb. 
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The adsorption on the active phase-free carbon monoliths is different 
depending on the channels network design, being the “circles” monolith 
(Fig. 10b) more microporous than the “honeycomb” monolith (Fig. 10a). 
These differences are also revealed by the calculated BET specific sur-
face areas and pore volumes determined, as displayed in Table 2. 
Namely, the BET area and pore volume of the circular-based monolith 
(584 m2/g and 0.37 cm3/g, respectively) are superior to the corre-
sponding values calculated for the honeycomb monolith (470 m2/g and 
0.32 cm3/g). These differences are attributed to the effect of the poly-
meric template on the transformations occurring during the carboniza-
tion step. The polymeric molds decompose in inert atmosphere during 
the thermal treatment releasing hydrocarbons that interact with the 
phenol-formaldehyde resin, which is being converted into carbon at the 
same time. This interaction affects the final porosity of the material, and 
differences observed between the honeycomb and the circular-based 
counterpart porosity can be ascribed to the amount and distribution of 
the templating polymer embedded into the polymerized matrix, which 
differs for each design. Namely, there is more polymer density in the 
non-conventional circular-channeled polymerizing mixture than in the 
honeycomb design, which explains the porosity outcomes. This effect 
was also observed in our previous studies [33]. 

The porosity of the bare carbon monoliths changes upon the loading 
of the active phases, and differences depend on the monolith design and 
on the active phase type. These changes can be attributed to the local 
oxidation of the carbon by ceria oxygen, prone to occur even under inert 
gas. It is difficult to observe clear trends in these changes of porosity, 
since they depend on several variables, such us the intrinsic oxidation 
capacity of the NiO-CeO2 active phase, the local contact between the 
active phase and carbon and the distribution of the active phase into the 
carbon network. 

Finally, CO2 adsorption at 0 ºC was conducted to characterize the 
narrowest porosity (<0.5 nm) of the bare and active phase-loaded car-
bon monoliths (Fig. 11). By applying the Dubinin-Radushkevich equa-
tion, the micropore volume (VCO2) was assessed. In this case, only a 
small decrease of the ultra-microporosity is observed in the NiO-CeO2 
(Ref) circles catalyst with regards to the rest of the materials. This in-
dicates that the effects of the polymer mold decomposition and local 
oxidation of the carbon by NiO-CeO2 during carbonization did not affect 
significantly the narrow porosity characterized by CO2 adsorption, but 
the porosity in a broader range. 

The crystallinity of the catalysts was studied by XRD and results are 
included in Fig. 12. 

NiO peaks at 37º, 43º and 63º, respectively [8], are observed in the 
pure active phases NiO-CeO2 (Np) and NiO-CeO2 (Ref) but not in the 
supported monoliths due to the diluting effect of carbon. On the con-
trary, the main peaks of the fluorite structure of CeO2 located at 28.5º, 
33.9º, 47.8º and 56.2º [35] are observed in all diffractograms. As ex-
pected, peaks corresponding to the NiO-CeO2 (Np) active phase are 
broader and less intense than those obtained with NiO-CeO2 (Ref), 
which is in agreement with the smaller particle size of the former. On the 
other hand, there are no significant differences in the diffractograms 
obtained before (fresh) and after the catalytic tests (spent), confirming 
the robustness and stability of the crystallinity of the active phases 
(Table 3). 

Fig. 9. Pore size distribution determined by Hg intrusion porosimetry.  

Table 1 
Macropore volume (50–10,000 nm range) nm determined by Hg intrusion 
porosimetry.  

Sample Macropore volume (cm3/g) 

Honeycomb 1.01 
NiO-CeO2 (Ref) Honeycomb 0.86 
NiO-CeO2 (Np) Honeycomb 0.98  

Fig. 10. N2 adsorption-desorption isotherms of (a) honeycomb monoliths; and (b) circles monoliths.  

Table 2 
Textural features of the fabricated monoliths with and without NiO-CeO2 
loading.  

Sample SBET (m2/ 
g) 

VCO2 (cm3/ 
g) 

Average pore size 
(nm) 

Honeycomb 470 0.32 1.38 
Circles 584 0.37 1.41 
NiO-CeO2 (Ref) 

honeycomb 
553 0.36 1.46 

NiO-CeO2 (Np) 
honeycomb 

483 0.32 1.41 

NiO-CeO2 (Ref) circles 367 0.28 1.42 
NiO-CeO2 (Np) circles 516 0.35 1.41  
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As a summary of this characterization section, XRD confirms the 
expected differences between nanoparticles and reference active phases. 
It can be concluded that the distribution of the active phases into the 
carbon monoliths depends on the particle size of the active phase. 
Nanoparticles are more dispersed into the carbon network than the 
larger particles of the active phase prepared without size control, which 
preferentially remain on the monoliths channels surface. This different 
distribution of the active phases into the carbon supports affects the 
carbon macroporosity determined by Hg intrusion. The microporosity 
determined by N2 adsorption is also affected, but in this case changes 
cannot be attributed to introduction of the active phases into micropo-
rosity because the primary particles of the active phases are larger than 
those micropores. 

4. Conclusions 

The CO2 methanation performance of carbon supported-NiO-CeO2 
catalysts has been studied with different monolith design and particle 
size distribution. The carbon monoliths with different designs have been 
manufactured using 3D printed polymer templates where NiO-CeO2 
nanoparticles and particles with uncontrolled particle size have been 
loaded to. 

Two monolith designs were fabricated, a conventional parallel- 
channeled structure (honeycomb) and a complex 3D network of non- 
linear channels built upon interconnected circular sections (circles). It 
is confirmed that the circles design improves gas diffusion, which is 
attributed to turbulences spurred along the reactant gas path. 

Regardless of the carbon monolith design, the activity of nano-
particles (~ 7 nm) activity is higher at low temperatures (T < 300 ºC), 
when reaction rate is controlled by intrinsic kinetics, than that of the 
counterpart catalysts prepared with the uncontrolled-size active phase. 

On the contrary, once the CO2 methanation rate increases and gas 
diffusion (external and/or internal) significantly affects reaction rate (T 
> 300 ºC), the catalysts prepared with the uncontrolled size active phase 
achieve higher CH4 production. 

SEM and Hg intrusion characterization evidence that nanoparticles 
are more dispersed into the carbon matrix of the monolithic supports 
than larger particles of the uncontrolled size active phase, which tend to 
accumulate on the channels surface being more easily accessible by 
reactant molecules under mass transfer control. 
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I. Martínez-López: Writing - Original Draft, Investigation, Formal 
analysis, Data Curation; J.C. Martínez-Fuentes: Investigation; J. 
Bueno-Ferrer: Investigation, Validation; A. Davó-Quiñonero: Data 
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