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Effect of adsorbent loading on NaNiRu-DFMs' CO2

capture and methanation: finding optimal Na-
loading using Bayesian optimisation guided
experiments†
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Designing dual function materials (DFMs) entails an optimisation of CO2 adsorption and catalytic

conversion activity, often requiring a large number of experimental parametric studies screening various

types and loadings of adsorbent and catalyst components. In this study, we used a Gaussian process

model optimised with Bayesian optimisation (BO) to find the DFM composition leading to the highest

methanation activity. We focused on optimising Na (adsorbent) loading in a DFM where Na loading was

varied from 2.5–15% by weight. The results from the experimental tests indicated that the sample with

the highest Na-loading (15 wt%) possessed the highest CO2 desorption during CO2-TPD, however, it was

not the best DFM, as it did not show the highest methane production. By testing Bayesian optimisation

recommended experiments we identified 7.9 wt% Na as the optimal Na loading, which showed the

highest methane production for a cycle (398.6 μmol gDFM
−1) at 400 °C. This forms a case study for how

BO can help accelerate materials discovery for DFMs.
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1 Introduction

Integrated CO2 capture and conversion (ICCC) with the aid of
dual function materials (DFMs) is gathering momentum as a
potential solution to dealing with the rising amount of CO2 in
the atmosphere.1–3

ICCU using DFMs presents a promising approach for
simultaneously mitigating carbon emissions and producing
value-added chemicals or fuels.4–7 This approach offers a
cost-effective alternative to conventional, sequential
processes. By utilising DFMs that combine CO2 adsorption
and catalytic functionalities, ICCU decreases energy
consumption and capital investment while enhancing
process efficiency.8–10 Moreover, the tunability of DFMs
allows for optimisation toward specific CO2-derived products,
such as methane, syngas, or methanol, through tailored
adsorbent-catalyst compositions and operating conditions.
This approach not only contributes to the circular carbon

economy but also reduces the energetic and economic
burdens associated with CO2 capture and separate conversion
stages, making it a viable strategy for industrial-scale carbon
valorisation.11,12

DFMs have demonstrated remarkable capability of
capturing CO2 and converting it to methane.13–15 However,
there is still a need to improve the capture capacity of the
DFMs using alkali/alkaline earth material as adsorbents.16,17

Hence designing DFMs with high adsorption and conversion
rates is of vital importance. Researchers have investigated
various designs by alternating the adsorbents or catalytic
materials in DFMs' structure sorbent.18–26 The literature
studied the Ru-based DFMs in various realistic conditions in
CO2 capture and methanation. Jeong-Potter et al., reported
that increasing the Ru loading from 0.1 to 1% can increase
the methane production for Ru10Na/Al while the adsorption
feed gas contains 400 ppm of CO2, 21% O2, and N2 as
balance.17 They showed that the sample with 1Ru10Na/Al has
stable methanation behaviour under realistic conditions
(0.027 g gsample

−1). Zheng et al. evaluated the effect of the
various parameters (temperature, time of stream (TOS), feed
flow rates) on the performance of 5Ru10Ca/Al DFMs with the
feed gas containing: 7.5% CO2, 15% steam, 4.5% O2 and N2

as balance.27 They reported that the samples were producing
methane under all the tested conditions. Lin et al.,
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demonstrated that a monolith containing 0.25Ru6.1Na/Al is
resistant under realistic conditions in CO2 capture and
methanation processes.28 It showed a slight decrease in its
performance after being aged for 250 hours (TOS) under
various conditions using 400 ppm CO2 per air. The
produced methane was 400 μmol gwashcoat

−1. Our earlier
study on 5Ru10Ca/Al also states that the sample was stable
(300 μmol g−1) after 20 CO2 capture and methanation cycles
using 8% CO2, 21% H2O, and balance air.29 All of these
studies showed the robustness of Ru-based in DFMs in the
presence of realistic conditions and that could be associated
with the fact that ruthenium can rapidly and reversibly
transform between Ru and RuOx and oxidising (adsorption)
and reducing (hydrogenation) environments. Sodium-based
DFMs attract more attention when designing DFMs for
methanation because of their satisfactory reversible
adsorption/desorption capability at intermediate
temperatures.30,31 They also evaluate different loadings of
effective materials on the performance of the DFM in the
CO2 capture and conversion process; however, to date, no
computationally guided optimisation methodologies have
been utilised in the context of DFMs' design.

DFM design commonly employs an experimental
“screening” approach where the loading of components is
systematically varied. Tsiotsias et al. studied varying the
loading of Ru as the catalytic material in CO2 capture and
methanation with XRuNaAl (X = 0.25, 0.5, 1, 2, and 4
wt%). They reported that increased Ru loading promotes
the production of CH4 at lower temperatures. The highest
CH4 production capacity was reported as 0.97 mmol g−1

for 4RuNaAl DFM in the H2-TPSR test.32 In another study,
Tsiotsias et al. investigated XRu20NiNa/Al (X = 0, 0.1, 0.2,
0.5, and 1 wt%), and determined the sample with
0.2Ru20NiNa/Al showed the highest methane production at
300 °C with more than 500 μmol gDFM

−1 over 30 minutes
of hydrogenation.33 Vandelois also investigated the effect
of Ru loading on XRuNa (1, 2, 4, and 5 wt%) DFMs' CO2

capture and methanation performance. The study
indicated that the higher the Ru loading the better the
DFMs' performance in CH4 production.34 However, it is
apparent that continuously increasing the Ru loading will
not result in increasingly better performance due to the
need to balance the number of sites with the efficiency
with which Ru atoms participate in the reaction; in other
words, there must be an optimal loading which was not
screened in this study. This highlights the need for
careful design of experiments to find optimised
compositions of DFMs, which is an area where
computational techniques can greatly speed up material
discovery. In another study, Tsiotsias et al. investigated
the influence of the weight ratio between the catalytic
material and adsorbent in a series of monometallic and
bimetallic DFMs for methanation: Ru–10Ni/Pr–CeO2, Na2O/
Al2O3, and 10Ni/Pr–CeO2, Na2O/Al2O3 DFMs, in CO2

adsorption and conversion to methane. They reported that
the sample with 1 : 3 catalyst-to-adsorbent ratio in

bimetallic DFM was the sample with the highest methane
yield. The cumulative CH4 yield was 0.45 (mmol g−1) in
30 minutes.35

In our early investigations into methanation DFMs we
systematically screened the influence of varying adsorbent
loadings (MgO, K2CO3, and Na2CO3) in DFMs where Ru was
the methanation catalyst.36 Adsorbent loadings were
increased from 5% to 20% by weight to examine their effect
on CO2 capture capacity and the reversibility of the process.
The results indicated that the DFM containing 20 wt% K2CO3

achieved the highest CO2 capture capacity, while the DFM
with 10 wt% Na2CO3 exhibited superior reversibility (leading
to higher conversion of captured CO2). Bermejo-López et al.
evaluated varying the loading of the adsorbent material for
Ru–XCaO/Al2O3 and Ru–XNa2CO3/Al2O3 (X = 5, 10, and 15
wt%) DFMs. They reported that the CO2 capture and
conversion performance of the DFMs improved by increasing

Fig. 1 XRD graphs of 15Ni1RuXNa-DFMs (X = 2.5–15%).

Fig. 2 SEM image of 15Ni1Ru, 15Na-DFM.
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the adsorbent materials' loading and the highest methane
production (414 μmol g−1) was achieved by Ru15CaO/Al2O3 at
400 °C. The study also stated that higher Ru dispersion and
lower carbonate stability in Ru10Na2CO3/Al2O3 enhances

methane production at lower temperatures (383 μmol g−1 at
310 °C).30 These findings highlight the significance of
adsorbent composition and loading in optimising DFMs for
effective CO2 capture and utilisation, but it is not possible to

Fig. 3 EDS mapping of 15Ni1Ru, 15Na-DFM.
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know from these where the true optimum sorbent
composition is. The situation becomes even more complex if
we wish to optimise the full dual function material
(adsorbent, catalyst, support, and possibly promoters), and
hence a computational optimisation approach to guide
experimental efforts can greatly simplify the process of DFM
design.

Bayesian optimisation (BO) is a data-driven technique that
excels in modelling complex systems and optimising
experimental processes with minimal resource expenditure.
By building a surrogate model from experimental data with
the aid of the Gaussian process (GP), Bayesian optimisation
predicts an objective function and its probability distribution
within a defined design space. This iterative approach
balances exploitation, using data from the surrogate model,
and exploration, searching unexplored areas, to efficiently
uncover global optima. Each iteration refines the surrogate
model's accuracy by incorporating new experimental data,
enabling progressively better predictions. In the context of
designing DFMs for integrated CO2 capture and
hydrogenation, Bayesian optimisation has not been used
before, however, in the catalysts' design for CO2

hydrogenation and other processes, it is demonstrated
significant utility in reducing the number of experiments
required to achieve optimal results, thereby controlling costs
and project duration.37–39

In this paper, we synthesised 15%Ni1%Ru, X%Na/Ce–Al
(where X = 2.5–15 wt%) DFMs, starting with a screening
of 4 initial compositions to investigate the effect of
adsorbent loading on the CO2 capture and methanation
process. The combination of Ni and Ru in CO2 conversion
catalysts has gained significant attention due to the
synergistic effects that enhance catalytic performance.40–46

Ru is known to improve the activity of Ni-based catalysts
by increasing the dispersion and reducibility of Ni sites.
Furthermore, the incorporation of Ni into Ru-based
catalysts offers a cost-effective strategy by reducing the
overall Ru loading while maintaining high catalytic
activity.47–50 This balanced combination of Ni and Ru
(with the 10–20% ratios) not only optimises performance
but also reduces material costs, making it a promising
approach for sustainable CO2 hydrogenation. This
combination was kept constant for all samples as the goal
was to perform some experiments, varying only the
adsorbent loading, for the foundation of a basic model
for optimisation study. We then used Bayesian
optimisation to identify additional experiments to find the
optimum adsorbent composition while reducing the
number of the required experiments. Hence, the main
goal of the study is the optimisation of the adsorbent
loading for the NiRuXNa-DFMs utilising GP + BO. After
acquiring data from experimental tests, we added the data
to our GP model to be optimised by BO. The
recommended point by the model was tested
experimentally and the results were added to the model
to get the next recommended point. We also thoroughly

characterised the DFMs using XRD, SEM, EDS, BET, ICP-
MS, CO2-TPD, to understand how structural differences
contribute to the observed methanation activity.

2 Results and discussion

All XNa-DFMs exhibited characteristic peaks corresponding
to the support (γ-Al2O3, CeO2) and to NiO which indicated the
decomposition of Ni nitrates (Fig. 1) diffraction planes to
Na2O were observed in all samples.51 Residual sodium nitrate
peaks were evident in the XRD patterns, which increased
while increasing the loading of sodium in samples. Peaks of
RuO2 were not observable in any XNa-DFM diffraction pattern
as the amount is very low and they are probably present as
dispersed nanoparticles on the support. The reference XRD
patterns are presented in the ESI.†

SEM and EDS were performed for the lowest (2.5%) and
the highest (15%) adsorbent loading DFMs. SEM and EDS
mapping of 15Na-DFM (Fig. 2 and 3) indicate that Ni, Ru, Al,
and Ce components are dispersed finely on the support.
Areas rich in sodium were observed. Interpreting these
results together with XRD results can identify these Na-rich
regions as residual sodium nitrates from the sodium
precursor. Additionally, the EDS mapping for 2.5Na-DFM,
Fig. 4, demonstrated that at low sodium loading, these Na-
rich areas appear to be less prevalent, which shows the better
dispersion of the adsorbent and lower residual nitrates for
lower loadings of the adsorbent.

Despite the observation of Na-rich regions on the surface
of the DFMs, BET analysis (Table 1) indicates that the surface
area and pore volume are influenced by the adsorbent
loading, showing the preferential deposition of adsorbent in
the pores of the support.

ICP-MS results for samples, Table 2, show that the
loadings of the adsorbent (Na) and catalytic materials (Ni
and Ru) are lower than the amounts described in ESI.† This
would be due to the loss of some materials and not
impregnating them on the support while weighing, mixing,
or drying. However, the findings show almost the same
loadings of Ni and Ru for all samples and an increasing
trend for Na. The DFMs' nomenclature is based on the initial
calculated amounts throughout the paper.

To evaluate the impact of adsorbent loading on the
available weak (40–200 °C), medium (200–600 °C), and
strong (>600 °C) basic sites (relevant for understanding
differences in CO2 capture behaviour) of the DFMs with
different Na loadings, CO2-TPD was performed. The results
shown in Fig. 5 and Table 3 indicate that except for
2.5Na-DFM, the samples present weak, medium, and
strong basic sites. However, as Table 3 shows, the amount
of weakly, medium, and strongly adsorbed carbonates
varies with the loading of the adsorbent. Table 3 shows
increasing trends for medium and strong basic sites by
increasing the Na-loading. More CO2 desorption from
medium basic sites with increasing Na-loading is an
indicator that more CO2 can be reversibly adsorbed at
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intermediate temperatures (relevant to catalysis). Since the
focus of this study was CO2 capture and methanation and
the medium basic sites play a significant role at 400 °C,
DFMs with higher loadings of sodium seem promising
samples, with 15Na-DFM showing the highest number of
medium basic sites. However, the highest CO2 adsorption

amount is not necessarily going to lead to the best
performance of the DFM since the methanation
performance depends on the reversibility of the CO2

capture at temperatures where the catalyst is most active
and also on the proximity and cooperation between
adsorbent and catalyst sites. As per usual in catalysis

Fig. 4 EDS mapping of 15Ni1Ru, 2.5Na-DFM.

Industrial Chemistry & MaterialsPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 3

/2
4/

20
26

 3
:0

9:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5im00019j


Ind. Chem. Mater., 2026, 4, 78–92 | 83© 2026 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

Sabatier's principle must be considered and the interplay
of adsorption/reaction/desorption must be carefully
adjusted.

H2-TPSR has been performed for all XNa-DFMs after
being exposed to air to evaluate the appropriate temperature
for CO2 methanation. The results of the dynamic evolution
of gases are depicted in Fig. S1† and the H2 consumption,

CH4, and CO production during the whole process (room
temperature to 900 °C) are illustrated in Fig. 6. Fig. S1†
demonstrates that for all samples the onset of H2

consumption is before the CH4/CO production, associated
with the reduction of Ru and Ni metals to their active phase
for the conversion of the adsorbed CO2.

24,52,53 All samples
except for 2.5Na-DFM produce both CH4 and CO from the
CO2 captured from air with CH4 being the main product at
intermediate temperatures (350–600 °C). Moreover, all
samples, except for 2.5Na-DFM, demonstrated that they
have adsorbed CO2 from the surrounding air prior to the
test, indicating their potential use for direct air capture
(DAC) processes.26,31,54 Fig. 6, illustrating the quantitative
analysis of H2-TPSR tests, shows that increasing the
adsorbent loading leads to enhanced CH4 production until
a Na loading of 5%. After this point, increasing the loading
to 10 and 15% resulted in decreased overall production of
CH4. However, the increased H2 consumption (2.7–10.1
mmol gDFM

−1) with increased loading of adsorbent (2.5–
15%), while the amount of Ni and Ru is same for all
samples and decrease of CH4 (167.86–62.5 μmol gDFM

−1)
and CO production (41.07–33.93 μmol gDFM

−1) for 5–15%
loadings, demonstrates that hydrogen is being consumed in
other reaction(s) besides reducing the metals and producing
CH4 and CO. According to our previous study, this hydrogen
consumption might be related to the conversion of Na2O to
sodium hydroxide (eqn (1)).31,55

Na2O + H2O ⇆ 2NaOH (1)

The cyclic performance of XNa-DFMs was investigated for
CO2 adsorption and conversion processes at 400 °C, with
described pre-treatment conditions in section 4. First, CO2

adsorption was done at room temperature to saturate the
DFM, after heating to 400 °C in 10% H2/N2 and holding at
400 °C to convert the adsorbed CO2 to CH4/CO, the cyclic
adsorption/hydrogenation tests were performed for four
cycles. The dynamic results are demonstrated in Fig. S2,† and

Table 1 Structural properties of 15Ni1RuXNa-DFMs (X = 2.5–15%)

DFMs SBET (m2 g−1) Vpore (cm
3 g−1) Dpore (Å)

2.5Na-DFM 157 0.40 79
5Na-DFM 88 0.24 73
10Na-DFM 64 0.18 73
15Na-DFM 33 0.09 74

Table 2 Elemental loadings of 15Ni1RuXNa-DFMs (X = 2.5–15%)

DFMs

wt% wt% wt%

Ni Ru Na

2.5Na-DFM 11.49 0.40 1.05
5Na-DFM 11.49 0.50 3.84
10Na-DFM 11.27 0.54 6.77
15Na-DFM 11.67 0.42 9.32

Fig. 5 CO2-TPD profiles of 15Ni1Ru, XNa-DFMs (X = 2.5–15%), with
10% CO2/N2 (50 mL min−1), 40–800 °C.

Table 3 Weak, medium, and strong basic sites 15Ni1RuXNa-DFMs (X =
2.5–15%)

DFMs

Desorbed CO2 (μmol gDFM
−1)

Weak Medium Strong Total

2.5Na-DFM 85.48 48.72 0 134.2
5Na-DFM 110.68 192.96 21.52 325.16
10Na-DFM 92.44 195.12 33.32 320.88
15Na-DFM 73.92 230.16 41.16 345.24

Fig. 6 Total H2 consumption, CH4 production and CO production of
15Ni1Ru, XNa-DFMs (X = 2.5–15%) during H2-TPSR, with 10% H2/N2 (50
mL min−1), 25–900 °C.
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CH4, and CO produced during adsorption and hydrogenation
are depicted in Fig. 7–9. Dynamic activity plots (Fig. S2†)
show that all the XNa-DFMs have almost the same capture
and conversion performance over four cycles, which indicates
that no obvious material degradation occurs after the first
cycle, although it should be noted that long term aging
studies (including real emission streams) are needed to
determine the suitability of any DFM for industrial
implementation. All samples demonstrate some CO
production during adsorption, which shows that pre-
reduction of some metallic sites available on the surface
contributes to CO2 dissociation. CO production during
capture is the highest for the 2.5Na-DFM and it decreases as
the loading of sodium increases (Fig. 7). This could be
related to the enhancement in reducibility of NiRu in the
presence of low loading of Na, as the reduction peaks shift to
lower temperatures by the addition of Na to Ni and Ru
catalysts.30,56–58 Fig. S1† also demonstrates that the onset of
H2 consumption shifts to higher temperatures by increasing
Na-loading. Fig. 8 and 9 illustrate that the CH4 and CO
productions during hydrogenation follow the same trend,
except for 15Na-DFM. By increasing the loading of sodium up
to 10% both CH4 and CO production increase, a further
increase to 15% Na, results in a drop in CH4 and CO
production. These findings reveal that, probably, the
blockage of the pores, reduced surface area, and coverage of
NiRu sites as shown by SEM/EDS are responsible for the
lower CO2 methanation performance of 15Na-DFM despite its
better CO2 desorption during CO2-TPD at medium
temperatures. The total amounts of CH4 and CO produced
during adsorption and hydrogenation (in 4 cycles) show that
the highest CH4 produced belongs to 10Na-DFM with 391.07
μmol g−1 in the first cycle. The produced gases during H2-
TPSR and first and last cycles are exhibited in Table 4. The
methane and CO productions show that despite the 10Na-
DFM showing the highest CH4 production, its selectivity

towards methane is the lowest (89.14%) due to the higher CO
produced in hydrogenation. Selectivity decreases in the order
2.5Na-DFM > 15Na-DFM > 5Na-DFM >10Na-DFM (Table 5).
NiRu's selectivity towards methane production can change by
adding Na to the catalyst. RWGS could occur at lower
temperatures over NiRuNa DFMs due to the partially reduced
oxides of NiRu.59–61

The findings from characterisation and activity screening
tests show that the DFM's performance is not continuously
improved by the addition of more adsorbent during synthesis
but shows an interplay of multiple effects. The increase in Na
loading leads to differences in the formation of Na oxide due
to changes in the precursor reducibility (due to
agglomeration) and resulting dispersion on the support, with
some Na covering NiRu nanoparticles. Moreover, the activity
screening results imply that Na loading also influences NiRu

Fig. 7 CO production during the adsorption step for 15Ni1Ru, XNa-
DFMs (X = 2.5–15%), at 400 °C, with 10% CO2/N2 (50 mL min−1) in
adsorption step – 15 minutes.

Fig. 8 CH4 production during the hydrogenation step for 15Ni1Ru,
XNa-DFMs (X = 2.5–15%), at 400 °C, with 10H2/N2 (50 mL min−1) in
hydrogenation step – 15 minutes.

Fig. 9 CO production during the hydrogenation step 15Ni1Ru, XNa-
DFMs (X = 2.5–15%), at 400 °C, with 10H2/N2 (50 mL min−1) in
hydrogenation step – 15 minutes.
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reducibility and hence low Na loadings can promote
undesirable CO production during adsorption, while higher
loadings can lower the selectivity to methane. The results
from CO2-TPD tests illustrate that by increasing the loading
of the adsorbent, the medium basic sites to capture CO2

increase while the H2-TPSR results indicate that the catalytic
material should also be sufficiently available on a higher
surface area to convert this adsorbed CO2. 15Na-DFM did not
possess the highest CH4/CO production while it had the
highest CO2 desorbed during CO2-TPD test. An interesting
result was that the sample with 5% Na-loading, showed the
highest CH4 production during H2-TPSR (CO2 was adsorbed
directly from the air before the experiment started), while it
did not produce the highest methane during isothermal
cyclic tests (conversion time 20 minutes and conversion
temperature 400 °C with 10% CO2/N2.) These findings
illustrate the convoluted nature of material optimisation due
to the interdependency of catalyst activity and adsorbent–
catalyst interaction and show that clearly we cannot find the
true optimum composition in an initial screening study. This

is where computational techniques can be of use for material
optimisation with fewer numbers of experiments.

The GP models for both selectivity towards methane and
produced methane were developed using the initial screening
results and are illustrated in Fig. S3 and S4.† The models
showed the areas with uncertainty indicate the possible
loadings of Na with higher produced methane and selectivity.
BO recommended 7.9% of Na-loading as the next point to
explore. The results of the cyclic test for this sample with the
same conditions described in section 4 are demonstrated in
Fig. S5† and Table 5.

The cyclic activity results for the 7.9Na-DFM
(recommended by the Bayesian optimisation), show that
this sample demonstrated stable performance during three
cycles, the produced methane is the highest for this
sample, and the selectivity is better than the 10Na-DFM
(Table 5). This indicates that the GP model and
optimisation are reliable, and it can recommend samples
with higher methane production and good selectivity. The
data from the cyclic test of 7.9Na-DFM was also added to
the model. Fig. 10 and 11 illustrate the predictions of the
models after adding 7.9% in X and the regarding
selectivity and produced methane in Y1 and Y2 datasets,
respectively.

The subsequent recommended point was 6.7% for Na-
loading with predicted Y1 = 90.67% and predicted Y2 = 380.94
μmol gDFM

−1. Since the loading amount (X) is very close to
the previous loading (1.2% difference) and selectivity and
produced methane do not show much difference with the
previous point, a plateau was forming, 7.9Na-DFM was
selected as the DFM with optimal loading of Na.

Table 4 Gases produced during H2-TPSR, first and last cycle

DFM

Produced gases (μmol gDFM
−1)

CH4-TPSR CO-TPSR CH4-Cycle 1 CH4-Cycle 4 CO-Hyd-Cycle 1 CO-Hyd-Cycle 4 CO-Ads-Cycle 1 CO-Ads-Cycle 4

2.5Na-DFM 132.14 0.00 57.14 55.36 0.00 0.00 69.64 75.00
5Na-DFM 337.50 7.14 346.43 319.64 5.36 5.36 30.36 39.29
10Na-DFM 214.29 5.36 391.07 369.64 48.21 46.43 35.71 35.71
15Na-DFM 189.26 7.14 257.14 232.14 1.79 1.79 32.14 23.21

Table 5 Average methane production and selectivity of 15Ni1Ru, XNa-
DFMs (X = 2.5–15%)

DFMs
Average methane produced in 1 cycle
(μmol gDFM

−1)
Average
selectivity (%)

2.5Na-DFM 55.36 100.00
5Na-DFM 332.14 98.41
7.9Na-DFM 398.60 96.04
10Na-DFM 381.25 89.14
15Na-DFM 241.52 99.26

Fig. 10 Selectivity towards methane predicted by BO utilising GP
model for 15Ni1Ru, XNa-DFMs (X = 2.5–15%).

Fig. 11 Produced methane predicted by BO utilising GP model for
15Ni1Ru, XNa-DFMs (X = 2.5–15%).
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The results for the realistic testing (Fig. 12 and 13)
show that the presence of oxygen and water can affect the
performance of the 7.9Na-DFM in CO2 capture and
methanation processes. As the dynamic curves (Fig. 12)
demonstrate, “A” for adsorption step and “H” for
hydrogenation step, the onset of methane production in
the catalytic conversion step was delayed and decreased
when O2 and H2O were present in the adsorption step.
This may be associated with the impact of O2 on the
catalytic materials, especially Ni.27,62,63 Oxygen can oxidise
the metallic sites, which deactivates them for
methanation. However, Ru can facilitate the reducibility of
Ni during hydrogenation.35,46,64 During the hydrogenation
step, first, the oxidised metals are reduced to their active
forms, and then these reduced sites can catalyse the
methanation reaction. Due to this delay, the methane
peak is not as sharp as in ideal conditions but broader.
The cycles where O2 and H2O were present during the
capture step (C2–6 inclusive in Fig. 13b) also show
increasing amounts of desorbed CO2 during
hydrogenation; this CO2 desorption is associated with the
delay for the reduction of the metallic sites that can lead
to lower methane production since the desorbed CO2

cannot spill over to adjacent catalytic sites at the
beginning of the conversion step, and they will leave the
reactor unreacted.25,41 In addition, the selectivity during
hydrogenation shifts slightly towards CO production under
realistic conditions (methane selectivity goes from 98.8%
to 97.7% for C1 and C2, and 94.7% for C3 to 86.6% for
C6) due to the presence of partially oxidised sites and
probably because of the competition between methanation
and moisture-driven desorption of adsorbed carbonates.35,61

The selectivity to methane increased again when oxygen
and water were no longer present in the feed gas (C7 and
C8 to 95.5% and 97.7%, respectively). It should be noted
that due to the shorter cycle time used in this test, the
tail end of methanation activity for cycles C2–6 inclusive
was cut off, which also contributed slightly to the lowered
methanation activity measurements. After switching back
to O2-free and dry conditions (C7, C8), the DFM regains
its original capture and conversion capability, indicating
reversible deactivation through oxidation during the
realistic testing. Another interesting finding was associated
with the production of CO during adsorption due to the
presence of reduced sites (which dissociate CO2). When
oxygen was present in the feed gas, undesirable CO
formation was completely suppressed (Fig. 13a), as oxygen
oxidised the reduced metallic sites.62 All in all, the results
demonstrate that the presence of O2 and H2O benefits
CO2 capture by suppressing CO formation but slows down
methanation, leading to increased CO2 desorption and
lower methanation activity (36% decrease in produced
methane). However, the DFM showed stable performance
for realistic cycles, and it regained nearly all its original
methanation capacity after the elimination of O2 and H2O
from the feed gas. This behaviour is associated with the
dynamic (oxidising/reducing) nature of the adsorption–
conversion cycles.

3 Conclusions

Na adsorbent loading on NiRuNa DFMs has been
optimised using a combination of experimental activity
screening and Bayesian Optimisation. The findings from

Fig. 12 Dynamic curves of ideal and realistic cyclic testing with 15Ni1Ru, 7.9Na/Al, ideal adsorption step: 10% CO2/N2, realistic adsorption step:
10%CO2 + 2.7%O2 + 2.9%H2O/Ar, hydrogenation step: 10% H2/N2, at 400 °C.
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H2-TPSR and cyclic activity showed that the addition of
Na to NiRu can affect performance not just via increased
number of adsorption sites for CO2 but can also influence
the selectivity of the catalytic sites, an effect we have
ascribed to a change in NiRu reducibility. The availability
of reduced metallic sites could lead to different results
during adsorption and hydrogenation steps. The reduced
metallic sites could contribute to CO production during
adsorption, while their presence in sufficient numbers
could lead to higher CH4 production during
hydrogenation. Partially reduced NiRu sites could shift the
selectivity towards CO production during hydrogenation.
The CO2-TPD results indicated that the highest CO2

capture capability will not necessarily lead to the highest
methanation capacity. All of these results emphasised that
an optimisation approach is required to find out the

optimal loading. Bayesian optimisation with Gaussian
process utilised in this study offers a novel approach to
finding the true optimal adsorbent loading of DFMs.
While the model herein focused only on adsorbent
loading optimisation, it can be a starting point for overall
composition optimisation in DFMs where new
combinations of adsorbent and catalyst are being tested.
The best performing DFM, which was recommended by
the BO and GP, with a loading of 7.9% Na demonstrated
a methane production capacity per cycle of 398.6 μmol
gDFM

−1 with good selectivity (96.04%). The realistic testing
with 7.9Na-DFM showed that the presence of O2 and H2O
favourably affects the capture stage by suppressing CO
formation, but results in slower methanation performance
of the DFM, however, this impact is reversible. By
increasing the hydrogenation time and the concentration
of H2 during hydrogenation, the DFM could show a stable
performance under real conditions.

This study is limited to a simplified (idealised) feed to
develop the GP + BO model at a certain temperature. For
the foundation of this model, a feed gas composition of
10% CO2/N2 was selected, as it closely reflects the
concentration of CO2 in most industrial point sources.8,65

The focus was placed on adsorbent loading, representing an
initial step toward employing computational tools in
material design for ICCU. Several limitations were
encountered in implementing this novel approach. Notably,
the effects of O2 and steam were not evaluated while
performing the optimisation tests, despite their presence in
typical industrial waste streams, and the stability tests were
not applied. Nevertheless, the proposed model and
methodology can be adapted for various setups using
different process parameters, with different feed gas
compositions, enabling the investigation of both adsorbent
and catalytic material compositions in DFMs.

4 Experimental

The synthesis method followed a similar protocol to our
previous work.31 Briefly, DFMs were synthesised using
sequential wet impregnation. First, the adsorbent was
impregnated on the support through dissolution. For
various loadings of Na, the calculated amounts of sodium
precursor, NaNO3 (Fluka), were dissolved in deionised
water and the support CeO2(20)–Al2O3(80), (SCFa-160 Ce20
Puralox), was added to the solution. Each loading for Na
precursor was calculated as described in ESI.† After
stirring the mixture with a magnetic stirrer for 30 minutes
at room temperature, the mixture was transferred to a
rotary evaporator flask to remove the excess water at
elevated temperature and reduced pressure (60–70 °C,
atmospheric pressure to 100 mbar). The obtained powder
was placed in the oven at 120 °C overnight to complete
the drying procedure. After that, the dried sample was
transferred to a muffle furnace and calcined at 400 °C for
4 hours (with a 5 °C min−1 heating ramp). During this

Fig. 13 Produced gases during hydrogenation in ideal and realistic
cyclic testing with 15Ni1Ru, 7.9Na/Al, ideal adsorption step: 10%
CO2/N2, realistic adsorption step: 10%CO2 + 2.7%O2 + 2.9%H2O/Ar,
hydrogenation step: 10% H2/N2, at 400 °C.
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calcination step sodium nitrate was thermally decomposed
to the dispersed oxides by following eqn (2) and (3).66

NaNO3 → NaNO2 + O2 (2)

2NaNO2→N2Oþ 3
2
O2 þ N2 (3)

The data from XRD spectra and XPS (our previous work31)
can confirm the presence of Na2O, which can turn to NaOH
in the presence of water (from the air).

Once the supported adsorbents, namely 2.5% Na/CeO2–

Al2O3, 5% Na/CeO2–Al2O3, 10% Na/CeO2–Al2O3, and 15% Na/
CeO2–Al2O3 were formed, the second phase of synthesis
began. In the second stage of synthesis, the calculated
quantities of catalyst precursors, as described in the ESI,†
Ni(NO3)2·6H2O (Acros Organics), and Ru(NO)(NO3)3 solution
(1.5 w/v Ru, Alfa Aesar), were dissolved in deionised water and
the supported adsorbents with various loadings of sodium
were added to the solution, separately, to achieve the final
15Ni1Ru–XNa/CeO2–Al2O3 (X = 2.5, 5, 10 and 15) DFMs. The
weight percentages of the adsorbent after impregnation of the
catalytic materials became 2.2%, 4.3%, 8.6%, and 12.9%.
Following the same steps as stage 1 for supported adsorbents,
the excess water of DFMs was removed by drying in the oven
before calcination at 500 °C (5 °C min−1) for 3 hours in a
muffle furnace. The sample recommended by the Bayesian
optimisation (15Ni1Ru–7.9Na/CeO2–Al2O3) was also
synthesised following the same procedure. For simplicity, the
DFMs were named 2.5Na-DFM, 5Na-DFM, 7.9Na-DFM, 10Na-
DFM, and 15Na-DFM in this article. The exact loadings of
sodium are characterised by the ICP-MS method. The safety
precautions described in ESI.†

X-ray diffraction (XRD) was conducted for all XNa-DFMs (X
= 2.5, 5, 10, 15) to evaluate the crystalline phase utilising the
X'Pert Powder apparatus from PANalytical. Cu Kα radiation
was used, with a wavelength of λ = 0.154 nm. The diffraction
patterns were recorded over a 2θ° range of 10–90° at 30 mA
and 40 kV.

Elemental mapping was achieved by employing scanning
electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) techniques. EDS analysis was conducted
by a JEOL JSM-7100F instrument. Pathfinder software was
used to perform the mappings. Moreover, the microscopic
image of 15Na-DFM was obtained using the same device.
Carbon paint was used to fix the DFMs to the holder, and to
decrease the charging effect, silver paint and gold coating
were applied.

The porosity and surface area of the samples were
analysed by the Brunauer–Emmett–Teller (BET) method using
a Micromeritics 3Flex apparatus. DFMs were initially
degassed in a vacuum at 150 °C for 2 hours before obtaining
the N2 adsorption–desorption isotherms at liquid nitrogen
temperature (−196.15 °C).

Gases (99.80% CO2, 99.998% N2) coming from cylinders
(Linde) were used to feed a 10% CO2/N2 mixture when

performing all the tests. As Table 1 in our review paper8,65

shows, there are point sources with almost 10% CO2 in their
waste stream such as waste incineration smoke, coal burning,
and IGCC smoke. Hence, considering 10% CO2/N2 as feed
gas can reflect the concentrations that are available in several
point sources.

To evaluate the basicity of the surface of the XNa-DFMs
temperature programmed desorption (CO2-TPD) was
employed. TPD profiles were obtained using a fixed-bed
quartz reactor (0.4″ ID) housed in a tube furnace. 250 mg of
DFM was placed in the reactor and the temperature was fixed
at 40 °C, then a 50 mL min−1 10% CO2/N2 mixture was
introduced to the reactor for 45 minutes. After purging with
N2 for 30 minutes, the temperature was increased from 40 to
800 °C with a 10 °C min−1 ramp to achieve CO2 desorption.
The vol% of CO2 was recorded every 5 seconds using an
online ABB AO2020 analyser with a sensitivity of 0.01%.

The elemental composition of the DFMs was determined
by ICP-MS using an iCAP 7200 ICP-OES Duo spectrometer
(Thermo Fisher Scientific) and solutions of the DFMs with a
concentration of 10 mg 30 mL−1 in all cases. The solutions
were prepared by microwave acid digestion (HCl :HNO3 1 : 1)
in an ETHOS EASY microwave digestion platform (Milestone)
at 230 °C for 15 min. The content of the Ni, Ru and Na were
analysed by this method.

Temperature programmed reduction was performed on
DFMs which had been exposed to air after synthesis. As these
samples have adsorbed CO2 from the ambient environment,
leading to reactions with hydrogen, we are referring to these
tests as temperature programmed surface reactions with
hydrogen (H2-TPSR). In this approach, 250 mg of DFM was
loaded in the fixed-bed quartz reactor with 0.4″ ID.
Subsequently, 10% of H2/N2 (50 mL min−1) was introduced to
the reactor while the temperature was ramped from room
temperature to 900 °C (10 °C min−1). CH4, CO, CO2, and H2

were detected using an online ABB AO2020 analyser equipped
with IR and TCD detectors.

Cyclic tests for CO2 capture and hydrogenation were
performed to evaluate the XNa-DFMs, to investigate their
adsorption and conversion activity through four consecutive
cycles. The fixed quartz bed reactor with 0.4″ ID was used for
these tests. 250 mg of the DFM was loaded into the reactor.
50 mL min−1 10% CO2/N2 was sent to the reactor for 30
minutes at room temperature to saturate the sample, after 10
minutes of purge with N2, the samples were heated to 400 °C
in hydrogen – using a 50 mL min−1 feed of 10% H2/N2. The
samples were held at 400 °C in the hydrogen mixture until
methane production could no longer be detected. This has
been done to ensure that the surface is clean from
carbonates and the sample is ready for cyclic test.
Subsequently, holding the temperature at 400 °C, 50 mL
min−1 10% CO2/N2 was introduced into the reactor during
the “CO2 capture” step (15 min). The reactor was then purged
with N2 to prevent gas phase mixing of CO2 and H2 so that
all carbon containing products could be attributed to
adsorbed CO2. In the conversion step, 50 mL min−1 10% H2/
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N2 was fed to the reactor for 20 minutes to convert the
adsorbed CO2 to hydrogenation products. At the end of each
cycle of adsorption and hydrogenation, an N2 purge was
utilised to purge all the H2 and get the setup ready for the
next cycle. Vol% of the feed gases and products (CO2, H2

CH4, and CO) was recorded by the online ABB AO2020
analyser.

The realistic testing is done following the same
procedure for cyclic tests, with 7.9Na-DFM. For these
experiments, first, CO2 adsorption was completed at room
temperature (for 30 min) and after heating to 400 °C in the
presence of 10% H2/N2 and keeping it there until CH4

reached zero, the cyclic tests started. The first cycle (C1),
was the ideal testing of the sample for comparison purposes
with 10% CO2/N2 (50 mL min−1) for 15 min during the
capture step and 10% H2/N2 (50 mL min−1) during the
hydrogenation step for 20 min. The second cycle (C2) followed
the same steps with 10%CO2 + 2.7%O2 + 2.9%H2O/Ar (50 mL
min−1) during adsorption and 10% H2/N2 (50 mL min−1) for
methanation to assess the behaviour of the sample under
realistic conditions. O2 was sent into the reactor from a
cylinder containing 3%O2 + 97%Ar, and the feed gas passed
through a water bubbler before entering the reactor. Cycles
three to six (C3–C6) were done under the same realistic
conditions except for the adsorption and hydrogenation time,
which were 5 and 10 min, respectively. These durations are
chosen to have more cycles in a certain period. Cycles seven
and eight (C7 and C8) were done under ideal conditions (10%
CO2/N2 for 15 min and 10% H2/N2, for 20 min, 50 mL min−1

total flow rate) after realistic conditions to evaluate the
regaining of the capture and methanation capability of the
sample when oxygen and water were no longer present in the
feed gas. The online ABB analyser recorded the gas
composition (CO2, CO, CH4, and H2) every 5 seconds.

We used Bayesian optimisation (BO) with a Gaussian
process (GP) surrogate to find the optimal loading for NiRu,
XNa (X: 2.5–15% wt) DFMs, using the data from our initial
screening studies, produced methane and selectivity for 4
different loadings of sodium in 4 cyclic adsorption (10%
CO2/N2) hydrogenation (10% H2/N2) tests at 400 °C. The
GPyOpt package was used in this optimisation.67 The
loading of the sodium was the initial input X ∈ [2, 16], and
the selectivity towards methane and the average produced
methane over four cycles for each loading were the
objectives (Y1 and Y2, respectively). Since the significance of
the two objectives was the same, the final objective was
written as:

Y = w1Y1 + w2Y2 (4)

The initial dataset (4 points) forms the initial training set for
the Gaussian process (GP) models, which are trained to
predict objective values at unexplored points in the domain.
The GP surrogate was selected due to its suitability for
handling sparse data and providing uncertainty estimates at
predicted points. Separate GP models were constructed for

each objective, allowing for flexible and independent
modelling. The RBF (radial basis function) kernel was
utilised for both (Y1 and Y2) models because of its
smoothness properties and capability to capture variations in
the objective functions across the domain. To ensure the GP
models interpolated the initial data exactly, the noise
variance parameter in each model was fixed to 0.2. After
producing a surrogate model with the aid of GP, Bayesian
optimisation was applied to iteratively explore the domain,
identifying the next best experimental input (X: Na loading)
that maximises the produced methane and selectivity towards
methane simultaneously. The expected improvement (EI)
acquisition function was used to balance exploration and
exploitation.
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