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1. Introduction

Feasibility of switchable dual function materials as a
flexible technology for CO, capture and utilisation
and evidence of passive direct air capturet

%xa.b

Loukia-Pantzechroula Merkouri,® Tomas Ramirez Reina and

Melis S. Duyar (2 *@

The feasibility of a Dual Function Material (DFM) with a versatile catalyst offering switchable chemical syn-
thesis from carbon dioxide (CO,) was demonstrated for the first time, showing evidence of the ability of
these DFMs to passively capture CO, directly from the air as well. These DFMs open up possibilities in
flexible chemical production from dilute sources of CO,, through a combination of CO, adsorption and
subsequent chemical transformation (methanation, reverse water gas shift or dry reforming of methane).
Combinations of Ni Ru bimetallic catalyst with Na,O, K,O or CaO adsorbent were supported on CeO,—
AlLOs3 to develop flexible DFMs. The designed multicomponent materials were shown to reversibly adsorb
CO, between the 350 and 650 °C temperature range and were easily regenerated by an inert gas purge
stream. The components of the flexible DFMs showed a high degree of interaction with each other, which
evidently enhanced their CO, capture performance ranging from 0.14 to 0.49 mol kg™*. It was shown that
captured CO, could be converted into useful products through either CO, methanation, reverse water—
gas shift (RWGS) or dry reforming of methane (DRM), which provides flexibility in terms of co-reactant
(hydrogen vs. methane) and end product (synthetic natural gas, syngas or CO) by adjusting reaction con-
ditions. The best DFM was the one containing CaO, producing 104 pmol of CH4 per kgpgm in CO, metha-
nation, 58 pmol of CO per kgpgm in RWGS and 338 pmol of CO per kgpgm in DRM.

breakthrough, or saturation, is reached. The desorption of a
concentrated CO, stream usually occurs via a pressure or temp-

Global warming is increasing at an alarming rate, as carbon
dioxide (CO,) emissions reached 33 Gt in 2021." Efforts, such
as the Paris Agreement in 2015, are continuously made in
attempt to control greenhouse gas concentrations and thus the
extent of global warming,” while there is a need to achieve net
zero CO, emissions by 2050 and have a substantial decrease in
CO, emissions after 2030.> A solution to control CO, emissions
is Carbon Capture, Utilisation and Storage (CCUS).* The
current state-of-the-art technologies in terms of CO, capture
include the widely commercialised amine absorption
systems.” ® An alternative to amine absorption is solid adsorp-
tion, e.g. metal organic frameworks MOFs, zeolites, and alkali/
alkaline oxides/carbonates. During adsorption, CO, is either
chemisorbed or physisorbed onto the adsorbent’s surface until
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erature swing process.>® The CO, utilisation step involves the
use of CO, to produce added-value chemicals and fuels and is
appealing because of the need for carbon in the chemical
industry to produce chemicals. Currently CO, is used mainly
in the production of urea (~160 Mt per year). However, CO,
being a highly stable molecule thermodynamically, catalysts
are needed for its conversion into various products.®**™

As far as the CO, catalytic upgrading routes are concerned,
the dry reforming of methane (DRM),”*™> the reverse
water-gas shift (RWGS)'®"® and the CO, methanation
reactions'®**>" have attracted substantial attention in recent
years. In DRM (eqn (1)), two of the most harmful greenhouse
gases (CO, and CH,) react to form syngas, which is a mixture
of carbon monoxide (CO) and hydrogen (H,). DRM can be
used for biogas upgrading purposes because biogas is mainly
a mixture of CO, and methane (CH,). DRM requires high
temperatures and catalysts developed for DRM are susceptible
to deactivation via coke formation.®'® In RWGS (eqn (2)),
hydrogen is used to reduce CO, to CO while producing water
as byproduct. CO is an important chemical reagent for indus-
trial chemicals synthesis such as through carbonylation reac-
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tions. Careful catalyst design is necessary, to ensure selectivity
towards CO and to overcome the competition with the CO,
methanation reaction. H,/CO ratio can be adjusted via the
RWGS reaction to increase conversion while yielding a specific
mixture of CO and H, (known as syngas) that can then be used
for downstream chemicals production via methanol synthesis
or Fischer-Tropsch synthesis.*'*'®*> CO, methanation (eqn
(3)), which is another CO, hydrogenation reaction, can be used
for the production of CHy, or synthetic natural gas. This reac-
tion attracted a lot of attention both in the 1970s, during the
oil crisis, and nowadays, because of its possible use in power
to gas schemes. As CO, methanation is favoured at lower temp-
eratures, active catalysts are needed for overcoming significant
kinetic limitations.®'®** The aforementioned reactions are
presented below.

DRM:
CO, +CH; = 2CO+2H, AHjgx = +247 kK mol™* (1)
RWGS:

CO, +H, = CO+H,0 AHpsx =441k mol™  (2)

CO, methanation:
CO, +4H, = CHj4 + 2H,0 AH293 k = —165 k] m0171 (3)

The use of Dual Function Materials (DFMs) integrates CO,
capture and utilisation to lower the energy demands, and thus
the cost of CCU processes through a process intensification
approach.>* They are designed to work in cyclic operation, i.e.
in successive CO, capture and reduction cycles based on a
spill over mechanism.>>” DFMs are able to capture the CO,
from a flue gas stream or air and then to catalyse it to produce
various chemicals based on the co-reactant used. The most
studied catalytic materials are the noble metals, like ruthe-
nium (Ru) and rhodium (Rh) due to their increased catalytic
activity in the DRM, RWGS and CO, methanation reactions.
However, their high cost can be prohibitive and efforts are
made to use cheaper, but highly active materials, such as
nickel (Ni). The most studied reaction for the DFMs appli-
cation to date is CO, methanation.?®** This reaction offers an
isothermal solution to the DFMs system because the exother-
micity of the CO, methanation can supply the required heat
for the CO, desorption and its spill-over onto the catalytic
sites.***”*> The development of DFMs in the RWGS and DRM
is still in its infancy, but several studies in RWGS**™” and
DRM***' have shown potential and are worthy of notice
because the DFMs overcome their current limitations. A com-
prehensive summary of all DFMs studied can be found in
some recent reviews.”®>"*?

In our previous study, we examined the feasibility of using
a switchable catalyst to catalyse the CO, methanation, RWGS,
and DRM reactions that offers flexibility in terms of CO, utilis-
ation in a changing energy landscape,*® while other studies
exist in literature.*>*> It was shown that a combination of
Ni and Ru onto a ceria oxide-alumina oxide support (CeO,~
AlL,O;) was able to efficiently catalyse all three reactions
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(“switching” between them) by simply changing the reaction
conditions, ie. the co-reactant and the temperature. Herein,
we present the flexible DFMs, which combine one of three
adsorbents (Na,O, K,O or CaO) with the Ni-Ru switchable
catalyst. This study is the proof of concept for switchable
DFMs. CeO, was used as a support in combination with the
widely used in DFMs Al,O; due to its excellent redox properties
and its important role in the CO, adsorption and conversion
to various products.”>***®*” The addition of Ru to Ni was
chosen due to its ease of transformation between its oxides
and metallic species which is carried out at low temperatures
and is helpful when CO, capture is performed in a realistic oxi-
dising environment. Their combination has also been effective
to enable product versatility since their strong interaction
leads to electronically rich surfaces which are active sites for
reactants activation.*>**

The switchable DFMs system integrates the benefits of
DFMs, as described earlier, with switchable catalysts. The flexi-
bility in chemical synthesis offers a solution to the changing
energy sector in the near-term future and resilience against
the fluctuation in the supply and demand of chemicals. It is
known that there is a seasonal and annual demand change;
for example, methane is currently used for residential heating
in the winter, but hydrogen is considered for use as residential
fuel in the future.*® Flexible DFMs allow versatile process
designs that can work in different modes. For instance, syn-
thetic natural gas may be produced when excess renewable
electricity exists or when more heating is needed during
winter, while by simply changing the reactor conditions,
syngas or CO may be produced to act as a building block in
the chemical industry for the production of dimethyl ether,
urea, methanol and hydrocarbons. Herein we demonstrate the
feasibility of switchable DFMs for the first time, while explor-
ing the adsorption of CO, at different temperatures and evalu-
ating the design principles needed to develop DFMs for
switchable operation.

2. Experimental

2.1. Dual function materials synthesis

The three DFMs of this study were prepared by sequential
impregnation. The adsorbents were impregnated onto the
Ce0,-Al,0; support and then, the two transition metals, Ni
and Ru, were impregnated onto the supported adsorbents, as
it was previously shown that impregnating metals on adsor-
bents resulted in better DFMs performance.” Table 1 shows
the designed materials composition and the abbreviations
used in this work.

Supported adsorbents were prepared by initially mixing the
required amounts of the CeO,-Al, O3 support (SCFa-160 Ce20
Puralox, Sasol) and NaNOj; (Fluka), KNO; (Sigma Aldrich), and
Ca(NOj3),-4H,0 (Sigma Aldrich) with deionised water. The sus-
pensions were then mixed at room temperature with a mag-
netic stirrer and the excess water was removed in a rotary evap-
orator under reduced pressure. Afterwards, they were dried

Nanoscale, 2022, 14,12620-12637 | 12621


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02688k

Open Access Article. Published on 11 august 2022. Downloaded on 09.11.2025 08.51.28.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 1 Materials composition and abbreviations
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Material Abbreviation Catalyst loading (wWt%) Adsorbent loading (wt%)
Na,0/Ce0,-Al,0; Na — 11.9 wt% Na,O
K,0/CeO,-Al,03 K — 11.9 wt% K,O
Ca0/Ce0,-Al,0; Ca — 11.9 wt% CaO
Ni-Ru/CeO,-Al,05 NiRu 15 wt% Ni, 1 wt% Ru —

Ni-Ru, Na,0/Ce0,-Al,0; NiRuNa 15 wt% Ni, 1 wt% Ru 10 wt% Na,O

Ni-Ru, K,0/Ce0,-Al,05 NiRuK 15 wt% Ni, 1 wt% Ru 10 wt% K,0O

Ni-Ru, Ca0/Ce0,-Al,0; NiRuCa 15 wt% Ni, 1 wt% Ru 10 wt% CaO

overnight at 120 °C and calcined at 400 °C for 4 hours (5 °C
min~'). The resulting supported adsorbents were the Na,O/
Ce0,-Al,05, K,0/Ce0,-Al,0;, and CaO/Ce0,-ALOs.

A similar impregnation procedure was performed when
synthesising the three DFMs. The required amounts of
Ni(NO3)2:6H,0 (Acros Organics) and Ru(NO)(NO;); solution
(1.5 w/v Ru, Alfa Aesar) were mixed with the supported adsor-
bents in order to obtain 15 wt% Ni and 1 wt% Ru. These were
mixed with excess deionised water, which was then removed in
a rotary evaporator under reduced pressure, dried overnight at
120 °C, and calcined at 500 °C for 3 hours (5 °C min™"). The
amount of adsorbent precursor used for the supported adsor-
bents was adjusted to give a final DFMs loading of 10 wt% of
the respective oxides and so the resulting supported adsor-
bents had 11.9 wt% Na,O, K,0, and CaO. Therefore, the pre-
pared DFMs were the 15 wt% Ni, 1 wt% Ru-10 wt% Na,O/
Ce0,-AL0s, the 15 wt% Ni, 1 wt% Ru-10 wt% K,0/CeO,—
AL O,, and the 15 wt% Ni, 1 wt% Ru-10 wt% CaO/Ce0,-Al,O.
In some experiments, the 15 wt% Ni, 1 wt% Ru/Ce0,-Al,0;
switchable catalyst, whose synthesis method was described
in,"® was used as a reference material so as to show the impact
of the addition of the adsorbents. In order for the supported
adsorbents to have the same heat treatment as DFMs, they
were recalcined at 500 °C for 3 hours (5 °C min™"). For the
sake of simplicity, the supported adsorbents were called Na, K,
and Ca, the DFMs, NiRuNa, NiRuK, and NiRuCa, and the
switchable catalyst NiRu.

2.2. Characterisation

The Brunauer-Emmett-Teller (BET) equation and the Barett-
Joyner-Halenda (BJH) methods were used to obtain the
specific surface area and pore volume of the materials.
Initially, degassing at 250 °C in vacuum for 4 hours took place
and then, the textural properties of the materials were deter-
mined by nitrogen adsorption-desorption measurements at
—195 °C in a Micrometrics 3Flex apparatus.

X-ray Diffraction (XRD) was performed on fresh supported
adsorbents and on fresh, reduced, and spent DFMs in a X’Pert
Powder from PANalytical apparatus. The diffraction patterns
were obtained at 30 mA and 40 kV by using Cu Ko radiation
(4 =0.154 nm). The 26° angle was increased every 450 seconds
by 0.05° in the range of 10-90°.

Scanning Electron Microscopy (SEM) was carried out on the
fresh supported adsorbents and DFMs by using a JEOL
JSM-7100F instrument, which also had an Energy Dispersive
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X-ray Spectroscope (EDS) analyser. Carbon paint was used to
fix the samples to the holder and gold coating was conducted
to eliminate the charging effects.

Transmission Electron Microscopy (TEM) was carried out
on the reduced DFMs in a Talos F200I instrument from
ThermoFisher with an electron source of 200 kV. The DFMs
were reduced ex situ at 800 °C for 1 hour at a 50 ml min~" total
flow rate of a 10% H,/N, mixture. To prepare the TEM
samples, the materials were dispersed in ethanol in an ultra-
sonic bath, dropped onto copper grids coated with lacey
carbon film and dried. Prior to sample insertion in the instru-
ment, the specimen holder with the sample was dried in a UV
furnace.

H,-Temperature Programmed Reduction (H,-TPR) was per-
formed on the fresh (after calcination) DFMs in fixed bed
quartz reactor. The data were logged by using the Quadera soft-
ware package and the H, consumption was observed in an
online mass spectrometer (Omni-Star GSD 320). A 10% H,/Ar
mixture with a total flow of 50 ml min~" was passed through
the reactor with 50 mg of sample while the temperature was
raised from room temperature to 950 °C with 10 °C min™" rate.

CH,-Temperature Programmed Surface Reaction (CH,-
TSPR) was conducted on the fresh NiRuCa sample in a fixed
bed reactor similar to H,-TPR experiments. In this experiment,
30 mg of fresh (after calcination) NiRuCa was used and the
temperature was increased from room temperature to 950 °C
(10 °C min™") with a pure CH, feed of 30 ml min™". No N, was
used in the feed in order the mass to charge ratio (m/z) of 28
to be solely attributed to CO.

CO,-Temperature Programmed Desorption (CO,-TPD) was
carried out on fresh DFMs and adsorbents in a fixed bed
quartz reactor. In the CO,-TPD experiments, 50 mg of sample
were initially reduced in situ at 800 °C for 1 hour with a 10%
H,/N, mixture and a total flow of 50 ml min™" (10 °C min™").
After cooling down to 40 °C with a N, purge, a 50 ml min™"
flow of a 10% CO,/N, mixture was used for 45 minutes to satu-
rate the samples. Subsequently, 50 ml min™" of N, was intro-
duced through the reactor to remove the weakly adsorbed CO,
for 30 minutes and, finally, the temperature was raised to
800 °C at a 10 °C min~" rate. The mass to charge ratio (m/z) of
44 corresponding to CO, was recorded using an online mass
spectrometer (Omni-Star GSD 320) during the temperature
ramp.

Thermogravimetric Analysis (TGA) was performed on the
reduced and post-reaction DFMs in an SDT650 apparatus from

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02688k

Open Access Article. Published on 11 august 2022. Downloaded on 09.11.2025 08.51.28.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

TA Instruments in order to measure the amount of carbon
depositions. A flow of 100 mL min~" of air was employed while
the temperature was raised from room temperature to 950 °C
ata 10 °C min™" rate.

2.3. Performance testing

2.3.1. Adsorption and desorption study at different temp-
eratures. An SDT650 apparatus from TA Instruments was used
so as to understand the adsorption and desorption behaviour
of the materials at different temperatures. 10-15 mg of a
reduced sample was used in each run. Firstly, the temperature
was increased from room temperature to 150 °C with 100 mL
min~" of Ar at a 10 °C min~" rate and was held at that tempera-
ture for 30 minutes in order for all the weakly adsorbed gases
to be desorbed. Next, it was raised to 350 °C, 450 °C, 550 °C,
or 650 °C with the same Ar flow and temperature rate as
before. Subsequently, the temperature was stabilised at the
desired level for 200 minutes, allowing 5 cycles to be con-
ducted, each of which consisted of 20 minutes of CO, adsorp-
tion and 20 minutes of CO, desorption. In each adsorption
step, 20 ml min~" of CO, and 100 ml min~" of Ar were used
and in each desorption step, 100 ml min~" of Ar. The test was
carried out on the reduced supported adsorbents, switchable
catalyst and DFMs. The reduction was performed ex situ at
800 °C for 1 hour at a 50 ml min~" total flow rate of a 10% H.,/
N, mixture.

2.3.2. Feasibility study of flexible DFMs. The three DFMs
were tested in a tubular fixed bed quartz reactor (0.5 in OD) at
atmospheric pressure and were supported on a quartz wool
bed. The volumetric percentages of CO,, CH,4, CO, and H, in
the outlet stream were monitored, using an ABB A02020
online gas analyser, which was placed after the water was con-
densed and separated in a chiller. In the ABB AO2020 online
gas analyser, infrared gas detectors were used for CO,, CH,
and CO and thermal conductivity for H,. A bubble meter was
used to allow the accurate measurement of the total volumetric
flow rate. Two different modes of experimental set up were
used in those feasibility experiments: the ‘reactor’ mode and
the ‘bypass’ mode. In the former, the desired gases were
passing through the reactor, whereas in the latter, they were
bypassing it, going to the condenser and then to the ABB gas
analyser or the bubble meter. A simplified process diagram is
shown in Fig. 1 below.

Each DFM was tested for methanation, RWGS and DRM
applications in that order. Initially, 250 mg of sample were
reduced in situ at 800 °C for 1 hour at a 50 ml min~" total flow
rate of a 10% H,/N, mixture (10 °C min~"). Then, the tempera-
ture was decreased to 350 °C with a N, purge stream in order
to perform a cycle of CO, capture-N, purge-CO, methanation.
The CO, capture step was performed in the ‘reactor’ mode
with a 10% CO,/N, mixture of 50 ml min~" total flow rate for
20 minutes. After the 20 minutes had elapsed, a 10 minute N,
purge step was carried out, resulting in the removal of the
weakly adsorbed CO, and ensuring no cross-mixing of CO,
and H,. This purge step was continued until a zero CO,
reading in the gas analyser was obtained so as to demonstrate

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Simplified process flow diagram for experimental set up.

that the produced gases were formed from the captured CO,.
Subsequently, in the ‘bypass’ mode, a mixture containing 10%
of H, in N, was introduced through the system until its
reading in the analyser was stabilised and then the stream was
switched to pass through the reactor. This constituted the reac-
tion step which was performed for 20 minutes. Once the CO,
capture-N, purge-CO, methanation cycle was carried out at
350 °C, the temperature was increased to 650 °C at a 10 °C
min~" rate. A cycle of CO, capture-N, purge-RWGS and a cycle
of CO, capture-N, purge-DRM followed as described above, but
in the case of DRM, CH, instead of H, was used as co-reactant.
A N, purge step was also used following the CO, methanation
reaction and prior to the heating-up step for 10 minutes, as
well as after the RWGS reaction and before the CO, capture
step in order to obtain zero readings in the gas analyser.

It is worth noting that the N, flow remained the same
throughout the experiment as in all the CO, capture and reac-
tion steps, making up 90% of the feed mixture in every case.
The exact flow rate of N, (i.e. 45 mL min™") was measured at
the beginning of the experiment so that it could be used as
internal standard. This meant that when the total flow rates in
CO, capture and reaction steps were measured with the bubble
meter, the exact flow rates of CO, and co-reactant, either H, or
CH,, were calculated by subtracting the known N, flow rate
from the corresponding total flow rate. Moreover, all the total
volumetric flow rate measurements and the stabilisation of the
gases percentage were performed in the ‘bypass’ mode to
make sure that the DFMs were exposed to the desired gases
only during the CO, capture, N, purge, and reaction steps.

In addition, the percentages of CO,, CH,, CO, and H, in the
outlet stream shown in the gas analyser were recorded every 5
seconds throughout the experiment and it was assumed that
the remaining volume percentage in the mixture was N,.
Hence, the volumetric flow rates of all gases were calculated
according to the following formula, where the brackets rep-
resent the volumetric percentage of each gas, i.e. CO,, CHy,
CO, and H,, the F the flow rate (mL min~"), and the subscript
‘1’ the respective gas. The amount of products (in mL) was cal-
culated based on the area under the curve at a flow rate (mL
min~") vs. time (min) graph.

Fi:7><FN2- (4)
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3. Results and discussion

3.1. Performance testing

3.1.1. Adsorption and desorption studies in TGA.
Switchable DFMs need to be able to operate in the 350-650 °C
temperature range to be able to perform all of the RWGS,
methanation and DRM reactions, which makes it essential to
promote adsorption of CO, in this temperature range. CO,
adsorption is an exothermic process and it is favoured at lower
temperatures, which can make a lot of different (low and inter-
mediate temperature) adsorbents suitable for DFMs perform-
ing only CO, methanation, a reaction that is thermo-
dynamically favoured at lower temperatures.”® To evaluate
cyclic CO, adsorption capacity of adsorbent and DFMs devel-
oped in this work, 5 cycles of CO, adsorption and desorption
were performed at different temperatures. The results pertain-
ing to the CO, adsorption and desorption performance of the
DFMs are presented in Fig. 2 and S1, those of the supported
adsorbents in Fig. 3 and S2,T and the results from the refer-
ence NiRu catalyst are shown in Fig. S4.f Table 2 summarises
the adsorption capacities of the DFMs at different tempera-
tures based on their first cycle, while it includes CO, adsorp-
tion capacity information of similar DFM materials found in
literature that show comparable results.

Fig. 1 shows that the DFMs designed in this study were able
to reversibly adsorb CO, in the temperature range of
350-650 °C, making them suitable for the flexible DFMs scen-
ario. They all displayed relatively high adsorption capacities
without the requirement of high regeneration temperatures as
the desorption was carried out by an inert gas purge.
Concerning the NiRuNa sample, a drop in the adsorption
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capacity was demonstrated with rising temperature, except
when the temperature reached 650 °C. A similar trend was also
observed in the NiRuCa sample. A pattern was not easily
detected in the NiRuK sample, but it was noted that it had the
best performance at intermediate temperatures, in accordance
with the CO,-TPD results presented later. As a general
outcome of this study, NiRuNa seemed to perform best at low
temperatures, NiRuK at intermediate temperatures, and
NiRuCa at high temperatures, in agreement with other
findings*>*® and following the logics of Pearson’s hard/soft
acid-base interactions. Nevertheless, these results indicated
that it would be possible to use all of these materials as flex-
ible DFMs at this temperature range. Indeed, the fact that the
working adsorption capacity at 650 °C was even better than
that of the DFMs at 350 °C was unexpected. However, it can be
explained by a change in mechanism of CO, capture or a
kinetic limitation, which had been overcome at 650 °C, as
steeper slopes at higher temperatures are observed in Fig. S1.t

As can be seen in Fig. 1, a substantial amount of CO, was
adsorbed during the first cycle for all DFMs, which was not the
case in the supported adsorbents or the switchable catalyst.
Especially at 350 °C, the adsorption capacity of the DFMs was
higher than the supported adsorbents and the -catalyst
together, indicative of a synergy between those materials took
place, which enhanced the CO, adsorption capacity. In other
words, CO, was not adsorbed only onto the adsorbents and
the catalysts, a fact that has already been established in
literature.’™>* Consequently, these results indicate that when
adsorbents and catalysts are in close proximity, they benefit
from each other, especially at high temperatures that the
is kinetically activated. In fact,

mechanism previous
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Table 2 Summary of adsorption capacities of DFMs at different temp-
eratures and comparison of similar DFMs from literature

Adsorption

Adsorption  capacity

temperature  (mmol
DFM (°C) 2oem ) Ref.
15% Ni-1%Ru, 10% Na,O/ 350 0.49 This work
Ce0,-Al,0, 450 0.32

550 0.14

650 0.16
15% Ni-1% Ru, 10% K,0/ 350 0.29 This work
Ce0,-Al,0;, 450 0.17

550 0.15

650 0.18
15% Ni-1% Ru, 10% CaO/ 350 0.39 This work
Ce0,-Al,0;, 450 0.17

550 0.20

650 0.26
1% Ru-10% Ni, 10% 350 0.27 56
Na,CO;/Al, 0,4 550 0.18
1% Ce-10% Ni, 10% 350 0.16 56
Na,CO5/AL,0; 550 0.18
1% Ru-10% Ni, 6.1% 320 0.52 25
“Na,0”/Al,0;
10% Ni, 6.1% “Na,0”/Al,0; 320 0.40 25
5% Ru, 10% CaO/Al,O; 320 0.60 24
5% Ru, 10% Na,CO,/ALO; 320 0.55 27
5% Ru, 6.1% “Na,0”/CeO, 320 0.37 57
5% Ru, 7.01% “K,0”/Al,0; 320 0.49 57

studies®>> demonstrated that both Ni and Ru were adsorbing
CO, when combined in a DFM, which meant that spill over
and methanation took place over onto both Ni and Ru sites.
The findings showcase the importance of having one material
performing both the CO, adsorption and reduction, rather
than two different materials being mixed together. There can
also be a role of CeO, in CO, adsorption because CeO, is
known to promote CO, adsorption. After all, ceria is well
known for its excellent redox properties®>*®>*>* and further
mechanistic studies need to be done in the future.
Nevertheless, it was believed that a small quantity of CO, was
used to oxidise the reduced ceria species and form CO.

Fig. S1-S3t show the amount of CO, adsorbed per mg of
sample during those five cycles at different temperatures. All
the materials demonstrated that the adsorption was performed
in two steps. An initial fast adsorption of CO, took place,

This journal is © The Royal Society of Chemistry 2022

accounting for the substantial weight gain at the beginning of
each capture cycle. The second step was a slower one, evident
from the change in slope. In addition, it was observed that the
supported adsorbents were able to reach equilibrium and
reversibly adsorb CO, onto the adsorbents’ sites, meaning that
they had managed to adsorb and desorb the same CO,
amounts, which was not the case with the DFMs. An interest-
ing observation was that there were different slopes for the
“slow CO, adsorption step” in all DFMs when comparing the
uptake behaviour at 650 °C to that at 350 °C, pointing to a
kinetically limited capture mechanism that becomes favour-
able at higher temperatures. The different CO, adsorption
mechanism at 350 °C and 650 °C could not be fully attributed
to the former being weak chemisorption and the latter Ca, Na,
K carbonate formation, because our TGA results shown in
Fig. S21 demonstrated that the supported adsorbents reversi-
bly adsorbed CO, at these temperatures. Hence, the formation
of stable Ca, Na, K carbonates was not the main mechanism at
this high temperature. Additionally, based on the CO,-TPD
results shown below, these DFMs had a negligible amount of
strong basic sites that could have favoured the carbonate for-
mation. Therefore, it was found that the change in slope was
not attributed to the adsorbents, but to the Ni-Ru species, as
can be seen by comparing Fig. S1-S31 at 650 °C. This result
also showcased that the catalytic component of the DFMs con-
tributed to the CO, adsorption too, since various carbonate
species have been reported for Ni-Ce catalysts in literature,*
and highlighted the importance of a synergy between these
two components. Nevertheless, a DRIFTS study is under way to
identify the species responsible for this behaviour and for clar-
ifying the differences in adsorption mechanisms.

3.1.2. Feasibility study of flexible DFMs. All DFMs were
tested to evaluate their feasibility for use in a switchable oper-
ation scenario, by performing CO, capture and methanation
first, followed by CO, capture and RWGS, then CO, capture
and DRM. While this is not necessarily how these materials
would operate (they might be used for DRM until a larger
supply of green hydrogen becomes available, for instance), this
testing methodology was chosen to facilitate comparison to
our previous studies on switchable catalysts.**™*> It is worth
mentioning that the high reduction temperature was chosen
due to RWGS and DRM being performed at high temperatures
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and due to our previous work on switchable catalysts.*’
However, a reduction optimisation study should be performed
in the future by considering the structure-activity relationships
in order to further improve the DFMs economics. The percen-
tage of CO, in the mixture was 10% so as to simulate as far as
possible the CO, content in post combustion or cement pro-
duction effluent gas streams.”® Fig. 4 shows the amount of
CO, desorbed and the product formation (CH4, CO or H,) in
each reaction for the three DFMs and Fig. S4, S5 and S61 show
the volumetric flow rates of all gases vs. time plots of NiRuNa,
NiRuK, and NiRuCa, respectively.

Fig. 4 reveals the feasibility of switchable DFMs, where
100% selectivity in conversion of captured CO, to either
methane or CO is obtained for all 3 cases (methanation,
RWGS and DRM) and for all DFMs investigated herein. In all
cases, the CO, was captured at the desired temperature and
was subsequently converted into CH,, CO, and syngas,
depending on the temperature and the co-reactant used. It was
demonstrated that the formation of by-products via side reac-
tions was prevented except for the DRM scenario where DFMs
were shown to also catalyse methane cracking once captured
CO, was consumed. In this case, a surplus of H, was obtained
which could be useful depending on the envisaged appli-
cation. A small amount of CO, was desorbed during all reac-
tions. However, it appeared that this was not temperature
dependent because it was found that approximately the same
amount of CO, was desorbed in all three reactions. This is
interpreted as an indication that some fraction of adsorption
sites was not in sufficient proximity with the catalytic sites,
and so the adsorbed CO, ended up being desorbed. Therefore,
there is room for improvement both in material design by fine-
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tuning the DFMs nanostructure and in reaction engineering by
adding another catalyst bed to convert the residual CO, or
improving mass transfer by reactor design, for instance, by
using microchannel reactors or micro-monoliths.”®*® No CO,
was detected during the heating ramp between methanation
and RWGS, demonstrating that the entire amount of CO,
adsorbed had either been converted into CH, or was desorbed.

It was observed that all DFMs were more active in the DRM
reaction compared to RWGS. NiRuK was the best performing
DFM in the CO, methanation followed by NiRuCa and
NiRuNa. In both RWGS and DRM, NiRuCa was the best DFM
and after that, it was NiRuK and NiRuNa. It was concluded
that the performance of the DFMs strongly depended on the
materials basicity and their CO, desorption ability at the
selected temperature, as observed in the CO,-TPD profiles later
on. Additionally, it was shown that the proximity of the adsorp-
tion and catalytic sites was a more vital parameter compared
to the adsorption capacity. This was evident in the case of
NiRuNa, which had the highest CO, capacity at 350 °C, yet had
the worst performance in the CO, methanation reaction, indi-
cating an unsatisfactory interaction between the Na and Ni-Ru
species. In terms of overall performance, DFMs can be ranked
in the order NiRuCa > NiRuK > NiRuNa.

In terms of product signals, as observed in Fig. S4-S6,T an
initial spike in the products was detected, demonstrating a fast
reaction between the captured CO, and the excess co-reactant
(H, or CH,), followed by a slower decrease in their signals.
Additionally, it was observed that the reactions took place in
the first 10 minutes, allowing space for further optimisation of
the process by minimising the reaction time. It is worth
noting, however, that in order for two reactors to run in paral-
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lel in the DFM technology, the CO, capture and reduction
steps need to have the same duration and if this is not the
case, alternative configurations are required. Typically, in
adsorption systems, regeneration is the slow step that necessi-
tates boosting via temperature or pressure swing. Therefore,
the fast reaction (which is also regeneration) time observed in
DFMs is a major advantage for designing industrially appli-
cable systems.

An interesting finding was that of the CO formation during
the capture steps, an indication that CO, may have been
reduced by Ce®, or even by Ni and Ru species, leading to CO
formation and Ce"". These species were re-reduced when H,
was either flowing or being generated in the subsequent
steps.>>*! This would in turn mean that the materials were
able to sequentially be oxidised and reduced throughout the
duration of the experiment without any structure alteration, as
shown by the post-characterisation of the spent materials.
Another explanation for the CO formation during the capture
step would have been the occurrence of the reverse Boudouard
reaction between the CO, and some carbon species, resulting
in CO production. The occurrence of RWGS between the avail-
able CO, and the chemisorbed H, could not be excluded too,
as only a small amount of CO was formed during the CO,
capture step at 350 °C, which was not the case at 650 °C. In
addition to the CO formation, there was an amount of H, pro-
duced during the capture step. This might have happened
because of H, being chemisorbed in a previous step, and thus
being displaced by CO,. Alternatively, H, might have been pro-
duced from the oxidation of Ce®* species with some leftover
H,O species coming from previous reactions including the
initial DFMs reduction, CO, methanation and RWGS. Due to
the increased complexity of these materials, further mechanis-
tic studies are required to verify exact mechanisms and based
on their results, optimisation and redesign of such experi-
ments can take place in the future. In particular, it is necessary
to test DFMs also under real flue gas and active direct air
capture conditions to assess their performance for a range of
realistic applications. In this study, we show that the DFMs
passively capture CO, from the ambient air and are able to
convert it into CH, or syngas via CO, methanation and DRM
respectively, which is a strong indication that they can tolerate
oxygen and some moisture.

By observing the CO and H, profiles of the NiRuNa during
RWGS, an unexpected result emerged. It appeared that even
when no CO and H, were produced during that reaction, the
H, signal decreased and no CH, was formed. However, during
the subsequent CO, capture step, these gases were indeed
detected. Therefore, it was assumed that there had not been
enough heat produced during that step so as to release the
products of the endothermic RWGS. Once a small amount of
heat was produced during the next exothermic adsorption
step, these gases were able to be released, and thus detected
by the gas analyser. As a result, the DFM’s sites were once
again free to adsorb CO, during the capture step.

During DRM, the DFMs were able to initially convert the
captured CO, into syngas, as illustrated by the CO and H,

This journal is © The Royal Society of Chemistry 2022
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signals. However, methane cracking was observed for all
DFMs as a significant amount of CH, was used and H, was
produced. This was anticipated because the captured CO,
had initially been converted into syngas and, as time went
by and its availability was limiting, the CH, was decomposed
into carbon and H,. This phenomenon had already been
reported during the post-breakthrough stage.>® As a result,
the H,/CO ratio was higher than its stoichiometric value of 1
and a H, rich syngas was produced, which could be useful
in CO, applications that require a higher H,/CO ratio. A
good strategy for limiting the carbon formation would have
been to decrease the DRM duration, as it had taken place
predominantly in the first 5 to 10 minutes, because allowing
this step to occur for longer would serve no purpose. In a
realistic scenario, the stoichiometric amount of CH, would
have been added to the system based on the CO, uptake to
control the ratio of CO, and CH,. In general, as CH, crack-
ing was observed after DRM reaction (Fig. S4-S67), pulsing a
controllable amount of CH, to minimise the extent of crack-
ing and coke formation would have been the way forward
from an engineering perspective. Nevertheless, previous
reports®®*® demonstrated that the carbon formed during the
DRM reaction was able to be regenerated during the sub-
sequent CO, capture step via the endothermic reverse
Boudouard reaction. The occurrence of the reverse
Boudouard reaction would have been expected for these
materials too if a CO, capture step had occurred after the
DRM step.

Table 3 shows a comparative analysis of these switchable
DFMs with similar materials in literature.”® It can be observed
that the designed DFMs of this work have similar performance
to the ones in literature who were prepared by the same syn-
thesis method, impregnation. Hence, studies that directly
compare the various DFMs synthesis methods should be
carried out, with an emphasis on understanding the structure-
activity relationships. It is worth mentioning that in this work,
a longer N, purge step had been carried out in between the
CO, capture and reaction steps compared to other studies,
which definitely had decreased the product formation.
However, this took place just to confirm the spill over mecha-
nism of DFMs and their ability to convert the adsorbed CO,
into various products. So, this is not how the DFM technology
would necessarily work in industry, although a N, purge step
would potentially be needed when O,-containing CO, capture
feed would be used to avoid the mixing of O, and H,. Besides
fine-tuning the synthesis method of DFMs, reaction engineer-
ing optimisation, design and technoeconomic assessment are
also necessary to scale up DFMs.

3.2. Characterisation

3.2.1 Reducibility profiles H,-TPR and evidence of passive
direct air capture. The reduction properties and interaction
between the species of the supported adsorbents and the
DFMs were observed in the H,-TPR studies. Fig. S71 shows
the H, signals of the DFMs and Fig. 5 the CH,, H,O, CO
and CO, signals (m/z = 15, 18, 28, 44) recorded during the
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Table 3 Summary of DFMs performance data and comparison of similar DFMs from literature

DFM Reaction temperature (°C) Product formation (pmol gppy ') Ref.
15% Ni-1%Ru, 10% Na,0/Ce0,-Al,05 350 Meth. CH,: 87 This work
650 RWGS CO: 2
650 DRM CO: 153
DRM H,: 25774
15% Ni-1% Ru, 10% K,0/Ce0,-Al,0, 350 Meth. CH,: 153 This work
650 RWGS CO: 13
650 DRM CO: 239
DRM H,: 22 512
15% Ni-1% Ru, 10% Ca0/Ce0,-Al, 0, 350 Meth. CH,: 104 This work
650 RWGS CO: 58
650 DRM CO: 338
DRM H,: 32 639
1% Ru-10% Ni, 10% Na,CO; /AL, O, 350 Meth. CH,: 266 56
550 Meth. CH,: 145
1% Ce-10% Ni, 10% Na,CO; /AL, O, 350 Meth. CH,: 172 56
550 Meth. CH,4: 125
1% Ru-10% Ni, 6.1% “Na,0”/Al,0 320 Meth. CH,: 280 25
5% Ru, 10% CaO/Al,O 320 Meth. CH,: 500 24
5% Ru, 10% Na,CO; /Al,03 320 Meth. CH,4: 1050 27
5% Ru, 6.1% “Na,0”/CeO, 320 Meth. CH,: 320 57
5% Ru, 7.01% “K,0”/ALO, 320 Meth. CH,: 467 57
Ni/CaO 500 Meth. CH,: 13 500 41
700 RWGS CO: 400
700 DRM CO: 20200
DRM H,: 131700
Ca,Niy1Cep 033 650 RWGS CO: 7300 35
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Fig. 5 H,-TPR study for NiRuNa, NiRuK, NiRuCa and NiRu: (A) H,O, (B) CH,4, (C) CO, and (D) CO signals.

H,-TPR experiments. In Fig. 5, NiRu switchable catalyst, A striking finding was the detection of CO and CH, in the
which we developed previously,” was used as a reference DFMs compared to the NiRu catalyst, as seen in Fig. 5B and D.
material. By looking at the CO,, H,O, and H, signals, besides the CH,, it
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can be seen that after their synthesis, all DFMs synthesised in
this work were able to adsorb CO, directly and passively from
the atmospheric air and convert it into CH, via the CO, metha-
nation reaction. CO formation was also observed on NiRuK
and NiRuNa. Therefore, Ni and Ru, which were already
reduced by these temperatures (i.e. 440 °C for NiRuNa, 455 °C
for NiRuK, and 520 °C for NiRuCa) were used to produce CH,
and H,O from the atmospheric CO, captured on adsorbent
sites using the H, feed during the H,-TPR study. Desorption of
CO, and generation of other products of CO, reduction were
also detected mainly at low temperatures, in agreement with
the CO,-TPD results and the different types of basic sites, as
presented later. Consequently, the main peak of the DFMs in
the H,O signal profiles corresponded to the H,O from the
methanation reaction, holding promise for using DFMs for
flexible chemicals synthesis from CO, in the air.

As seen in Fig. S7,1 which presented similar peaks to the
H,O signal, the NiRuNa and NiRuK samples had a similar
pattern since three distinct peaks were observed. The NiRuCa
sample showed a broader reduction pattern up to 350 °C, but
two peaks were seen over that temperature. By observing the
H,O signals of the three DFMs in Fig. 5A, it can be seen that
the first peak at 200 °C corresponded to the reduction of Ru**
to metallic Ru. These were located at a higher temperature
compared to the reference material, indicating a better inter-
action of the Ru species with the other species.®® Moreover, a
broad reduction zone located at 440 °C for the NiRuNa,
another at 455 °C for the NiRuK, and another one at 520 °C for
the NiRuCa were detected. In all those reduction events, a
shoulder at the lower temperature range was displayed, attribu-
ted to the medium-sized NiO, species interacting with the
CeO, particles.®"** The slow decrease of the signal over 800 °C
corresponded to the reduction of a small amount of bulk CeO,
species,® confirming the reduced XRD profiles, which showed
that surface CeO, species were the main CeO, species in the
samples.

3.2.2. Basicity profiles CO,-TPD. The CO,-TPD was used to
assess the basicity of the supported adsorbents and DFMs. In
a CO,-TPD profile (Fig. 6), different types of basic sites are
observed, which can be categorised into weak, medium, and
strong ones. Weak basic sites are characterised by CO, desorp-
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tion up to 250 °C, while medium basic sites are characterised
by CO, desorption between 250 °C and 700 °C. Finally, the
strong basic sites result in stable adsorption of CO, and are
characterised by desorption temperatures exceeding
700 °C.°>** The strength of basic sites is an important descrip-
tor for designing switchable DFMs because it provides insight
into available reactant species at different temperature ranges
that can be used for CO, methanation, RWGS and DRM. In
other words, weak basic sites can be beneficial for CO, metha-
nation, while medium basic sites for RWGS and DRM.

Fig. 6 demonstrates the CO,-TPD results of DFMs and sup-
ported adsorbents, while Fig. S8t shows the corresponding
results of the reference Ni-Ru switchable catalyst. All the
materials displayed mainly weak and medium basic sites. By
comparing the DFMs with the NiRu catalyst, it was noted that
the addition of the adsorbents contributed to the formation of
medium basic sites. Therefore, it was shown that the adsor-
bents were in a dispersed form rather than bulk species,
meaning that the DFMs would behave like intermediate-temp-
erature adsorbents and reversibly adsorb CO, at intermediate
temperatures in agreement with literature.®> Although the
CO,-TPD profiles of the DFMs had been mainly influenced by
the supported adsorbents, by comparing the DFMs and sup-
ported adsorbents profiles, it was observed that the addition
of Ni and Ru to the supported adsorbents suppressed the
medium basic sites. This meant that, to some extent, Ni and
Ru covered a small amount of adsorption sites during impreg-
nation.>® Although NiRuK displayed a higher intensity signal
for medium basic sites (300-700 °C) than NiRuNa, the CO,-
TPD profiles of these materials were similar to each other. As
regards the NiRuCa sample, a different profile was observed
with a smaller amount of weak basic sites and more medium-
strong ones, in agreement with its CO, signal profile in the H,-
TPR study as well as the TGA study at high temperatures.

3.2.3. CH,-TPSR and evidence of passive direct air capture.
Furthermore, a CH,-TPSR experiment was carried out on the
best performing DFM, NiRuCa. Its aim was to observe the
fresh DFM performance in a CH, environment, similar to the
H,-TPR experiment, and identify opportunities for a potential
temperature reduction of the high-temperature reactions. This
would ultimately be translated into lower energy requirement,

< A) —— NiRuNa|
b —— NiRuK
N —— NiRuCa|
£
3
S
©
c
R
7]
[/}
(%]
«©
£
~
(]
T |

B) ——Na

=44

CO, mass signal (a.u.) m/z

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 6 CO,-TPD profiles of the (A) DFMs and (B) supported adsorbents.
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and (E) H; signals.

minimising the operating costs in a potential scale-up of the
switchable DFMs.

Fig. 7 shows the CH,-TPSR results. Overall, it was demon-
strated that the DFM’s oxidation (since the sample used was
after calcination) did not shut down its activity for DRM which
was remarkable. In agreement with the H,-TPR results, atmos-
pheric CO, was adsorbed onto the DFM and was gradually
released until a peak at 400 °C was observed. A peak at higher
temperature analogous to the H,-TPR and CO,-TPD results was
not identified, meaning that CO, was fully consumed during
low temperature reaction. A CO peak was also seen at this
temperature (400 °C). Additionally, CH, cracking took place
starting at 350-400 °C and peaked at 635 °C, as observed from
the H, and CH, signals. Therefore, it was shown that in a CH,-
rich environment and in the temperature range of 400-600 °C,
CH, cracking supplied the H, needed for the reduction of Ni
and Ru which was feasible at these temperatures. Thus, DRM
was able to take place because of the available CH, and atmos-
pheric CO,. However, after the consumption of CO,, excessive
CH, cracking took place, which was expected based on our iso-
thermal experiment results shown in section 3.1.2. It is worth
mentioning that RWGS and reverse Boudouard reactions could
also be responsible for some CO formation as well.

Based on these results, it was confirmed that a DRM temp-
erature reduction to 400 °C could be feasible. It may also be
possible to lower the temperature of DRM using other driving
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forces for reaction.®®®” It should be kept in mind that the
DFMs operate under dynamic conditions, meaning that a devi-
ation from the well-known steady state conditions is possible.
A significant RWGS temperature reduction would require a
catalyst that is not active for the methanation reaction, thus
being beyond the aim of the present study which focuses on
switchable performance with 100% selectivity depending on
reaction conditions. As CO, methanation and RWGS have the
same reactants, the reaction parameter changed to achieve a
different product formation is temperature. So, if the RWGS
temperature is significantly reduced, then 100% CO selectivity
may not be achieved. The initial temperature of RWGS and
DRM, ie. 650 °C was considered useful for this validation
study since higher temperatures are more representative of the
current industrial reformers that operate close to equilibrium
conversions at 900-1000 °C.®® However, investigating the DFM
behaviour at a temperature higher than 650 °C was considered
to be unnecessary, because the DFMs had 100% selectivity in
these reactions. In fact, it would have had a negative effect due
to reduced CO, adsorption and sintering, let alone the
increase of operating costs in a potential scale up.

3.2.4. Textural properties. The textural properties of the
supported adsorbents and DFMs and the N, adsorption-de-
sorption isotherms of these materials are presented in Fig. 8.
There appear to be no substantial differences between the BET
surface areas, pore volumes and pore diameters when compar-
ing adsorbents and DFMs. As regards to the isotherms gener-
ated, they corresponded to the type IV isotherms with a charac-
teristic H1 hysteresis loop, according to IUPAC classification.
This type of isotherm is linked to well-developed cylindrical
mesoporous materials and the high steepness was indicative
of the mesopores being homogeneously distributed through-

out the structure of the samples,®*’° as observed in SEM and
TEM as well.
3.2.5. Crystalline structure. Fig. 9 shows the crystalline

phases of the fresh materials. All the supported adsorbents
and DFMs had the characteristic peaks of y-Al,O; and CeO,
phases (JCPDS 00-004-0880 and JCPDS 03-065-5923, respect-
ively). CaO, K,O and Na,O peaks were not observed, indicating
that these species were likely present as amorphous and/or
highly dispersed phases.””’? In the fresh Na, K, and NiRuNa
samples, some residual nitrates peaks were observed, which
eventually disappeared upon reduction, as seen in Fig. 10. In
the fresh DFM XRD patterns, the peaks located at 26° = 37.2°,
43.3°, 62.9°, and 75.4° (JCPDS 00-047-1049) were ascribed to
NiO. The existence of nickel aluminate (NiAl,O,4) spinels was
discarded due to the low calcination temperature used.’®
Peaks of RuO, were also observed in the fresh samples (JCPDS
01-070-2662). No evidence of a Ni-Ru alloy was detected in the
fresh DFMs.

Upon reduction at 800 °C, as observed in Fig. 10, the CeO,
peaks either disappeared or were significantly lower in inten-
sity. As a result, it was concluded that surface CeO, species
were mainly present in the samples, which was in agreement
with the H,-TPR results presented previously for Ce-Al sup-
ported catalysts.”> No ceria aluminate (CeAlO;) species were

This journal is © The Royal Society of Chemistry 2022
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Sample Sger (m%g) | Veore (cm*/g) | Dpore (nm)

Na 109 0.29 10.5

K 136 0.36 10.4

Ca 170 0.39 8.7

NiRuNa 0.41 9.4

NiRuK 170 0.40 8.9

NiRuCa 194 6.9
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Fig. 9 XRD patterns of the fresh (A) supported adsorbents and (B) DFMs.

seen, which is consistent with the use of a reduction tempera-
ture of 800 °C.°° Metallic Ni peaks were also detected in the
reduced DFM XRD patterns (JCPDS 01-070-1849). In contrast,
metallic Ru peaks were not observed, which led us to believe
that Ru was well dispersed and/or a Ni-Ru alloy was formed;
however, due to the low Ru weight content (1 wt%) compared
to Ni (15 wt%), no shift of Ni peaks could be discerned in the
XRD patterns.*”*

3.2.6. Morphological structure. The morphological struc-
ture of the fresh supported adsorbents and the DFMs was
observed in SEM. Fig. S9-S141 showed that after calcination,

This journal is © The Royal Society of Chemistry 2022

the materials presented porous structure, which was in accord-
ance with the BET results. The EDX mappings of the DFMs are
shown in Fig. 11-13 and of the supported adsorbents in
Fig. S15-S17.1 The EDX mapping indicated that the materials
were successfully impregnated as dispersed and homogenous
materials were created. The high dispersion, porosity, and
homogeneity of the DFMs were significant parameters that
contributed to their impressive performance, as described
earlier, due to the need to have a plethora of adsorption and
catalytic sites in close proximity in order for them to work
efficiently.>*””
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Fig. 10 XRD patterns of reduced DFMs.

Additionally, TEM images of the three reduced DFMs are
presented in Fig. 14. These images revealed the nanostructure
of these materials with Ni and Ru having a particle diameter
of less than 10 nm overall. In general, a good dispersion of
their active catalytic phases was achieved in accordance with
their EDX profiles.

View Article Online
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3.3. Post reaction characterisation

As shown in Fig. S4-S6,7 CH, cracking took place in the feasi-
bility study of the switchable DFMs that resulted in the for-
mation of coke, and hence XRD and TGA were carried out on
the spent catalysts to characterise and quantify the carbon
species.

Fig. 15 shows the XRD patterns of the postreaction
NiRuNa, NiRuK, and NiRuCa samples. The patterns were
similar to their reduced ones presented in Fig. 10, displaying
the characteristic peaks of Ni, CeO,, and Al,O;. No carbon
peak was observed in the spent NiRuNa and NiRuK XRD pro-
files, meaning that the type of carbon formed was soft with a
poorer degree of crystallinity. However, this was not the case
with the NiRuCa, as a carbon peak at 26° = 26 was observed,
signifying the formation of a harder carbon potentially requir-
ing higher regeneration temperatures. A slight shift of the Ni
peak to lower angles appeared on the NiRuNa and NiRuCa
samples indicating the formation of a NiRu alloy, which was
not the case with their reduced materials.?' Hence, it was con-
cluded that a NiRu alloy was formed during reduction even
though it was not evident from their XRD patterns. Such alloy
plays a key role in the catalytic conversion process.

Thermogravimetric analysis during temperature pro-
grammed oxidation (TPO) was also used to quantify the
carbon formed on post-reaction DFMs after the feasibility

Fig. 11 SEM and EDX mapping of NiRuNa.

Fig. 12 SEM and EDX mapping of NiRuK.
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Fig. 13 SEM and EDX mapping of NiRuCa.

Fig. 14 TEM images of (A) NiRuNa, (B) NiRuK and (C) NiRuCa.
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Fig. 15 XRD for post reaction NiRuNa, NiRuK and NiRuCa.

testing, especially expected from the performance during the
DRM step. In order to accurately measure the amount of
carbon, ex situ reduced DFMs were also tested under the same
conditions. Therefore, the weight loss due to the atmospheric
CO, and moisture adsorption and material degradation, as
well as the weight gain due to the oxidation of the materials,
were also taken into account. The results are presented in

This journal is © The Royal Society of Chemistry 2022
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Fig. 16. In all the samples, an initial weight loss took place up
to 200-300 °C because of the weakly adsorbed atmospheric
CO, and moisture. A higher weight loss was seen in the
reduced materials because they were able to absorb a higher
amount of atmospheric impurities. Moreover, a weight gain
was observed at the 300-400 °C temperature range, which was
associated with the oxidation of the remaining Ni and Ru par-
ticles. At temperatures higher than 400 °C, a significant weight
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loss was detected, showing the carbon oxidation. The coke oxi-
dation was completed by 500 °C for the NiRuNa and NiRuK
samples, while a higher temperature was needed for the
NiRuCa sample, confirming the existence of softer carbon
species in the former samples and of harder ones in the latter.
The formation of soft carbon was an intriguing result as it will
likely allow an easier regeneration process in the future.
Overall, the amount of carbon formed during the DRM reac-
tion was 0.083 gc/gsample for NiRuNa, 0.072 gc/gsample fOr
NiRuK and 0.075 gc/gsample for NiRuCa, showing a similar
extent of CH, cracking for the three DFMs.

4. Conclusions

In this work, a series of advanced universal materials for the
integrated CO, capture and conversion were designed. The
combination of an adsorbent and a switchable catalyst led to
the development of switchable DFMs that were shown for the
first time to be able to capture CO, at various temperatures
and, depending on the reaction conditions, to convert it into
different added-value chemicals through the CO, methanation,
RWGS, and DRM catalytic upgrading routes. This proof of
concept is a milestone in the development of carbon negative
technologies to combat the increased CO, emissions and the
resulting global warming. Switchable DFMs can be adapted to
the current infrastructure as a CCU unit, while offering a solu-
tion to the highly variable energy sector.

The designed DFMs of this work were highly dispersed and
nanostructured porous materials and their species, located in
close proximity, showed a high degree of interaction with each
other. The H,-TPR experiments demonstrated that these
materials were able to passively adsorb atmospheric CO,
through direct air capture and to convert it into synthetic
natural gas. The CO, adsorption-desorption studies of the
selected DFMs surprisingly proved that they were able to rever-
sibly adsorb CO, at different temperatures, making them ideal
for a flexible DFM scenario. A synergy between the species also
took place, contributing to their increased adsorption
capacities. Overall, the CO, adsorption capacities of the DFMs
were in accordance with their basicity profiles, as revealed by
the CO,-TPD results. NiRuCa was the best DFM, producing
104 pmol of CH, per kgppm in CO, methanation, 58 pmol of
CO per kgppy in RWGS and 338 pmol of CO per kgpgy in
DRM. It was also concluded that the DFMs displayed a
complex CO, capture behaviour over different types of adsorp-
tion sites, which will necessitate mechanistic studies for
understanding their behaviour during DFM operation. CO,
capture under realistic flue gas conditions with O,, steam and
SO, was out of the scope of this manuscript, even if some
degree of oxygen tolerance is expected given their behaviour
during H,-TPR. Future studies dealing with these impurities
similar to literature’® are highly recommended as a future
direction.

The feasibility study of performing CO, capture and then
either CO, methanation, RWGS or DRM reactions was demon-
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strated, providing a new tool for devising low emission chemi-
cal production schemes in the near term when availability of
green hydrogen will be increasing and the demand for
different products (such as synthetic natural gas vs. syngas or
CO) will be variable. Our findings make it possible to adapt to
uncertainty by designing flexible chemical production
schemes from CO, emissions, whether they are captured from
stationary sources or the ambient atmosphere.
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