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a b s t r a c t

Herein, the effect of the Ru:Ni bimetallic composition in dual-function materials (DFMs) for the inte-
grated CO2 capture and methanation process (ICCU-Methanation) is systematically evaluated and com-
bined with a thorough material characterization, as well as a mechanistic (in-situ diffuse reflectance
infrared fourier-transform spectroscopy (in-situ DRIFTS)) and computational (computational fluid
dynamics (CFD) modelling) investigation, in order to improve the performance of Ni-based DFMs. The
bimetallic DFMs are comprised of a main Ni active metallic phase (20 wt%) and are modified with low
Ru loadings in the 0.1–1 wt% range (to keep the material cost low), supported on Na2O/Al2O3. It is shown
that the addition of even a very low Ru loading (0.1–0.2 wt%) can drastically improve the material
reducibility, exposing a significantly higher amount of surface-active metallic sites, with Ru being highly
dispersed over the support and the Ni phase, while also forming some small Ru particles. This manifests
in a significant enhancement in the CH4 yield and the CH4 production kinetics during ICCU-Methanation
(which mainly proceeds via formate intermediates), with 0.2 wt% Ru addition leading to the best results.
This bimetallic DFM also shows high stability and a relatively good performance under an oxidizing CO2

capture atmosphere. The formation rate of CH4 during hydrogenation is then further validated via CFD
modelling and the developed model is subsequently applied in the prediction of the effect of other
parameters, including the inlet H2 concentration, inlet flow rate, dual-function material weight, and reac-
tor internal diameter.
� 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI

training, and similar technologies.

1. Introduction

The rapid rise of anthropogenic greenhouse gas emissions and
concerns about climate change necessitate the development of
CO2 capture and utilization technologies (CCU) to curb the amount
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of CO2 released into the atmosphere [1–3]. In the Power-to-
Methane concept, CO2 is captured from flue gases and, with the
help of renewable hydrogen, is converted into synthetic natural
gas (i.e., methane), that can be used to store excess renewable
energy in the form of a reliable, easy-to-handle, and carbon-
neutral energy carrier (Eq. (1)) [3–6]. These separate processes of
CO2 capture and then utilization via conversion to methane
(i.e., methanation) can be coupled into an integrated CO2 capture
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and methanation process (ICCU-Methanation) using ‘‘dual-
function materials” (DFMs) [7–9]. During this process, CO2 is first
captured from the adsorption-active component of the DFM and
is later hydrogenated into methane via the catalytically-active
component [10–13].

CO2 + 4H2 CH4 + 2H2O 1
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In the past decade, many research works have surfaced that
deal with the preparation and testing of these novel dual-
function materials [11,12]. It has been shown that Na2CO3, or ‘‘Na2-
O”, supported on Al2O3 can provide an abundance of CO2-philic,
adsorption-active sites for CO2 capture, which is followed by spil-
lover and methanation on the catalytically active sites, typically
comprised of Ru or Ni active metals [11,14,15]. Ru is thus far
favored for this type of application due to its high reducibility, as
it can easily revert back to its metallic state following oxidation
during CO2 capture under an oxidizing flue gas atmosphere
[14,16]. On the other hand, Ni is a comparatively much cheaper
active metal and thus, research is also directed in the preparation
of Ni-based DFMs that can possess high CH4 production capacity,
fast CH4 production kinetics, and the ability to perform the inte-
grated cycle following oxidation and then reduction under a low
operating temperature [11,17–19]. In the work of Arellano-
Trevino et al. [20], it has been shown that the incorporation of
1 wt% Ru in a Ni-based DFM can promote the reducibility of the
material and its performance under oxidizing CO2 capture condi-
tions, while Bermejo-Lopez et al. [21] reported that a bimetallic
DFM with the same active metal loadings (1 wt% Ru and 10 wt%
Ni) showed improved Ni dispersion, reducibility, and CH4 produc-
tion capacity compared to the Ni-based monometallic DFM.

The theoretical approach of the demonstration of the CO2

methanation reaction is a time-saving procedure, which requires
less expense and effort [22]. In this regard, computational fluid
dynamics (CFD) simulations are considered as a great accomplish-
ment, as parameters can be determined and forecast [22,23].
Transport phenomena of heterogeneous flows in reactors and key
details of space-time variations in different component flows, con-
centrations, and temperatures are among the operational benefits
that the CFD simulations offer [22–24]. The modelling of complex
materials like DFMs is one of the most recent progresses in the
computational field [25,26]. Bermejo-López et al. [25] proposed a
kinetic model for the ICCU-Methanation process over a Ru/Na2CO3/
Al2O3 DFM that could predict the evolution of CH4 and precisely
describe the adsorption and hydrogenation steps. Afterwards, in
a subsequent study, Bermejo-López et al. [26] employed the pro-
posed kinetic model in order to predict the temporal evolution of
components at short and long adsorption and hydrogenation dura-
tions, indicating the saturation and regeneration efficiency of the
material during the different steps.

A parameter that has barely been investigated in the literature
dealing with DFMs for the ICCU-Methanation process is the active
metal loading and/or composition in bimetallic materials. This
approach is quite popular during the catalytic CO2 methanation
reaction with co-feeding of CO2 and H2 reactants [27–31]. For
example, Quindimil et al. [29] studied the effect of the active metal
composition in bimetallic Ni-Ru/Al2O3 catalysts with 12 wt% Ni
and variable Ru loading, and concluded that 1 wt% Ru is a desirable
loading amount, as it leads to an increase in the Ni dispersion,
reducibility, and CH4 yield. In another work by Pan et al. [30],
the optimal Ni loading in Ni/CeO2 catalysts was initially found to
be 20 wt%. An approach was then followed to further increase
the activity of this catalyst by introducing small Ru amounts. They
found that just a very small Ru loading (0.2 wt%) was enough to
achieve a maximum promotion in the low-temperature catalytic

activity and reducibility. It can thus be envisaged, that a similar
approach regarding the Ru:Ni bimetallic composition can also be
applied for DFMs used in the ICCU-Methanation process.
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This work is thus focused on the preparation of bimetallic Ru-Ni
DFMs with low Ru loadings, supported on porous Na2O/Al2O3, and
their performance during ICCU-Methanation. To the best of our
knowledge, it is the first one to systematically study the Ru:Ni
bimetallic composition in bimetallic DFMs for the integrated CO2

capture and conversion, while also providing a thorough material
characterization (X-ray diffraction (XRD), N2 physisorption, H2

temperature programmed reduction (H2-TPR), H2 temperature
programmed desorption (H2-TPD), CO2 temperature programmed
desorption (CO2-TPD), H2 temperature programmed surface reac-
tion (H2-TPSR), transmission electron microscopy (TEM), high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) with energy dispersive X-ray spectroscopy
(EDS) mapping, X-ray photoelectron spectroscopy (XPS), and X-
ray absorption spectroscopy (XAS)), coupled with in-situ diffuse
reflectance infrared fourier-transform spectroscopy (in-situ
DRIFTS) mechanistic experiments and computational fluid dynam-
ics (CFD) modelling. By keeping the Ni loading at 20 wt% and intro-
ducing small Ru loadings (0.1–1 wt%), it is found that even a
miniscule amount of Ru (i.e., 0.1–0.2 wt%) can drastically promote
the active metal reducibility and the CH4 production kinetics, as
well as increase the overall CH4 yield and the resistance to O2 dur-
ing CO2 capture, with 0.2 wt% Ru providing the maximum promot-
ing effect. A CFD model is also developed that can validate the
experimental data and predict the effect of different parameters
on the ICCU-Methanation performance.

2. Experimental

2.1. Material synthesis

A Pechini sol-gel method was used to prepare the support. Al
(NO3)3 9H2O was initially added in d-H2O under continuous stir-
ring. Citric acid and then ethylene glycol were added with the
molar ratio of ethylene glycol, citric acid, and metal cations (Al3+)
being 3:1.5:1. Afterwards, the temperature of the solution was
raised to 80 �C to promote the Al-citrate complex formation and
the evaporation of water, leading finally to polycondensation
between the hydroxyl and carboxyl groups and the formation of
a viscous polymeric network. The viscous syrup was subsequently
overnight dried at 120 �C and then calcined at 500 �C for 4 h, with
an intermediate temperature hold step at 400 �C for 1 h. The
adsorption-active (Na2O) phase was then introduced to the sup-
port via wet impregnation. Initially, NaNO3 in a calculated amount
(for a 12 wt% ‘‘Na2O” loading) was dissolved in d-H2O under stir-
ring. The support was then dispersed in the solution under stirring
and the mixture was transferred to a rotary evaporator for water
removal. Lastly, drying of the leftover solid at 120 �C overnight
and calcination at 500 �C for 4 h yielded the Na2O/Al2O3 adsorbent
material (NaAl).

The Ni phase was then introduced via wet impregnation on the
NaAl (Na2O/Al2O3) adsorbent material, using Ni(NO3)2 6H2O in a
calculated amount to achieve the desired 20 wt% Ni loading. The
dried powder after impregnation was calcined at 400 �C for 4 h.
For the bimetallic Ru-Ni DFMs, Ru was incorporated via a subse-
quent wet impregnation step on the monometallic Ni-based DFM
(20 wt% Ni) using a Ru(NO)(NO3)x(OH)y solution and with calcina-
tion performed at 250 �C for 4 h. A monometallic Ru reference
material (0.2 wt% Ru) was also prepared without the prior Ni
impregnation step. The calcined DFMs were finally reduced in-
situ (under 10% H2/Ar) for 1 h at 400 �C to obtain the reduced
DFM counterparts.
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2.2. Material characterization

XRDwas performed on a Bruker Discover D8 apparatus (Bruker-
AXS) using a Cu Ka1 radiation at 40 kV and 25 mA. In order to cal-
culate the crystallite sizes of the various phases (NiO and metallic
Ni0), the Scherrer equation was applied following Voigt fitting of
the respective crystalline reflections.

N2 adsorption-desorption was performed using an Autosorb iQ
instrument (Quantachrome instruments/Anton Paar) at 77 K
(Physisorption mode). At first, outgassing was carried out for 4 h
at 300 �C. The Brunauer-Emmett-Teller (BET) method was used
to calculate the specific surface area values (p/p0 = 0.07–0.3) and
the non-local density functional theory (NLDFT) method was used
to extract the pore size distribution graphs. The silica cylindrical
pores model was applied on the adsorption branch (software ASiQ-
Win) [32].

H2-TPR was also carried out in the Autosorb iQ instrument (TCD
mode). After pretreatment under He flow at 400 �C for 1 h and
cooldown to room temperature, 10% H2/N2 (50 mL min 1) was
flown through the material and the temperature was gradually
increased up 900 �C using a 10 �C min 1 temperature ramp, under
continuous monitoring of the thermal conductivity detector (TCD)
signal. Afterwards, experiments were also conducted after prior
reduction (10% H2/N2) and then oxidation (20% O2/Ar) pretreat-
ments at 400 �C, to allow for the precursor decomposition and
the formation of supported NiO-RuOx oxides. A 1 h intermediate
hold step at 400 �C was also introduced in this case. The TCD
was calibrated following reduction of known amounts of CuO.
Lastly, additional H2-TPR experiments with 1 h temperature hold
at 400 �C were also carried out for some materials in a packed
bed reactor system (10% H2/Ar flow), so that the gases exiting
the reactor could be monitored via mass spectrometry (MS) using
an on-line QMS 300 Prisma MS analyzer (Pfeiffer).

H2-TPD was performed at the same instrument (Autosorb iQ).
After material reduction at 400 �C with 10% H2/N2 for 1 h, He
was flown for 30 min at 400 �C. The material was then cooled down
to room temperature under He flow and then 10% H2/N2 was flown
again through the material for 20 min for the H2 adsorption. After-
wards, after purging with N2, the temperature was gradually
increased with a 10 �C min 1 ramp up to 900 �C under N2 flow,
under continuous monitoring of the TCD signal. TCD calibration
was performed via pure H2 pulses at a constant N2 flow.

CO2-TPD was also carried out at the same instrument. After
reducing the materials at 400 �C with 10% H2/N2 for 1 h and flow-
ing He for 5 min, 10% CO2/Ar then flowed for 30 min at 400 �C (for
the CO2 adsorption to occur at an elevated temperature) and also
during cooldown to room temperature. After He purge, the temper-
ature was slowly increased to 900 �C with a ramp of 10 �C min 1

under He flow, under continuous monitoring of the TCD signal.
TCD calibration was performed via pure CO2 pulses at a constant
He flow. Peak deconvolution for the calculation of the population
of basic sites of different strength was performed via the QCfit
option of the TPRWin software (Quantachrome instruments/Anton
Paar).

H2-TPSR was performed in a packed bed reactor system
equipped with an on-line QMS 300 Prisma analyzer (Pfeiffer). After
reducing the materials at 400 �C with 10% H2/Ar for 1 h and then Ar
purge for 5 min, 10% CO2/Ar was flown for 30 min (for the CO2

adsorption to occur at an elevated temperature) and also during
cooldown to room temperature. Afterwards, following Ar purge,
10% H2/Ar was flown again, and the temperature was slowly raised
to 900 �C with a ramp of 10 �C min 1, while the MS signal was con-
tinuously monitored. MS calibration was previously performed
using certified gas mixtures diluted in Ar.

TEM was carried out using a T20 FEI-Tecnai microscope
(200 kV) that had a LaB6 electron source and ‘‘SuperTwin�” objec-

tive lens enabling point-to-point resolution of 0.24 nm. HAADF-
STEM along with EDS analysis were carried out using an Analytic
XFEG FEI Titan electron gun microscope (300 kV) that contained
a Cs-probe (CEOS) with the ability of electron probe formation with
0.09 nm mean size.

311

XPS was carried out using a ThermoFisher K-alpha machine
equipped with an X-ray gun generating monochromatic energy
of 1500 eV. Sample preparation involved applying a stroke of the
sample onto carbon tape and attaching it to the sample holder.
The sample holder was then transitioned from the entry chamber
to the analysis chamber onto a stage once the pressure dropped
below 2 10 7 Pa. The analyzer selected electrons based on their
kinetic energies, measuring counts within a fixed range of binding
energies.

XAS was performed on the BM31 at the Swiss-Norwegian
beamlines (SNBL)/ESRF in Grenoble (France). A continuous scan
mode was employed using a Si(111) LN2-cooled double crystal
monochromator (DCM). The unfocussed beam size at the sample
position was ca. 3 mm W 300 lm H. Ni metal (K-edge at
8332.8 eV) foil and Ru metal (K-edge at 22117.2 eV) powders were
used as standards for energy calibration and the measurements
were performed in transmission geometry using optimized pre-
filled ion chambers as detectors. The samples were manipulated
under air atmosphere to make pellets from a mixture of ca.
30 mg catalyst powder and 70 mg cellulose as a filler and X-ray
transparent material. They gave rise to perfect transmission sam-
ples at the Ni K-edge (edge step around 1); for the measurement,
the samples were sandwich-taped between 50 lm sticky kapton
films. On the other hand, the Ru K-edge measurements were car-
ried out in both transmission (using ion chambers) and fluores-
cence geometry (Vortex SDD with XIA Falcon X fast digital
multichannel analyzer electronics as detector system), and we
opted to show the fluorescence data because of the better data
quality generated by the low Ru loading, which rendered the mate-
rial slightly too transparent at the Ru edge. No corrections were
applied onto the fluorescence results, since the data were similar
in terms of features intensity/position to the transmission mea-
surements. Data reduction protocols, i.e., background removal,
normalization and averaging (more scans were averaged for better
S/N, especially at the Ru K-edge), truncation/deglitching, etc. were
performed using the Athena software from the Demeter package
[33].

In-situ DRIFTS was performed on a Nicolet 8700 spectrometer
(Thermo Scientific) with a TRS-detector (LN-MCT), equipped with
a DRIFT-cell (high-temperature) with CaF2 windows (HVC praying
mantis Harrick). The sample spectra were recorded via the accu-
mulation of 128 scans (4 cm 1 resolution) under different gas
flows, i.e., 10% CO2/He for CO2 adsorption, He for purge/flushing,
and 10% H2/N2 for reduction/hydrogenation. In a typical experi-
ment, the material was loaded in the reaction cell and initially
reduced at 400 �C, followed by setting the temperature to the
desired value (300 or 400 �C). Spectra collection was then carried
out under the different gas flows.

2.3. Material testing

The experiments regarding the ICCU-Methanation process were
performed in a packed bed reactor (quartz glass, I.D. = 0.9 cm), as
described in Ref. [13]. In short, after reduction of 0.2 g of the
DFM at 400 �C for 1 h with 10% H2/Ar, the reactor temperature
was set to the required value. For the CO2 adsorption step,
50 mL min 1 of 10% CO2/Ar flowed for 15 min. This was followed
by 5 min of 50 mL min 1 Ar purge. For the hydrogenation step,
50 mL min 1 of 10% H2/Ar flowed for 30 min. This was followed
by another 5 min of Ar purge. Gas analysis of the reactor effluent
was carried out with a QMS 300 Prisma analyzer (Pfeiffer).
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For the stability experiments under multiple adsorption-
methanation cycles, the adsorption and methanation step dura-
tions were reduced to 10 and 20 min, respectively. For the cycles
performed under an oxidizing CO2 capture atmosphere, the feed
during the CO2 adsorption step consisted of 10% CO2, 10% O2 bal-
ance Ar.

For the CO2 adsorption step, the CO2 adsorption capacity
expressed in mmol g 1 was calculated as follows.

QCO2

C0 F in

W Vm

t

0

1
Ct

C0
dt 2

where C0 is the concentration of CO2 in vol% at the inlet. Fin is the
overall flow rate in mL min 1 at the inlet. Ct is the concentration
of CO2 in vol% at a specific time at the outlet. W is the DFM weight
in g. Vm is the molar volume, which has a value of
22.414 mL mmol 1.

For the hydrogenation step, the yields for CH4, CO, and desorbed
CO2 expressed in mmol g 1 were calculated as follows.

YCH4

F in

W Vm

t

0

CCH4 t dt 3

YCO
F in

W Vm

t

0

CCO t dt 4

YCO2

F in

W Vm

t

0

CCO2 t dt 5

where and are the flows of the CH4, CO, and CO2

gases in vol% at a specific time at the outlet.
Lastly, for the evaluation of the methanation reaction kinetics

(calculation of the activation energy and reaction orders),
continuous-flow CO2 methanation experiments were carried out
on the same reactor setup, but this time utilizing a gas chromatog-
raphy analysis system for the gas analysis, as described in Ref. [4].
0.06 g of the DFM diluted in quartz sand up to 1 g was added in the
reactor, followed by reduction at 400 �C for 1 h under 10% H2/Ar.
The reaction gas mixture was initially composed of 10% CO2, 40%
H2, and 50% Ar (volume), with a total flow of 100 mL min 1. After
the achievement of steady-state conversion at 230 �C, the reaction
temperature was stepwise increased in 10 �C intervals. CO2 conver-
sion remained below 20% to ensure kinetically controlled reaction.
For the calculation of the CO2 and H2 reaction orders, the CO2 or H2

concentration each time varied between 6%–14% and 30%–50%,
respectively, while keeping the concentration of the other reactant
and the total gas flow constant, at a fixed temperature correspond-
ing close to 10% CO2 conversion. The reaction metrics were calcu-
lated based on the formulae described in Ref. [34].

2.4. Process modelling

2.4.1. Reaction rates
CH4 is generated through hydrogenation, according to the Saba-

tier reaction (Eq. (1)) [22]. The rate equation that describes the
hydrogenation step and the formation of CH4 during hydrogena-
tion was developed according to the works of Bermejo-López
et al. [25] and Falbo et al. [35].

rCH4 kCH4 Pn
CO2

P4n
H2

Pn
CH4

P2n
H2O

Keq T n 6
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where is the rate constant and is the equilibrium con-
stant of the methanation reaction, respectively. The hydrogenation
step was modelled by parametric fitting of the kinetic model, as
proposed by Bermejo-López et al. [25].

2.4.2. Modelling methodology
Computational fluid dynamics (CFD) modelling was conducted

in a packed bed reactor with the reaction kinetics installed through
the chemistry interface and the mass and transport of reacting spe-
cies modelled with the Transportation of Diluted Species interface
along with the Reactive Pellet Bed feature, which takes into
account convection, diffusion, and reaction in diluted solutions.
The one-dimensional (1D) CFDmodel was developed with the tem-
perature and concentration gradients occurring only in the axial
direction and plug flow type being the transport mechanism that
operates in this direction. The assumptions that were taken into
account in the model design included: (a) isothermal and
unsteady-state conditions, (b) very small/negligible pressure drop
along the reactor length, (c) application of ideal gas law for gases,
(d) constant axial fluid velocity inside the reactor with uniform
transport coefficients and physical properties, and (e) material
packing in powdered form inside the reaction zone. The reactor
length was 30 cm. The internal diameter of the reactor was
0.9 cm, unless otherwise stated.

The mass balance equation given below incorporates the diffu-
sion and convection for the species in the packed bed.

ux
dci
dx

Di A
d2ci
dx2

Di T
d2ci
dy2

JiSb 7

where and are the dispersion coefficient in the transverse or
axial direction and the molar flux of the fluid in the powdered
DFM, respectively.

is the material active specific surface area that is in contact
with the reactant fluids [36].

Sb
3
rpe

1 e 8

where is bed void fraction of material and is the size of material
powder.

The assumption of film condition is made at the pellet-fluid
interface. The mass flux associated with mass balance, which is
considered as boundary condition, can be the rate determining
step. The external mass transfer coefficient as described below is
considered.

Ji hi ci ci ps 9

hi
Sh Di

2rpe
10

Sc
l

q Di
11

Re
2rp q ux

l
12

Sh 2 0 552Re1 2Sc1 3 13

where and are the external mass transfer coefficient and the
species concentration on the surface of the material, respectively.
For the reaction fluids, and are the density, viscosity, and

CCH4 t , CCO t, CCO2 t

kCH4 Keq T

Di Ji

Sb

e rpe

hi ci ps

l q, Sc



c

D r

Schmidt number, respectively. is the Reynolds number. is the
Sherwood number [37,38].

The reaction takes place in the bed area that is packed with
powder material. The mass balance regarding the powdered parti-
cle, as well as an additional predefined 1D dimension for the nor-
malized radius across the spherical shell, are
expressed as following.
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4pN r2r2peepe
pe i

t
r2Di eff cpe i r2r2peRpe 14

where is number of particles. For the fluids inside the pores of the
powder particle is the effective diffusion coefficient. is the
concentration for the different component species in the powder
material, and is the reaction rate term.

In order to calculate the effective diffusivities for the different
component species inside the powder material pores, Knudsen or
bulk diffusion coefficients were taken into account [37].

Di eff
i AB Up c

s 15

where is the diffusivity for the different fluid components in
bulk is the powder material porosity and are the tortuosity
and constriction factor, respectively.

The boundary conditions for the packed bed reactor are dis-
played below.

at x 0 ci ci in 16

at x xi
dci
dx

0 17

at r 1 ci p ci ps 18

at r 0
dci p
dr

0 19

The modelling software used in this work couples all the con-
servation equations, mass balances, and boundary conditions.
The geometry of the packed bed reactor had a mesh that consisted
of 50 domain elements and 2448 degrees of freedom. The solution
provided was checked for higher degrees of freedom and no differ-
ence was obtained in the results, and thus the CFD results are mesh
independent.

3. Results and discussion

3.1. Material characterization

3.1.1. Crystallinity and textural properties
XRD was first carried out for the reduced DFMs with low Ru

loadings and 20 wt% Ni following the reduction pretreatment at
400 �C, and the results are included in Fig. 1a. The diffractograms
display the reflections of crystalline c-Al2O3 (2h 37.4�, 46.0�,
and 66.7�) from the support, NiO (2h 37.4�, 43.4�, 63.1�, 75.5�,
and 79.4�), and metallic Ni0 (2h 44.5�, 51.8�, and 76.4�). Reflec-
tions of any Na-containing crystalline phase due to the
adsorption-active component are not observed, meaning that Na
is most probably highly dispersed as Al-O -Na+ (or ‘‘Na2O”) sites
over the c-Al2O3 support [39–41]. Metallic Ru0 is also not observed
due to its low loading and high dispersion. Ni on the other hand
exists as both oxidized NiO and as metallic Ni0, meaning that part
of it is reduced during the reductive pretreatment and part of it
remains oxidized, especially for the monometallic Ni20 material

[42,43]. Interestingly, the relative intensity of the Ni0 metallic
reflections to the NiO reflections is drastically increased as the
Ru loading is increased. Significant differences can be observed
even for the Ru0.1Ni20 sample, meaning that even 0.1 wt% of Ru
addition can greatly increase the reduction degree of the NiΟ phase
at 400 �C. Reflections attributed to NiAlOx (e.g., NiAl2O4) were not
present, so that even if small NiAlOx nanocrystallites do exist, they
are expected to be smaller than the XRD detection limit and/or
their reflections overlap with those of other crystalline phases
[44–46].
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The crystallite sizes of NiO and metallic Ni0 were calculated
based on their reflections at 2h 63� and 52�, respectively, follow-
ing Voigt fitting, via the Scherrer equation (Table 1) [47], due to the
overlap of the main NiO and Ni0 reflections (2h 45� and 43�,
respectively) with c-Al2O3. The mean crystallite size of the metallic
Ni0 particles was found to be around 8–9 nm for all the reduced
materials. Regarding NiO, the mean crystallite size is the largest
for monometallic Ni20 at 13 nm, and is then reduced with increas-
ing Ru loading in the materials down to 8 nm.

Fig. 1b shows the N2 adsorption-desorption isotherms and the
pore size distribution graphs of the reduced DFMs, while the BET
surface area, average pore diameter, and pore volume values are
shown in Table 1. All materials are mesoporous with type IV iso-
therms and a relatively high surface area ( 95 m2 g 1), which is
required for heterogeneous catalytic reactions. All of them have a
very similar porosity, probably since the very low Ru loading does
not have the ability to significantly affect the material textural
properties. The DFMs with 0.1–0.5 wt% Ru do however evidence
a small increase in the surface area and pore volume compared
to the monometallic Ni20 DFM.

3.1.2. Temperature-programmed reduction
H2-TPR was then carried out by ramping up the temperature to

900 �C (Fig. 2a). The TPR profiles are characterized by an intense
and large peak below 400 �C, ascribed to NiO reduction and the
adsorbent phase activation, i.e., the removal of nitrates and other
leftover precursor compounds, which influences the TCD signal
[13,48–51]. For the monometallic Ni20 DFM, additional peaks
can be observed at higher temperatures; the signal below 700 �C
can be attributed to NiO reduction with a stronger metal-support
interaction and the one above 700 �C to the reduction of Nix+ spe-
cies with a particularly strong metal-support interaction, namely
those participating in NiAlOx (e.g., NiAl2O4) phase formation
[21,45,49]. The presence of both crystalline NiO and metallic Ni0

for Ni20 on the XRD following reduction at 400 �C (Fig. 1a) is in
agreement with the H2-TPR profiles, which show that only part
of the NiO reduction occurs below 400 �C. Interestingly, upon the
addition of very small Ru loadings, even 0.1 wt%, the main reduc-
tion peak, as well as the other NiO reduction events, shift toward
lower temperatures. This means that the majority of oxidized
NiO is now reduced below 400 �C, due to the promoted reducibility
induced via the very small Ru loadings [20,52,53]. This is not the
case however for the high-temperature reduction peak
at >700 �C, which has a low but similar intensity in all samples,
meaning that all of them are expected to display a rather similar
amount of the NiAlOx phase, irrespective of the Ru loading. Lastly,
the H2-TPR profile of the bare NaAl (Na2O/Al2O3) adsorbent is also
shown to present a main TCD signal peak at approx. 540 �C, which,
due to the lack of reducible NiO-RuOx oxides, can be attributed
solely to the reduction/decomposition of leftover precursor com-
pounds (mainly nitrates due to the NaNO3 precursor, but poten-
tially also some carbonates), which now require a higher
temperature to decompose compared to the DFMs [13,48].

In order to shed light into the precursor decomposition process
and the evolution of various gases, H2-TPR characterizations were
also carried out for the Ni20 and Ru0.2Ni20 DFMs in the packed
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shifts toward lower temperatures. The nitrate precursors originate
mainly from NaNO3, but some quantity of leftover nitrates from
the Ni and Ru precursor compounds could also remain in the sam-
ples following calcination. In all cases, it is quite clear that the
reduction pretreatment at 400 �C is largely sufficient for the
decomposition of the synthesis precursor compounds for the
DFMs. The reason for the precursor decomposition in Ni20 and
Ru0.2Ni20 DFMs occurring at lower temperatures compared to
the bare NaAl adsorbent support (Na2O/Al2O3, Fig. 2a) is the pres-
ence of the reducible metals (Ni and Ru), which can aid the reduc-
tion/decomposition of these precursor compounds (e.g., via the
supply of reactive H-adatoms), as also evidenced by other works
[13,45,48,49].
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Fig. 1. (a) X-ray diffractograms and (b) N2 adsorption-desorption isotherms with pore size distribution (inset) for the reduced DFMs.

Table 1
SSA (specific surface area), PV (pore volume), and APD (average pore diameter) obtained via N2 physisorption for the reduced DFMs. Crystallite sizes (U) for NiO and metallic Ni0

calculated via XRD (Scherrer). Mean nanoparticle size (d) determined via TEM analysis (nanoparticle size distribution histograms).

Material SSA (m2 g 1) PV (cm3 g 1) APD (nm) UNiO (nm) UNi (nm) d (nm)

Ni20 89 0.22 9.8 13 8 12.3 ± 5.4
Ru0.1Ni20 96 0.25 10.5 11 9 8.1 ± 3.9
Ru0.2Ni20 92 0.25 10.6 9 9 9.7 ± 3.7
Ru0.5Ni20 91 0.23 10.1 9 9 9.6 ± 4.2
Ru1Ni20 89 0.23 10.3 8 9 7.8 ± 3.2

Fig. 2. H2-TPR profiles of the DFMs and the NaAl adsorbent with (a) temperature rise up to 900 �C with prior pretreatment under inert gas and (b) temperature rise up to
900 �C with an intermediate temperature hold step at 400 �C for 1 h and with prior reduction and oxidation pretreatments.

bed reactor setup, where the outlet gases could be monitored via
MS, using an 1 h hold step at 400 �C (Fig. S1). For the monometallic
Ni20 DFM, an asymmetric rise in the signal form/z = 17 when com-
pared to the m/z = 18 signal at a temperature lower than 400 �C
indicates a significant production of NH3 following the hydrogena-
tion of leftover nitrate precursors [13,15,21,49]. Then, the m/z = 28
signal is likely due to N2 formation following NOx reduction
[13,54]. Small amounts of NO (m/z = 30) and likely N2O (m/
z = 44) are also produced, alongside a quite small CH4 amount
(m/z = 15), and at higher temperatures likely CO (m/z = 28), which
could be ascribed to the reaction of some amount of pre-formed
carbonates [13,15,49]. For the bimetallic Ru0.2Ni20 DFM, a signif-
icantly higher amount of NO (and also N2O) is released during the
nitrate precursor decomposition process, to the detriment of NH3

formation. Furthermore, the reduction/precursor decomposition
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Afterwards, in order to exclude the contribution of the precur-
sor decomposition and calculate the actual H2 consumption values



that correspond to the active metal (NiO-RuOx) reduction, H2-TPR
characterizations were performed following prior reduction and
oxidation pretreatments at 400 �C (to decompose the precursor
compounds) and also with a 1 h intermediate hold step at 400 �C
(Fig. 2b). The H2 consumption values up to the 400 �C isothermal
step (Table 2) are indicative of the ability of the material to be
reduced/activated at 400 �C following prior oxidation (e.g., under
a flue gas atmosphere), and the promoting effect of the Ru pres-
ence, particularly up to 0.2 wt%, is demonstrated via the significant
enhancement of the H2 consumption values and the shift of the
main reduction peak toward lower temperatures. The total H2 con-
sumption values up to 900 �C can be found in Table S1, and they
roughly correspond to the theoretical values required for NiO-
RuOx reduction (e.g., 3.41 mmol g 1 theoretical value for
monometallic Ni20). The active metal (NiO-RuOx) reduction degree
at 400 �C can then be calculated as the ratio between these two
values (Table S1). It starts from as low as 42% for the monometallic
Ni20 DFM and is then substantially increased up to 69% for
Ru0.2Ni20 (0.2% Ru) and 70% for Ru1Ni20 (1% Ru). For the bimetal-
lic DFMs, we could assume that RuOx is totally reduced prior to
400 �C. When subtracting its contribution (as RuO2 reduction),
the NiO reduction degree at 400 �C still has the same values when
rounded to the whole as the combined NiO-RuOx reduction degree
(much lower Ru loading compared to Ni). The great increase in the
NiO reduction degree upon Ru addition, as well as the shift of the
main reduction event, are suggested to occur via the initial reduc-
tion of the more reducible Ru (RuOx), which can then accelerate/
enhance the reduction of Ni-species, enabling it to proceed at
lower temperatures than it would typically proceed for
monometallic Ni materials in the absence of Ru. This is proposed
to occur by improving the H2 supply/H2 dissociation and spillover
to nearby Ni species, as also suggested by other works
[20,21,29,52].
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3.1.3. Temperature-programmed desorption of H2 and CO2

H2-TPD was then performed in order to understand the material
interaction with H2 and estimate the population of metallic surface
sites that are available following reduction at 400 �C (Fig. 3a) [34].
The H2-TPD profiles present two peaks, one at lower temperatures
(<350/400 �C) and one at higher temperatures (>350/400 �C).
According to the literature [21,29,55], the low-temperature peak
can be attributed to the desorption of H2 that was previously
adsorbed on metallic surface sites, whereas the high-temperature
peak can be assigned to the desorption of spillover H2, or H2 pre-
sent on the subsurface layers of the support. Therefore, the amount
of desorbed H2 from the low-temperature peak (<400 �C) can be
used to estimate the availability of surface metallic sites and the
metallic surface area [21,29,55].

It is apparent, that the desorbed H2 amount below 400 �C
(Table 2) increases greatly upon the introduction of just 0.1 wt%
Ru (Ru0.1Ni20), and then further increases for 0.2 wt% Ru
(Ru0.2Ni20) and for higher Ru loadings. The active metallic surface
area (including Ni and Ru surface atoms) was then calculated based
on the amount of desorbed H2 below 400 �C (Table S1) [56], and is

found to greatly increase from approx. 4.4 m2 g 1 for the
monometallic Ni20 DFM up to 8.7 m2 g 1 for Ru0.2Ni20 and
9.7 m2 g 1 for Ru1Ni20. Additionally, the desorbed H2 amount
below 400 �C and the active metal (NiO-RuOx) reduction degree
at 400 �C were used to obtain the active metal (Ni and Ru) disper-
sion values (Table S1) [52,56,57]. For the monometallic Ni20 DFM,
the active metal (Ni) dispersion was found to be the lowest, at 16%,
which would yield a mean metallic Ni0 particle size of approx.
9 nm [56,57] (in good agreement with the value obtained from
XRD). For the bimetallic DFMs, the active metal dispersion (for
both Ni and Ru) is calculated to be higher, at roughly 19%–20%.
Besides a potential improvement in the Ni dispersion, these values
are expected to be brought up by the significantly higher disper-
sion of the Ru metal component (compared to Ni), assuming that
Ru is not exclusively alloyed with Ni [29,52]. As previously men-
tioned, the improvement of the H2 dissociation and spillover in
the materials upon Ru addition can in turn promote the reduction
of adjacent Ni-species and enable the overall NiO reduction to take
place at lower temperatures [20,21,29,52].

Table 2
H2 consumed during H2-TPR with prior reduction/oxidation pretreatments and 1 h hold step up to 400 �C, H2 desorbed during H2-TPD up to 400 �C, total CO2 desorbed during
CO2-TPD, and total CH4 produced during H2-TPSR.

Material H2 consumed
(up to 400 �C, mmol g 1)

H2 desorbed
(up to 400 �C, mmol g 1)

CO2 desorbed
(mmol g 1)

CH4 produced
(mmol g 1)

Ni20 1.46 0.057 1.17 0.83
Ru0.1Ni20 2.05 0.099 1.22 0.85
Ru0.2Ni20 2.40 0.111 1.25 0.86
Ru0.5Ni20 2.47 0.115 1.22 0.82
Ru1Ni20 2.53 0.125 1.21 0.80
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CO2-TPD was also used to estimate the population and strength
of the surface basic sites that are available for CO2 chemisorption
(Fig. 3b, Table 2) [58]. In our case, the desorbed CO2 amount at var-
ious temperatures can be divided into CO2 desorbed from weak
basic sites (T < 300 �C), moderately-strong basic sites (300 �C < T
< 650 �C), and strong basic sites (>650 �C) (Table S2). The weak
basic sites correspond to weakly-bound carbonates and bicarbon-
ates, the moderately-strong basic sites correspond to the majority
of adsorbed CO2 over the adsorption-active Al-O -Na+ sites as car-
bonates (mostly bidentate), and the strong basic sites correspond
to rather strongly-bound bulkier Na2CO3-type carbonates
[13,41,49]. All materials contain mostly basic sites of moderate
strength (calculated following peak deconvolution in TPRWin,
Table S2). The calculated total surface basicity is relatively high,
at approx. 1.2 mmol CO2 per gram of material (Table 2). It can also
be observed that the CO2-TPD profiles of the different materials are
quite similar, with only minor differences. As a result, the material
surface basicity and thus, the CO2 adsorption capacity, are mainly
influenced by the presence of surface Al-O -Na+ sites due to the
adsorbent component (‘‘Na2O”), and are only slightly affected by
the availability of additional surface metallic sites [13,40,48], con-
sidering that sufficient adsorbent activation via precursor decom-
position is achieved following the reduction pretreatment at
400 �C, as shown during H2-TPR (Fig. S1).

3.1.4. Temperature-programmed surface reaction
H2-TPSR was then utilized in order to study the CH4 formation

ability of the DFMs from pre-adsorbed CO2 as a function of temper-
ature (Fig. 4). The peak CH4 formation temperature of the
monometallic Ni20 DFM is found to dramatically reduce even after
just 0.1 wt% Ru addition, from approx. 300 �C for Ni20 to 260 �C for
Ru0.1Ni20 (around 40 �C drop). For 0.2 wt% Ru (Ru0.2Ni20), the
peak CH4 concentration is significantly increased, while for higher
Ru loadings, the peak CH4 concentration slightly drops. In general,
a lower temperature for CH4 formation during H2-TPSR means that
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the material will be more active at lower temperatures during the
ICCU-Methanation isothermal operation [13,21]. The total CH4 pro-
duction is the highest for Ru0.2Ni20 (0.86 mmol g 1), though the
differences in the total CH4 yield between the materials are minor
(Table 2).
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Fig. 3. (a) H2-TPD and (b) CO2-TPD profiles of the reduced DFMs.

Fig. 4. CH4 formation during the H2-TPSR experiments for the reduced DFMs.

The CO formation and the desorption of unreacted CO2 are
shown in Fig. S2 and Table S3. CO formation from pre-adsorbed
CO2 is very low at the low-temperature regime, due to the high
CH4 selectivity of the DFMs at these temperatures. CO production
then increases at higher temperatures (>550 �C) due to the
endothermic reverse water-gas shift reaction [59,60], but still,
the total amount of produced CO is minor. The amount of unre-
acted desorbed CO2 on the other hand is high at the low-
temperature regime (<250 �C), due to the desorption of CO2 from
the weak basic sites without it being hydrogenated and converted
to other products.

3.1.5. Electron microscopy characterization
TEM analysis was carried out for the reduced DFMs (Fig. 5). It

can be observed that the support has a quite porous nanostructure,

allowing for the dispersion of small and medium-sized nanoparti-
cles. These nanoparticles can be easily located due to the high Z-
contrast and are primarily metallic Ni ones, along with some oxi-
dized NiO particles that can hardly be distinguished from the
reduced/metallic ones via TEM. Ru could also potentially form
small particles, alloy with Ni, or be finely dispersed over the sup-
port. All materials have a similar morphology, and the supported
nanoparticles have a high size polydispersity, ranging from a few
nanometers up to approx. 20 nm in diameter. The corresponding
histograms for the nanoparticle size distribution are shown in
Fig. S3 and the mean nanoparticle size values are listed in Table 1.
The monometallic Ni20 DFM presents a larger mean nanoparticle
size (approx. 12 nm) compared to the bimetallic DFMs, but this
value could also be influenced by the oxidized (NiO) particles,
which, according to the XRD results, can be larger than the metallic
Ni0 particles in this sample. For the bimetallic Ru-Ni DFMs, the
mean nanoparticle size is similar, at approx. 8–10 nm, in good
agreement with the results obtained from XRD.
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HAADF-STEM analysis and EDS elemental mapping were also
performed. The low-magnification EDS elemental mapping images
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for the Al, O, Na, and Ni elements in the monometallic Ni20 and the
bimetallic Ru0.2Ni20 and Ru1Ni20 DFMs (with 0.2 wt% Ru and
1 wt% Ru, respectively) can be found in Fig. S4. The existence of
small and medium-sized Ni-rich nanoparticles, along with some
larger ones in certain regions, can be verified via the Ni elemental
mapping images in these samples, while a considerable amount of
Ni is also dispersed over the support [61,62], making the localiza-
tion of the Ni0-AlOx (Ni nanoparticle-support) interface rather dif-
ficult. Furthermore, the homogeneous dispersion of Na throughout
the samples (absence of large segregated Na2O domains) proves
the existence of an abundance of adsorption-active sites, namely
CO2-philic Al-O -Na+ or highly dispersed ‘‘Na2O” [13,39–41].
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Fig. 5. TEM images of the reduced DFMs: (a) Ni20, (b) Ru0.1Ni20, (c) Ru0.2Ni0, (d) Ru0.5Ni20, and (e) Ru1Ni20. The location of somemetallic nanoparticles is indicated by red
circles.

Regarding the dispersion of Ru in Ru0.2Ni20 (0.2 wt% Ru) and
Ru1Ni20 (1 wt% Ru), it is hard to be evaluated due to its low load-
ing. Therefore, additional higher magnification images were
acquired (Fig. 6), showing the Ni and Ru EDS elemental mapping
for the reduced Ni20, Ru0.2Ni20, and Ru1Ni20 DFMs. The existence
of small and medium-sized Ni nanoparticles is again observed in
all cases, while Ru is generally found to be highly dispersed over
the bimetallic materials and does not exclusively form Ru-Ni alloys
[52], although certain regions do reveal the formation of rather
small, segregated Ru particles (Fig. 6d and f). It can be stated that
Ru forms single atoms/small clusters that are highly dispersed both
over the Na2O/Al2O3 support [52,61,63], as well as over the small
and medium-sized Ni particles (e.g., as single atom alloys)
[52,64,65], while a preferential concentration of Ru atoms at the
Ni0-AlOx interface cannot be verified, due to the complexity of
the sample system/composition. As previously mentioned, besides
the highly dispersed state of Ru, some sample regions also reveal
the segregation of Ru in the form of Ru particles. This segregation
is much more pronounced in the Ru1Ni20 sample with the highest
Ru loading (1 wt%), compared to the Ru0.2Ni20 sample with a
much lower Ru loading (0.2 wt%), and can in turn lead to a reduc-

tion in the surface-available Ru sites, or the Ru-Ni bimetallic inter-
action/synergy for Ru1Ni20.
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3.1.6. X-ray photoelectron spectroscopy
XPS was then performed for the reduced Ni20, Ru0.2Ni20, and

Ru1Ni20 DFMs with 0 wt%, 0.2 wt%, and 1 wt% Ru loadings, respec-
tively. The Ni 2p and Ru 3p spectra are shown in Fig. 7, whereas the
O 1s, Al 2p, and Na 1s spectra can be found at the Supplementary
Material (Fig. S5). The Ni 2p spectra (Fig. 7a) reveal the presence
of different Ni species, i.e., metallic Ni0 starting from a lower bind-
ing energy (BE), then the oxide phase of NiO, and then, at even
higher BE, the peak can be ascribed to the contribution of NiAlOx

species (e.g., NiAl2O4), but also to Ni(OH)2 and even Ni3+ species
due to Ni surface oxidation and hydroxylation following air expo-
sure (ex-situ XPS characterization) [52,66,67]. The lower intensity
(to some extent) of this high BE peak for the Ru0.2Ni20 and
Ru1Ni20 samples, compared to Ni20, can infer a slightly lower con-
tribution of NiAlOx species upon Ru presence, for the DFMs after
the material reduction. Looking at the Ru 3p XPS spectra
(Fig. 7b), there are no evident peaks for the Ru0.2Ni20 DFM, due
to the very low concentration of Ru. For the Ru1Ni20 DFM how-
ever, there is an evidently high contribution of metallic Ru0 (e.g.,
present in Ru particles), with the contribution of oxidized Rux+

likely originating chiefly from the air exposure prior to the ex-
situ XPS characterization [68,69].

Regarding the O 1s spectra (Fig. S5a), there are different oxygen
species that exist in the materials, namely lattice oxygen in the
Al2O3 lattice [66,67], adsorbed oxygen species in the form of sur-
face hydroxyls/carbonates, and even physiosorbed H2O following
air exposure [34,52,67]. The Al 2p spectra (Fig. S5b) can be ascribed
to Al3+ ions in the Al2O3 lattice and a small contribution of AlO
(OH)/Al(OH)x species following air exposure and surface oxida-
tion/hydroxylation [70], with the monometallic Ni20 sample
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appearing more prone to this effect. Finally, the asymmetric form
of the Na 1s peak (Fig. S5c) suggests the presence of different Na-
species, namely Na+ ions that are highly dispersed over the Al2O3

support oxide as Na-O-Al interfacial sites, and segregated Na+ ions
as Na2O oxides, or NaOH formed following hydroxylation under air
exposure [71,72]. The contribution of surface-segregated Na2O/
NaOH appears to be higher for the monometallic Ni20 DFM and
lower for the bimetallic Ru0.2Ni20 and Ru1Ni20 DFMs, since the
presence of Ru may affect the Na dispersion following the material
reduction.
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Fig. 6. HAADF-STEM electron images along with EDS elemental mapping images regarding the Ni and Ru elements for the reduced (a, b) Ni20, (c, d) Ru0.2Ni20, and (e, f)
Ru1Ni20 DFMs.

Fig. 7. (a) Ni 2p and (b) Ru 3p XPS core level spectra of the reduced Ni20, Ru0.2Ni20, and Ru1Ni20 DFMs.

3.1.7. X-ray absorption spectroscopy
Lastly, XAS was carried out for the reduced monometallic Ni20

DFM, as well as for the reduced bimetallic Ru0.2Ni20 and Ru1Ni20
DFMs, with 0.2 wt% Ru and 1 wt% Ru, respectively (Fig. 8). It should
also be noted that the Ni K-edge was measured in transmission
mode and the Ru K-edge in fluorescence mode (due to the low
Ru content). The Ni references were metallic Ni foil and NiO, while
the Ru references were metallic Ru powder and RuO2. The results
at the Ni K-edge (Fig. 8a and b) indicate the contribution of both
metallic Ni and oxidized Ni (NiO) in the reduced samples, due to

the partial reduction of Ni [64,73]. The contribution of metallic
Ni0 is significantly increased upon Ru addition, as also described
during the XRD and H2-TPR results. It is hereby shown however,
that the contribution of metallic Ni (Ni–Ni bonding), in comparison
to that of oxidized Ni (Ni–O bonding), increases up to 0.2 wt% Ru
addition (Ru0.2Ni20) without a further increase beyond that point
for 1 wt% Ru (Ru1Ni20), meaning that the reducibility enhance-
ment effect of Ru is maximized for just 0.2 wt% Ru addition. More
specifically, the ratio between metallic Ni0 and oxidized NiO (Ni0:
NiO, X-ray absorption near edge structure (XANES)) was deter-
mined to be 26%:74% for monometallic Ni20, 40%:60% for bimetal-
lic Ru0.2Ni20, and 37%:63% for bimetallic Ru1Ni20. Additionally,
an extended X-ray absorption fine structure (EXAFS) fit (not
shown) of the Ni K-edge for the three materials using the Ni and
NiO references was performed, and the values for the bond lengths
and coordination numbers are displayed in Table S4.
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The results at the Ru K-edge (Fig. 8c and d) show that the
bimetallic Ru1Ni20 sample (with the highest 1 wt% Ru loading)
displays a behavior that is quite similar to that of the metallic
Ru0 powder reference, albeit with a slight oxidized Ru character.
The fourier-transform EXAFS (FT-EXAFS) spectrum also shows a
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quite high contribution of Ru–Ru bonding [31,65,70]. It can be
assumed that this Ru–Ru contribution mainly comes from the Ru
atoms present in (largely monometallic) Ru nanoparticles (in
agreement with the electron microscopy results), or Ru–Ni bi-
clusters, showing in fact a quite high percentage of Ru for Ru1Ni20
residing in aggregated form as small nanoparticles/clusters, and
thus, not atomically dispersed. The interaction between Ru and
Ni in the form of Ru-Ni alloy sites is also apparently quite small
in comparison to the Ru–Ru contribution. However, for the sample
with a significantly lower Ru loading (Ru0.2Ni20, 0.2 wt% Ru),
there are additional prominent peaks in the FT-EXAFS spectrum
besides that for Ru–Ru, and it also exhibits a higher oxidized Ru
character. The largest FT-EXAFS peak for this sample, at lower
radial distance than Ru–Ru, can be assigned to Ru–Ni bonding from
Ru-Ni alloy (e.g., single atom alloy) sites (shorter bond length for
Ru–Ni compared to Ru–Ru, depending also on the alloy composi-
tion) [31,64,65]. Moreover, an additional large peak at an even
lower radial distance is ascribed to Ru–O bonding (oxidized
Rux+), which can be formed from single Ru atoms at the Na2O/
Al2O3 support [63,74], or even from former metallic Ru atoms fol-
lowing ex-situ oxidation to some extent [64]. As such, Ru is better
dispersed and exists in a variety of different states for Ru0.2Ni20,
whereas it is largely found as Ru particles/clusters for Ru1Ni20.
Fig. S6 shows the wavelet-transform EXAFS (WT-EXAFS) spectra
of the Ru0.2Ni20 and Ru1Ni20 DFMs along with those of the Ru0

powder and RuO2 references, where it can be observed that the
spectrum of the Ru1Ni20 DFM better matches that of the metallic
Ru0 powder reference, whereas Ru0.2Ni20 displays considerably
more oxidized character.
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Fig. 8. (a) Ni K-edge XANES spectra, and (b) FT-EXAFS (not corrected for phase shift), (c) Ru K-edge XANES spectra, and (d) FT-EXAFS (not corrected for phase shift) of the
reduced Ni20, Ru0.2Ni20, and Ru1Ni20 DFMs, along with those of reference samples.
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3.2. Material testing

3.2.1. Effect of the Ru-Ni bimetallic composition
The materials with a different active metal composition (20 wt%

Ni, and either 0, 0.1, 0.2, 0.5, or 1 wt% Ru) were initially evaluated
at 300 �C (isothermal operation), since this is a temperature typi-
cally selected during the process of ICCU-Methanation in the liter-
ature [11–13,75,76]. Fig. 9a shows the values for the CH4, CO, and
CO2 yield, and the CO2 adsorption capacity for the DFMs at 300 �C.
The CH4 signal evolution with time is shown in Fig. 9b, while the
cumulative CH4 yield evolution with time during hydrogenation
is displayed in Fig. 9c.

Interestingly, the CH4 yield at 300 �C (Fig. 9a) increases greatly
after the incorporation of very low Ru loadings (0.1 and 0.2 wt%),
from 0.45 mmol g 1 for the monometallic Ni20 DFM, up to a max-
imum of 0.53 mmol g 1 for the bimetallic Ru0.2Ni20 DFMwith just
0.2 wt% Ru. The total CH4 yield then drops for higher Ru loadings
down to 0.46 mmol g 1 for 1 wt% Ru, meaning that just 0.2 wt%
Ru is sufficient to achieve the maximum promotional effect on
the total CH4 yield. Regarding the CO yield, it drops as the Ru load-
ing increases, thereby promoting the CH4 selectivity over CO. The
initial CO2 adsorption capacity and the amount of desorbed unre-
acted CO2 during hydrogenation are similar between the DFMs.

The most profound change upon Ru incorporation in the mate-
rial performance however, is evident in the so-called methanation
kinetics. Upon the addition of very low Ru loadings, the peak CH4

concentration during the hydrogenation step increases by 85% for
0.1 wt% Ru and 130% for 0.2 wt% Ru (compared to monometallic
Ni20), as the CH4 concentration signal becomes much sharper for
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the bimetallic Ru-Ni DFMs (Fig. 9b). Therefore, the addition of just
a miniscule Ru amount in Ni-based DFMs can dramatically pro-
mote the methanation reaction kinetics of pre-adsorbed CO2. The
cumulative CH4 yield also demonstrates this effect (Fig. 9c). For
the example of Ru0.2Ni20 (0.2 wt% Ru), 85% of the overall CH4 yield
is reached after 10 min of hydrogenation, compared to just 75% for
the monometallic Ni20 DFM.
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Fig. 9. (a) CH4 yield, CO yield, CO2 yield, and CO2 adsorption capacity for the DFMs at 300 �C. (b) CH4 signal evolution and (c) cumulative CH4 yield evolution with time during
hydrogenation.

An overview of the reactor outlet gas composition during a
complete adsorption-methanation (adsorption-hydrogenation)
cycle for the monometallic Ni20 DFM and the best-performing
bimetallic Ru0.2Ni20 DFM at 300 �C can be found in Fig. S7. It is
evident that CH4 dominates the product concentration profile, as
the CH4 yield is much larger compared to the yield of CO and unre-
acted CO2. CH4 on the other hand is produced for a much longer
duration, whereas the production of CO and the desorption of
CO2 take place right at the beginning of the hydrogenation process.

3.2.2. Effect of the operating temperature
The operating temperature effect during the process of ICCU-

Methanation was then studied for the monometallic Ni20 DFM
(20 wt% Ni) and the bimetallic Ru0.2Ni20 DFM (0.2 wt% Ru and
20 wt% Ni), which, at 300 �C, provided the highest CH4 yield and
the fastest methanation reaction kinetics (Fig. 10). Initially, we
can observe that the CO2 adsorption capacity decreases with
increasing temperature, which can be ascribed to the exothermic
character of CO2 adsorption on the alkaline sites of the materials
(i.e., Al-O -Na+ or ‘‘Na2O” sites) [13,39,41,77]. The CH4 yield on

the other hand reaches a maximum value at 350 �C for Ni20 and
at 300 �C for Ru0.2Ni20. The lower CH4 production at 250 �C is
attributed to the reduction in kinetic energy, which is required to
drive forward the sluggish methanation process [78,79]. For the
highest operating temperature (400 �C), the total CH4 yield is also
lower due to a smaller amount of pre-adsorbed CO2 available for
methanation in the first place, and the exothermic character of
the CO2 methanation reaction [41,78]. The CO yield remains low
at the whole temperature range tested. When looking at the CH4

concentration profiles and the cumulative CH4 yield (Fig. 10c–f),
it is also evident that CH4 production at a lower temperature
(250 �C) takes place quite slowly, and that the CH4 signal reaches
its peak long after the hydrogenation step has been initiated. The
CH4 concentration signal then becomes sharper up to a specific
temperature (350 �C for Ni20 and 300 �C for Ru0.2Ni20), after
which a further increase in temperature does not provide any addi-
tional benefits to the methanation reaction kinetics.
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When comparing the two different materials (monometallic
Ni20 and bimetallic Ru0.2Ni20), it is evident that the greatest dif-
ference between them lies in the low-temperature regime. In par-
ticular, the total CH4 yield for Ru0.2Ni20 is 18% higher at 300 �C
and 110% higher at 250 �C compared to Ni20, while at higher tem-
peratures (350 and 400 �C), the total CH4 yield is similar. The CH4

production kinetics also demonstrates substantial differences
between the two materials. At 250 �C for example, the CH4 signal
for Ni20 is quite flat and the CH4 yield increases very slowly, while
for Ru0.2Ni20 a clear peak can be observed at 250 �C, with the total

move_f0050


CH4 yield being significantly higher, thereby corroborating the
ability of Ru to promote the low-temperature methanation cat-
alytic activity [28,30,52]. A similar, though less pronounced, trend
is also observed at 300 �C. Even at the high-temperature regime
(350 and 400 �C), the CH4 concentration profile is quite sharper
for Ru0.2Ni20 compared to Ni20, despite the final (total) CH4 yield
being rather similar.
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Fig. 10. (a, b) CH4 yield, CO yield, CO2 yield, and CO2 adsorption capacity for the Ni20 and Ru0.2Ni20 DFMs at different operating temperatures. (c, d) CH4 signal evolution and
(e, f) cumulative CH4 yield evolution with time during hydrogenation.

It can be observed, that the differences between the DFMs
become smaller as the reaction temperature increases. Therefore,
additional experiments were also performed for the other bimetal-
lic DFMs at the maximum operating temperature of 400 �C
(Fig. S8). It is shown, that the total CH4 yield is almost equivalent
for all materials, and actually a very small decline upon Ru addition
is observed. Similarly to the tests performed at 300 �C, the CO yield
drops with increasing Ru loading, leading to a higher CH4 selectiv-
ity over CO. Again, the main difference lies in the CH4 production
kinetics. Despite the CH4 yield being similar for all materials, the
CH4 formation rate becomes considerably faster even after just

0.1 wt% Ru addition. For the example of Ru0.2Ni20, the peak CH4

concentration is increased by 38% compared to Ni20, and the CH4

concentration signal is much sharper.
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Thereafter, in order to account for the methanation activity of
Ru in the absence of Ni, a monometallic Ru/Na2O/Al2O3 reference
material without Ni (Ru0.2), with 0.2 wt% Ru (since 0.2 wt% Ru
led to the highest performance in the bimetallic Ru-Ni DFMs),
was prepared and evaluated for the ICCU-Methanation process in
the 250–400 �C temperature range (Fig. S9). A significantly
lower/miniscule CH4 formation is observed at the low temperature
range of 250–300 �C, which is increased at 350–400 �C, but still
remains at quite low levels compared to the monometallic Ni20
and the bimetallic Ru-Ni DFMs (<0.35 mmol g 1). This can be
attributed to the overall much lower content for the catalytically
active metal sites in the absence of the Ni phase [52]. It should also
be noted, that the CO yield is significantly higher for Ru0.2 (CH4

selectivity over CO <80%). Lastly, the kinetics of CH4 formation dur-
ing hydrogenation is negatively affected in the absence of Ni, since



CH4 is formed at a quite slower rate over the Ni-free Ru0.2 refer-
ence material, with a much lower peak CH4 concentration.
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In conclusion, among the materials tested herein, the highest
CH4 yield (CH4 productivity) was observed for the bimetallic
Ru0.2Ni20 DFM (20 wt% Ni and 0.2 wt% Ru) at 300 �C, with a value
of 0.53 mmol g 1, while the monometallic Ni20 DFM (20 wt% Ni)
produced 0.45 mmol g 1 at the same temperature. The CO2 adsorp-
tion capacity for both of these materials was similar, at
0.71 mmol g 1 at 300 �C. In order to facilitate good comparison
with other recent literature works with similar material formula-
tions, operating at a similar temperature range, a comparison table
was prepared, which can be found at the Supplementary Material
(Table S5). In light of this information, our materials indeed appear
to present a quite good performance for ICCU-Methanation, and
they compare favorably with those reported in the recent litera-
ture, both regarding the CH4 yield/productivity and the CO2

adsorption capacity, especially when considering the very low pre-
cious metal (Ru) loading for the bimetallic Ru-Ni DFM (Ru0.2Ni20)
and the relatively low operation temperature (300 �C).

3.2.3. CO2 methanation catalytic activity and kinetic study
Additionally, the CO2 methanation catalytic activity and the

respective reaction kinetics of the monometallic Ni20 DFM and
the bimetallic Ru0.2Ni20 (0.2 wt% Ru) and Ru1Ni20 (1 wt% Ru)
DFMs were studied under typical continuous-flow reaction condi-
tions (Fig. 11). It is shown that upon the introduction of Ru, even at
0.2 wt% (Ru0.2Ni20), the CH4 formation rate (in mol gcat1 s 1) is sub-
stantially increased compared to the monometallic Ni20 DFM
(Fig. 11a), whereas for the highest Ru loading of 1 wt% (Ru1Ni20),
the CH4 formation rate evidences a rather marginal further
increase. The Ni-free, monometallic Ru0.2 reference material
(0.2 wt% Ru in the absence of Ni) was also tested for comparison,
showing a very low CH4 formation rate, due to the much lower cat-
alytically active metal content [52]. Additionally, the Arrhenius
plots (Fig. 11b) allowed for the calculation of the activation energy
for CH4 production. This was calculated to be 93 kJ mol 1 for
monometallic Ni20, 92 kJ mol 1 for bimetallic Ru0.2Ni20, and
95 kJ mol 1 for bimetallic Ru1Ni20 (all within the margin of error),
meaning that the addition of Ru does not seem to significantly
affect the activation energy [52].

The CO2 and H2 reaction orders were then calculated based on
the plots of the logarithm of the CH4 formation rate as a function
of the logarithm of the CO2 or H2 partial pressure (in kPa), respec-
tively (Fig. S10), according to Ref. [80]. The CO2 order was calcu-
lated to be 0.23, 0.15, and 0.16 for Ni20, Ru0.2Ni20, and

Ru1Ni20, respectively, whereas the H2 order was calculated to be
1.30, 1.27, and 1.20 for Ni20, Ru0.2Ni20, and Ru1Ni20, respectively,
which fall at a similar range to that of other relevant works [80,81].
The much higher values for the H2 order compared to the negative
values for the CO2 order can be ascribed to the substantially
increased CO2 (or CO2-derived species, e.g., carbonate) coverage
in the presence of the ‘‘Na2O” adsorption-active phase [80,81].
When comparing the different materials, the calculated H2 order
values are similar, whereas the CO2 order values are slightly higher
(in absolute values) for the Ru-containing materials, which can
infer a certain effect of the Ru-phase on CO2 activation.

Fig. 11. (a) CH4 formation rate as a function of reaction temperature and (b) natural logarithm of the CH4 formation rate as a function of reciprocal temperature (Arrhenius
plots).
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3.2.4. In-situ DRIFTS investigation
Afterwards, the species present on the surface of the

monometallic Ni20 and the bimetallic Ru0.2Ni20 DFMs during
the individual steps of CO2 adsorption, inert gas purge and metha-
nation were investigated via in-situ DRIFTS, both at 300 and 400 �C
operation (Fig. 12). Spectra were collected following the initiation
of the CO2 adsorption and methanation steps (ca. after 1 min), as
well as at the end of the steps (i.e., after 15 min for adsorption,
5 min for purge, and 30 min for methanation). In all cases, the start
of the adsorption period is characterized by the rapid formation of
adsorbed carbonate species via the emergence of two large bands
at approx. 1600 and 1350 cm 1, which can be assigned to bidentate
carbonates that are predominantly formed over the Al-O -Na+

adsorption-active sites [40,82,83]. The band at higher wavenum-
bers is accompanied by a quite small shoulder peak centered at
approx. 1730–1770 cm 1, which is more prevalent at the lower
operating temperature of 300 �C, and, according to Merkouri
et al. [83,84], it could be assigned to ionic carbonates. For the
bimetallic Ru0.2Ni20 DFM, two smaller bands at approx. 2020
and 1920 cm 1 can be assigned to linear and bridged metal car-
bonyls (M CO) [82–84]. The absence of these peaks for the
monometallic Ni20 DFM indicates that these carbonyls are rather
formed on Ru that is dispersed over the support and on the adja-
cent Ni sites. Indeed, the fact that Ru in Ru-Ni bimetallic materials
can promote the dissociative adsorption of CO2, and thus enhance
the population of adsorbed CO intermediate species compared to
monometallic Ni materials, has also been observed in other litera-
ture works [29,30,63–65]. At the higher wavenumber region
(Fig. S11), the additional presence of bicarbonates can be observed
via two bands at approx. 3740 and 3640 cm 1 [40]. During inert
gas purge, most of the adsorbed species are retained, except for
the weakly adsorbed bicarbonates, which are easily removed
(Fig. S11).
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Fig. 12. In-situ DRIFTS spectra during the CO2 adsorption step (initially and after 15 min), the purge step, and the hydrogenation step (initially and after 30 min), for the (a, c)
Ni20 and (b, d) Ru0.2Ni20 DFMs at operating temperature of (a, b) 300 �C and (c, d) 400 �C. (B-CO3

2 : Bidentate carbonates; HCOO: Formates; I-CO3
2 : Ionic carbonates; M CO:

Metal carbonyls).

During the following hydrogenation step, the process of metha-
nation for the pre-adsorbed carbonate species is initiated. At the
onset of this step, the carbonate bands do not change to a signifi-
cant degree, but the change is greater for the bimetallic Ru0.2Ni20
DFM and at the higher operating temperature of 400 �C. Also, the
formation of gaseous CH4 can be observed at higher wavenumbers
(Fig. S11, insets) [40,85]. The intensity of the CH4 peak in Fig. S11 is
greater for the bimetallic Ru0.2Ni20 DFM, and in the case of the
monometallic Ni20 DFM at the higher operating temperature of
400 �C, i.e., it is following the trend of the peak CH4 concentration
value during the ICCU-Methanation testing in Fig. 10. After 30 min
of hydrogenation, the carbonate band intensity decreases and a
shift toward lower wavenumbers is observed, which can be
ascribed to the increased contribution of formate species
[40,82,86]. As also evidenced in other works [40,82,86], the metha-
nation of pre-adsorbed carbonates is suggested to proceed via their
spillover to the metallic surface sites and through the formation of
formate intermediate species (formate pathway). The weak signals
peaking at approx. 2925 cm 1, due to the C–H stretching vibrations
of adsorbed formate species (Fig. S11, insets), also serve as further
evidence for the existence of formate intermediate species [86].
The bands ascribed to the metal carbonyl species (Ru0.2Ni20)
and ionic carbonates are removed following hydrogenation. The
remaining (largely formate) bands after 30 min of hydrogenation

have a lower intensity for the bimetallic Ru0.2Ni20 DFM. This is
expected to be a result of the promoted methanation catalytic
activity induced via the Ru presence, which facilitates a more rapid
conversion for the reaction intermediates [82]. It should also be
noted however, that the metal carbonyls (M CO) over the bimetal-
lic Ru0.2Ni20 DFM can also potentially act as active intermediates
during the methanation reaction [29,30,63].
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3.2.5. Material stability and effect of the oxidizing atmosphere during
CO2 adsorption

For the ICCU-Methanation process, it is also quite important to
evaluate the material stability under successive adsorption-
methanation cycles and also, with CO2 capture performed under
an oxidizing atmosphere (which causes the oxidation of the active
metal phase). Since flue gases contain leftover O2, the tolerance of
DFMs during CO2 capture under an oxidizing atmosphere is of par-
ticular importance, especially for Ni-based DFMs [8,14,20,87]. The
stability testing consisted of 5 cycles under O2-free CO2 adsorption
conditions (10% CO2/Ar), followed by 5 cycles under O2 presence
during the adsorption of CO2 (10% CO2, 10% O2 balance Ar), fol-
lowed again by 5 cycles under 10% CO2/Ar adsorption feed, with
a similar protocol as to that applied in the works of Onrubia-
Calvo et al. [88] and Boukha et al. [89].
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Initially, the best-performing Ru0.2Ni20 DFM was tested at
300 �C (Fig. S12). The first 5 cycles with CO2 adsorption under
O2-free conditions provided a stable CH4 yield. When O2 was intro-
duced in the adsorption feed however, the CH4 yield dropped shar-
ply and continued to drop in subsequent cycles. Moreover, when
the operation reverted back to adsorption under O2-free condi-
tions, the CH4 yield was not recovered. This is attributed to the
active metal phase oxidation under the oxidizing CO2 capture con-
ditions. The methanation-inactive NiO is not easily reduced back to
metallic Ni at 300 �C (even in the presence of small Ru amounts),
which therefore greatly limits the methanation catalytic activity
[14].

We then proceeded to test the monometallic Ni20 and the
bimetallic Ru0.2Ni20 DFMs at a higher operating temperature of
400 �C, in order to promote the material reduction following oxida-
tion. Fig. 13 shows the CH4 and CO yield values for all cycles, while
Fig. S13 shows the CH4 concentration profile and the cumulative
CH4 yield for the last cycle of each operation mode (CO2 capture
under either ideal or oxidizing conditions). During the first 5 cycles
under ideal (O2-free) CO2 capture conditions (Cycles 1–5), both
materials display a rather stable performance, with high CH4 selec-
tivity over CO and only a minor drop in the CH4 yield values. When
the operation mode changes to CO2 capture under oxidizing condi-
tions (Cycles 6–10), the total CH4 yield for Ni20 becomes signifi-
cantly lower (during the 6th cycle) and keeps reducing further
for the subsequent cycles, down to 0.17 mmol g 1 during the
10th cycle. Moreover, the CH4 production kinetics is also nega-
tively impacted and CH4 is produced quite slowly, with a broad sig-
nal (Fig. S13). As a result, NiO can only be partly reduced at 400 �C
for Ni20 (in agreement with the XRD, H2-TPR and XAS results),
leading to a buildup of more oxidized NiO in subsequent cycles.
For the bimetallic Ru0.2Ni20 DFM, the total CH4 yield still drops
under the oxidizing CO2 capture atmosphere, but it remains rela-
tively stable, with a value of 0.27 mmol g 1 during the 10th cycle.
This value is approx. 52% higher when compared to the
monometallic Ni20 DFM, which can be ascribed to the significantly
higher reducibility and active metal (NiO-RuOx) reduction degree
at 400 �C upon just 0.2 wt% Ru addition (Table S1). The CO yield
in this case is also much higher for the monometallic Ni20 DFM,
and, as a result, CH4 selectivity over CO stands at just around
70% for Ni20, compared to over 90% for Ru0.2Ni20. When we revert
back to O2-free operation (Cycles 11–15), the CH4 yield is rapidly
improved for Ru0.2Ni20 and then remains relatively stable, while
monometallic Ni20 requires more cycles to recover its initial CH4

yield, with its CH4 selectivity over CO remaining at lower values
than during Cycles 1–5.

Fig. 13. CH4 yield and CO yield for the (a) Ni20 and (b) Ru0.2Ni20 DFMs during successive adsorption-methanation cycles at 400 �C under both ideal and oxidizing CO2

capture conditions.
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Overall, it can be concluded that the presence of only a very
small Ru loading in the DFM can significantly promote the ICCU-
Methanation performance under both ideal and oxidizing CO2 cap-
ture conditions. Both Ni20 and Ru0.2Ni20 DFMs can offer a high
stability under an ideal CO2 adsorption atmosphere, while suffi-
cient activity and stability under an oxidizing CO2 adsorption
atmosphere are only observed for the bimetallic Ru-Ni DFM (with
0.2 wt% Ru).

Lastly, the potential cause for the drop in CH4 yield (CH4 pro-
ductivity) during the subsequent cycles is investigated via trans-
mission electron microscopy (HAADF-STEM along with EDS
elemental mapping, Fig. S14). Although there is no evidence of
coke deposition, a number of smaller-sized nanoparticles are
observed to be sintered to a certain extent, forming some larger
nanoparticles (>20 nm). Therefore, even though the majority of
the smaller-sized Ni particles are retained, a small number of them
is agglomerated/sintered, leading to a loss in the catalytically
active surface area, and thus, in the CH4 yield. For the spent
bimetallic Ru0.2Ni20 DFM, sintering is observed for Ni as well,
whereas Ru largely retains its originally high dispersion.

3.3. Process modelling results

3.3.1. Validation of the CFD model for different operating temperatures
The developed CFD model was initially validated for the

monometallic Ni20 and the bimetallic Ru0.2Ni20 DFMs, as the
operating temperature varied from 250 to 400 �C. Fig. 14 displays
the comparison between the experimental and theoretical (CFD
model) results regarding the CH4 concentration evolution with
time during the hydrogenation step, for both DFMs. It can be
observed that the formation rate of CH4 increases with the operat-
ing temperature. According to the Arrhenius equation, when the
operating temperature is increased, the reaction rate constant,
and herein the CH4 formation rate, are also increased. The most
pronounced difference regarding the formation rate of CH4 is
observed between the temperatures of 250 and 300 �C. The peak
CH4 concentration then reaches a maximum for both DFMs at
350 �C, and then, as the temperature is further increased to
400 �C, the reduced CO2 adsorption capacity [13,41] hampers the
total CH4 production, and thus the maximum CH4 concentration
attainable during hydrogenation. The designed theoretical model
was found to be in good agreement with the experimental results,
showcasing the robustness of the developed CFD model and its
ability in predicting the production of CH4 during the ICCU-
Methanation process. However, a significantly higher deviation
was observed for lower operating temperatures (especially at
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250 �C), whereas the model was rather more effective in predicting
the ICCU-Methanation performance at higher operating tempera-
tures. Furthermore, the CFD model was also applied for the
bimetallic Ru1Ni20 DFM with the highest Ru loading of 1 wt% at
300 and 400 �C (Fig. S15). For this material, the theoretical (compu-
tational) results were also found to be in good agreement with the
experimental ones.
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Fig. 14. Comparison between the experimental results and the CFDmodel (theoretical) results. Concentration of CH4 at the reactor outlet as a function of reaction time during
the hydrogenation step for the (a) Ni20 and (b) Ru0.2Ni20 DFMs at different operating temperatures. H2 concentration = 10 vol%, inlet flow rate = 50 mL min 1, DFM
weight = 0.2 g, and reactor internal diameter = 0.9 cm.

3.3.2. Prediction of the effect of different parameters on CH4 formation
The CFD model was then applied in order to predict the effect of

different operational parameters on the ICCU-Methanation pro-
cess, for the best-performing bimetallic Ru0.2Ni20 DFM. The oper-
ating temperature in all these cases was set at 350 �C. First, the
inlet H2 concentration in the packed bed reactor was investigated
from 5 vol% up to 20 vol%, with 10 vol% being the inlet H2 concen-
tration used in the initial study. The results demonstrated that CH4

production is substantially increased for a higher H2 inlet concen-
tration (Fig. 15a). This can be ascribed to the fact that a higher H2

partial pressure can lead to a higher surface coverage with H-
species, which can in turn react with pre-adsorbed CO2 [79,90]. It
is also observed that the CH4 concentration peaks become sharper
with the rise of the inlet H2 concentration, meaning that a higher
inlet H2 concentration can also benefit the CH4 production kinetics.
The theoretically obtained cumulative CH4 yield is presented in
Fig. S16a, showing that a higher inlet H2 concentration can acceler-
ate the CH4 production and lead to an overall higher CH4 produc-
tivity. This agrees with the experimental results of Porta et al.
[91], who assessed the effect of the H2 partial pressure on the
hydrogenation step by varying the inlet H2 concentration from
0.4 to 4 vol% H2 (balance He), and observed an increase in the
CH4 yield and the peak CH4 concentration by increasing the inlet
H2 concentration in the hydrogenation feed gas.

Afterwards, the effect of the inlet flow rate was examined. Four
different inlet flow rates (25, 50, 100, and 200 mL min 1) were
investigated, with 50 mL min 1 being the inlet flow rate used in
the initial study. From Fig. 15b, it can be observed that at lower
inlet flow rates, and thus at lower flow to weight (F/W) ratios,
higher CH4 concentrations are obtained. This is attributed to the
fact that at lower flow rates, the velocity of the fluid inside the
reactor is decreased, and thus it takes longer for the fluid to exit
the reactor (higher residence time), leading in turn to higher con-
centrations of the reaction product, i.e., CH4, at the reactor effluent.
Additionally, the cumulative CH4 yield is displayed in Fig. S16b.
The total CH4 yield is actually higher for an inlet flow rate of

50 mL min 1, compared to 25 mL min 1. On the contrary, upon
increasing the inlet flow rate to 100 and 200 mL min 1, a reduction
in the cumulative CH4 yield can be observed. As such, an apparent
maximum for the CH4 yield is reached for a flow rate of 50mLmin 1

(F/W = 250 mL min 1 g 1). According to Zheng et al. [92], CH4 pro-
duction during ICCU-Methanation can reach a maximum at moder-
ate inlet flow rate values during hydrogenation, where a sufficient
residence time is provided. Increasing the inlet flow rate beyond
that point can cause a decrease in the CH4 production, due to the
decreased residence time that affects the kinetically limited reac-
tion rate of the methanation of pre-adsorbed CO2.
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The DFM weight was another parameter that was investigated
herein. By varying the mass of the material, the reactor bed poros-
ity can be affected, since a higher material amount can decrease
the free volume inside the reactor, and therefore the porosity of
the packed bed. Four different DFM weight values were examined
in this study, 0.05, 0.1, 0.2, and 0.4 g, with the 0.2 g value being the
DFM weight used in the initial study. Fig. 15c shows the evolution
of CH4 with respect to hydrogenation time. As observed, higher
CH4 concentrations are obtained by increasing the mass of the
DFM, and thus at lower flow to weight (F/W) ratios, since more
adsorption and catalytically active sites exist in the reactor to per-
form the ICCU-Methanation process [22,25]. As for the cumulative
CH4 yield per gram of DFM (Fig. S16c), again, a maximum value is
reached for 0.1–0.2 g of material (F/W = 250–500 mL min 1 g 1). In
the case of a lower amount of 0.05 g of material, a lower CH4 yield
is obtained, as the reactor’s void volume is larger when compared
to the other cases, and since, as previously mentioned, the space
velocity and the residence time for the kinetically limited reaction
are affected [92]. In the case of a higher amount of 0.4 g of material,
the CH4 yield is also lower, since the permeability of the reactor is
influenced, and this can affect the ICCU-Methanation performance.
The variation of the flow to weight (F/W) ratio was also investi-
gated by Amin et al. [93], who showed that its effect on the cat-
alytic activity is rather complex, with maximum catalytic activity
being reached for an intermediate F/W value.

Lastly, the internal diameter of the reactor was varied. Four dif-
ferent values for the reactor internal diameter were examined (0.5,
0.7, 0.9, and 1.1 cm), with 0.9 cm being the reactor internal diam-
eter used in the initial study. The bed porosity was the only param-
eter varied, while the material weight and the flow rate were kept
constant at 0.2 g and 50 mL min 1, respectively. The variation of
the reactor internal diameter can influence the void volume of
the packed bed reactor, since a lower reactor internal diameter

move_f0075


can lead to a drop in the void volume along with a rise in the fluid
velocity, and vice versa [94]. The results did not show any signifi-
cant differences in terms of the CH4 concentration signal evolution
(Fig. 15d) and the cumulative CH4 yield (Fig. S16d). In a previous
study [95], coating layers with a different thickness were investi-
gated during CO2 methanation in a coated wall reactor, with the
catalyst mass being constant. The model predicted a small
improvement in the CO2 conversion values for less thick bed layers,
with the difference between the results being however less than
10%. This might be due to the fact that the effects of the fluid veloc-
ity and bed porosity/void volume variation can be counterbalanced
[96].
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Fig. 15. Prediction of the effect of the (a) H2 concentration, (b) inlet flow rate, (c) DFM weight, and (d) reactor internal diameter on the concentration of CH4 at the reactor
outlet as a function of reaction time during the hydrogenation step for the bimetallic Ru0.2Ni20 DFM. Temperature = 350 �C (a–d), H2 concentration = 10 vol% (b–d), inlet flow
rate = 50 mL min 1 (a, c, d), DFM weight = 0.2 g (a, b, d), and reactor internal diameter = 0.9 cm (a–c).

4. Conclusions

In this work, different bimetallic dual-function material (DFM)
formulations were prepared with Ni as the main active metal
phase and Ru as the secondary active metal phase supported on
Na2O/Al2O3, by varying the Ru:Ni bimetallic composition. It was
shown that the active metal reducibility was drastically improved
upon the addition of Ru even in very low loadings (0.1–0.2 wt%). As
a result, the active metallic surface area could be significantly
enhanced, leading to an increase in the population of surface-
exposed catalytically active sites. Ni was found to form small and
medium-sized nanoparticles. Ru on the other hand was highly dis-
persed as single atoms/small clusters, both on the support, as well
as on the Ni particles (e.g., as single atom alloy sites), while also

forming some rather small, segregated Ru particles, especially at
higher Ru loadings.
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Thereafter, it was shown that the bimetallic Ru-Ni DFMs with
very low Ru loadings could demonstrate a significant enhancement
in the ICCU-Methanation performance (CH4 yield and CH4 produc-
tion kinetics) compared to the monometallic Ni-based DFM, with
just 0.2 wt% Ru providing the best results. The main benefit regard-
ing the CH4 yield was observed at lower operating temperatures
(250 and 300 �C), but the CH4 production kinetics could be
improved even at 400 �C. The ICCU-Methanation process was
found to mainly proceed through CO2 adsorption as rather biden-
tate carbonates, and then methanation via spillover to the metallic
surface sites and the formation of formate intermediates. More-
over, the bimetallic Ru0.2Ni20 DFM (0.2 wt% Ru and 20 wt% Ni)
displayed a high catalytic stability and a relatively good resistance
toward CO2 capture under an oxidizing atmosphere, significantly
overperforming the monometallic Ni20 DFM.

The ICCU-Methanation performance at different operating tem-
peratures could also be predicted via CFD modelling, with the
experimental and theoretical results showing a relatively good
agreement. The developed model was then applied in order to pre-
dict the effect of other operational parameters, including the inlet
H2 concentration, inlet flow rate, DFM weight, and reactor internal
diameter. It was shown that a higher inlet H2 concentration, a
lower inlet flow rate, and a higher DFM weight (i.e., lower flow
to weight ratio, F/W) could lead to a higher CH4 concentration at
the reactor outlet. On the other hand, the overall CH4 productivity



was also favored with an increased inlet H2 concentration, but
could reach a maximum for an intermediate flow rate value of
50 mL min 1 and for a DFM weight between 0.1–0.2 g. Lastly,
the variation of the reactor internal diameter, with the other
parameters being kept constant, could not significantly affect the
CH4 concentration profile, nor the overall CH4 yield.
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In short, this work demonstrates the ability to substantially
improve the ICCU-Methanation performance (CH4 yield, CH4 pro-
duction kinetics, and resistance toward an oxidizing CO2 capture
atmosphere) of Ni-based DFMs via the addition of very low Ru
loadings in the 0.1–0.2 wt% range, as well as the benefits of CFD
modelling for predicting the ICCU-Methanation performance of
DFMs and for performing parametric optimization.
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