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Bifunctional materials based on Ru nanoparticles and an alkaline metal (K, Na or Ba) have been scrutinized for
several cycles of CO capture and subsequent methanation at different temperatures from 250 °C to 450 °C. The
optimum performance in terms of stable cyclic operation, amount of captured CO, and relevant methane pro-
ductivity was attained at different temperature window for each material. For the materials here prepared, the
limiting lower operation temperature of stable cyclic performance was determined by the methanation kinetics,

which depended on reactivity of COx ad-species captured with each alkaline metal. The highest activity was
found with Ba-containing materials, which exhibited a stable and relevant cyclic CH4 productivity at 250 °C,
being one of the lowest operation temperatures reported for a dual functional material to date. This material
exhibited stable cyclic performance also in the presence of Oy and H0, although the CH4 productivity decreases
slightly and reversibly compared to that using CO; containing gas free of Oz and H20.

1. Introduction

CO2 emissions have been increasing in the last few decades due to
anthropogenic causes leading to global warming [1]. In this scenario,
the Paris Agreement sets out a global framework to limit global warming
to well below 2 °C and pursuing efforts to limit it to 1.5 °C [2]. To reach
this target, intense research efforts have been devoted to carbon capture
and storage (CCS) and carbon capture and utilization (CCU).
Post-combustion effluents contain CO; plus a complex mixture of other
components (Hp0, Oj, sulphur and nitrogen oxides). Therefore, the
conversion cannot be performed directly and CO, needs to be captured
previously. Chemical absorption using solvents such as ethanolamine
seems more suitable than adsorption for CO; capture from
post-combustion gases, which are emitted at low pressure [3]. Never-
theless, the steps of thermal regeneration of solvent and CO; purification
are energy intensive, and the rates of solvent degradation and equip-
ment corrosion can also penalise this process [4]. Physical adsorption is
more suitable for CO4 capture at high pressure and low temperatures
and yields less waste during cycling. However, the used adsorbents have
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lower selectivity to CO2 and lower adsorption rate. Solid sorbents such
as alkaline metal oxides can reversibly and selectively capture CO5 by
forming carbonates [5,6]. This process is carried out at intermediate
temperatures (200-400 °C), matching the temperature of
post-combustion flue gases. Subsequently, the captured COy can be
utilized to produce fuel by reacting with renewable hydrogen, and in
turn regenerating the adsorbent for next cycle. In this way, CO2 uti-
lisation is coupled with the storage of the intermittent renewable energy
to produce a stable and transportable energy carrier such as methane.
The process is also known as combined CO, capture and methanation
(CCCM) [7]. The methane can be used as fuel for mobility, residential
sector, power generation or raw material in industry.[8] Different pro-
cess configurations can be devised to perform CCCM. One way is using
two separate units with different gas feeds, i.e. one unit for the periodic
adsorption and desorption of CO3 and the other for the methanation
[9-12]. In this configuration, each unit has different operating condi-
tions which can be optimised independently but it is energy and time
intensive due to temperature swings. CCCM can be also performed in
one unique unit containing both the capture material and the

Received 5 September 2022; Received in revised form 28 November 2022; Accepted 11 December 2022

Available online 19 December 2022

2212-9820/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jegarcia@icb.csic.es
www.sciencedirect.com/science/journal/22129820
https://www.elsevier.com/locate/jcou
https://doi.org/10.1016/j.jcou.2022.102370
https://doi.org/10.1016/j.jcou.2022.102370
https://doi.org/10.1016/j.jcou.2022.102370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcou.2022.102370&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Garcia-Bordejé et al.

methanation catalyst with periodic swinging of the gas feed. This pro-
cess will also allow for continuous operation using two parallel reactors
working in tandem. In this process, both CO, capturing solid and
methanation catalyst can be either physically separated [13] or a single
homogeneous solid can feature both functionalities. This latter type of
solid is denoted as “dual functional material (DFM)”, which usually
consists of two different metals in very intimate contact: an alkaline
metal as COq-absorbing material and a transition metal (Ni,Ru) as
methanation catalyst on a high surface area support such alumina. Both
absorption and methanation reactions operate in the same temperature
window (300-500 °C) enabling isothermal operation for both steps,
avoiding temperature swings, and also matching the temperature of
post-combustion flue gases. The main reactions occurring in the two
steps for the case of NaO as capture material can be outlined as follows
[14]:
CO, capture step:

Na,0 + CO, — Na,CO;3 1
Hydrogenation/regeneration step:

NayCO3 + 4 H, —» CHy + Na,O + 2 H,O 2)

Na,CO3 + H, - CO + Na,O + H,0 3

It is claimed that the close proximity between the two functionalities
(capture and methanation) results in enhanced performance for the
regeneration/methanation step [7,14]. On the one hand, because the
close proximity between the two functions favours the spill-over of Hy to
the captured COx ad-species[15] and concomitantly the transport of
desorbed CO to the metal catalytic sites [16,17]. On the other hand,
since the CO5 desorption is endothermic and the methanation is
exothermic, the heat transfer is faster and both reactions can be ener-
getically balanced choosing the suitable adsorbent and reaction condi-
tions. Moreover, this process avoids the high energy consumption of
conventional CO5 separation and purification needed when the process
is carried out in two separate units. For all the reasons mentioned
heretofore, DFMs contribute remarkably to process intensification.
However, since the process of CO, desorption and conversion are
coupled, DFMs introduce other challenges in terms of material prepa-
ration and process parameters design for an optimum operation.

Intense effort has been devoted recently to optimise catalyst for-
mulations and preparation strategies. Farrauto et al. pioneered the
research on DFMs for CCCM. They started preparing DFMs varying both
the Ru loadings (1-10 wt%) and CaO loading (1-10 wt%) on y-Al,O3
[18]. The best catalyst was that with intermediate Ru loading (5 wt%).
The same group performed a screening of different active phases for
methanation (Ru, Rh, Pt, Pd, Ni, Co) and adsorption (MgO, K3Os,
NayCO3) [19,20]. They performed both CO5 capture and conversion at
320 °C, finding that Ru provided better performance than Ni and the best
alkaline among those tested was Na. Some authors used other metals
such as FeCrCu [21] or Cu [22] to produce selectively syngas instead of
CHy. In cycles of CO, capture and methanation, the temperature of
regeneration (CO, release) and methanation should match. CaCO3
decomposition temperatures is around 700°C [6], being incompatible
with temperatures of methanation which are much lower (250-400 °C)
since at higher temperatures the reverse-water gas shift (RWGS) reaction
prevails, leading to CO. Carbonates formed with Na have less stability
than those with Ca. Consequently, DFMs based on Ni-Na produced more
CH, at lower temperature than Ni-Ca as corroborated by Bermejo-Lopez
et al. [23]. For Ni-Ca the CH4 production was maximized at 400 °C,
which is a relatively high temperature entailing massive energy con-
sumption. The order of impregnation of metal also affects the perfor-
mance. Using the combination CaO:Ru, Duyar et al. [18] found that
impregnation of Ru on CaO/y-AlpO3 resulted in better performance
compared to materials where CaO is impregnated on Ru/y-Al,03. Kur-
amoto et al. [24] tested Ni on alumina plus several alkaline metals (K,
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Na, Ca) for CCM. Among the tested materials, Ni/Na-y-Al,03 showed the
highest activity for integrated CCM. The Ni-based DFM exhibited a high
CO4 conversion exceeding 90%, even when 20% O, was present in
CO9-containing combustion flue gas. However, the temperature of
testing was relatively high (450 °C) and it would be desired to operate
the process at lower temperatures for energy saving. Elsewhere, Ura-
kawa et al. [25] studied DFM based on Ni on ZrO5 promoted with K- or
La- in the operating temperature range 250-450 °C. La-doped catalyst
was more efficient for methanation but a high proportion of unreacted
CO4 was released because the catalyst was not sufficiently active at
lower temperatures. To have fast methanation kinetics and regenerate
the catalyst for subsequent cycle, the processes are usually carried out at
temperatures above 300 °C for K and Na based DFMs [20] Other alkaline
that has been used in DFM is Li [26]. Li-Ru/Al;O3 provided better per-
formance than its counterparts with K or Na, showing cyclic CH4 pro-
duction at low temperature of 230 °C, which is the lowest temperature
reported for DFMs. Working at lower temperatures would reduce the
energy requirements for heating gases and would avoid hot spots. Low
temperatures would be even more crucial when the direct CO; capture
from air (DAC) is addressed as proposed in the literature [14,24,27]
since air should be heated during the long adsorption times required for
this very diluted CO, source. The operation temperature of DFM is
determined by the optimum methanation kinetics. Using state-of-the art
DFM, 320°C is chosen as optimum temperature [14]. Methanation can
occur at lower temperatures but kinetics is slow with current DFMs.
Therefore, it is a challenge to find novel DFMs able to be regenerated and
with fast methanation kinetics at temperatures lower than 250 °C. Since
the temperature affects the adsorption/reaction thermodynamics and
kinetics, the operation temperature should be optimized on an individ-
ual basis for each DFM type. Only a few works perform parametric
studies optimising the temperature for several cycles [28,29] These
works found that the best temperatures were 320 °C and 300 °C for the
optimised catalyst 5%Ru-10%CaO/ y-AlyO3 [28] and 5% Ru-6.1%
Nay0/y-Alx03,[29] respectively.

As explained above, different metals of group I and group II have
been compared as capture component for DFMs[23,24,30] Among the
metals tested, heavier group II metals such as Ba are comparatively
scarcely investigated in existing literature. To the best of our knowledge,
there is only one group reporting Ba as CO; capture material in DFM to
date [31,32]. This works indicate that BaO is less effective than other
alkaline metals because it forms stable carbonates at temperatures from
350 °C to 500 °C,[31] thus avoiding regeneration in subsequent cycle.
However, the performance at lower temperatures was not explored.
Many works do not address the long-term stability and the CHy4 pro-
ductivity is only reported for one or few cycles of capture and reduction
[17,23,25,32]. Some work performed up to ten cycles and the perfor-
mance degrades with the number of cycles, which is attributed to sin-
tering of alkaline metal [33]. Therefore, for practical application, it is
crucial to check the stability in cyclic tests at different temperatures.

Herein, we have compared the performance of DFMs consisting of
one methanation metal (Ru) and a CO, capture material. As capture
material, we have also scrutinized the less explored barium besides the
widely used alkaline metals (Na, K). We study the cyclic performance as
a function of the operation temperature in the range from 250 °C to 450
°C. DFMs are usually tested only at temperatures above 300 °C. To assess
the cyclic stability, at least 6 cycles have been carried out at each tem-
perature for all DFMs. Finally, a selected catalyst and temperature has
been tested in the cyclic capture of CO5 using a gas containing also HyO
and Os. The characterisation by different techniques shed some light
into the reaction mechanism and the reasons of the dependence of the
cyclic stability and reaction kinetics on the type of base metal.
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2. Experimental
2.1. Catalyst preparation

Alumina support was prepared from Pural (SASOL) calcined at 500
°C in air. The chemicals precursor for Ru metal was Ru(NO3)3NO (Alfa
Aesar). As precursor of the alkaline metals KoCO3, NaNO3 and Ba(NO3),
(Sigma-Aldrich) were used.

The DFM were prepared by successive incipient wetness impregna-
tion first of the alkaline precursor and second of Ru precursor. That
means that in the impregnation the precursor was diluted in the volume
of water corresponding to the pore volume of the solid. The alkaline
metal precursor was weighted to yield a final loading of 10 wt% respect
to y-alumina weight, diluted in water and impregnated on alumina by
incipient wetness impregnation. After drying at 110 °C, the material was
calcined at 500 °C under Ny. Subsequently, the amount Ru precursor was
weighted to set a 3 wt% loading with respect to alumina. After drying at
110 °C, the material was calcined at 500 °C under N5 flow for 1 h and
subsequently reduced under Hj flow at the same temperature for 1 h.

2.2. Cyclic testing

The testing in cycle of CO, adsorption and reduction was carried out
in a continuous-flow 6 mm-outer-diameter quartz reactor inside a ver-
tical furnace equipped with a temperature controller (Eurotherm). The
amount of monometallic catalyst used in the catalytic tests was 50 mg.
For the bimetallic catalyst, the amount of catalyst was adjusted to have
the same Ru weight than the monometallic catalyst. Particle size was
between 20 and 53 um (625-270 mesh). Subsequently, the catalyst was
diluted with the double volume of SiC and placed inside the reactor
forming a packed bed of 2 cm length with a thermocouple inside the bed.
The high thermal conductivity of SiC, particle size < 100 um and the
small bed diameter guarantees that the temperature is uniform
throughout all the bed without hot spots. The temperature of the bed is
exactly that measured by the thermocouple. This bed gives rise to 16 Pa
pressure drop. The reaction temperature was controlled with a ther-
mocouple inside the catalytic bed. Prior to cyclic tests, the catalyst was
heated to 500 °C in N, flow using a heating rate of 10 °C min "' and it was
reduced with Hy (60 mL min~1) at 500 °C for 1 h. The reactor was
allowed to cool down until the temperature of the cyclic testing). The
cycles consist of two stages: (i) first, flowing 60 mL/min of 5% CO3 in Ar
and (ii) second, flowing 60 mL/min of 5% Hj in Ar. The times of each
stage were varied for the different experiments (between 2 and 10 min)
until steady state was reached. Between the two stages, the reactor was
swept with 57 mL/min Ar flow for 5-25 min until CO signal stabilisa-
tion. Six or more capture/reduction cycles were performed for all the
materials. Gas analysis was performed using a Pfeiffer vacuum mass
spectrometer. The following m/z signals were recorded in mass spec-
trometer: 2, 16, 18, 28, 40, 44. The signals of the gases were calibrated
considering the baseline of Ar and the fragmentation pattern of each
mass. The main m/z signals used for each gas were 2 (Hj), 16 (CHy), 18
(H50), 28 (CO), 40 (Ar) and 44 (CO-). The concentration of CO was
calculated subtracting the contribution of COy from m/z = 28. The
concentration of CH4 was calculated subtracting the contribution of
CO,, CO and H-0O from m/z = 16. The correct calibration of the mass
spectrometer was double checked analyzing the gases using a calibrated
Agilent Micro GC 3000 A.

2.3. Catalyst characterization

The catalysts were characterized by transient techniques, namely,
temperature-programmed desorption of pre-adsorbed CO5 (CO2-TPD)
and temperature programmed surface reaction (TPSR). These experi-
ments were conducted in the same set-up as catalytic testing. The pur-
pose of CO,-TPD experiments is to quantify the CO5 chemisorbed at 300
°C. To this end, the catalyst was heated to 500 °C at a heating rate of 10 K
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min~! in inert gas. At this temperature, the catalyst was reduced with
100 mL min ! of Hy, mixture for 1 h. Subsequently, the temperature was
set at 300 °C and 60 mL min~! of CO, was flushed for 1 h. The gas was
switched to 60 mL min ! Ar and the reactor was allowed to cool down to
room temperature. Ar flow was kept constant overnight to remove all
weakly physisorbed CO,. Then the gas was adjusted to 60 mL min~! of
Ar and, when the signal of the mass spectrometer was stable, the tem-
perature was increased to 500 °C at a rate of 10°C per minute while
monitoring the desorbed gases, mainly CO,.

The main purpose of TPSR experiments is to determine the temper-
ature at which CHy starts to evolve from reaction of Hy gas with CO4
previously adsorbed on the catalyst. To this end, the catalyst was heated
to 500 °C at a heating rate of 10 K min ! in inert gas. At this temperature,
the catalyst was reduced with 100 mL min~! of Hy mixture for 1 h.
Subsequently, the catalyst was cooled down to 50 °C under Ar. When this
temperature is reached 60 mL mi of CO, was flushed for 1 h. Then, the
gas was switched to 60 mL min~! of 5% H, in Ar and kept until the signal
of the mass spectrometer was stable. Subsequently, the temperature was
increased to 500 °C at a rate of 10°C per minute while monitoring the
desorbed gases, mainly CHy.

The XEDS-mapping analyses were performed in STEM mode with a
probe size of ~1 nm using the Oxford INCA Energy 2000 system de-
tector. The samples were ground until powder and a suspended in
ethanol solution using an ultrasonic bath. Then some drops were added
into the copper grid with carbon coated layers (Aname, Lacey carbon
200 mesh) leaving to dry at room temperature to evaporate ethanol
before introducing in the microscope.

Structural properties of the catalyst were determined by X-ray
diffraction (XRD), XRD profiles were obtained in Polycristal X “Pert Pro
PANalytical diffractometer using Ni-filtered Cu Ka radiation (A = 1.54 A,
45 kV and 40 mA) with a 0.04° step and the Diffract-EVA software was
used for the phases identification.

The X-ray photoelectron spectra of the samples after reaction were
recorded using an Omicron spectrometer refurbished by SPECS, equip-
ped with a PHOIBOS 100 R4 analyzer and a monochromatic X-ray
source (Mg Ka) operated at 75 W, with a pass energy of 30 eV and an
energy step of 0.050 eV. Each sample was pressed into a small pellet,
placed in the sample holder and degassed in the chamber for 6-8 h to
achieve a dynamic vacuum below 108 Pa before analysis. The spectral
data for each sample were analysed using CASA XPS software. The
binding energy is referenced to the Al 2p line at 74.7 eV. The relative
concentrations and atomic ratios were determined from the integrated
intensities of photoelectron lines corrected for the corresponding atomic
sensitivity factor. Carbon elemental analysis was carried out directly in a
Flash 1112 de Thermofisher.

3. Results and discussion
3.1. Testing in cycles of CO2 capture and reduction

Herein, the cyclic performance in CO; capture and subsequent hy-
drogenation has been assessed for at least 6 isothermal cycles at different
temperatures ranging from 250 °C to 450 °C and using the different
materials prepared in this work. As example, Fig. 1 shows representative
cycles of CO4 capture and reduction at 300 °C for a monometallic and the
three bimetallic materials. The cyclic testing at other temperatures for
all DFMs are shown in supplementary information (Figs. S1-S3 of sup-
plementary material). In the stage of feeding CO3 in Ar, COs is initially
captured on the storage material. We have to note that we used an excess
of CO, to ensure the saturation of the capture material. Therefore, this
work has been focused on the comparison of the material capacity but
not on the CO;, capture efficiency that should be a next step because high
efficiency is necessary for industrial application. In order to emit a CO»-
free gas, it would be only necessary to increase the amount of DFM or
decrease the flow rate of COy containing gas. Concomitantly to CO5
feeding, there is a release of other gases such as CO, H0 and minor
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Fig. 1. Representative cycles CO, capture and conversion using Ru-based catalysts with and without different alkaline metals at 300 °C: (a) monometallic 3% Ru/Al;
(b) (3%Ru)10%K/Al; (c) (3%Ru)10%Na/Al; (d) (3%Ru)10%Ba/Al. CO, capture step is shadowed in yellow while reduction step is shadowed in red.

amount of CH4. These gases are the products of CO5 gas reduction by the
hydrogen atoms that remain chemisorbed on Ru metal after previous
stage under Hj containing gas. The main product in this oxidation stage
is CO, which is formed primarily via r-WGS reaction between CO, and
residual surface hydrogen [32]. The concentration of the released gases

during CO, feeding stage decreases as the number of cycles increase. The
reason could be that initially the catalyst contains the highest amount of
-H species because it has been reduced previously at 500 °C in Hy. In the
following reduction stage, the catalyst is reduced/regenerated with 5%
Hy in Ar at temperatures lower than 500 °C and shorter time, e.g. in
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Fig. 1 the catalyst is regenerated at 300 °C during 5 min. It can be
envisaged that the amount of -H chemisorbed in reduction stage de-
creases as the number of cycles increases. After a few first conditioning
cycles, the concentration of gases evolved during CO feed tend to sta-
bilise to their minimal value.

In the reduction stage, captured COs is converted with the evolution
of CH4, CO, H20 and unreacted CO5-H,0 is formed by reaction of Hy
with oxygen coming from CO dissociation in previous step. The amount
of released CO3 is minor and decreases to zero as reaction temperature
increases (Supplementary Figures and Table S1). CO formation is higher
in the first cycles and its intensity decays as the cycle number increases.
In contrast, the intensity of CH,4 peak either decays to negligible values
when the DFM performance degrades (Fig. 1b,c) or it is almost constant
for all the cycles indicating a stable cyclic CH4 production (Fig. 1d). In
this latter case, this results in a CH, selectivity rise as the number of
cycles increases.

Fig. 2 shows a magnification of the reduction stage corresponding to
2nd cycle of Fig. 1 for the different catalyst. For the monometallic 3%
Ru/Al,O3 catalyst, there is some spike in the CO, CH4 and H,0 evolution
upon Hj switching on. CH4 concentration drops to zero in less than 20 s.
However, CO concentration remains constant and HyO decays slowly
during 400 s. The absence of alkaline metal suggest that the prolonged
minor CO production comes from species stored in the Al;O3 support.
Compared to monometallic 3%Ru/Al;O3 catalyst, for the alkaline-
containing materials, there is also a spike in CH4 production but it
takes longer to drop to zero. For the monometallic Ru catalyst, CO5 can
adsorb both on the metal and on the -OH of Al;O3 support [16]. When
the alkaline is introduced an additional adsorption occurs, which is re-
ported as bicarbonates and bidentate carbonates [16] or formates [22].
For Ba-containing material CH4 evolution last more than 40 s while for K
and Na-containing materials the CH4 production is sustained for the
whole duration of the reduction stage (~ 400 s). The shorter duration of
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the release of CH4 for Ba-containing material than for K and
Na-containing ones may be attributed to the higher amount of stored
CO; in K and Na containing materials than in Ba-containing ones as
shown in CO,-TPD below. For K and Na containing materials there is
also a minor release of unreacted CO-, while no CO- at all is observed for
Ba-containing material.

We quantified the CHy released in the first 100 s after the onset of the
CH,4 spike. This was done by integrating the area under the mass spec-
trometer signal. The quantification of CH4 and CO gases produced per
gram of DFM as a function of the cycle number for the different tem-
peratures and DFMs is displayed in Fig. 3.

The CO concentration decreases with the number of cycles (Fig. 3b,d,
f) as explained for Fig. 1 description. The first cycles are conditioning
cycles and are not relevant to the cyclic performance. After several cy-
cles, the CO concentration stabilises at a small value
(0.00-0.06 mmol g~1). On the other hand, the CH, productivity depends
on the temperature and on the type of DFM. The selectivity to CHy for all
catalyst is above 80% when stable cyclic performance is achieved. At
300 °C, for K and Na based materials the CH4 productivity decays pro-
gressively with the cycle number to negligible values in 5th cycle. Other
authors also reported degradation with the cycle number at 300°C for
physical mixtures of Na sorbent and Ru catalyst [10]. In contrast to our
work, aging studies performed with 5%Ru, 6.1%Na30/y-Al;O3 tablets
by other authors [29] showed stable cyclic performance at 300 °C or
slow very deactivation at 320 °C under industrially relevant conditions
[34]. This suggest that the performance is very sensitive to the metal
loadings and preparation method and we have to perform further opti-
misation of the formulation of our catalyst. The measurement of tem-
perature is also very critical since methanation is an exothermic reaction
and hot spots can occur. In our experiments the use of a thermal
conductive diluting particles (SiC) in the bed where the thermocouple is
inserted guaranties the measurement of the true temperature [35].
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(3%Ru)10%Ba/Al.



E. Garcia-Bordejé et al.

a (3%Ru)10%K/Al,O,4
‘707
5
£
3 0.4
>
s i *
*g 0.3 —k P e @ P °
3 A
g o2y .&: T T -
5 o1 / ~
" oA
\
004 *x KX KX S A4 A& A
0.1 T T . . T T T T
1 2 3 4 5 6 7 8 9
cycle number
C or4 (3%Ru)15%Na/ALO; [~ 250 °C
06 —A—300°C
1 = 350°C
- . 400 °C
S ® 450°C
g ] g |
£ 0.4 u ] = u
=
S 0.3 e N — o @
© e— g
*
'§ 024
a A
£ 014 A
[8)
0.0 + * * * S — 4—
_01 T T T T T T T T
1 2 3 4 5 6 7 8 9
cycle number
e 0.7 4 (3%Ru)10%Ba/Al,04
064
‘TU)
S 05-
€
£
2 044
=
© A— A
A
g 034 A R
a A A A A
~
T 02- n
© S | -/ o
— | |
0.1 .
R T
0.0 T T T T T T T T
1 2 3 4 5 6 7 8 9

cycle number

Journal of CO2 Utilization 68 (2023) 102370

0.7 1
0.6
. ] (3%Ru)10%K/ALO,
© 05
[]
€
E 04
2
2 03
S
.8 0.2 4
a8 N -
8 o ‘\
] - e
$opg—t—p—u—19
0.0+ * %k * * %k * kK
-0.1 T T T T T T T T
1 2 3 4 5 6 7 8 9
cycle number
d 0.7+
(3%Ru)15%Na/Al, O,
T 064
[e2}
2 os e
£ 7 *— 250 °C
> o4 —A—300°C
2 \ =350 °C
é 0.3 4 \ 400 °C
ko) i —@ 450 °C
5 . T8 U Y
2
Qo
8 o :
14 '\.
S S G- SR S
0.0 + * * * * * * * *
'01 T T T T T T T T
1 2 3 4 5 6 7 8 9

cycle number

(3%Ru)10%Ba/Al,0,

f o7
1

0.6

0.5

CO productivity(mmol g™')

cycle number

Fig. 3. Productivity of CH, (a,c,e) and CO (b,d,f) during the first 100 s of the reduction stage in each cycle for (3%Ru)10%K/Al (a,b), (3%Ru)10%Na/Al (c,d) and

(3%Ru)10%Ba/Al (e,f).

On the other hand, the Ba-based material here prepared provided a
stable CH, productivity ~0.28 mmol g~ ! at 300 °C after a small decay in
the first cycles. For operation temperatures equal or above 350 °C, the
CH4 productivity is almost constant with the cycle number for all the
prepared materials. The decrease of CH4 productivity with cycle number
for K and Na based materials at 300 °C can be attributed to the incom-
plete regeneration of capture material due to the building up of
carbonated species that are stable at this temperature in Hj.[36] Since

the alkaline oxide is not completely regenerated for the next CO; capture
stage, it loses CO, capacity as the cycle number increases. Apparently,
for temperatures equal or above 350 °C, most carbonated species
become unstable and are able to react with Hy, regenerating properly the
capture material. For the temperatures of stable cyclic performance, CHy4
productivity does not follow a direct dependence with the temperature.
The temperature of maximum CH,4 productivity is different for each
material, namely 400 °C (0.48 £ 0.03 mmol g’l), 350 °C (0.41
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4 0.04 mmol g~ 1) and 300 °C (0.28 + 0.03 mmol g~ 1) for (3%Ru)10%
K/Al, (3%Ru)10%Na/Al and (3%Ru)10%Ba/Al, respectively. The vari-
ation of CH4 productivity with the temperature for the same DFM is
difficult to rationalise because the several processes involved in the
stages of CO, capture and reduction have different dependences with the
temperature. The CO, adsorption is favoured at lower temperatures
while COx methanation kinetics is favoured at higher temperatures.
Moreover, the kinetics of reduction of the RuOx active phases are also
favoured at higher temperatures. It is remarkable that the CH4 produc-
tivity for Ba-containing DFM is significantly higher at 300 °C than at
higher temperatures. Other authors found that CO; is strongly adsorbed
on supported BaO at temperatures from 350 °C to 500 °C in the form of
carbonates with a very high thermal stability [31]. These species could
not be completely hydrogenated when exposed to 4% Hy/He at 350 °C.
This would explain the substantially poorer CH4 productivity found here
for temperatures of 350 °C and above compared to that for 300 °C, at
which these stable Ba carbonates are not presumably formed.

Since the performance of (3%Ru)10%Ba/Al at the lowest tempera-
ture of 300°C was stable while keeping a high value of CH4 productivity,
we decided to perform the cyclic test at a lower temperature of 250 °C.
At this temperature, we found that, while K and Na based DFMs pro-
vided negligible CH4 productivity, (3%Ru)10%Ba/Al provided a stable
CH,4 productivity of 0.08 + 0.005 mmol g~! during the 10 tested cycles
as displayed in (Fig. 4 and S5 a). Subsequently, other 10 cycles were
performed introducing in the feed 11% H>0 and 4.5% O5 along with 5%
COq in Ar (Fig. 4 and S5b). The CH4 productivity is slightly suppressed
down to 0.05 = 0.003 mmol g~ * (Fig. 4) because less CO; is captured
probably due to competitive adsorption with water vapor. However, the
CH4 productivity remains stable from cycles 11-20 and the effect is
reversible because the material recovers its initial CH4 productivity after
removal of HoO and O from the feed gas in the last cycles 21-30 (Fig. 4
and S5c¢). Thus, the stable cyclic performance of (3%Ru)10%Ba/Al at a
very low temperature of 250°C qualified this material as highly prom-
ising for cyclic CO, capture from diluted source and subsequent con-
version to concentrated CH4 even in the presence of HyO and O,.
Catalyst with relevant methanation kinetics at low temperatures are
highly desired for the energetic sustainability of the process, especially
for direct air capture (DAC) application in which very large gas volume
should flow through the DFM and be heated from room temperature to
the desired temperature. Regarding energy consumption in regeneration
step of DFM, no external supply of heat is necessary because the tem-
perature is sustained by the heat generated by the exergonic methana-
tion reaction. For processes that capture and regeneration are performed
using two different materials in contrast to DFM, the regeneration is very
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Fig. 4. CH4 productivity in CO capture and conversion at 250 °C using (3%Ru)
10%Ba/Al material: (red) cycles 1-10, feeding 5% CO, in Ar for the capture
step; (blue) cycles 11-20, feeding 5% CO,, 11% H,0, 4.5% O, in Ar for the
capture step; (green) cycles 21-30, feeding 5% COx in Ar for the capture step.
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energy intensive and makes the process uneconomic [37-39]. Although
the CH4 concentration in the gas in our experiment is low (lower than
0.01%) for analysis purposes, it can be increased in practice. To this end,
only increasing the ratio of DFM material to gas flow rate would be
necessary as demonstrated in the literature [13]. For the validation of
the materials under industrially relevant conditions, it is important to
perform long-term aging studies using a real flue gas (containing O and
water vapour) and the scale up of the process. Our results show that HyO
compete with CO5 for the alkaline capture sites reducing the capture
capacity and it is not clear how this will affect in the longer term and
with variations of humidity. On the other hand, O5 can partially oxidise
the noble metal. However, it is reported that Ru reduces readily when
exposed again to Hy atmosphere [29,40]. Some authors found deacti-
vation of low loading Ru (<1 wt%) in the presence of Oy due to the loss
of active surface area by Ru sintering. These authors also mentioned that
the deactivation is less severe for higher loadings as is our case [34].
Elsewhere, aging study of similar DFMs was performed with simulated
flue and the performance was stable [29].

The carbon content of the DFMs after the last cycle was analysed by
elemental analysis. This carbon accounts for carbon species accumu-
lated in the DFMs during all the CO; captured cycles that has not been
released in regeneration step under Hs. Generally speaking, the retained
carbon decays as temperature increases. It is apparent that some CO; is
irreversibly captured (accumulated carbon). The amount of carbon
irreversible adsorbed decreases when increasing the temperature.
Accordingly, a higher proportion of the capture capacity is restored for
the subsequent cycle. At the lower temperatures (250 and 300 °C), the
amount of irreversibly adsorbed CO; is significantly lower for Ba con-
taining DFM than for the other alkaline containing DFMs. For Ba con-
taining material, at the lower temperatures some COs is capture in all
the cycles, which is subsequently released as CH4 keeping a stable cyclic
performance.

3.2. Characterization of the reactivity of COx ad-species by transient
techniques

To assess the CO; capture capacity of the dual functional materials,
we performed temperature programmed reaction after chemisorption of
CO4 at 300 °C (CO2-TPD) shown in Fig. 6a. The CO5 desorption profile
exhibited two peaks, one at lower temperature around 100 °C and a
second at higher temperature around 350 °C. The first corresponds to
physisorbed CO, while the second is chemisorbed CO2. We have no clear
explanation for the physisorbed CO; since the adsorption was carried
out at higher temperature and physisorbed CO5 should have been
removed. It could be attributed to some residual CO, present when
cooling in Ar. The amount of total desorbed CO5 follows this increasing
order: no alkaline<Ba<Na<K. Therefore, the presence of the alkaline
favours the CO, capture and the type alkaline follow the same sequence
as when they are ordered as a function of the maximum CH4 produc-
tivity, although corresponding to different operation temperatures
(Fig. 3),i.e. K (0.48 mmol g*1 at 400 °C) <Na (0.41 mmol g’1 at 350 °C)
< Ba (0.28 mmol g~ ! at 300 °C).

The reactivity of the different materials towards hydrogenation of
adsorbed CO4 was assessed by TPSR (Fig. 6b-d). To this end, the CO, that
was previously adsorbed at 50°C is allowed to react with a Hy flowing
gas while heating up to 500 °C at a rate of 10 °C/min. Synchronously,
released CO2, CH4 and CO gases are monitored by mass spectrometry. At
the lowest temperatures, only physisorbed CO, evolves because the
methanation kinetics are too slow at low temperatures (Fig. 6b). After
reaching a certain temperature, CO, decays coinciding with the onset of
CH4 and CO, Fig. 5c and 5d, respectively. The trace of CHy4 (Fig. 6¢) is
around 10-times more intense than that of CO (Fig. 6d), in line with the
high selectivity of these materials to CHg. In the case of (3%Ru)10%Ba/
Al, no CO was peak was observed, thus this catalyst being the most se-
lective to CHy4 at low temperatures (Fig. 5) Moreover, CO peak also
evolves at lower temperatures than CH4 peak suggesting that CO is an
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intermediate for CH4 formation. In first step CO, is hydrogenated to CO
by r-WGS and later CO is hydrogenated to produce CHy. It is important
to note that TPSR experiments (Fig. 6) and cyclic test (Fig. 3) are
fundamentally different type of experiments leading to different selec-
tivities. The temperature is dynamic and static in TPSR and cyclic test,
respectively. In addition, CO, is adsorbed at room temperature and at
high temperature (>250 °C) in TPSR and cyclic test, respectively, which
leads to different COy ad-species and subsequent selectivities. However,
TPSR gives insight about the reactivity of COx species adsorbed at quasi-
room temperature and allows the comparison of CO»-alkaline adsorp-
tion strength for the different base metals.

The monometallic 3%Ru/AlyO3 catalyst exhibits a broader and
weaker CHy4 peak (Fig. 6¢ left axis) due to the much lower amount of CO,
captured than for the alkaline metal containing materials (Fig. 6 right
axis). The CH4 peak for (3%Ru)10%Ba/Al displayed the maximum at
254 °C with the onset at ~160 °C. These temperatures were ca. 100 °C
lower than those corresponding to the CH4 peaks for the materials
containing the alkaline metals (K, Na). This indicates that (3%Ru)10%
Ba/Al is more active, catalysing methanation at lower temperatures.
Consequently, the strength of the bond between the COx ad-species and
BaO is weaker and it is readily regenerated at lower temperatures than
for the alkaline-containing materials. The lowest CH4 peak temperature
in TPSR found for (3%Ru)10%Ba/Al at 254 °C could explain its stable
performance in cyclic tests at 250 °C (Fig. 4) and 300°C (Fig. 1). In
contrast, the CH4 peak temperature for K and Na containing material,
occurring at 353 °C and 338 °C, respectively, with onset at around 250 °C
agrees with the results of cyclic tests, in which these materials do not
produce any appreciable amount of CH4 at 250 °C and the cyclic

00nm
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performance degrades at 300 °C losing CO» capacity with the number of
cycles (Fig. 1).

3.3. Ex-situ characterization of the materials

The materials before reaction were characterized by XEDS-mapping
in STEM mode (Fig. 7 and Figs. S6, S7 of supplementary information). As
a representative example, Fig. 7 shows the XEDS-mapping for (3%Ru)
10%Ba/Al material. The mappings for all the materials show that both
the base metal (Ba, K, and Na) and Ru nanoparticles are distributed
throughout all the alumina surface. This guaranties the proximity be-
tween both functions, which is a requisite for the synergistic operation of
the dual functional materials. In one place, a high local concentration of
Ba is found indicating some clustering,

In the XRD diffractograms of used materials (Fig. 8), the more intense
diffraction peaks correspond to the (400) and (440) phases of y-alumina
(PDF 04-0858). The XRD pattern showed the formation of Ru nano-
particles as indicated by Ru (101) and (103) planes at 20 values of 44.0°
and 78.1° (PDF 70-0274). The presence of reduced Ru agrees with the
preparation procedure which includes a final step of reduction in Hj at
500 °C. Ru can oxidise upon re-exposition to air but RuO, with the main
diffraction peak at 28.0° (110) (PDF 431027) is not visible in the dif-
fractograms suggesting that RuO3 is amorphous or very small layer. For
(3%Ru)10%Ba/Al, the sharp diffraction peaks at 23.9° and 34 ° can be
also assigned to (111) and (211) crystal phases of barium oxides (PDF
03-0306). For (3%Ru)10%K/Al, the characteristic peak of K50 at 31.6°
(PDF 16-0820) was observed. For (3%Ru)10%Na/Al, the sharp peaks at
32 ° can be ascribed to Na;O (PDF 65-2978) [41,42].

SOOnm

SOOnm

SOOnm

Fig. 7. XEDS-mapping in STEM mode for the used (3%Ru)10%Ba/Al material.
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Figs. 8b and 8c show the Ru 3d XPS core level spectra of the as-
prepared materials (ex-situ reduced at 500 °C in Hy and passivated at
atmospheric conditions) and of DFMs after the step of reaction with CO,
respectively. The K-containing material displays also an overlapping
peak at higher binding energies which corresponds to K 2p core level.
The Ru 3ds/; peaks at 280.3 eV and 280.9 eV are generally attributed to
Ru°[43] and RuOy,[44] respectively. A peak of Ru 3ds,2 spectrum at
282.2 eV is assigned to Ru of oxidation state higher than IV* such as Ru
oxyhydroxide [45]. Above 283 eV is difficult to assign the Ru 3d peak
because they overlap with the C 1 s peak at 284.6 eV. It is important to
note that the C 1 s peak (blue line in Fig. 8b and ¢) must come from
carbonated species and it is present both in reduced and used materials.
In the ex-situ reduced samples, the presence of the peak of C 1s at
284.6 eV indicates that CO; is adsorbed from the atmosphere even at
room temperature [46]. Therefore, for the study of Ru species, we have
focused on the contributions below 283 eV. The position of the peak
corresponding to the more reduced species (red peak corresponding to
either Ru® or RuOy) along with the Ru/Al ratios are listed in Table 1.
Among the ex-situ reduced DFMs, the Ba-containing one exhibited a shift
towards more oxidised species, suggesting an electron-withdrawing ef-
fect of Ba over Ru which may also explain its enhanced performance. In
contrast, Na apparently exerts a slight electron donating effect. After
reaction with CO, (Fig. 8c), the peak of the most reduced species (Ru®
and RuOy) vanished or shifted to higher binding energies for all the
materials. This is in line with either the oxidation of Ru (oxidation state
> IV") during CO2 cycle or that the carbonated species have an
electro-withdrawing effect. Regarding the Ru/Al ratio determined by
XPS (Table S1), the absolute values must be taken with caution because
XPS probes only the outermost surface Ru species. However, some
conclusions can be derived from relative variations. Compared to the
monometallic 3%Ru/Al catalyst, the Ru/Al ratio decreases in the
reduced bimetallic catalysts which can be due to a certain Ru masking by
the alkaline metal. After formation of the carbonated species in the used
catalysts, Ru is apparently segregated to the surface, increasing the
Ru/Al ratio. The Al/O atomic ratio for the monometallic catalyst is close
to the stoichiometric of AloO3 (0.66). The ratio decreases when adding
the alkaline in the bimetallic materials, which can be explained by the
increase of oxygen content due to the alkaline oxide formation. The
Al/O decreases further after reaction with CO», possibly due to increase
of oxygen content due to the formation of the alkaline carbonated spe-
cies and the oxidation of Ru. In summary, the main conclusion of XPS
characterization is that Ru and base metals undergoes some redox
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changes during cycling between reduced species and oxidized states.
We performed a carbon balance in the las cycle for each material and
temperature (Table S2 of supplementary material). The captured CO;
was estimated by analysing the carbon content of the sample after
capture step by elemental analysis. It is apparent that the captured CO4
decreases when temperature increases. The opposite trend is observed
for the unreacted carbon suggesting that stable carbon-containing spe-
cies are retained at the lower temperatures. The cyclic testing and the
characterisation of the materials lead us to propose the following
mechanism (Fig. 9). During CO5 feeding, CO, is captured by dissociative
adsorption on Ru nanoparticles and on basic sites of Al;03 support and
by alkaline metal (step 1 of Fig. 9). Concomitantly, Ru is partially oxi-
dised and CO and HO are released to atmosphere. In the next step of Hy-
feeding, a complex multistep process occurs. First, the partially oxidised
noble metal is reduced (step 2 of Fig. 9). Subsequently, CH4 and CO
evolve via two different mechanisms (step 3 of Fig. 9). One route (yellow
arrows) is the reduction of the CO4 ad-species captured on the alkaline
metal or alumina support mediated by spill-over of Hy dissociatively
chemisorbed on the catalyst surface.[15,47] Other co-operating mech-
anism also suggested in the literature (green arrows) [16,17,31] is that
the heat generated by the exothermicity of methanation may trigger the
thermal desorption of adsorbed CO5, which is transported to Ru sites and
reduced thanks to chemisorbed -H on Ru. In the process, the structur-
e/composition of DFM undergoes some dynamic changes which lead to
the regeneration of the material for next cycle. The kinetics of reduction
and regeneration of the capture material depends mainly on the type of
alkaline metal and on the temperature. In the case of Ba containing
material, the kinetics of reduction are revealed faster by TPSR experi-
ments and the catalyst is properly regenerated even at low temperature
(Fig. 9 step 4 left). In contrast, the slower reduction kinetics for the other
alkali metals makes that the alkaline is not completely reduced/regen-
erated for next cycle at temperatures < 350 °C. Although the slower
kinetics of Na-based DFM makes that material is not properly regener-
ated at 300 °C under our reaction conditions (Figs. 1 and 3a and c),
stable cyclic performance could be obtained by increasing the metha-
nation time and Hy concentration. In fact, stable cyclic performance has
been attained during 50 cycles with similar material (5%Ru-6% Na on
Al;03)[29] at 300 °C by using 15 min and 15% Hp in the methanation
step. The optimization of Hy concentration and time will be addressed in
future works. The faster kinetics of Ba can be attributed to several factors
such as the higher reducibility of COx ad-species or promoting effects
(geometric or electronic) of the alkaline on the Ru metal catalyst.[48] To
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Fig. 9. Schematic representation of the proposed reaction mechanism.

unravel the exact reasons of the different behaviour for each metal,
studies by in-situ or operando FTIR spectroscopy[22] must be very
helpful in future research. Other matter that should be researched is to
design the catalyst to make it even more selective to CH4 avoiding the
release of CO traces.

4. Conclusions

The concept of “dual functional material” has excellent prospects for
capturing CO; from diluted feeds, like post-combustion flue gas or direct
air capture, and subsequently reduce it to CHy4. The integration of both
capture and conversion in one single reactor and using only one single
homogeneous material entails significant benefits in terms of process
intensification. Herein, the cyclic stability of dual functional materials
consisting of Ru as methanation catalyst and an alkali metal (K or Na) or
alkaline-earth metal (Ba) as CO, capture materials has been assessed.
While K and Na have been widely used in DFMs, heavy alkaline earth
metals such as Ba material have been rarely used. Each material
exhibited a different temperature window where CH4 productivity is
maximized, namely, the highest temperature for K-containing DFM (ca.
400 °C), intermediate temperature for Na-containing DFM (ca. 350 °C)
and the lowest temperature for Ba-containing DFM (<300 °C).
Regarding the cyclic stability, the performance of K and Na based ma-
terials at 300 °C degraded in the first 5 cycles down to zero CHy yield. At
temperatures of 350 °C and above, stable cyclic performance was found
when using these materials. In contrast, the performance of Ba-
containing material at 300 °C was stable keeping a high value of CH4
productivity (0.28 & 0.03 mmol g~1). Moreover, this catalyst afforded a
noticeable CH, production (0.05-0.08 mmol g~1) and cyclic stability at
a temperature as low as 250 °C and even in the presence of O5 and H50,
at which the other DFMs exhibited negligible CHy yield. To the best of
our knowledge, this is one of the lowest temperatures reported to date
for a dual functional material in the CO5 capture and methanation
process. TPSR experiments disclosed that the reason of this behaviour is
the enhanced reactivity of the COy ad-species for Ba-containing material,
which start to react at a temperature as low as 160 °C. This temperature
is more than 50°C lower than the onset temperature for the reaction of
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COx ad-species when using K and Na containing materials. The
enhanced methanation kinetics affords in turn an adequate regeneration
of the material for a subsequent CO, capture cycle, leading to a stable
cyclic performance. The selectivity to CH, is above 80% for the relevant
temperatures, being CO an intermediate in CH4 formation. The char-
acterization of the materials revealed a good distribution of both the
methanation and capture functions on the alumina support. XPS of as-
prepared DFMs revealed that Ba-containing DFM exhibited the most
electron-deficient Ru state among DFMs, which can be on the base of the
enhanced performance. This microenvironment created by each base
metal would impact on redox dynamics of the two metals and thus on
the reactivity of COx ad-species.

Supporting information
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