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Abstract

Sponge-like carbon monoliths with tailored channel architecture and porosity were
prepared by combining sol-gel polymerization and 3D printing technology. The pore size
distribution (PSD) and macropore volume were controlled by varying the water
concentration used in the synthesis. The size and interconnection degree of primary
particles, and consequently the pore width and macropores volume, increases by
increasing the water concentration. However, a more heterogeneous PSD was detected at
high water concentration, due to the better-defined spheres-like morphology of primary
particles which leaves voids and corners between fused spheres together with bigger
macropores leaves by the coral-like structure. The role of this porosity control on the
CuO/CeQO, catalytic performance was pointed out in the CO-PrOx reaction. The
CuO/CeO, dispersion and distribution along the carbon network increases by increasing
the water concentration, i.e. the pore width and macropore volume, enhancing the
catalytic activity. However, this improvement is not observed at high water concentration
in which preferential flow pathways are created favored by the heterogeneous PSD. This
manifest that the porosity control plays an important role in the catalytic performance of
monolithic catalysts and thus, the monolithic support must be specifically designed to

optimize the catalytic performance of active phases for each application.



1. Introduction

Cellular monoliths are preferred over conventional fixed bed reactors in the industry for
several reasons, like their low pressure drop, high mechanical resistance, better mass and
heat transfer, reduction of incrustations and obstructions and easy handling for cleaning
and maintenance [1,2]. Monoliths are commonly ceramic or metallic, each one with
respective advantages and disadvantages [1,3]. Ceramic monoliths present higher thermal
stability and better porosity and, thus, better adherence of the active phases coating,
whereas metallic monoliths offer better heat transfer, pressure drop, mechanical stability,
wall thickness and overall volume [4]. Ceramic monoliths are often preferred for catalytic

applications due to the difficulty of catalyst adherence on the metallic ones.

Cordierite is the most extended material to prepare honeycomb ceramic monoliths due to
its mechanical strength, negligible thermal expansion coefficient and favorable adherence
properties [5,6]. However, the specific surface of cordierite monoliths is very low (ca. 2
m?g") to be properly used as adsorbent or catalytic support [4,7]. Thus, a coating of
porous materials such as alumina, silica, oxides mixtures or carbon materials must be
deposited on the cordierite monoliths to increase the specific surface [8]. Carbon materials
are excellent candidates for that purpose due to their high surface area and pore volume,
their chemical stability and their tailored textural and chemical properties [9—11]. Typical
methods for monoliths coating are wash-coating and dip-coating with slurries containing
high surface area powders. However, the surface area per total weight (or volume) could
not be enough for several applications [12]. Thus, several attempts have been done to
obtain integral carbon honeycomb monoliths. These integral honeycomb monoliths are
mainly manufactured by extrusion of a paste composed by the carbon material or
precursor, binders and organic or inorganic fillers, followed by a carbonization process.

However, a strong shrink is obtained after the carbonization and the carbon porosity is



affected by the use of binders [13]. Therefore, the versatility of the porosity control of
carbon materials is restricted by the imposed synthesis conditions. Thus, the search of
new synthesis methodologies to obtain integral and purely carbon cellular monoliths with

controlled porosity is a hot issue.

On the other hand, the technology available to obtain ceramic or even carbon monoliths
mainly consist of extrusion technics. Thus, the morphology of the monoliths is limited to
channeled designs consisting in straight channels which impose a laminar fluid flow
through them. This imposed laminar flow creates radial mass and heat transfer limitations
which avoid a proper performance of active phases. Therefore, the development of new
technologies that allow obtaining more sophisticated monolith geometries which improve
the fluid hydrodynamics and catalytic performance of usually expensive active phases

could make a difference in the catalyst design at an industrial scale.

With both objectives in mind, obtaining integral and pure carbon monoliths with
controlled textural properties and specifically 3D-designed geometry is the goal of this
work. Taking into account that integral carbon pellets can be directly obtained without
the addition of any binder or filler by the sol-gel polymerization and carbonization of
organic monomers, carbon gels are presented as optimum candidates to obtain 3D
controlled carbon monoliths with specific textural and chemical properties. These carbon
gels are well-known by the nanometric control of their texture and chemical properties,
high purity, chemical and thermal stability and versatility [14]. Carbon gels are formed
by primary particles interconnected each other creating a well-defined, designed and
controlled micro, meso and macroporous structure [15]. Additionally, their format can be
controlled depending on the mold used in their synthesis. They can be also doped during
synthesis with catalytically active phases and their surface chemistry is fully known and

adjustable, giving rise to a wide range of materials with unique properties [16].



In a previous work [17], we have developed a new and advanced strategy to synthesize
integral and purely carbon monoliths with controlled channels morphology by combining
the versatility of the 3D-printing technology and the sol-gel polymerization. Two
different channels architectures were designed and printed; a conventional honeycomb
design composed by straight channels and an advanced tortuous design with channels that
split and join successively along the monolith length to create a tortuous path, and the
effect of the different channel morphology on the catalytic performance of CuO/CeO,
active phase analysed in the CO preferential oxidation (CO-PrOx). Results showed that
the existence of more tortuous channels in the monolith improve the availability of active
sites to carry out the chemical reaction improving the catalytic performance and thus,
demonstrates the potential of the 3D printing to improve the catalytic supports currently
available. However, the porosity control can also play an important role in the
improvement of the active phase dispersion and gas diffusion. Thus, taking advantage of
the versatility of the sol-gel process, in this work, pure and integral carbon monoliths with
specifically and rigorously designed geometry and porous texture are obtained and tested
in the preferential oxidation of carbon monoxide (CO-PrOx reaction). This reaction is
very important in the purification of hydrogen feed of PEM fuel cells since the H,
synthesis is fossil fuel dependent, being mainly performed by steam reforming of short
hydrocarbons [18]. Hydrogen generation via steam reforming leads to a H, feed with a
variable CO content (10-12% vol.), that after a Water-Gas Shift (WGS) is reduced to 0.5-
2%. However, this CO content in the H; stream is still too high to be directly fed in the
PEM fuel cell, according to the well-known stringent ppmv CO-tolerance of Pt-based
anodes and consequently, other purification processes are required to ensure the CO ppmv
concentration level and to ensure the proper operation of Pt-based fuel cells anodes [19].

Among them, the CO-PRO) reaction has been claimed as the most promising approach.



This reaction has been widely studied and different active phase proposed such as noble
metal-based catalysts (Pt, Pd, Rh, Ir, Ru dispersed into different metal oxide supports,
such as Al,Os, SiO,, zeolites, CeO,-based supports) [20,21], Nano-gold catalysts (Au
nanoparticles dispersed on TiO,, Fe,0s, Al,03, ZrO,, CeO,-based supports) [22—-24] and
mixed non-noble metal oxides (transition metal oxides, such as Co3;O4 or CuO in
combination with other major compounds forming binary mixtures in multiple
configurations) [25,26]. Among them, CuO/CeO, catalysts present excellent activity and
selectivity to CO oxidation in the low temperature range, acceptable CO, and H,O
compatibility, large stability and moderate price compared to noble metal-based catalysts
and gold-supported materials [27,28]. Thus, CuO/CeO, was selected as the active phase

to deposit on the prepared carbon monoliths.
2. Experimental Section

2.1. Catalyst Preparation

Active Phase Synthesis

CeO, was prepared by calcination of cerium nitrate hexahydrate (Ce(NOs);-6H,0, 99.5%
from Alfa Aesar) in a muffle at 500 °C for 4 h. CuO/CeO, active phase was prepared
with 5 wt.% Cu loading. For that, the appropriate amount of Cu(NO3), 2.5H,0 (=98%
from Sigma-Aldrich) was dissolved in the minimum amount of water, according to the
salt solubility, and added dropwise on the CeO, support. Then, the catalyst was flash dried
in air in a preheated muftle at 200 °C, and finally, was treated at 400 °C for 2h at a heating
rate of 2 °C/min to decompose the CuO precursor salt and to obtain the final CuO/CeO,

active phase.



3D-printed Monolithic Supports

The carbon monoliths were synthesized by polymerization of a mixture of resorcinol
(R), formaldehyde (F) and water (W) following a modified Pekalas’s method [29]. The
R/F molar ratio was fixed in 1/2 whereas the R/W molar ratio was 1/13, 1/15 or 1/17 in
order to control the porosity of the carbon gels. The reagent mixture was cast into a glass
mold with the desired monolith diameter and a 3D-printed polymeric template, which
acts as a negative of the desired channels architecture, was introduced in this mold in
order to control the channel morphology. Several polymers were tested and Co-polyester
(CPE+) was selected as polymer to print the template due to its high chemical stability.
The templates were printed using an Ultimaker 2+ 3D printer. The polymeric template
was printed with a tortuous design described in more detail afterwards. The
polymerization and cure process involves 1 day at room temperature, 1 day at 50 °C and
5 days at 80 °C. After curing, the organic gel was unmolded and cut to the desired length.
The water filling the porosity was exchanged by acetone during 3 days, exchanging
acetone twice daily, to favor the drying process. The drying process involves 3 days at
room temperature and 1 day at 50 °C. Carbon monoliths were obtained from these green
monoliths by carbonization in N, flow at 900 °C with a soak time of 2 h and a heating
rate of 1 °C/min. The green monolith dimensions shrink by 20 % after carbonization. The
dimensions of the final carbon monoliths are 1 cm diameter and 1.7 cm length. A scheme

of the carbon monolith synthesis is depicted in Figure 1.

A honeycomb cordierite monolith of cell density of 200 cpi (named as HCM) and the
same dimensions that the prepared carbon monoliths was purchased from Corning Inc.

and used as reference.



Active-phase loading into the monoliths

CuO/CeQO; active phase was dispersed in ethanol (15 wt. %), stirred for 1 h and finally
loaded on the monolith by dip-coating under stirring (Figure 1). The impregnated
monoliths were dried rotating horizontally for 24 h at room temperature, and then, treated
at 250 °C in static air for 24 h at a heating rate of 4 °C/min. Finally, the excess of active
phase that could obstruct the channels and that is not adhered to the support was
eliminated by means of compressed air. One impregnation was required for 1/17 and 1/15
carbon monoliths, two for 1/13 and six for the cordierite monolith to load the same

amount of active phase (110 + 5 mg).
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Figure 1. Scheme of the synthesis of CuO/CeO,-carbon monoliths.
2.2. Catalyst characterization

The amount of CuO/CeO; loaded into the carbon monoliths was determined from the
weight increase after the dip coating process of the dried monoliths, and was corroborated

by burning the supported catalysts at 700 °C for 2 h.



The thermal stability of the carbon monoliths, both fresh and loaded with CuO/CeO,,
was determined by thermogravimetric analysis using an SDT 2960 DSC-TGA equipment.

In a typical experiment, temperature was raised at 10 °C/min up to 900 °C under air flow.

Textural properties of carbon monoliths were studied by gas adsorption measurements
(N3 at -196 °C) and Hg-porosimetry using an Autosorb-6B equipment and a Poremaster
60 GT, respectively from Quantachrome. Before the analysis, carbon samples were

degassed at 110 °C for 8§ h.

The CuO/CeO, distribution on the carbon monolith surface was examined by scanning
electron microscopy (SEM) using a S-3000N microscope from HITACHI equipped with

an XFlash 3001 X-ray detector from Bruker for microanalysis (EDS) and chemical
mapping.
2.3. Catalytic Tests

The catalytic performance of supported catalysts was tested in the preferential
oxidation of CO (CO-PrOx). In a typical reactivity test, the monolithic catalyst was
perfectly fitted in a stainless-steel cylindrical reactor using Teflon tape. The reaction gas
mixture, consisting of 2% CO, 2% O,, and 30% H, balanced in He, was fed to the reactor
for 30 min at room temperature and then, the temperature was increased to 250 °C at a
heating rate of 2 °C/min. Experiments were performed with total flows of 60, 90, 120 and
150 mL/min. The outflow gases were analyzed using a gas chromatograph (Agilent
Technologies 6890N) equipped with two columns: Porapak Q 80/100 for CO, and H,O
separation and Molecular Sieve 13X for O, and CO separation. After the reaction, the gas
mixture was replaced by 5% O, in He and the temperature was maintained at 250 °C for
15 min. Finally, the furnace was switched off and the reactor was cooled down in O,/He

without control of the cooling rate. Several reaction cycles were performed to corroborate



the catalysts stability. The CO conversion and selectivity to CO oxidation were calculated

by the following equations:

_ . o/ — [COJin - [CO]out
Cco = CO conversion (%) = T colm 100
(1)
L. [CO]lin - [COJout 1
Sco = CO selectivity (%) = T02]in - [02out 2" 100 ()

3. Results and discussion
3.1. Characterization of CuO/CeQ;-carbon monolith catalysts

Carbon monoliths were prepared by sol-gel polymerization of resorcinol and
formaldehyde (RF) following a modified Pekala’s method [29], and monoliths with
controlled channel architectures were obtained by introducing 3D-printed polymeric
templates (Figure 2a) inside glass tubes before the RF polymerization took place (Figure
2b). This aqueous mixture perfectly fills up all the free space left by the template without
generation of air bubbles even at the interfacial region, denoting good wettability of the
template with the RF solution. Robust and resistant carbon monoliths were obtained after
carbonization (Figure 2¢) without adding binders or fillers that can affect the porosity
control of the carbon monoliths. The polymeric template was removed during the
carbonization process and a perfect negative of the channel architecture of the polymeric
template was reproduced without any crack in the carbon walls (Figure 2d). The
hardiness and resistance of the monolith is also evidenced in Figure 2d by the fact that
the monolith can be cleanly cut without breaking or crumbling. Thus, the complete filling
and good wettability of the template allows obtaining advanced and complex designs
using this combined sol-gel and 3D-printing methodology. Moreover, by this combined
method not only the channel architecture can be designed and controlled but also the
versatility of the sol-gel process allows a rigorous control and design of the carbon

porosity by adjusting the different variables involved during their synthesis.
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The textural properties of 3D-designed carbon monoliths were controlled by varying the
Resorcinol (R)/Water (W) molar ratio. This R/W ratio was varied from 1/13 to 1/17 and
different textural morphologies were obtained, as observed by FESEM (Figure 3). A
smooth surface is observed at the channels interface (Figure 3a), which looks similar for
all monoliths regardless the R/W ratio used. This smooth surface can be ascribed to the
presence of carbon deposit left by the polymeric template upon pyrolization or to a
different polymerization reaction in the solution-polymer interface due to the interaction
of the RF mixture and the polymeric template, as occurs at the solution-glass interface

that looks very sparkly (see Figure 3c).
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Figure 2. Images of the 3D printed template (a), 3D template and RF formaldehyde
mixture into glass tube before and after polymerization (b) and top view and (c) cross

section (d) of the obtained carbon monolith

A very rough and macroporous surface is identified in the carbon bulk, with a sponge-
like carbon structure for all R/W molar ratios. It is known that the R/W molar ratio
influences the texture of carbon gels [30]. The polycondensation of RF produces clusters
of macromolecules that react with each other and grow into colloidal particles [31].
Finally, a cross-linked network of interconnected colloidal particles is obtained. Thus, by
varying the size and interconnection degree of these primary particles, the pore size
distribution can be adjusted from micro, meso to macropores. The size and the number of
these colloidal particles as well as their aggregations to three dimensional networks are

strongly affected by the reagent concentration [32]. The growth rate of these individual
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colloidal particles becomes larger by decreasing R/W [31] and thus, their size increases,
the interconnection degree between them decreases and, consequently, the mean width of
pores increases. This was clearly observed by FESEM (Figure 3). At high R/W ratio
(1/13; Figure 3b), small and high-interconnected primary particles are obtained leaving
the smallest pore size width of the series (1000 nm) but the most homogeneous
macroporous structure. Decreasing the R/W ratio (i.e. 1/15 or 1/17), the size of these
primary particles increases, and their interconnection degree decreases leaving larger
pores (>10000 nm). It is also important to highligh that the morphology drastically
changed decreasing the R/W ratio from 1/15 to 1/17. At R/W lower than 1/15, the
interconexion degree is so high that primary particles are not observed, while spherical
particles are clearly identified at R/W=1/17. Moreover, a more heterogeneous
macroporous structure is observed, mainly at R/-W=17. In such case, small interparticle
voids and corners are detected between primary spheres as well as big voids raging from

10 to 40 um are also detected.

Figure 3. SEM images of the carbon monoliths. Detail of the channels for the monolith
prepared with resorcinol/water (R/W) molar ratio = 1/17 (a) and pictures of the carbon

bulk for R/W (b) 1/13, (c) 1/15 and (d) 1/17.
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This different macroporous texture was confirmed by Hg porosimetry and Nj-adsorption
(Figure 4). Type II N,-adsoption isotherms (Figure 4a) were obtained for all R/W molar
ratios, characteristics of non-porous or macroporous adsorbents. Thus, to characterize this
macroporosity, Hg-porosimetry was performed (Figure 4b). Note that, as was previously
observed by FESEM, the pore width and macropores volume increases by decreasing the
R/W ratio from 1/13 (Vinaero=0.82 cm3g!) to 1/15 (Viaero=1.06 cm3g!) and 1/17
(Vmacro=1.52 cm’g!). At low water concentration (R/W=1/13), a well-defined peak is
obtained centred at a mean pore diameter of 1000 nm, whereas increasing the water
amount (W=15 and 17), more heterogeneous pore size distributions are obtained with a
mean pore diameter centred at 14000 nm and 16000 nm, respectively. At R/W=1/17,
smaller (3000 nm) and bigger (40000 nm) pores are also detected, corroborating the more
heterogeneous macroporous structure of this sample observed by FESEM. Concluding,
the porosity of the carbon gel monoliths can be set by modifying the sol-gel

polymerization conditions depending on the application necessities.
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Figure 4. Characterization of textural properties of carbon monoliths prepared with
different resorcinol/water (R/W) molar ratio. a) N,-adsorption isotherms and b) pore size

distribution obtained by Hg-porosimetry.
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The large pores obtained can be very appropriate for the dispersion of the CuO/CeO,
active phase particles. This CuO/CeQO, active phase is well-known and it was already
characterized in previous works [33,34], so, data are included in supporting information.
The amount of active phase anchored in each of the monoliths (1/13, 1/15 and 1/17) was
very similar for all of them (110 + 5 mg). To determine the amount of CuO/CeO, loaded
on each carbon monolith, the weight was monitored before and after the dip coating
process. Furthermore, these amounts were also corroborated by burning the supported
catalysts (sacrificial samples with the same preparation conditions) at 700 °C for 2 h. The
dispersion of the CuO/CeQO, active phase on the carbon monoliths and the effect of the
porous texture on this dispersion was pointed out by FESEM (Figure 5 and Figure S4).
Overall, the CuO/CeQ, dispersion increases by decreasing the R/W molar ratio and thus,
increasing the macropores volume and pore width (Figure 5, centre). A channel split is
observed in Figure 5 left for all R/W ratios. Note that most of the active phase is mainly
located on the channel surface for a R/W molar ratio of 1/13, blocking in part the entrance
of some porosity. However, by decreasing the R/W molar ratio, not only the dispersion
of the active phase on the channel surface is improved, but also distribution inside the
carbon network (Figure 5 left and right) due to the pore width widening and so, the
improved diffusion of the active phase aqueous suspension inside the carbon network.
Note also that, for the R/W=1/17 sample, a high quantity of active phase is well-dispersed

in the smaller voids between the spherical particles.
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Figure 5. Distribution of CuO/CeQO, active phase (white) on the surface of carbon (grey)
monoliths prepared with different R/W molar ratio. Left: Channel Branch, centre:

Channel wall and Right: channel entrance (transversal section).

This different active phase dispersion as well as its distribution along the carbon monolith
network can affect the active phase catalytic behaviour. CuO/CeQ, is a well-known
oxidation catalyst and, taking into account the carbon nature of the monoliths, the
presence of CuO/CeO; and its dispersion and distribution along the monolith can affect
their stability in oxidizing atmospheres. To analyse the stability of the carbon monoliths-
supported CuO/CeO, under oxidizing conditions, thermogravimetric analysis in air flow
were performed to monoliths with and without active phase, and results are depicted in
Figure 6. The active phase-free monoliths start to get burnt at around 550 °C, and this
onset temperature is not significantly affected by the R/W ratio used in the monolith
synthesis. The addition of CuO/CeO, favors the carbon combustion (the burn off onset is
~500 °C), and the combustion rate (slope of the curve) depends on the R/W ratio. Since

the reactivity of carbon is similar in the absence of active phase, different combustion
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rates could be attributed to the distribution of CuO/CeQO, into the carbon network. One
hypothesis to explain differences could be that, at high R/W ratio (1/13), most active
phase is located on the outer surface of the channels, blocking part of the carbon porosity
and avoiding air diffusion into the carbon network, therefore obtaining the slowest
combustion rate (lowest slope in the thermogram). Decreasing the R/W ratio, the active
phase dispersion and distribution into the carbon network is improved, favoring the active
phase-carbon contact, and promoting faster carbon combustion. Another hypothesis could
be that carbon combustion starts with CuO/CeO, oxygen, and once the carbon surface is
oxidized by active phase oxygen, gas phase oxygen is able to continue the combustion. If
this is the case, the better the carbon-active phase contact, the faster the combustion, and
the improved dispersion of CuO/CeO, by decreasing the R/W ratio would explain the

faster combustion rate.
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Figure 6. Thermogravimetric analysis in air of pure (continuous line) and CuO/CeO,-
containing (dashed line) carbon monoliths prepared with different resorcinol/water (R/W)

molar ratio.
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Nevertheless, the thermal stability of all supported catalysts in oxidizing conditions (>
500 °C) is high enough to allow the use of these carbon-based monolithic catalysts in a

wide range of reactions.
3.2. Catalytic tests: CO oxidation in CO-PrOx conditions

The catalytic performance of the carbon monoliths-supported CuO/CeO, was studied in
the oxidation of CO in CO-PrOx conditions (2% CO, 2% O,, and 30% H, in He balance)
and results are collected in Figure 7. As it was already mentioned, a similar amount of
active phase was loaded in all carbon monoliths (115 + 10 mg). CO conversion and
selectivity to the CO oxidation for catalysts supported on the monoliths prepared with the
different R/W molar ratios are depicted in Figure 7 for flow rate of 60 and 120 mL/min.
Note that, as expected, the CuO/CeQO, active phase is very active and selective for the CO
preferential oxidation, but its catalytic performance is clearly influenced by the carbon
monolith synthesis conditions (Figure 7a). An increase in the flow from 60 to 120
cm’/min slightly decreases the conversion for monolith prepared with R/W=1/13 and
1/15. However, this increase in the flow highly affects the conversion in the case of
R/W=1/17 sample. At both flow rates, the lowest conversion was obtained using the
carbon monolithic support prepared with a R/W ratio of 1/13. The conversion highly
increased by increasing the R/W ratio from 1/13 to 1/15. This can be explained based on
the porous texture and thus, the CuO/CeO, dispersion obtained. As it was previously
pointed out, the porous width and macropores volume increases by decreasing the R/'W
ratio and thus, the active phase dispersion is improved. The improved dispersion of the
active phase increases the available active sites for CO oxidation and enhances the
catalytic performance. By decreasing the R/W ratio from 1/15 to 1/17, an increase in
conversion could be also expected since better active phase dispersion is observed.

However, this increase is not observed but a different behaviour is obtained depending

17



on the flow rate. The effect of the increase of the flow rate from 60 to 120 cm?/min on the
conversion of R/W=1/13 and 1/15 samples is almost negligible whereas this effect is
important for the R/W=1/17 sample (Figure 7a). A similar activity to that of R/W=1/15
sample is obtained at low flow rate (60 cm’/min), whereas, at high flow rates (120
cm’/min) the conversion and reaction rate highly decrease. This different behaviour of
1/17 sample can be explained based on the different pore size distribution of carbon
monolith and the active phase distribution along its porosity, which play an important role
on the gas diffusion through the carbon network and thus, on the active phase activity.
Therefore, to analyse the effect of mass diffusion on the reaction rate, several gas flows
rates ranging from 60 to 120 mL/min were used and CO conversion rate normalized by
weight of CuO/CeO, at 70 °C is shown in Figure 8 as function of the flow rate. It is
observed that the normalised reaction rate obtained with 1/13 and 1/15 samples increases
by increasing the flow rate, which indicates that the active phase in these samples work
under diffusional control in all the flow rate range tested. However, the normalised
reaction rate obtained with the sample 1/17 is only slightly affected by the gas flow,
indicating that the active phase in this sample is working under near chemical control of
the reaction rate. According to this observation, it can be concluded that the active phase
dispersed on the 1/17 carbon monolith support is less efficient than the same active phase
dispersed on the 1/15 support. The 1/17 monolith is able to reach the chemical control
rate, that is, reaches the fastest CO oxidation rate possible, but this rate is slower to that
achieved with 1/15, which reacts under diffusion control and still has room for the

improvement at higher gas flows.
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active phase supported on carbon monoliths prepared with different R/W molar ratios.
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Figure 8. CO conversion rate normalized by weight of CuO/CeO, as a function of the
flow rate for catalysts supported on carbon monoliths prepared with R/W=1/13,
R/W=1/15 and 1/17.

In order to explain the different behaviour of the CuO/CeO, active phase on the different
carbon monolith supports, two opposite effects must be considered that can be acting
together: the dispersion of the active phase and its distribution along the carbon network
and thus, its accessibility. The active phase dispersion increases by decreasing the R/'W
ratio enhancing the catalytic activity, however, the distribution of this active phase along
the carbon network increases in that sense, which can be in detriment of the catalytic
activity due to a hindered accessibility to the active phase. Thus, an optimum of these two
factors can be obtained for a R/W ratio of 1/15. Nevertheless, the porosity obtained is too
high (micrometer range) to completely hinder the gas accessibility inside such porosity.
In a previous work [35], for 1/15 sample, it has been pointed out that at flows lower than
150 cm?/min, gas mainly circulates thorough the carbon network and thus, active phase
inside the carbon network is accessible to the gas flow and thus, active. Moreover, the

tortuous pathway of the channels creates turbulence which also favours the diffusion

20



inside such porosity. Thus, the active phase inside the porosity is accessible and active.
Consequently, an increase of dispersion, as it is observed decreasing the R/W ratio, should
improve the catalytic activity. However, this could be observed if the flow diffusion
through the carbon network was homogeneous, and no preferential pathways are
produced. As it was pointed out in the characterization section, carbon network
morphology is similar for 1/13 and 1/15, primary particles highly fused forming a cross-
linked network of polymer chains which left a homogeneous pore size distribution and
thus, can favours a homogeneous gas flow thorough the carbon network. Nevertheless,
this morphology deeply changes decreasing the R/W to 1/17. Now, spherical-shaped
fused primary particles are obtained, and thus, a more heterogeneous pore size
distribution is obtained with pores ranging from small macropores (3000 nm) to big
macropores (40000 nm). Thus, preferential pathways can be produced favoured by the
heterogeneous pore size distribution of this sample and consequently, the CuO/CeO,
active phase mainly localized in the small interparticle voids and corners detected
between primary spheres are not accesible, decreasing the activity. By increasing the
flow, the creation of this preferential pathways is favoured, and the activity decrease is
more significant. Overall, a homogeneous pore size distribution with an optimum pore
size to well disperse the active phase is optimized at a R/W ratio of 1/15 in such a way
that a good active phase dispersion and an homogeneous gas diffusion through the carbon
network are obtained which maximize the catalytic performance of the CuO/CeQ; active

phase in the CO-PrOx reaction.

An isothermal catalytic test was performed at 104 °C for long time (10 h) using the
carbon-based monolithic catalyst (R/W 1/15), in order to analyse the stability. Results in

Figure 9 show that both CO conversion (98%) and CO selectivity (99%) remain almost
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constant or even increases during all the experiment time indicating that this catalyst is

very stable for long reaction time.
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Figure 9. CO conversion (Ccp) and selectivity to CO oxidation (S¢o) (in the main axis)
and temperature (in the secondary axis) for the CuO/CeO, supported on carbon monolith
prepared with R/W=1/15. Reaction conditions: 2% 02, 2% CO, 30% H,, and He balance.

Total flow of 60 mL/min at constant temperature (104 °C).

Finally, the activity of the CuO/CeO, supported on this new and advanced 3D printed
sponge-like carbon monolith (1/15) was compared with the one supported on a
conventional honeycomb cordierite monolith (HCM). CO conversion rate normalized by
weight of CuO/CeO, is depicted in Figure 10. Note that despite the lower gas hourly
space velocity (GHSV) of the cordierite monolith (6684 h!) regarding the carbon
monolith (17910 h'), which favors the catalytic conversion due to the high residence time
of gases [36,37], the CO conversion rate of the active phase supported on the carbon
monolith is almost twice of the active phase supported on the honeycomb cordierite
monolith. This means the carbon supports allows that the catalyst converts a high feed
flow rate, and a low reactor volume could be used. This pointed out the benefits that this

new 3D printed carbon monoliths could entail in the heterogeneous catalysis fields.
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Figure 10. CO conversion rate normalized by weight of CuO/CeO, for catalysts
supported on a 3D-printed carbon monolith prepared with R/W=1/15 and a conventional

honeycomb cordierite monolith (HCM)

4. Conclusions

In this work, pure and integral carbon monoliths with specifically and rigorously designed
geometry and porous texture were obtained by combining the sol-gel polymerization of
resorcinol and formaldehyde and the 3D printing technology. These advanced monoliths
have been used as catalytic support of the CuO/CeO, active phase and the catalytic
performance studied in the preferential oxidation of CO (CO-PrOx). The role of the
porosity control on the catalytic performance of this active phase was clearly pointed out
by the modification of the textural properties, that is, porosity width of monolith carbon
network by varying the resorcinol/water molar ratio used during the synthesis. Sponge-
like structures were obtained by this synthesis method; however, the water concentration
plays an important role in the porosity size distribution and macropores volume. Low
water concentration produces carbon gels networks composed by high fused primary

particles leaving smaller but more homogeneous pore size distribution (1000 nm).
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However, primary particles size increases by increasing the water concentration,
increasing the pore size and macropores volume. At high water concentration, clearly
spherical primary particles were obtained but a more heterogeneous pore size distribution
was detected due to small interparticle voids and corners between primary spheres joined
to the more opened carbon gels network. This different pore size distribution and
macropore volume affect the active phase distribution and, consequently the catalytic
performance. The active phase dispersion increases by increasing the water concentration,
and thus the pore volume and pore width. This improved dispersion enhanced the catalytic
activity, however at high water concentration, this improvement is not observed. This less
efficient catalytic performance of the active phase can be explained based on two opposite
effects that can be acting together: the dispersion of the active phase and its distribution
along the carbon network and thus, its accessibility. The heterogeneous pore size
distribution of this sample can favours the creation of preferential pathways and
consequently, the CuO/CeO, active phase that are localized in the small interparticle
voids and corners detected between primary spheres are not accessible, and thus not
active. Overall, a homogeneous pore size distribution with an optimum pore size to well
disperse the active phase is optimized by controlling the water concentration in such a
way that a good active phase dispersion and an homogeneous gas diffusion through the
carbon network are obtained which maximize the catalytic performance of the CuO/CeO,

active phase in the CO-PrOx reaction.
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