Open Access Article. Published on 14 august 2025. Downloaded on 01-02-2026 16:21:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
4457

Received 2nd May 2025
Accepted 13th August 2025

*a

DOI: 10.1039/d55u00317b and Melis S. Duyar

rsc.li/rscsus

Herein we report a green mechanochemical synthesis with low energy
input of dual-function materials for integrated CO, capture and dry
reforming of methane. The materials produced syngas during the CH,4
step (up to 0.6 mmol g~* CO and 7.7 mmol g X H,) and CO during the
CO, step (up to 3.1 mmol g~2) via the reverse Boudouard reaction due
to the carbon produced from CH,4 cracking.

Introduction

Nowadays, there is an urgent need to deal with the increased
carbon dioxide (CO,) emissions in order to achieve net-zero CO,
emissions by 2050 according to the Paris Agreement.> Atmo-
spheric CO, has increased from ca. 270 ppm in the pre-industrial
era to 426 ppm in July 2024 with 37.4 Gt of CO, emitted in 2023,
reaching a record high.>” Another alarming greenhouse gas is
methane (CH,), which is 25 times more harmful than CO,.® In
fact, its atmospheric concentration has increased from 715 ppb
in the pre-industrial era to 1930 ppb in February 2024,>° and its
emissions were 135 Mt in 2022, corresponding to ca. 4 Gt of CO,
equivalent.” As a way of combating the CO, emissions, Carbon
Capture and Storage (CCS) and Carbon Capture and Utilisation
(CCU) have extensively been studied because CO, can be
captured and then either stored in the underground formations
or used to form added-value fuels and chemicals.*™*

One of the most promising CO, utilisation reactions is dry
reforming of methane (DRM), during which CO, reacts with
CH, and hence, syngas, i.e. a mixture of carbon monoxide (CO)
and hydrogen (H,), is obtained (eqn (1))."*** The stoichiometric
H,/CO ratio is 1, which is useful for the production of long
chain hydrocarbons and oxygenated chemicals. However, the
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Carbon capture, utilisation, and storage (CCUS) presents itself as
a necessary part of the solution to achieve net-zero CO, emissions by 2050.
CCU entails the capture of CO,, its compression/transportation, and its
conversion into fuels and chemicals. By integrating the capture and uti-
lisation steps, more efficient technologies are developed with reduced cost
and energy requirements. Therefore, we investigate a cyclic process with
two greenhouse gases (CO,-CH,) being introduced to our system sepa-
rately, producing synthesis gas (CO-H,). We also propose a further
sustainable advancement of the technology by using green, mechano-
chemical synthesis, where the elimination of solvents allows for energy
and waste reduction. Our work aligns with the UN sustainable develop-
ment goals of affordable and clean energy (Goal 7), responsible
consumption and production industry (Goal 12), and climate action (Goal
13).

obtained ratio is typically below 1 during steady-state operation
due to the simultaneous occurrence of the reverse water-gas
shift (RWGS) reaction (eqn (2)).">'®'” Possible side reactions
apart from RWGS include CH, cracking (eqn (3)) and Bou-
douard reaction (eqn (4)), both resulting in catalyst deactivation
due to carbon depositions.'* Typical catalysts for DRM include
Ni, Co, and noble metals (e.g. Ru, Rh).**2¢

CO, + CH;—2CO +2H, AH,p, =247 kJ mol™ (1)

CO, + H,—>CO 4+ H,0 AH,p =41 kJ mol” (2)
CH,—>C+2H, AH,, =75 kJ mol™ (3)
2C0—>CO, +C  AH,p ¢ = —171 kJ mol™ (4)

Recently, the integrated CO, capture and DRM (ICC-DRM)
has been proposed as a CO, mitigation technology.””*® By
combining the CO, capture and DRM processes, two harmful
greenhouse gases are utilised, and the overall process efficiency
is increased because the compression and transportation of
both CO, and CH, are eliminated.****° ICC-DRM involves the
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capture of CO, from a CO,-containing stream, targeting CO,
upgrading in a subsequent DRM reaction. ICC-DRM resembles
the typical chemical looping reforming process, but their main
difference is the employment of a CO,-containing stream
instead of air. As a result, there are various names for the same
process in literature, such as ICC-DRM, chemical looping CH,
conversion with separated CO, utilisation, and chemical (or
calcium when Ca is used) looping/reforming and DRM.>”2%3¢

In order for the ICC-DRM to work, the material selected
needs to be able to both capture the CO, from a waste stream
and convert it into syngas by using CH,. This type of material is
known as a dual-function material (DFM). DFMs consist of an
adsorbent, such as calcium oxide (CaO) or sodium oxide (Na,O),
and a catalytic active phase, such as Ni, Ru, and Rh, which are
co-dispersed onto a high surface support (e.g. Al,0;). To date,
DFMs have been used for other reactions, such as the CO,
methanation and RWGS,****” but their development in DRM is
still in early stages.>*%-%

Regarding the DFMs synthesis method, the most widely used is
impregnation, followed by sol gel method.***?*3*% However, the
solvent-free mechanochemical synthesis, where solid precursors
are appropriately mixed in a ball-mill to generate the desired
material,**** can be a more sustainable method than the currently
employed wet-based ones because of the reduced solvent needs
and faster preparation times (hours vs. days), resulting in
decreased energy requirements (less thermal treatments required),
waste generation (solvents), and costs.”” These advantages stem
from the removal of solvents from the synthesis procedure, and
cover many of the suggested principles of green chemistry.** The
metallic dispersion is achieved by mechanical energy, bypassing
the chemical and thermal equilibria involved in wet-based
syntheses, producing dispersed metal catalysts that exhibit an
improved performance in various reactions,”* including
conventional DRM.>** In our previous work,** we investigated the
performance of mechanochemically synthesised DFMs for the first
time. Those milled DFMs had Ni and Ru nanoparticles as the
catalytic phase, either Na,O or CaO as the adsorbent, and CeO,-
Al,O; as the support, and they were tested in the CO, capture-
RWGS process. The milling process resulted in improved disper-
sion of Ni, Ru and Ca when co-milled and calcined in a single
step,” surpassing conventionally prepared DFMs with comparable
composition** and, remarkably, despite an observed decrease in
surface area. However, a distinct increase in H, reactivity was also
observed, leading to a large amount of CO release during the CO,
capture. Herein we exploit their higher reducibility observed in
RWGS compared to wet-impregnated samples in the DRM reac-
tion. This work is the first time that DFM materials were syn-
thesised mechanochemically and were tested in the ICC-DRM
process. By expanding on our previous work, we show that it is
feasible to use milled DFMs in ICC-DRM, a more challenging
process which allows the upgrading of two greenhouse gases.

Experimental
Materials synthesis

All the samples of this work were prepared by the dry milling
method, as reported elsewhere,®* and their composition was
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chosen so as to be comparable of that of wet impregnated
samples.*™* A Fritsch Pulverisette 23 Mini-mill was used with
a 15 mL ZrO, jar and 1 ZrO, sphere (diameter: 15 mm, weight:
10 g). All the precursors were milled at 15 Hz for 20 min.®”° The
support used was a commercial CeO,-Al,O3 support from Sasol
(SCFa-160 Ce20 Puralox, 20% CeO,). The adsorbent salt used
was either Ca(NOj3), or NaNO; (both from Sigma-Aldrich), in
order to ensure thermal decomposition at 600 °C while also
maintaining a fair comparison with the wet impregnated
references,” and the adsorbent loading was 10 wt% of the final
DFM formulation. All the DFMs had 15 wt% Ni and 1 wt% Ru,
and the precursors were either metallic nanopowders (Ru black
from Strem Chemicals and Ni nanopowders from Sigma-
Aldrich) or acetate salts (Ru(m) acetylacetonate and Ni acetate,
both from Sigma-Aldrich). Indeed, for the active metals,
metallic nanopowders and organic precursors showed the best
properties in the milling synthesis,”””* due to their non hygro-
scopic nature and minimum hardness compared to nitrates and
metal oxides, respectively.”>”® In addition, better dispersion
values could be achieved.””> We prepared nine (9) samples in
total, which are shown in Table 1. First the support (CA) was co-
milled with the adsorbent precursor, followed by a calcination
at 600 °C for 1 h in static air, forming the supported adsorbents.
After that, either the metallic nanopowders or acetate salts were
milled with the supported adsorbents, and a second calcination
step took place at 600 °C for 1 h. The calcination steps were
carried out to remove the organic ligands and to obtain
comparable materials as the wet-impregnated DFMs. Two (2)
more DFMs were prepared with either Na,O or CaO and a single
calcination step after the acetate precursors had been added.
Finally, a reference catalyst was synthesised by using the
metallic nanopowders without any adsorbent. A flowchart
summarising the synthesis process is reported in the SI
(Fig. S1).

Activity tests in ICC-DRM

The cyclic CO, capture-DRM experiments of the milled samples
were carried out in a tubular fixed bed quartz reactor (0.5 in
OD), and the samples were placed on top of a quartz wool
bed.*>*""* The outlet gas stream was analysed by an ABB A02020
online gas analyser, after it had passed through a H,O
condenser. The outlet volumetric percentages of CO,, CO, CHy,
and H, were recorded every 5 s with the remaining percentage
being attributed to N,. The accurate measurement of the total
outlet volumetric flow rate was achieved by a bubble meter.
Since N, was used as an internal standard,*>”* its flow rate was
not changed throughout the experiment (45 mL min ).
Initially, 0.250 g of sample was reduced at 800 °C for 1 h (10 °
C min™") by using 50 mL min~" of a 10% H,/N, mixture. Then,
the temperature was decreased to 650 °C in N,, and 5 cycles of
CO, capture-DRM took place. Each CO, step lasted 5 min, and
each CH, step lasted 3 min. The total flow rate in both steps was
50 mL min~*, and the gaseous mixtures used were either 10%
CO,/N, or 10% CH,/N,. A N, purge step was performed after
each step to ensure zero readings of the gases, demonstrating
that the produced gases were formed from the captured CO,.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00317b

Open Access Article. Published on 14 august 2025. Downloaded on 01-02-2026 16:21:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

Table 1 List of samples and brief description of synthesis parameters
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Calcination step

Milling parameters

#  Sample Catalyst precursor (temperature, time)  # of calcination steps  (frequency, time) # of milling steps
1 RuNi(M)/CaO/CA Metallic nanopowders 600 °C/1 h 2 15 Hz/20 min 2
2 RuNi(Ac)/CaO/CA Acetate salts 600 °C/1 h 2 15 Hz/20 min 2
3 RuNi(Ac) + CaO/CA Acetate salts 600 °C/1 h 1 15 Hz/20 min 1
4  RuNi(M)/Na,O/CA Metallic nanopowders 600 °C/1 h 2 15 Hz/20 min 2
5  RuNi(Ac)/Na,O/CA Acetate salts 600 °C/1 h 2 15 Hz/20 min 2
6  RuNi(Ac) + Na,O/CA  Acetate salts 600 °C/1 h 1 15 Hz/20 min 1
7 CaO/CA N/A 600 °C/1 h 1 15 Hz/20 min 1
8 Na,O/CA N/A 600 °C/1 h 1 15 Hz/20 min 1
9  RuNi(M)/CA Metallic nanopowders 600 °C/1 h 1 15 Hz/20 min 1

The N, purge after the CO, step was 10 min, and the N, purge
after the CH, step was 15 min. The duration of the N, purge
steps was exactly the same for all the materials tested in this
work.

It should be mentioned that the purpose of having a very
short CH, step was to limit the CH, cracking reaction by
attempting to pulse a small amount of CH,4, which was rendered
impossible in the end due to our reactor setup and mass flow
controllers. The DFMs were tested for only 5 cycles in order to
avoid the rig running overnight. The following equations (eqn
(5) and (6)) were used for the calculation of the carbon balance
and the residual carbon, respectively. It should be noted that
the amount of H, formed due to CH, cracking was calculated by
subtracting the amount of H, formed due to the DRM reaction
(by assuming it was equal to the amount of CO, eqn (4)) from
the total amount of H, formed in the CH, step.

Carbon balance :
CO formed in the subsequent CO, capture step (5)

100
x H, formed in the CHy4 step from CH, cracking

Residual carbon :

C from CH, cracking — C from reverse Boudouard

1 . .
=3 x H, formed in the CHy step from CH, cracking (6)

1 .
) x CO formed in the subsequent CO, capture step

The post activity test samples were characterised by XRD. An
X'Pert Powder apparatus from PANalytical was used, and the
diffraction patterns were collected at 30 mA and 40 kV by using
Cu Ko, radiation (1 = 1.5406 A) while the 26 angle was increased
every 450 s by 0.05° in the range of 10-90°. The average Ni
crystalline size was estimated by the Scherrer's equation at 44.5°
(Ni(111) phase).

Results and discussion

The performance of all samples, i.e. the DFMs, the supported
adsorbents, and the catalyst, was evaluated in ICC-DRM. Fig. 1
shows the quantities of products, CO and H,, and the H,/CO
ratio during the CH, steps. A comparison with similar samples

© 2025 The Author(s). Published by the Royal Society of Chemistry

prepared by conventional methods is reported in Table S1. By
observing Fig. 1a, it was made clear that all 9 samples, including
the supported adsorbents and the catalyst, were active in ICC-
DRM. That meant that they were able to capture the CO,
during the CO, steps and then convert it into syngas via the
DRM reaction. The most active sample was by far sample 3
(RuNi(Ac) + CaO/CA), which produced 588 pmol g~ * of CO on
average during the CH, steps. This sample achieved a high
degree of interaction between the DFM components and a good
dispersion of both the catalyst and the adsorbent through the
dry milling of Ca with the acetate precursors, followed by
a single calcination step, as characterised via scanning trans-
mission electron microscopy results in our previous publica-
tion.®* The amount of CO formed during the CH, steps seemed
to be fairly stable over the cycles for all samples, and the order of
DFMs according to their average CO production in CH, steps
was: sample 3 (588 umol g~ ') > sample 1 (295 pmol g™ ) >
sample 2 (257 umol g~ ') > sample 5 (200 umol g~ ') > sample 6
(194 umol g ') > sample 9 (181 umol g ) > sample 4 (174 pmol
¢~ ') > sample 7 (67 pmol g~ ') > sample 8 (62 umol g™ *).

Fig. 1b displays the amount of H, produced during the CH,
steps, which was much higher than the amount of CO for all
samples. From Fig. 1c, it was clear that the H,/CO was much
higher than the stoichiometric value, with the highest H,/CO
observed for sample 2, i.e. 21.3. This indicated that a side
reaction took place, namely the CH, cracking reaction (eqn (3)).
Once the adsorbed CO, had been consumed, the high temper-
ature used in these experiments (650 °C) allowed the endo-
thermic CH, cracking reaction to take place, producing an
excess amount of H,. Interestingly, the amount of H, produced
decreased over the cycles except for the supported adsorbents
(samples 7 and 8). That indicated that the extent of CH,
cracking was reduced over time, meaning that the surface of
DFMs was not ‘clean’ of carbon depositions, which in turn
hindered the CH, cracking reaction over the cycles. The order of
samples according to their average H, production in CH, steps
was: sample 3 (7697 umol g~') > sample 2 (5504 umol g~ ') >
sample 5 (3455 pmol g~ ') > sample 6 (3042 umol g~ ') > sample 1
(2773 pumol g~') > sample 9 (2677 umol g~ ') > sample 4 (1847
umol g~ ') > sample 7 (798 umol g ) > sample 8 (776 umol g™ ).
This order was the same as the order of the CO production with
the only difference being sample 1, which dropped to the 5th
place, explaining why it had the lowest H,/CO in Fig. 1c.

RSC Sustainability, 2025, 3, 4457-4465 | 4459
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Fig. 1 Amount of (a) CO and (b) H, formed, and corresponding (c) H,/CO ratio measured during the CH4 steps. (1) RuNi(M)/CaO/CA; (2)
RuNi(Ac)/CaO/CA; (3) RuNi(Ac) + CaO/CA; (4) RuNi(M)/Na,O/CA; (5) RuNi(Ac)/Na,O/CA; (6) RuNi(Ac) + Na,O/CA; (7) CaO/CA; (8) Na,O/CA; (9)
RuNi(M)/CA. The red dashed square indicates the best performing samples.

Overall, the Ca-containing DFMs exhibited the best ICC-
DRM performance, which was expected because Ca is more
efficient in capturing CO, at higher temperatures than Na due
to its higher amount of medium-strong basic sites.*"”>”® In our
case, Ca was expected to have formed more stable carbonates
compared with Na and so, less amount of weakly CO, was
desorbed during the N, purge steps, leading to higher reform-
ing efficiency.”®**”>7° The supported adsorbents had the worst
performance because they did not have Ni or Ru in their
formulation to boost the conversion of the adsorbed CO, into
syngas. After all, Ni and Ru are perhaps the most active and
widely used metals for the DRM reaction.”>*>#**#! In contrast,
the opposite trend was observed during their CO, capture-
RWGS experiments® as the supported adsorbents were the
most active samples after sample 3, suggesting that RWGS
mainly took place due to the adsorbent and/or CeO,. In the ICC-
DRM case, the supported adsorbents did produce some
amounts of CO and H, because of the adsorbent itself and the
ability of CeO, to help catalyse the DRM reaction,*"**® but not
as large CO and H, quantities as the DFMs due to the lack of the
active metal phase. The reference catalyst was also able to
produce syngas. Ni and Ru had the ability to adsorb CO, and
form carbonyl species, which were converted into CO and H,

4460 | RSC Sustainability, 2025, 3, 4457-4465

during the CH, steps.*~** In fact, the amount of CO produced by
the catalyst was similar to the amount of CO produced by the
Na-containing DFMs, while the catalyst (sample 9) out-
performed sample 4 in both CO and H, production too. By
comparing sample 1 (RuNi(M)/CaO/CA), sample 4 (RuNi(M)/
Na,O/CA), and sample 9 (RuNi(M)/CA), it was deduced that only
the Ca adsorbent enhanced the ICC-DRM performance and so,
Na was not a good adsorbent at the selected temperature (650 °
C).” Hence, a synergy between the Ca adsorbent, support, and
NiRu is necessary for successful ICC-DRM applications, where
Ca efficiently binds CO, "® which is then made available to close
Ni and Ru sites®* for CH, reforming to syngas. Opposite trends
regarding the number of calcination steps were observed for the
two sorbent elements. As regards the Na-containing DFMs,
sample 5 (2 calcination steps) was marginally more active than
sample 6 (1 calcination step). On the other hand, regarding the
Ca-containing DFMs, sample 3 (1 calcination step) was more
active than sample 2 (2 calcinations steps), likely due to the
improved Ca-Ni-Ru proximity induced by the milling
synthesis.®

By comparing the type of precursor used, the acetate
precursor (sample 5) was better than the metallic nanopowders
(sample 4) when Na was used as an adsorbent. The results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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varied for the Ca-containing DFMs (samples 1 and 2). Even
though sample 1 (RuNi(M)/CaO/CA) produced more CO than
sample 2 (RuNi(Ac)/CaO/CA), the opposite was true for the H,
production. It clearly showed that sample 2 was more suscep-
tible to CH, cracking reaction compared to sample 1, as seen in
Fig. 1c.

Fig. 2 illustrates the CO and H, volumetric flow rates of the
most active Ca-containing (sample 3) and Na-containing
(sample 5) samples, and the remaining samples are shown in
Fig. S2. Both samples produced a much larger amount of H,
than CO during the CH, steps, as Fig. 1 showed. It seemed that
the DFMs produced a high quantity of H, during the CH, steps
and a high quantity of CO during the CO, steps, apart from the
first CO, step. The small amount of CO during the first CO, step
was attributed to the occurrence of the RWGS reaction between
the available CO, and the chemisorbed H,.**** It was also
considered possible that the CO production happened because
of CO, dissociation on highly reduced Ru, Ni, and CeO, sites.**
Larger amounts of CO were formed during the first CO, step of
the Ca-containing DFMs (samples 1-3) compared to the Na-
containing DFMs (samples 4-6) with an average CO produc-
tion of 95 and 32 pmol g™, respectively, as Fig. S2 illustrates.
Interestingly, the supported adsorbents and the catalyst
(samples 7-9) produced a small amount of CO, ca. 11 pmol g™,
indicating that Ce** was oxidised by CO,, forming CO and Ce**
and confirming our CO, dissociation hypothesis stated earlier.
Ceria is well-known for its excellent redox properties, its
increased oxygen vacancies, and its ability to catalyse the RWGS
reaction.”®*® The formation of CO due to the decomposition of
formate species (HCOO™) into CO and OH was not considered
in this case, because DRIFTS studies of the corresponding wet-
impregnated samples did not show the formation of formate
species.®””®® Future DRIFTS experiments can be carried out to
investigate the reaction mechanism of those DFMs, but those
experiments are out of the scope of this work. Additionally,
some amounts of H, were observed in every CO, capture step,
indicating that H, was chemisorbed on the surface due to the

9
a) —CO
8 . H, Sample 3 '
74
64 | I

Volumetric flow rate (ml/min)

100 120 140 160

Time (min)
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initial DFM reduction or CH, cracking and that it was then
released upon a CO, flow.

The significant amounts of CO produced in the CO, steps
indicated the gasification of carbon through the reverse Bou-
douard reaction (reverse eqn (4)). In effect, CO, reacted with the
carbon formed in the preceding CH, step, producing substan-
tial amounts of CO. Despite the production of excess H, in the
CH, steps, it was observed that the onset of CO was at the same
time as H,, or perhaps few seconds before that, and that CO had
stopped being produced after the first 5 min. In other words,
DRM took place before CH, cracking, and as the time went by
and the availability of adsorbed CO, decreased, CH, cracking
became the dominant reaction. Even though the CH, flow las-
ted only 3 min, it took a considerable amount of time to purge
the leftover CH, of the lines, and as long as CH, was still
present, it continued to decompose into carbon and H,. That
meant that even though the CH, step lasted only 3 min and no
CH, flowed after that time, CH, cracking continued to occur
during the subsequent N, purge step, and it finished when there
was no CH, left in the lines. Since H, was present in the CH,
step, the simultaneous occurrence of RWGS during the CH,
steps could not be ruled out completely since those DFMs have
shown to be active in that reaction.®* It should be noted that CO,
was not desorbed during the CH, steps in any of the samples
apart from the most active sample (sample 3). However, its
amount was so small (<10 umol g~') that could not be accu-
rately quantified and so, it was concluded that DRM was a fast
reaction and that all the adsorbed CO, had been converted into
syngas.

Fig. 3 shows the amount of CO formed during the CO, steps
and the residual amount of carbon left on the surface after each
CO, step. Since the first step after the reduction of the DFMs
was a CO, capture step and CH, had not been introduced to the
reactor beforehand, there was only a very small amount of CO
formed during the first CO, capture step. In addition, Fig. 3a
reveals that the supported adsorbents produced minimal
amounts of CO through the reverse Boudouard reaction and so,
this reaction occurred due to the presence of Ni and Ru. Similar

Sample 5

CO
8 4 H,

Volumetric flow rate (ml/min)
(4]

80 100 120 140 160

Time (min)

Fig.2 Volumetric flow rate of CO and H, vs. time graphs of the best performing (a) Ca-containing DFM (sample 3: RuNi(Ac) + CaO/CA) and (b)

Na-containing DFM (sample 5: RuNi(Ac)/Na,O/CA).
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subsequent CO, capture step from the carbon formed due to CH,4 cracking in the previous cycle). (1) RuNi(M)/CaO/CA; (2) RuNi(Ac)/CaO/CA; (3)
RuNi(Ac) + CaO/CA; (4) RuNi(M)/Na,O/CA; (5) RuNi(Ac)/Na,O/CA; (6) RuNi(Ac) + Na,O/CA; (7) CaO/CA; (8) Na,O/CA; (9) RuNi(M)/CA. The red

dashed square indicates the best performing samples.

to the amount of H, formed during the CH, steps (Fig. 1b), the
amount of CO during the CO, steps decreased over the cycles,
meaning that the extent of CH, cracking decreased over time.
The order of samples based on the average amount of CO
produced during the CO, steps was: sample 3 (3116 pmol g~ ') >
sample 2 (2499 pmol g~ ) > sample 5 (1523 pmol g~ ') > sample 6
(1325 pumol g ') > sample 9 (1122 umol g~ ') > sample 1 (976
umol g~ ') > sample 4 (547 umol g ') > sample 7 (4 pmol g~ ) >
sample 8 (4 pmol g !). That order was the same as the H,
production order with the only difference being the change of
order between samples 1 and 9.

As both the production of H, from CH, cracking and CO
from reverse Boudouard decreased over time, the amount of
residual carbon remained somewhat stable (samples 1, 4, 7 and
8) or decreased over time (samples 2, 3, 5, 6 and 9), as illustrated
in Fig. 3b. Based on Table S2, the carbon balance was not closed
in any of the samples, likely due to a continuous accumulation
of the carbon species from CH, cracking. Despite the gasifica-
tion of carbon in the subsequent CO, capture step, it was not
enough to get rid of the carbon completely. Apparently, the
most active samples in ICC-DRM had the highest amount of
residual carbon left. Since the amount of CO formed during the
CH, steps (Fig. 1a) was stable over time, it was shown that the
carbon accumulation did not affect the DRM activity of the
designed DFMs. This was a significant result, but experiments
with a duration of few days will be necessary in the future to
observe their behaviour over longer periods of time. Carbon
deposition, ie. coking, is usually a well-known deactivation
mechanism. The possibility of gasifying the carbon via the
reverse Boudouard reaction, as demonstrated in this work,
creates new opportunities for materials regeneration. Further
material optimisation, for example by reducing Ni loading,”
can also be explored to limit CH, cracking and the consequent
carbon deposition. The DFM that had the most-closed carbon
balance was sample 2 with an average carbon balance of 58%,
followed by sample 5 (55%), samples 3 and 6 (54%), sample 1
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(45%), and sample 4 (39%). This trend confirmed that the DFMs
synthesised with acetate precursors were better than the ones
with metallic nanopowders (Fig. 1). It is worth mentioning that
the accurate quantification of carbon deposition by character-
ising the post samples was not feasible in this case. That was
due to the complexity of the designed materials and the inter-
ference of carbonate decomposition, material oxidation, RuO,
volatility, and chemisorbed/adsorbed species (e.g. H,O) with the
carbon deposition analysis.

Fig. S3 and Table S3 show the post XRD patterns and esti-
mated Ni particle sizes based on the Scherrer equation. The post
XRD patterns were very similar to their ex situ reduced pattern,
observed in our previous work.®* All samples presented the
characteristic peaks of CeO, and y-Al,O; (JCPDS 03-065-5923
and JCPDS 00-004-0880, respectively). The DFMs also had
metallic Ni peaks (JCPDS 01-070-1849). None of the samples
showed any phase of Ru or the adsorbent (Ca/Na), meaning that
those species were highly dispersed and/or amorphous. Despite
the last step being a CH, step, no crystalline carbon peak was
observed and so, the accumulated carbon was not graphitic, but
soft/amorphous, facilitating possible regeneration pathways.
Based on Table S3, the average crystalline size of Ni increased by
1-2 nm in the Na-containing DFMs (samples 4-6) and reference
catalyst (sample 9) compared to their corresponding reduced
samples. In the case of the Ca-containing DFMs (samples 1-3),
it increased by ca. 5 nm. It could be concluded that the Ca-
containing DFMs were more prone to sintering than the Na-
containing DFMs. Since they were also the most active
samples in the ICC-DRM, it was demonstrated that the forma-
tion of carbon depositions enhanced the metallic sintering to
some extent in fair agreement with previous reports.'**'*!
However, the increase was not that significant, and the main
culprit in our materials for the ICC-DRM process remained the
carbon formation and accumulation, making necessary the
implementation of a regeneration process and/or an optimisa-
tion of the DFM to suppress CH, cracking.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this work, we used mechanochemically milled DFMs for the
first time in ICC-DRM, demonstrating the feasibility of the dry
milling synthesis method for this process. The six (6) milled
DFMs investigated herein differed in the adsorbent (Na or Ca),
the type of catalyst precursor (metallic nanopowders or acetate),
and the number of calcination steps (1 or 2). The most active
DFM was sample 3 that had Ca as an adsorbent and was syn-
thesised by using acetate precursors and a single calcination
step. In general, using Ca as an adsorbent and acetates as
a catalyst precursor resulted in the best materials, due to the
high temperature favouring calcium carbonates formation and
the ease of dispersion allowed by Ni and Ru acetates. However,
all samples tested, including the two supported adsorbents and
the reference catalyst, produced CO and excess amounts of H,
during the CH, steps, leading to a H,/CO of more than 10. Even
though DRM took place between the captured CO, and the
available CHy, significant quantities of H, were produced due to
CH, cracking. As a result, carbon was formed and accumulated
over time, only partially gasified in the subsequent CO, capture
step through the reverse Boudouard reaction, releasing large
amounts of CO. However, none of the samples had a closed
carbon balance. Despite the carbon formation, the activity of
DFMs in DRM was steady over the five cycles, allowing us to
preliminarily validate the implementation of multicomponent
DFMs systems prepared by milling for ICC-DRM as a smart
strategy for chemical CO, recycling. The use of a solvent-free
synthesis method has distinct advantages in terms of mate-
rials costs and waste reduction, directly correlated with the
solvent use reduction, a consequent decrease in thermal treat-
ment requirements, hence leading to energy and time savings.
Additionally, a more facile scalability of this technology can be
envisioned compared to other methods, such as sol-gel or
combustion syntheses, since large-scale milling is already
employed in other industrial processes while the sol-gel and
combustion alternatives are difficult to reproduce and represent
a safety problem at industry level. Another advantage of the
milling method is the facilitation of fast material screening,
that can be exploited for example to investigate the optimal Ni
loading to balance high DRM activity with low CH, cracking
and, consequently, low carbon deposition. Thus, a sample with
optimal Ni loading might not require complex regeneration
protocols, overcoming the issues observed so far. Nevertheless,
further optimisation studies will likely be needed in the future
aiming to minimise the carbon formation; this should include
fine-tuning the DFMs composition (e.g. reducing metal content)
and process conditions (e.g. reaction temperature and duration)
as well as engineering a viable regeneration protocol (e.g. by
using either hydrogen or air) to unlock the potential of DFMs for
realistic ICC-DRM applications.
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