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Carbon capture, utilization, and storage (CCUS) technologies are pivotal
for transitioning to a net-zero economy by 2050. In particular, conversion of captured
CO, to marketable chemicals and fuels appears to be a sustainable approach to not only
curb greenhouse emissions but also transform wastes like CO, into useful products
through storage of renewable energy in chemical bonds. Bifunctional materials (BFMs)
composed of adsorbents and catalysts have shown promise in reactive capture and
conversion of CO, at high temperatures. In this study, we extend the application of 3D
printing technology to formulate a novel set of BFMs composed of CaO and
Ce,_,Co,NiO; perovskite-type oxide catalysts for the dual-purpose use of capturing
CO, and reforming CH, for H, production. Three honeycomb monoliths composed of equal amounts of adsorbent and catalyst
constituents with varied Ce;_,Co, ratios were 3D printed to assess the role of cobalt on catalytic properties and overall performance.
The samples were vigorously characterized using X-ray diffraction (XRD), energy-dispersive spectroscopy (EDS), N, physisorption,
X-ray photoelectron spectroscopy (XPS), H,-TPR, in situ CO, adsorption/desorption XRD, and NH;-TPD. Results showed that the
Ce,_,Co, ratios—x = 0.25, 0.50, and 0.75—did not affect crystallinity, texture, or metal dispersion. However, a higher cobalt content
reduced reducibility, CO, adsorption/desorption reversibility, and oxygen species availability. Assessing the structured BEM
monoliths via combined CO, capture and CH, reforming in the temperature range 500—700 °C revealed that such differences in
physiochemical properties lowered H, and CO yields at higher cobalt loading, leading to best catalytic performance in
Cey75C0g,sNiO3/Ca sample that achieved 77% CO, conversion, 94% CH, conversion, 61% H, yield, and 2.30 H,/CO ratio at 700
°C. The stability of this BEM was assessed across five adsorption/reaction cycles, showing only marginal losses in the H,/CO yield.
Thus, these findings successfully expand the use of 3D printing to unexplored perovskite-based BFMs and demonstrate an important
proof-of-concept for their use in combined CO, capture and utilization in H, production processes.

reactive capture of CO,, bifunctional materials, structured monolith, methane dry reforming, hydrogen production

CO, as an oxidizing agent in processes such as oxidative
dehydrogenation of propane (ODHP)”'® or ethane
(ODHE)."" Similarly, Sutthiumporn et al.'> demonstrated
CO, as a potential feedstock to generate H, over perovskite

It is well-recognized that anthropogenic CO, emissions are
contributing greatly to climate change, and significant efforts
are underway to curtail such emissions and to limit the global

temperature rise to 1.5 °C by 2050.'”® Unfortunately, catalysts by way of dry methane reforming (DMR). The use of
capturing and storing CO, is still unattractive from an CO, in H, production is a particularly interesting route, since
industrial point-of-view, as this greenhouse contaminant is this process generates both H, and CO, otherwise known as
usually mitigated by amine scrubbing or by reaction with CaO syngas.'”'* Syngas synthesis is particularly noteworthy since its
at high temperatures to form CaCO3.4’° Both of these constituents can act as building blocks for other processes in
processes have drawn substantial criticisms as they constantly Fischer—Tropsch syntheses, which include potential liquid fuel
consume chemical resources without any true revenue stream, sources such as methanol, thereby allowing the greenhouse gas

since the market price of CO, is only $20/t, which is lower
than the energy costs associated with either of these mitigation
strategies.” Hence, more energy-efficient and affordable
methods of handling CO, emissions are required for long-
term economic sustainability.

In recent years, a shift in perspective on CO, has started to
occur, as the greenhouse gas is being viewed less as a harmful
contaminant and more as a potential feedstock for catalytic
processes.”® For example, we have previously demonstrated

to be used cyclically in a marketable manner, while addressing
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its poor economic value and providing a pathway toward
mitigation.'>'® Nevertheless, the thermodynamic stability of
CO, is quite high, implying that development of efficient
catalytic materials for its transformation into syngas is
paramount. 1718

Generally speaking, the thermodynamic stability of CO,
forces its conversion into syngas to be performed at high
temperatures. For instance, Mette et al.'” demonstrated dry
reforming of methane at high temperatures (800—900 °C) for
efficient conversion of CO, into syngas. Accordingly, these
extreme reaction conditions incur high energy costs—which
ultimately incur a CO, penalty unless the system is powered by
renewables—Ileading to the benefits of CO, repurposing being
offset by these intrinsic disadvantages. Recently, a subclass of
catalytic materials, consisting of mixed metal oxide phases and
capable of acting as both acidic and basic catalysts, has gained
significant attention for its potential in CO, conversion via
DMR reaction.”” > This is mainly because they enable
conversion into syngas at considerably lower temperatures.
The key advantage of these materials lies in their mixed active
sites, which facilitate multiple reaction pathways to occur at the
same time. This approach is more entropically favorable
compared to single-path conversion, particularly in terms of
producing thermodynamically stable species.”> For example,
Sastre at al.”* demonstrated La,_,Sr,FeO; perovskite-type
catalysts for methane reforming with CO,-splitting reactions
through varying the ratio of Sr/La (A-site), and reported that
the Sr phase leads to promoting the surface oxygen species
whereas the La phase concurrently leads to leveling off this
property when the Sr/La ratio is sufficiently low. As another
benefit, such synergism allows both the oxidation and
reduction reactions to progress in a manner that avoid carbon
deposition (coking), thus providing exceptional on-stream
stability.”>~** In another example,” the effectiveness of
Lag ¢Sro,NigsM,,0; catalysts (M = Bi, Co, Cr, Cu, Fe) for
CO,-DMR was demonstrated and it was shown that
substituting Fe for Ni (B-site) enhances catalytic stability by
(i) strengthening metal—support interactions to hinder Ni
agglomeration and (ii) increasing the lattice oxygen availability
in the La,0,CO; intermediate phase to block coke formation
pathways.'> Of course, these are just a handful of examples—
with many more being present in the literature—"'%*"*’so the
benefit of combining active sites in catalysts is quite clear for
CO,-utilizing applications.

This being stated, CO, capture and its subsequent utilization
are often relegated to being performed in multiple beds, as the
former step generally occurs at far lower temperatures than the
later step.” As a byproduct of this thermal gradient, whose
energy input incurs CO, penalties unless powered by a
renewable or nuclear source, CO, conversion rates tend to be
undesirably low. Indeed, such penalties are exacerbated when
considering factors of steam heating, column cooling, and
overall process control.”’ ~** Because of such issues, there have
been significant efforts put forth to allow CO, capture and
subsequent utilization to occur in a singular bed since this
would eliminate (or minimize) the thermal swing, thus
lowering total energy consumption and enhancing overall
process throughput. The culmination of such efforts has led to
the development of so-called “bifunctional materials” (BFMs),
which are composed of (i) a catalyst phase and (ii) a high-
temperature adsorbent phase (CaO). Such BFMs have been
employed in a myriad of lab-scale proof-of-concept demon-
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strations with highly promising results, including dry methane
reforming,34 ODHE, > ODHP,”"° and more.*”™*

Even in such instances, an underlying deficit remains, which
should be considered for scaling these materials. Namely, the
current focus on BFM materials has focused solely on
synthesizing powdered catalysts, with no significant effort
being allocated toward structuring the composite. Granted, the
latter aspect cannot be implemented without the former, but
such BFMs must be structured to prevent powder attrition and
to reduce column restrictions. We have recently shown that
BFMs—nheterogeneous catalysts—can be easily processed into
honeycomb contactors via binding with a ceramic binder (i.e.,
bentonite clay), followed by 3D printing and calcination.**~*°
In such processes, the premade catalyst is combined with
CaCO3, which is phase transitioned into CaO by calcination to
generate the adsorbent phase. A successful proof-of-concept—
which could reasonably be transitioned to scalable production
via conventional ram- or screw-extrusion techniques—3D
printing BFMs by this manner has been shown to generate
favorable reaction kinetics due to the open honeycomb design,
as well as high cyclic stability and good retention of catalyst
physiochemical properties (surface area, redox properties,
crystallinity, etc.).”” However, the application of this
technology has been limited solely to that in our earlier
works, which were focused entirely on alkane dehydrogenation.
It can be reasonably expected that implementing CO, capture
and conversion at an industrial scale will require diversification
across various reactions, considering the broad scope of
commodity chemical refining. Therefore, it is important to
extend this technique to previously unexplored areas to further
cement the promise of structured BFM honeycomb monoliths.

Motivated by this need, we embarked on a study of 3D-
printed BFMs composed of CaO adsorbent and
Ce,_,Co,NiO; perovskite-type oxide catalysts for the process
of capturing CO, and utilizing in H, production via DMR
process. The Ce;_,Co,NiO; catalysts were first synthesized
using a previously reported method in the literature,'” which
used citric acid as a complexing agent and involved substituting
the A-site (Ce) with B-site (Co) in the perovskite structure
CeNiO;. This method resulted in the growth of different
phases such as NiCo,0, NiO, and CeO, metal oxides,
alongside the CeNiOj; perovskite. The CeNiO;/NiCo,0,/
NiO/CeO, catalysts were synthesized through a one-step
procedure and then combined with CaO adsorbent during the
process of 3D printing for fabrication of BFM monoliths. For
this purpose, the Ce;_,Co, ratio was systematically varied to
assess its impact on the performance of BFMs in CO, capture
and utilization during DMR reaction, across a range of
adsorption-reaction temperatures. In situ X-ray diffraction
experiments were conducted to examine the reversibility of
CO, adsorption—desorption runs at high temperatures. The
materials in this study—which to our knowledge were the first
structured CeNiO;/NiCo0,0,/NiO/Ce0,/CaO BFMs—dem-
onstrated promising performance in the DMR reaction as well
as exceptional on-stream stability. Such efforts enable new and
exciting pathways through which to utilize CO,, thus bringing
capture/conversion technology one step closer to utilization
at-scale.
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Table 1. Masses of Metal Precursors (g) Used for Catalyst Synthesis

catalyst x (g) Ce(NO;);-6H,0 (g)
CCN-1 0.25 0.75
CCN-2 0.50 0.50
CCN-3 0.75 0.25

The following chemicals were used for BEMs synthesis without
further purification: nickel(II) nitrate hexahydrate (Ni (NO,),-6H,0)
(99%), cerium(IIl) nitrate hexahydrate (Ce (NO;);-6H,0) (99%),
cobalt(II) acetate tetrahydrate ((CH;CO0),Co-4H,0) (99%), citric
acid (ACS reagent, >99.5%), calcium carbonate (CaCO;) (99%),
bentonite clay (99%), and methylcellulose (99%). All these materials
were purchased from Sigma-Aldrich. The ultrahigh purity (UHP)
gases used in this study were obtained from Airgas.

Ce,_,Co,NiO; perovskite-type oxide catalysts were prepared using a
one-step, sol—gel synthesis method, with citric acid serving as the
complexing agent.'”***’ The gram quantities of the precursors used
to synthesize the materials are summarized in Table 1, where the
metal ratio of Ce;_,Co, was varied to subtitute the A-site (Ce) in
CeNiO;. Here x represents the mass (g) of Co precursor (x = 0.25,
0.50, 0.75). It should be noted that the mass of nickel precursor and
citric acid were kept constant at 1.75 and 2.75 g, respectively,
throughout the catalyst synthesis process.'” For simplicity, the
synthesized catalysts with the following Ce,_,Co, ratios of
Ce75C0g25 Cegs0Cogsey and Cey,5Coq55 were labeled as CCN-1,
CCN-2, and CCN-3, respectively, as noted in Table 1. To formulate
the materials, the desired amounts of metal precursors and citric acid
were mixed in 50 mL of DI water. The solution was stirred at 450 rpm
at 150 °C until a viscous gel was formed, a process that took
approximately 50—60 min. Once a gel-like solution was obtained, it
was transferred to a convection oven and dried at 120 °C for 12 h.
The powder was then ground with a mortar and pestle and calcined in
air at 720 °C (ramp of 10 °C/min) for S h. The resulting powder was
cooled to room temperature and again ground to make a
homogeneous powder, and then it was sieved through a 0.135 mm
mesh.

The sieved catalyst powders were converted into printable inks using
the ratios reported in Table 2 and 3D-printed into BEM honeycomb

Table 2. Paste Composition of 3D-Printed-Structured BFM
Monoliths

BFM catalyst adsorbent bentonite methylcellulose
monolith (wt %) (wt %) (wt %) (wt %)
CCN-1/Ca 45 45 7 3
CCN-2/Ca 45 45 7 3
CCN-3/Ca 45 45 7 3

monoliths using the processes outlined in our earlier works.’*™>*
Briefly, the sieved catalyst powders were mixed with CaCOj,
bentonite, and methylcellulose using ~20 mL of DI as a suspension
solvent. The ink was sonicated for 30 min after combining all
components and was allowed to roll at 60 rpm for 48 h (T = 25 °C)
to achieve homogeneity and generate binding. The obtained slurry
was then densified at 50 °C under immersion mixing at 600 rpm until
a printable rheology was achieved. A printable rheology is defined
here as being shear thinning, self-standing, and retaining its solvent.
The inks were printed using our established hydraulic printing
setup,”” dried at 25 °C in the fume hood for 12 h to prevent cracking,
and finally calcined in air at 700 °C (ramp = 10 °C/min) for S h. The
BFM monoliths were denoted as CCN-1/Ca, CCN-2/Ca, and CCN-

(CH,C00),Co-4H,0 (g)
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Ni(NO;),-6H,0 (g) citric acid (g)

0.25 175 2.75
0.50 175 2.75
0.75 175 2.75

3/Ca, where Ca represents the adsorbent phase CaO. An example of
one of the printed honeycombs is shown in Figure 1. As evident, this
process generated an open cell structure with ~200 cells per square
inch (cpsi) cell density and ~1 cm outer diameter.

The textural properties of the monoliths were assessed by using N,
physisorption on a Micromeritics (3Flex) gas analyzer at 77 K. The
samples were degassed at 350 °C for 6 h on a Micromeritics Smart
VacPrep instrument before analysis. The pore size distribution (PSD)
and surface area were approximated from the N, physisorption
isotherms via the nonlocal density functional theory (NLDFT) and
Brunauer—Emmett—Teller (BET) methods, respectively. The ele-
mental dispersions of the various metal oxides and the surface
topography were assessed via field emission scanning electron
microscopy (FE-SEM; Quanta 600F ESEM) with a Bruker Quantax
energy-dispersive spectrometer (EDS). The oxidation states were
evaluated via X-ray photoelectron spectroscopy (XPS) on a Thermo
Scientific Nexsa 128 channel XPS system. The scan conditions for
each component are summarized in Table S1 of the Supporting
Information.

The crystallinities of the synthesized catalysts and ground
honeycombs were assessed via a PANalytical X’Pert multipurpose
X-ray diffractometer with a scan step size of 0.026°/step at a rate of
3°/min from 5° < 26 < 90°. The reducibility of the materials was
assessed on 3Flex via temperature-programmed reduction in hydro-
gen (H,-TPR), whereas the catalytic acidities were assessed via
temperature-programmed desorption of ammonia (NH;-TPD). Both
processes were carried out on 3Flex using the pretreatment and ramp
conditions outlined in our earlier work,'' and the catalytic acidic
densitiseﬁtsgzvere calculated following a method reported in our prior
works.” >

To better understand the changes in the chemical structure of BEM
materials during CO, adsorption—desorption at high temperatures, in
situ X-ray diffraction (XRD) analysis was conducted on a PANalytical
X’Pert multipurpose XRD with a scan step size of 0.026°/step at a
rate of 13°/min from 5° < 26 < 70°. Prior to runs, the samples were
heated to 700 °C at a rate of 10 °C/min under 200 mL/min of N,.
After isothermal treatment for 1 h, the system was cooled under N,
until it reached 600 °C, at which point the gaseous feed was changed
to 200 mL/min of CO,. Adsorption was allowed to progress for 60
min, where XRD scans were recorded every 5 min. The desorption
behavior was then subsequently collected. In this step, the feed was
changed back to 200 mL/min of N, and the system was heated at 10
°C/min to the target temperatures of 600, 650, or 700 °C. It should
be noted here that the adsorption temperature was held constant
across runs, but the desorption temperature was varied to assess the
effect of thermal activation on BEM crystallinity. A fresh sample was
used in each run to avoid any discrepancy, which may have occurred
in the crystallinity as a result of sample recycling.

The combined CO, capture-conversion experiments were performed
using the system detailed in our prior work."' The effluent
concentration profiles for all components were monitored and
recorded using a MKS II mass spectrometer, and the product
distribution was assessed using correlations detailed in our prior
works and reported in the Supporting Information, eqs $1—S7.°%*° In
a typical experiment, 0.5 g of BEM was placed in the middle of a
stainless-steel reactor with dimensions of 1.14 cm inner diameter and
22.8 cm height. The BFM was packed into two layers of quartz wool
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Figure 1. SEM micrographs of (a) the top view of the BFM monolith and (b) corresponding channel dimensions.

50 pm

Figure 2. (a) SEM and (b—f) EDS mapping images of the CCN-1/Ca BFM monolith (fresh sample).

to prevent gas bypass. The samples were first pretreated by heating at
10 °C/min to 700 °C for 1 h under 30 mL/min flow rate of Ar. The
bed was cooled to the adsorption temperature (600 °C), wherein 25
mL/min of 10% CO,/Ar was flown into the reactor until saturation of
CO, concentration was observed. After the CO, concentration
plateaued, the flow of 10% CO,/Ar was terminated, and a 25 mL/min
flow of CH,/Ar was flowed into the system. The bed was then heated
or cooled at a rate of 100 °C/min to the target temperature, which
varied across experiments from 500, 600, 650, and 700 °C. The
reaction was then allowed to progress until the effluent CO, reached
zero. A QS00 thermalgravimetric analyzer (TGA) from TA
Instruments was used for coke formation analysis after the
adsorption-reaction experiments. Therein, the surface of spent
samples was heated through flowing 40 mL/min of N, at 900 °C
using a 25 °C/min ramp. The coke species were then identified using
a combination of Raman spectrometry on a y-Raman spectrometer
(ARAMIS; HORIBA Jobin Yvon Inc., Edison, NJ) using an He—Ne
laser (632.8 nm) as well as by traditional Fourier transform infrared
(FTIR) spectrometry using a Nicolet Nexus 470 spectrometer. The
two characterizations showed similar functional groups, so only the
conventional FTIR is included in the main body.

The sample morphologies and elemental dispersions were
assessed with a combination of SEM and EDS. The
topographies and elemental dispersions for CCN-2/Ca and
CCN-3/Ca were nearly identical to those shown in Figure 2,
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so they are contained in Figures S1 and S2, Supporting
Information. Looking at the elemental dispersions, it was
observed that all four components—namely, Ca (Figure 2c),
Ni (Figure 2d), Ce (Figure 2e), and Co (Figure 2f)—were all
uniformly dispersed throughout the backbone of the material.
Given that these dispersions were consistent in the other
samples, it was first concluded that changing the cobalt
concentration did not substantially influence the other metallic
dispersions, as shown in Figure 2d—f. These findings indicate
that metallic components were successfully incorporated into
the catalyst phases. However, mixing the adsorbent (CaO)
with the catalyst resulted in a combination of segregated and
direct contacts between the adsorbent and catalyst phases. This
arrangement, especially the direct contact between phases,
enabled the developed BFM:s to function in a truly bifunctional
manner. The performance of catalytic materials largely
depends on maintaining effective contact between the metal
components. Similarly, the efficacy of BFMs is contingent
upon the degree of mixing between the adsorbent and catalyst
phases. The presence of direct contact between the adsorptive
and catalytic phases, which is crucial for the effectiveness of
these BEMs, is evident here. Figure 2 supports this, suggesting
that the materials are likely to act as bifunctional materials
despite some segregation between phases. The presence of
direct contact between the adsorbent and catalyst is key to the
rapid migration of CO, from the adsorbent to the catalyst

https://doi.org/10.1021/jacsau.3c00553
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Figure 3. XRD analysis of (a) bare catalysts and (b) BFM monoliths.

during the desorption step, which is essential for an efficient
CO, reaction.

Figure 3a,b display the crystallinities of the pristine catalysts
and 3D-printed monoliths, respectively. The Rietveld Refine-
ment (RIR) quantitative analysis is also provided for CCN-3/
Ca in Figure S3 for reference. Examining the pristine catalysts
first, a series of diffraction peaks were observed at 26 = 28.7°,
33.1°, 43.2°, 47.4°, 56.3° 62.8°, 69.41°, 76.6°, and 79.1°,
which corresponded the crystal planes of (111), (002), (221),
(040), (321), (331), (242), (412), and (161) in CeNiO,
perovskite, respectively. Although the perovskite phase of
CeNiO; was not explicitly identified by the RIR, possibly due
to overlapping reflections, the observed diffraction peaks
matched those reported in the literature for CeNiO;,
suggesting the presence of the perovskite phase.”” Additionally,
several diffractive peaks were observed for CeO, at 26 =
28.56°, 33.08°, 47.47°, 56.3°, 69.40°, 76.6°, and 79.07°
corresponding to the crystal planes of (111), (200), (220),
(311), (400), (331), and (420), respectively.56 Diffractive
peaks for NiO were observed at 26 = 37.1°, 43.1°, and 62.4°,
which corresponded to the (111), (200), and (220) planes,
respectively.””® Finally, the peaks appeared at 26 of 31.1°,
36.6° 59°, and 65.1° were correlated to the crystal planes of
(220), (311), (511), and (440) in NiCo,0, (nickel cobaltite),
respectively.””*” From Figure 3a, it can be deduced that
substituting the A-site in CeNiO; with various Ce,_,Co, ratios
resulted in the formation of different phases alongside the
CeNiOj; perovskite, namely NiCo,0,, NiO, and CeO, metal
oxides.

After the printing process, new diffraction peaks emerged at
20 = 32.1° 37.1°, and 53.9° for CaO°" and 26 = 18.1° and
33.8° for Ca(OH),. Other minor peaks detected at 20 = 27.1°
and 50.8°, were attributed to bentonite clay and CaCOj,
respectively.””~®* Importantly, the 3D printing process did not
alter the crystallinity of the formed phases, as evidenced by the
consistent diffraction patterns observed in Figure 3b. From
these observations, we can reasonably conclude that the BFMs
were mainly mixed-metal oxides comprising CeNiO; perov-
skite, NiCo,0,, NiO, CeO,, and CaO, with a few residuals
resulting from the synthesis process.

Moreover, the crystalline structures remained consistent
across different Ce,_,/Co, ratios. Nevertheless, the peak at 20
= 28.2° for CeO, was more pronounced in the Cej-5Coy s
ratio compared to other ratios, which can be attributed to the
increased content of Ce. Similarly, the peak at 20 = 36.6° was
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more prominent in Cej,5C0,75, due to the increased Co
content. The minor peaks at 20 = 31.5° and 65.1° were
observed in Cey,5Co0y75 but were barely noticeable/or
disappeared in Ce5,Coqso and Ce;,5Co0g,s, due to the lower
Co content. In summary, the XRD results suggested that the
3D printing process had a minimal impact on the crystallinity
of the catalyst and any significant changes in catalytic activity
are likely to be primarily driven by redox properties and
reactive oxygen species, resulting from the varying Ce,_,Co,
ratios, rather than by alterations in the crystalline structure.
The N, physisorption isotherms and PSD profiles of the
BFMs are shown in Figure S4ab, respectively, and the
corresponding textural properties are provided in Table S2.
Looking first at the adsorption isotherms, the samples all
displayed Type II hybridized with type IV isotherms
corresponding to nonporous behavior, albeit with some
mesc;porosity behavior as defined by the IUPAC classifica-
tion.”> Indeed, the PSD profiles corroborate the mesoporosity
of the materials, as the pores all existed between 3 and 10 nm,
except for a narrow pore size of less than 2.5 nm. However, it
should be noted that the pore volumes for all three BFMs were
low overall. The mesoporosity shown in Figure S4b can be
attributed to the adsorbent and binder precursors used during
the synthesis of the materials. These results were not all that
surprising, given that metal oxide catalysts and CaO possess
low porosity, aside from a few specific instances with higher
surface area.’”®” This conclusion is further supported by the
textural properties in Table S2, where it was observed that all
three monoliths had virtually identical pore volumes and
surface areas. It should further be noted that the Ce;_,Co,
ratio again had no influence on the properties of the BFMs, as
the changes in the surface area and pore volume were within
the confines of accepted instrumental error. This behavior
agreed with the XRD patterns in Figure 3 as well as by the
elemental dispersions in Figure 2 and Figures S1 and S2,
Supporting Information, which both indicated that the metallic
fractions had minimal influence on the characteristic properties
of the BFMs. Therefore, the differences in material activity for
combined CO, capture and utilization in DMR were further
anticipated to be heavily driven by changes in coke formation
behavior and redox properties, rather than by any deviations in
crystallinity, textural properties, or elemental dispersion.

The catalytic acidities of both the bare catalysts and the 3D-
printed BFM monoliths were assessed using NH;-TPD, with
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Figure 4. NH;-TPD profiles of (a) bare catalysts and (b) BFM monoliths.

results depicted in Figure 4 and quantified acidities
summarized in Table 3. Initial observations of the bare

Table 3. Acid Site Quantification of Catalysts and 3D-
Printed BFM Monoliths from NH;-TPD

weak acid sites strong acid sites total acid sites

sample  (mmol NH,/g...) (mmol NH,/g,.) (mmol NH,/g...)
CCN-1 0.20 0.21 0.41
CCN-2 0.18 0.19 0.37
CCN-3 0.15 0.16 0.30
CCN- 0.14 0.18 0.32

1/Ca
CCN- 0.13 0.14 0.27

2/Ca
CCN- 0.07 0.08 0.15

3/Ca

catalysts (Figure 4a) revealed desorption peaks at T = 225 and
500—800 °C, corresponding to weak and strong acid sites,
respectively. Notably, the intensity of these peaks was not
influenced by the cobalt content, implying that cobalt loading
has a little effect on catalytic acidity. Nevertheless, as Table 3
indicates, the quantity of acid sites correlates directly with the
Ce,_,Co, ratio; acidity decreases in the order of CCN-1/Ca >
CCN-2/Ca > CCN-3/Ca. Given that metal oxides do not
neatly fit into the conventional Lewis/Brénsted acidic-basic

900

100 200 300 400 500 600 700 800 900

Temperature (°C)

site concepts, as is the case with other materials like zeolites
that have well-defined structures and typically contain only one
or two types of metal ions, these findings suggest a more
complex surface chemistry. The observed acidic behavior in
this case might be attributable to defects, oxygen vacancies,
metal ion states, and the interactions among Ce, Ni, and Co
cations in the mixed oxide structure. While cerium is generally
more acidic than cobalt, this results in an increased acid
density overall, but within a similar temperature range. Such
complexity could enhance the adsorption and activation of
oxygen-containing species during redox reactions.”®®’
Concerning the acidity of the 3D-printed monoliths, several
key observations were made. First, similar ammonia desorption
temperatures, as shown in Figure 4b, suggest that the bonding
strength of the acid sites remained unaffected by the 3D
printing process. Moreover, the ratio of strong to weak acid
sites in these monoliths closely mirrored that found in the as-
synthesized catalyst powders, maintaining an approximate 1:1
ratio between weak and strong acid sites. However, the overall
number of acid sites did decrease postprinting, a predictable
outcome given that neither CaO nor bentonite clay possesses
acidic properties. Therefore, dilution of the catalyst phases
with the nonacidic binder and adsorbent material naturally led
to a reduction in total acidity per unit weight. From these
observations, two significant conclusions can be drawn: (i) the
catalytic acidity is directly proportional to the Ce,_,Co, ratio
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Figure 5. H,-TPR profiles of (a) as-synthesized catalysts and (b) BFM monoliths.
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Figure 6. High-resolution XPS spectra of structured BFM monoliths (a) Ni 2p, (b) Co 2p, (c) Ce 3d, and (d) O 1s.

with expected higher reducibility due to complex surface
chemistry attributable to defects, metal ion states, and the
interactions among metal cations, and (ii) the 3D printing
process itself does not alter the intrinsic acidity of the catalyst,
except for the anticipated decrease resulting from dilution with
the binder and adsorbent. Considering that the performance in
DMR process is largely dictated by the reducibility of the
catalysts and the availability of active surface oxygen
species,’’~* the samples with a Ce,;5Coy,; ratio are expected
to deliver optimal capture and conversion efficiency due to
their anticipated high reducibility.

To assess the influence of the Ce,_,Co, ratio on reducibility,
the redox properties of the materials were evaluated using H,-
TPR in the temperature range of 200—800 °C, as shown in
Figure S. In the pristine catalysts (Figure Sa), a singular, broad
peak was observed between 300 and 550 °C. This peak,
resulting from the overlap of reductions from chemisorbed
oxygen species and interactive metal species, shifted to higher
temperatures with increasing cerium concentrations. These H,-
TPR results confirm the complexity of the surface chemistry, as
evidenced by this broad peak.”® The reduction peak in the
catalysts is primarily due to the reduction of oxygen species
chemisorbed onto oxygen vacancies. Co and Ni species tend to
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reduce at lower temperature compared to Ce species, as
indicated by the shift of the reduction peak to a higher
temperature in Ceg-5Cog,s. This notation is in agreement with
the literature,”®”>”* where it has been observed that ceria
species typically cause reductions to occur at higher temper-
atures compared to cobalt and nickel. Therefore, we can
reasonably conclude that the reduction of cobalt and nickel in
the NiCo,0, and NiO phases occurs at lower temperatures
than that of cerium in CeO,, and the overall reduction process
is influenced by the chemisorbed oxygen species resulting from
the interactive species of Co, Ni, and Ce.

In Figure Sb, the reduction temperature remained roughly
consistent across all three Ce;_,Co, ratios with slight shift in
the temperature range for the broad reduction peak and
emergence of a peak at higher temperature (~600 °C). This
behavior could be attributed to variations in reducibility,
resulting from the addition of binder and adsorbent, which
might lead to segregated reductions of metal species at 600 °C.
This is likely the case for Ce species, as was clearly observed in
the Cey;5Cog,s ratio. Therefore, when correlating Figure S
with prior characterizations, it appears that BEM’s catalytic
performance would be primarily influenced by changes in
redox properties and secondarily by acidic features. Given that
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Figure 7. In situ XRD spectra for CO, adsorption (left) and desorption (right) of (a, b) CCN-1/Ca, (¢, d) CCN-2/Ca, and (e, f) CCN-3/Ca BFM

monoliths.

methane reforming reactions occur at higher temperatures,
above 500 °C, the best overall performance is anticipated for
the CCN-1/Ca BFMs, owing to their enhanced reducibility at
elevated temperatures.

The XPS analysis was conducted to determine the influence
of Ce,_,Co, ratio on the orbital spins of the BEMs, as depicted
in Figure 6. For the Ni 2p orbital (Figure 6a), peaks
corresponding to Ni 2p3/, at 854.9 eV and Ni 2p,,, at 872.6
eV were identified. Additionally, two satellite peaks at 861.2
and 882.3 eV suggest the presence of Ni*" and Ni’* species,
respectively.m’75 Turning to the cerium spectra (Figure 6¢), we
observed spikes that correspond to the binding energies of
Ce* 3dy, and Ce* 3d;), along with satellite signals.
Specifically, Ce®* showed binding energies at 916.6, 907.1,
and 900.7 eV, while Ce*" had binding energies at 897.9, 888.3,
and 882.4 eV.”*’%”7 Next, the cobalt spectra (Figure 6b)
featured peaks at 796.1 eV (Co 2p,/,) and 780.6 eV (Co
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2ps.»), which were attributed to Co>* and Co?*, respectively.”®
Importantly, the intensity and number of deconvoluted peaks
in the Ni 2p orbital increased upon increasing Ce,_,Co, ratio.
Such effects suggest that increasing the cobalt content
negatively impacts the catalyst’s electron structure, particularly
in dry reforming processes where nickel species are
instrumental in facilitating the breaking of C—H bonds. This
agrees with prior work by Liang et al., who found that electron-
rich Ni sites enhance CH, conversion in DMR process.”®
The Ce,_,Co, ratio also significantly influenced the ceria
(Figure 6¢) and oxygen (Figure 6d) spectra. For instance, a
Cey75Coy s ratio resulted in more intense peaks in the Ce 3d
orbital (890—920 eV), implying a likely decrease in methane
reforming behavior with reduced Ce 3d orbital intensity, given
that ceria imparts active surface oxygen.”"”” Similarly,
increasing the cobalt concentration led to a shift toward
lower binding energies for oxygen orbitals, which are known to
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Figure 8. (a) TGA CO, adsorption capacities at 600 °C as well as corresponding (b) CO, and CH, conversions, (c) H, and CO yields, and (d)
H,/CO ratio with an adsorption temperature of 600 °C and reaction temperatures from 500 to 700 °C for 3D-printed BFM monoliths.

play a significant role in the methane reforming product
distribution. It can be reasonably induced that Ce increases the
number of oxygen vacancies on the surface of the catalyst. This
is because Ce has a higher oxidation state than Co; therefore, it
can donate electrons to the material. These electrons can
create oxygen vacancies by reducing lattice oxygen ions to
oxygen atoms, as evidenced on the reduced binding energy of
Op- The increased number of oxygen vacancies provides more
sites for oxygen adsorption, which leads to an increase in the
0,46/ Ol ratio. Co, on the other hand, could promote the
formation of surface Co—O bonds. This is because Co has a
strong affinity for oxygen, which can form Co—O bonds with
oxygen atoms on the surface. These Co—O bonds compete
with oxygen adsorption sites, which leads to a decrease in the
amount of adsorbed oxygen on the surface of the catalyst. This,
in turn, leads to a decrease in the O,4,/O,, ratio.*’

A peak at 533.10 eV indicates the presence of carbonates
(ca. CO*),”" likely residual from CaCO; during synthesis of
BFMs. The presence of these carbonates was confirmed by C
sl shown in Figure 5S. The high-resolution C 1s spectra,
presented in Figure 5§, reveal two distinct peaks with binding
energies at 284.4 and 289.3 eV. The peak at 284.4 eV is
associated with carbons originating from the instrumentation,
while the peak at 289.3 eV is indicative of carbonate species
(ca. CO4>). Given these insights, it can be inferred that the
BFMs still retain carbon species after synthesis.
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The effect of adsorption/desorption conditions on BFM
crystallinity was assessed via in situ XRD across the various
compositions, as shown in Figure 7. First looking at the
changes in crystallinity during adsorption, it should be noted
that several new peaks appeared at 20 = 29°, 36°, 43°, and 48°
within 15 min in CCN-1/Ca (Figure 7a), CCN-2/Ca (Figure
7¢c), and CCN-1/Ca (Figure 7e), respectively, which signifies
the formation of CaCO,.°"® Such effects indicated that the
Ce,_,Co, ratio did not detrimentally affect the crystalline
structure, but it did influence the ability of the BFM:s to tether
CO, addition onto CaO through changing the required energy
for CO, and CaO interactions. However, it should also be
noted that the CCN-3/Ca sample did show a complete loss of
its plane at 260 = 32.4°, whereas the other samples all retained
the secondary index to some degree. Given that this peak
corresponds to the (111) plane in CaO, its complete
obstruction in CCN-3/Ca signified that the sample had a
lower thermal barrier to form CaCO; (260 = 29°). Such higher
thermodynamic favorability should cause the adsorption to be
less reversible.®” Indeed, the diffractive indices during
desorption confirmed this behavior, as CCN-3/Ca only
reformed the CaO crystalline plane at T = 700 °C (Figure
7f), whereas CCN-2/Ca and CCN-1/Ca exhibited stronger
peak reformation of 20 = 32.4° at 650 °C (Figure 7b,d). This
lower temperature regeneration—which, again, is associated
with weaker CaO and CO, complexing—could be reasonably
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Figure 9. FTIR analysis of (a) bare catalysts and (b) BFM monoliths as well as TGA profiles of (c) CCN-1/Ca, (d) CCN-2/Ca, and (e) CCN-3/

Ca samples.

expected to allow CO, to be more readily accessible during the
reaction step, thus enhancing its conversion and providing a
more favorable pathway toward utilization. As such, Figure 7
likely indicated that the best overall BEM performance would
be observed in the CCN-1/Ca sample, which was in line with
its assessment of chemical properties and was confirmed by the
adsorption/reaction experiments in the next section.

The synthesized structured BFM monoliths were assessed for
combined CO, capture and conversion via the CO,-DMR
reaction at an isothermal adsorption-reaction temperature of
600 °C. The adsorption/reaction profiles and performances of
the as-synthesized catalysts are shown in Figure S6, Supporting
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Information for reference. Looking first at the measured CO,
adsorption capacities (Figure 8a), the quantity of CO,
adsorbed was within an acceptable error margin across the
three structured BFMs (2.72—2.91 mmol/g), indicating that
the composition of the catalyst phase did not generate any
synergistic attraction between CO, and CaO. As such, the CO,
adsorption capacity was not considered to be a limiting factor
for catalyst performance given its similarity across the three
BFMs. Differences in catalytic performance can be attributed
to variations in the chemical properties of the catalysts.
Specifically, two key factors were identified: first, the
reducibility of the catalyst, as illustrated in Figure Sb; and
second, the facility of surface electron transfers, which is
influenced by the availability of different oxygen species
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Figure 10. (3, b) Cyclic experiments (adsorption-reaction) of the CCN-1/Ca monolith at 600—700 °C.

(Figure 6d). These characteristics are crucial for enhancing the
efficiency of redox reactions during the reaction process. On
this basis, the degrees of CO, and CH, conversion (Figure 8b)
as a function of temperature and catalyst composition were
considered as the first metric of performance. It was evident
that the conversion of both reactants rose with the ceria
loading regardless of the temperature, thus cementing that the
reducibility and oxygen availability drive dry methane
reforming across the BFMs. On the other hand, it should be
noted that both CO, and CH, conversions were increased as a
function of temperature. Considering the known reaction
mechanisms (eqs S9—S13) these behaviors were taken to
signify a thermodynamic shift toward H, synthesis from CH,
mainly by reforming and cracking reactions. This behavior was
reflected by the H,/CO ratio (Figure 8d) in all three samples;
however, the H, yield continued to increase for CCN-1/Ca
above the 600 °C threshold. The latter effect seems to be a
unique property of the CCN-1/Ca BEM, likely being caused
by its high catalytic reducibility and lower binding strength
with CO,, since these aspects of the BFM are known to drive
H, production from CH, reforming.'> However, the higher
H,/CO ratio and lower CO, conversion at 500 °C, as shown
in Figure 8d, could suggest greater CO, retention within the
adsorbent phase or a less favorable conversion of CO, to CO
via the reverse water—gas shift (RWGS) and DMR reactions
(eqs S9 and S12).** These reactions are generally more
prominent at higher temperatures. If that is the case, the
methane cracking pathway (eq S12) leading to direct hydrogen
production might be the primary contributor to the observed
H, levels, particularly in CCN-1/Ca. However, as discussed in
the subsequent section on carbon analysis, coke formation was
minimal. This trend is likely related to the availability of
reactive oxygen species, which are known to enhance catalyst
activity at lower energy thresholds, thereby promoting CH,
reforming and increasing H, yield."””>*>** In summary, our
study highlights the exceptional performance of CCN-1/Ca,
particularly at an optimal temperature of 700 °C. This
bifunctional material outperforms its counterparts in the
existing literature,”>>® as evidenced by the data presented
in Figure 8. Our results thus present a promising approach for
manufacturing mixed metal oxide BFMs, specifically for
applications in CO, capture and H, production.

The surface vibrational modes of the catalysts were assessed
before and after the reaction through FTIR, as illustrated in
Figure 9. Distinct vibrational modes were observed after

1

reaction at wavelengths of 1500 and 980 cm™! in all three

samples, irrespective of the Ce,_,Co, ratio. These bands are
associated with the formation of various carbonates on the
surface of the catalysts. To further investigate this, TGA
experiments were conducted on fresh BFM samples, and the
results are presented in Figure S7a—c. Peaks appearing
between 600 and 800 °C can be attributed to the release of
carbon species during sample annealing. These peaks also
suggest coke formation if spent samples are analyzed. Thus,
this observation supports the previous notion that BEMs were
not fully regenerated from carbonates during their synthesis.
This conclusion is consistent with the XRD results that showed
residual calcium carbonates, and the XPS results for C 1s,
which also showed peaks corresponding to carbonate species
like CO4*". Figure 7f reveals that the sample containing the
highest amount of cobalt tends to retain more carbonates.

Comparing the TGA profiles of the spent samples with those
of fresh materials, similar peaks were still evident (Figure 9¢,d).
This indicates that the carbonates released during thermal
degradation are residuals from the CaO precursor (CaCO,),
rather than from coke formation during the reaction. This is
further evidenced by the similarity in the observed quantities of
carbonates in both fresh and spent samples (allowing for some
experimental variations). However, Figure S8 shows a more
intense carbon peak after one adsorption-reaction cycle,
whichcould be attributed to residual carbonates with a minimal
contribution from coking mechanisms. The Ceg;5Cog,s and
Ce(50Coq 5o samples also displayed an additional vibrational
mode at 950 cm™!, which was assigned to Si—OH/O~
stretching vibrations.**™** As per the literature,” this peak
could stem from the formation of nickel phyllosilicates, which
was attributed to binding between the nickel and bentonite
clay. Based on the reactionary results shown in Figure 8, and
the spectra shown in Figure 9it can be reasonably claimed that
such carbonate retention might lead to lower activity for the
samples with higher cobalt loading. In this way, it was therefore
concluded from Figure 9a—e that—in addition to differences
in activity stemming from the catalytic reducibility and oxygen
availability that facilitate the redox (reduction—oxidation)
reactions—the enhanced performance of CCN-1 can be
attributed to, at least in part, retained carbonates over the
cobalt phase, such as in CCN-3/Ca.

The best performance was observed in the CCN-1 sample,
with its best overall balance of performance heuristics being
observed at T = 700 °C, so the cyclic stability of this BFM was
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assessed over five adsorption-reaction cycles, as shown in
Figure 10. Evidently, the performance of the sample
equilibrated in the third cycle where the CO, adsorption
capacity became constant. Across the entirety of the five cycles,
however, it should be noted that the H, yield and selectivity—
as well as the CH, and CO, conversions—remained almost
perfectly constant (Figure 10b). The major alteration in the
performance was a reduction in the level of CO, adsorption, as
illustrated in Figure 10a. Given that this was the only variable
showing a change, it suggests that the active sites for CO,
adsorption were gradually compromised through repeated
adsorption-reaction cycles, leading to a decreased level of
capture over time. Importantly, this reduction in CO,
adsorption did not substantially affect either the product
yield or reactant conversion. This finding reaffirms the role of
developing mixed metal oxide catalysts, which maintain a high
density of surface electrons due to their metal reducibility and
reactive oxygen species. As a result, minimal coke formation
occurs, ensuring catalytic stability throughout multiple cycles.
Such stability is imperative to the use of BFMs in industrial
applications, and the stability of CCN-1/Ca with a 2.30 H,/
CO ratio at 700 °C—as well as its exceptionally high H, yield
compared to other comparable literary sources, which range in
value from 30 to 65%—""""" cement 3D printing as a facile
means of generating structured honeycomb contactors.

In this study, a series of BFMs composed of CaO adsorbent
and Ce, ,Co,NiO; perovskite-type oxide catalysts were
structured via 3D printing and assessed for the first time for
combined CO, capture and methane reforming to produce H,.
Characterizing the samples revealed that the cobalt content did
not impact metallic dispersion, textural properties, or
crystallinity but substantially affected redox properties, CO,
and CaO binding strength, and oxygen species availability. To
be specific, increasing the cobalt loading relative to ceria
reduced the BFMs’ reducibility and CO, adsorption/
desorption reversibility. These effects translated to a reduced
H, yield at higher cobalt loading upon assessing the samples
for CO, capture and utilization at all three temperatures, thus
revealing the best performance in the CCN-1/Ca sample that
achieved 77% CO, conversion, 94% CH, conversion, 61% H,
yield, and 2.30 H,/CO ratio. This sample was thusly selected
for cyclic assessment at a reaction temperature of 700 °C and
showed minimal variability across five adsorption/reaction
runs. In this context, the developed BFM monoliths
demonstrated herein serve as a promising means through
which mixed metal oxide BFMs can be manufactured, since
these materials were both 3D-printed for the first time and also
demonstrated stable cyclic performance for combined CO,
capture and H, production.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00553.

Estimation of adsorption-reaction parameters, reaction
pathways, SEM and EDS mapping images of BFM
monoliths, Rietveld refinement analysis (RIR) results
using XRD, BET surface area and PSD profiles of BEM
monoliths, high-resolution XPS spectra of C 1s for
structured BEM monoliths, direct synthesis of hydrogen
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from CO, and methane over structured BFM monoliths
at isothermal adsorption-reaction conditions, and TGA
profiles and Raman spectra of fresh and spent BFM
monoliths (PDF)
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