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Mono- and bimetallic metal catalysts based on Ni
and Ru supported on alumina-coated monoliths
for CO, methanationt

Ainhoa Bustinza,® Marina Frias,? Yuefeng Liu @ and Enrique Garcia-Bordejé @ *@

Structured reactors such as monoliths have some favorable properties over fixed bed reactors such as low
pressure drop, ease in handling and fast heat and mass transfer. Some of these properties make them
advantageous reactors for the catalytic reduction of CO, contained in post-combustion gases. Mono- and
bimetallic Ru and Ni catalysts on alumina-washcoated cordierite monoliths have been scrutinized for CO,
methanation. The methodology for the preparation of NiRu bimetallic catalysts has been optimized to
obtain an outperforming monolithic catalyst. The catalyst providing the highest CH, productivity
corresponds to a bimetallic NiRu catalyst with a small amount of Ru, prepared by consecutive impregnation
of Ni and Ru precursors with an intermediate reduction step. This catalyst consists of 2-4 nm Ni
nanoparticles interspersed with atomic Ru homogeneously distributed on the alumina coating. This
nanostructure endows the catalyst with the highest density of basic sites of medium strength and the
highest degree of Ni oxidation in the passivated catalyst compared to the other tested catalysts. The
bimetallic monolithic catalyst afforded a stable CO, methanation activity at high space velocities and with a

rsc.li/catalysis

Introduction

CO, hydrogenation to CH, using H, from renewable energy
sources is proposed as a promising way for storing
intermittent renewable energy in the stable and transportable
form of synthetic natural gas.' This technology, usually
known as “power to gas”, combines the reduction of CO,
emission and the storage of renewable energy to overcome
the mismatch between renewable energy generation and
demand.

For the feasibility of the reaction between CO, and H,
yielding CH,, the use of a catalyst and high temperature are
required. A crucial aspect for the industrial deployment of
this technology is the design of the catalytic reactor, which
should implement a heat evacuation system because the
reaction is highly exothermic (AHR = =165 k] mol™). In fact,
conventional fixed bed catalytic reactors are not suitable
because the heat released by the reaction leads to
temperature rises, resulting in a decrease of CH, conversion
due to thermodynamic constraints and shortening of catalyst

“Instituto de Carboquimica (ICB-CSIC), Miguel Luesma Castdn 4, E-50018
Zaragoza, Spain. E-mail: jegarcia@icb.csic.es

? Dalian National Laboratory for Clean Energy (DNL), Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, 457 Zhongshan Road, Dalian 116023, China
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
docy00639d

This journal is © The Royal Society of Chemistry 2020

low pressure drop, reducing energy consumption.

lifetime due to sintering. Different solutions have been
applied to overcome temperature rises such as fluidized beds,
multi-tubular reactors externally cooled or staged reactors
with intermediate cooling by heat exchangers.>* Another less
explored option is washcoating a catalytic layer on the surface
of heat exchangers, hence integrating both reaction and
cooling. In this context, catalyst washcoating on monoliths,
widely studied for automotive catalysts, has also been
proposed as a model of catalytic coating for heat exchangers
in CO, methanation.*® On the other hand, mesostructured
reactors and, in particular, honeycomb monoliths are ideal
reactors to convert flue gases emitted at nearly atmospheric
pressure such as post-combustion gases. Post-combustion
gases are generated in heaters and industrial utility boilers,
representing the major part of the current fossil-fuel-based
electricity generation. Since reaction equilibrium is favoured
by higher pressures, it could be necessary to pressurize. In
contrast to fixed beds, the monoliths oppose a much lower
pressure drop, reducing the energy consumption for
pressurization.

Regarding the catalytic active phase, the state-of-the-art
catalyst for this reaction is usually based on monometallic
metal (Ni or Ru) nanoparticles supported on alumina or
titania.”® Ru exhibits intrinsic activity higher than that of
Ni but it is significantly more expensive.'™'? Different
alternatives are currently being explored to reduce the cost of
the catalyst. Recently, the benefits of bimetallic catalysts
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based on several metal combinations have been reported.
Bimetallic ensembles of metal sites combining a transition
metal and a noble metal may enhance the catalytic
performance due to geometric, electronic or cooperative
effects. Moreover, the combination of a noble metal and a
transition metal has the potential to decrease the noble metal
content, leading to cost reduction.'”® Under these premises,
the combination of Ni and a noble metal (Pt, Pd) has been
explored for CO, hydrogenation.* Elsewhere, iron catalysts
have proven the ability to promote the water gas-shift
reaction™ and the oligomerization to C,..'® The addition of
Fe to a Ni catalyst has been found to promote the CO,
methanation  reaction.’>'®'”  Bimetallic ~Ni-Fe alloy
nanoparticles have been prepared from a hydrotalcite
precursor and the bimetallic catalyst exhibited higher
activities and stabilities than a monometallic catalyst in CO,
hydrogenation.'® Nevertheless, the best catalyst was that with
the lowest amount of Fe. Another aspect to consider when
designing a catalyst for CO, methanation is that the reaction
requires two catalytic functions operating cooperatively: one
function for the dissociative chemisorption of H,, which is
usually carried out mainly by a noble metal or nickel, and
another function to chemisorb and activate CO,. Since CO, is
mildly acidic, this function is carried out by basic sites such
as transition metals or the hydroxyl groups of alumina
support.

Herein, we have tackled the preparation of a catalytic
coating on honeycomb monoliths for the methanation of
CO, flue gas at atmospheric pressure, as encountered in
post-combustion gases. Monometallic and bimetallic catalyst
nanoparticles have been dispersed homogeneously on the
walls of alumina-washcoated monoliths. For the preparation
of the bimetallic catalyst, the consecutive adsorption method
has been employed. The monolithic catalysts have been
tested in isothermal CO, hydrogenation and subsequently
have been characterized by TEM, XPS, ICP-OES and CO,-TPD.
The order of metal addition and the treatment after the first
metal addition have a profound impact on the bimetallic
metal nanostructure, on the amount and strength of basic
sites and thus on the catalytic performance. The addition of
small amounts of Ru to reduced Ni/Al,O; monolith catalysts
improves the performance remarkably with respect to the rest
of the catalysts. The resulting monolithic catalysis afforded a
highly efficient CO, methanation with stable performance
and negligible pressure drop at a space velocity as high as 5
x10° h™.

Experimental details
Catalyst preparation

Cordierite monoliths (from Corning, 10 mm diameter, 60
mm length, 400 cpsi, ca. 2.2 g) were washcoated with
using a dip-coating method as described
previously." In this method, a sol is prepared from
pseudoboehmite (AIOOH, Pural from Sasol), urea and 0.3 M
nitric acid with a weight ratio of 2:1:5. After stirring for 24
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h, the monolith was dip-coated with the sol. To this end, the
dried monolith is dipped in this sol for a few minutes until
all air bubbles inside the channels are removed.
Subsequently, the monolith is withdrawn from the sol and
the liquid inside the channels is removed by flushing
thoroughly with pressurized air. Then the monolith is dried
at room temperature for 24 h while continuously being
rotated around its axis. Finally, the monolith is calcined in
air at a rate of 1 K min~" up to 600 °C, and this temperature
is kept for 2 h to obtain the y-alumina washcoating. The
alumina content in the monolith amounted to ca. 5 wt% of
the monolith weight.

On the y-alumina-washcoated monolith, the metal was
impregnated. Table 1 lists the different prepared catalysts
along with the actual metal loading and the preparation
protocol. Due to the different price of the two metals, Ni and
Ru were impregnated using different methodologies. Ni was
impregnated by equilibrium adsorption with a solution
containing excess Ni. In brief, for Ni impregnation, 29 g of
Ni(NO;),-6H,0 (pure, Sigma-Aldrich), a buffer solution of 80 g
of NH,NO; (pure, Sigma-Aldrich) and 4 mL of ammonia
solution (25%) were mixed in a 1 L bottle. 100 ml of this
solution is allowed to flow overnight through the monolith
channels until equilibration. The equilibrium adsorption
method led to 12.3-12.7% Ni with respect to the weight of
the monolith. For the Ru precursor
impregnation, a smaller and defined amount of precursor
was used to ensure that the entire Ru precursor was adsorbed
on the alumina-washcoated monolith. To prepare the
solution, a certain weight of Ru(NO)(NO;); precursor was
diluted in 4 ml water. The weight of the precursor was
calculated to correspond to 5 wt% Ru with respect to the
weight of alumina for the Ru and RuNi catalyst and 1 wt%
Ru for the other bimetallic catalysts. The employed method
is illustrated in Scheme S1 of the ESL7 In brief, the monolith
was placed inside a test tube fitted to the walls using a Teflon
strip. The test tube with the monolith was filled with 4 ml of
the impregnating metal solution inside and closed with a
plug. The test tube with the monolith and the impregnating
solution was rotated continuously overnight (Fig. 1A).
Likewise, the liquid is forced to flow through the channels
overnight. Then, the Ru solution became transparent and no
Ru was detected by inductively coupled plasma-optical

alumina on

Table 1 Catalysts prepared on the alumina-coated monoliths

Loading” wt% on

Sample  Precursor Gas treatment between
short adsorption ALO; the two metal

name steps 1st metal 2nd metal impregnations

Ru Ru 4.8 — —

Ni Ni 12.5 — —

NiRu(cal) Ni+ Ru 12.3 1.0 N, at 873 K

NiRu Ni + Ru 12.7 0.9 N, + H,, 873 K

RuNi Ru + Ni 4.4 11.1 N, + H,, 873 K

NiNi Ni + Ni 12.5 4.3 N, + H,, 873 K

NiFe Ni + Fe 12.2 5 N, + H,, 873 K

“ Measured by ICP-OES.

This journal is © The Royal Society of Chemistry 2020
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(A) CO; conversion; (B) selectivity to CH,4 and (C) Arrhenius plot at low conversions for the different monolithic catalysts. (D) Stability test

during 2 days at 350 °C for the NiRu catalyst in the form of a monolith and in the form of a packed bed after crushing the monolith. Feed

composition: 5 vol% CO,, 15 vol% H,, Ar to balance.

emission spectroscopy (ICP-OES), indicating that all the Ru
precursor has been adsorbed on the alumina-coated
monolith. Then the monoliths were rinsed thoroughly with
deionized water, followed by drying first at room temperature
overnight and later at 383 K for 1 h. The colour of the
monolith changed to homogeneous green, indicative of the
adsorption of the precursor. Subsequently, the monoliths
were calcined under flowing nitrogen (1 K min™) up to 873 K
followed by a 2 h dwell time (Scheme Sib, ESIf) and
subsequently the same heating treatment was performed
under a H, atmosphere (Scheme Sic, ESIf) except for sample
NiRu(cal), for which the latter treatment was omitted. After
these preparation steps, the monolith exhibited a
homogenous grey colour, indicating that the metal has been
impregnated uniformly along the width and length of the
monolith (Scheme S1d, ESI}).

Catalyst testing

Catalytic testing was carried out in a continuous-flow 15
mm inner diameter quartz reactor inside a vertical furnace
equipped with a temperature controller (Eurotherm). The
monolith wrapped with a quartz fiber strip was tightly
fitted to the walls of the quartz reactor. The reaction
temperature was controlled using a thermocouple in

This journal is © The Royal Society of Chemistry 2020

contact with the inlet of the monolith. The flow rates of
the gases were fixed using Bronkhorst mass flow
controllers. Prior to catalytic tests, the catalyst was heated
to 500 °C in a N, flow at a heating rate of 10 K min™* and
it was reduced with H, at 500 °C for 1 h. The reaction
conversion and selectivities were recorded at steady state
using a 60 mL min ' reaction mixture consisting of 5%
CO,, 20% H, and Ar to balance. This flow rate corresponds
to a space velocity of 1.04 x 10° h™" calculated as flow rate
divided by the volume of catalytic washcoating. Stability
tests were conducted under the same conditions but
leaving the reaction overnight. The outlet reaction gases
were analysed wusing an Agilent Micro GC 3000A
instrument. H, and CO were analysed in a molsieve
column and CO, in a Plot-Q column. The GC signal was
calibrated wusing certified gas cylinders. To ensure
repeatability, 2-3 separate GC samples were taken and
averaged for each experimental data point. The carbon
balance deviated only a +3% of deviation. The conversion
was calculated taking into account the variations in the
flow due to the mole variation in the reaction. After
discharging the monolith, it was slowly passivated with 1%
O, overnight.

The Weisz-Prater criterion was applied to assess the
absence of internal and external mass transfer limitations

Catal. Sci. Technol.,, 2020, 10, 4061-4071 | 4063
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according to the following equations:

rco, 0.05
Ca = CO, Peat (1)
Kg'am'CC02 n
7o, Peat0c2C n+1
Wp = [0 Peat’% € <1 )
Dco,.-Cco, 2

where rco, is the reaction rate, pc, is the true density of the
catalytic layer, K, is the mass transfer coefficient, ay, is the
geometric surface area, Cco, is the CO, concentration in the
feed gas, J. is the characteristic dimension of the coating
layer, Dco, . is the effective diffusion coefficient and » is the
reaction order. The values used for each parameter and the
sources are explained in detail in the ESL} The values
attained are Ca = 0.0033 and WP = 1.6 x 10 "> for the
experimental conditions of P = 1, T = 380 °C and a flow-rate
of 60 ml min™". Assuming a reaction order n = 0 in agreement
with the literature,” both criteria are met, confirming the
absence of mass transfer limitations.

Catalyst characterization

XPS spectra were recorded using an ESCAPlus Omnicrom
system equipped with an Al Ka radiation source to excite the
sample. Calibration of the instrument was done with the Ag
3ds, line at 368.27 eV. All measurements were performed
under ultra-high vacuum, higher than 107'° torr. Internal
referencing of spectrometer energies was made using the
dominant Al 2p peak at 74.4 eV of Al,O; support. The
program used to do curve fitting of the spectra was CASA XPS
using a Shirley baseline.

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was performed using a Spectroblue de Ametek
apparatus.

Scanning transmission electron microscopy in high-angle
annular dark field mode (STEM-HAADF) was carried out on a
Titan Themis ETEM G3 electron microscope (Thermo Fisher)
at 300 kV. Atomic resolution STEM-HAADF images and
energy dispersive X-ray (EDX) spectroscopy mapping were
conducted using a JEOL JEM ARM-200F microscope with the
probe corrector at 200 kV.

Temperature-programmed desorption of pre-adsorbed CO,
(CO,-TPD) experiments were conducted in the same set-up as
catalytic testing. The catalyst was heated to 500 °C at a
heating rate of 10 °C min™" in inert gas. At this temperature,
the catalyst was reduced with a 100 mL min™ H,/N, mixture
for 1 h. Subsequently, the temperature was set at 300 °C and
CO, was flushed for 1 h. The gas was switched to 100 mL
min™' Ar and the reactor was allowed to cool to room
temperature. At this temperature, Ar flow was maintained
during 2 h to remove all weakly physisorbed CO,. Then the
gas was adjusted to 60 mL min' Ar for CO,-TPD
experiments. When the signal of the mass spectrometer was
stable, the temperature was increased to 500 °C at a rate of
10 K per minute while monitoring the desorbed gases. Gas
analysis was performed using a Pfeiffer vacuum mass

4064 | Catal. Sci. Technol.,, 2020, 10, 4061-4071
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spectrometer. The main m/z signals used for each gas were 2
(H,), 16 (CH,), 18 (H,0), 28 (CO), 40 (Ar) and 44 (CO,). The
signals of the gases were calibrated taking into account the
baseline of Ar and the fragmentation pattern of each mass.
The concentration of CO was calculated by subtracting the
contribution of CO, from m/z = 28. The concentration of CH,
was calculated by subtracting the contribution of CO, and
CO from m/z = 16. The correct calibration of the mass
spectrometer was double-checked by analysing the gases
using a calibrated Agilent Micro GC 3000A instrument.

Results and discussion
Catalytic performance

Fig. 1 shows the steady-state catalytic performance in CO,
hydrogenation for the different monometallic and bimetallic
catalysts. The CO, conversion at steady state increases as the
reaction temperature rises (Fig. 1A) until reaching a
maximum at the thermodynamic equilibrium. Beyond the
temperature of the maximum, the conversion decreases
because the equilibrium of the exothermic reaction is shifted
to the reactants. Therefore, it is essential to develop a catalyst
with a high activity at the lowest temperature as possible to
maximize the attainable equilibrium The
selectivity to CH, for all the Ni- and Ru-containing catalysts
is close to 100% below 400 ©°C (Fig. 1B). When the
temperature surpasses 400 °C, the selectivity to CH, decays
because the formation of CO is favored due to the reverse
water-gas-shift reaction (rWGS). In contrast, the selectivity to
CH, for the NiFe catalyst is lower than for the rest of the
catalysts, ca. 80%, in all the temperature ranges. This is

consistent with fact that Fe is known to catalyze the rWGS
16,20

conversion.

reaction.
The kinetic rate constants (k) were calculated from the
results in Fig. 1A. To calculate the reaction rate, first we used
the equation of a differential reactor (eqn (3))*' which is
applicable only for low conversions:
FAo x X

A= (3)

where r, is the reaction rate in mmol CO, min" mg ™', Fy, is

the feed molar flow rate in mmol CO, min ' and w is the
weight of the catalyst in mg. The reaction is assumed to be

Table 2 Parameters derived from the application of the Arrhenius plot

Apparent Apparent
Kinetic rate activation pre-exponential
constant (k) at 553 K energy factor
mmoley, min™' geae ! kJ mol™ st
Ru 0.0110 51 38.4
Ni 0.0066 74 3380
NiRu(cal)  0.0112 32 0.67
NiRu 0.0280 60 626
RuNi 0.0124 67 1248
NiNi 0.0176 63 638
NiFe 0.0042 58 6.6

This journal is © The Royal Society of Chemistry 2020
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zero order with respect to the CO, concentration as observed
for similar catalysts,>® whereby CO, reacts from the adsorbed
state. The kinetic rate constants at 553 K (Table 2) follow this
trend: NiRu > NiNi > RuNi ~ NiRu(cal) ~ Ru > Ni > NiFe.
Comparing monometallic catalysts, the sequence indicates
that Ru is intrinsically more active than Ni. A second metal
impregnation after the first Ni adsorption enhances the
kinetic rate constant except for Fe adsorption, which is
detrimental for the catalytic performance. The catalysts
providing the highest CO, conversion are NiRu and NiNi.
NiRu outperformed NiNi significantly, exhibiting differences
in conversion of about 50% at lower temperatures (up to 300
°C), decreasing the differences close to equilibrium. The
effect of Ru addition is even more meaningful when
considering that NiNi has about 17 wt% Ni loading while
NiRu has a significantly lower Ni loading (12.7%) and only a
small amount of Ru (0.9 wt%).

Comparing NiRu vs. RuNi activity, it is evident that the
order of metal addition is important, being favorable adding
first Ni and second Ru. When Ni is added in the second
impregnation step over the Ru monometallic catalyst, it does
not supply a higher activity than the monometallic Ru
catalyst, making the second step redundant. Comparison of
NiRu and NiRu(cal) activity reveals that an intermediate
reduction step under H, after the first Ni deposition (NiRu) is
beneficial for the catalyst performance. Poorer -catalytic
activity was found if only the calcination step was performed
after Ni impregnation, i.e. for the catalyst NiRu(cal).

Stability tests were performed using the best performing
catalyst (NiRu) for 48 hours (Fig. 1D). The catalyst is stable,
showing negligible deactivation in this time span.
Additionally, a stability test was also performed using the
monolith crushed to slabs of sieve fraction <500 pm and
subsequently tested as a packed bed. The crushed catalyst in
the fixed bed provided a stable performance but lower
conversion probably due to the easier heat removal for the
monolith, preventing hot spots. This local rise of temperature
would decrease thermodynamic conversion due to the
exothermicity of the reaction. The monolith has enhanced
heat transfer compared to the packed bed. In the packed bed
the main mechanism for radial heat transfer is by gas
convection, while heat conduction in the thermally connected
solid monolith matrix becomes the dominant heat transport
mechanism.>® Preferential gas passages can likely occur in
the packed bed while the monolith affords enhanced
accessibility of process gas to the active catalyst, which
provide higher conversion and enhanced heat removal by gas
convection.>*

It is noticeable that the monolith worked at atmospheric
pressure while the packed bed had a pressure drop of 0.8 bar.
In fact, when the flow rate was increased 5 times (520000 h™)
the monolith still exhibited a negligible pressure drop,
while the pressure in the packed bed increased so much
that the connections between the O-rings and the quartz
reactor of our experimental set-up are not adapted to work
at this high pressure. Therefore, the washcoated monoliths

This journal is © The Royal Society of Chemistry 2020
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are more suitable than packed beds because of the higher
conversion, the lower energy consumption to pressurize the
gas and enhanced heat management, which could be
optimized further if the washcoating is applied on a
monolithic heat exchanger. Accordingly, the catalytic
monoliths are ideal reactors for converting CO, from post-
combustion gases, which are emitted at atmospheric
pressure. Post-combustion gases are those emitted by
conventional process heaters and industrial utility boilers,
which represent most of the current fossil-fuel-based
electricity generation.

To calculate the apparent activation energy, the
linearization of the Arrhenius equation was applied (eqn (4)):

Ink = lnA—E (4)
RT

where k is the kinetic constant in mmol CO, min™" mg™, A is
an exponential factor and E, is the apparent activation
energy, T is the temperature in Kelvin and R is the ideal gas
constant, i.e. 8.314 J mol ™" K '. To calculate the apparent
activation energy, it is necessary to identify the temperature
range of the kinetic regime, i.e. whereby the plot of Ink vs.
1/T is linear. This occurs for low temperatures such as those
depicted in Fig. 1C, that is, before entering the diffusion
limited regime. The calculated apparent activation energies
are displayed in Table 2.

The activation energy for the Ni catalyst is similar to that
reported in the literature for alumina-supported nickel catalysts
(74 k] mol "),***” while that for the Ru monolith is slightly
lower than that reported (51 vs. 73 kJ mol ™). The lower activation
energy for the Ru catalyst suggests that the reaction is more
favored over the Ru catalyst. The bimetallic catalysts have values
of apparent activation energy between those of monometallic Ru
and Ni catalysts, except NiRu(cal), in which Ni was not reduced
before Ru adsorption. The apparent activation energy of NiRu(cal)
is extremely low for the chemical reaction, which may be
attributed to the occurrence of significant diffusional limitations.
The rest of the bimetallic catalysts exhibited similar activation
energies, pointing towards similar reaction mechanisms. In the
literature, different activation energies are reported for different
supports, suggesting that the metal-support interaction affects
the mechanism of reaction.”” In the present case, the support is
the same for all the catalysts but the interaction between the two
metals in bimetallic catalysts may vary depending on the
preparation methodology, leading to different geometric,
electronic and/or cooperative effects. To gain insight into the
differences between the catalysts, they were characterized after
reaction by ex situ TEM, XPS and CO,-TPD. TEM and XPS
techniques give insight about the interaction between the two
metals and between metal and support, while the latter technique
characterizes the basicity of the catalyst surface.

Morphology and microstructure analyses of monolith
catalysts

Monometallic catalysts consist of very well dispersed metal
nanoparticles with an average metal size of 2.5 nm for the Ni

Catal. Sci. Technol.,, 2020, 10, 4061-4071 | 4065


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cy00639d

Open Access Article. Published on 19 May 2020. Downloaded on 10/28/2025 4:06:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

200m
| |

View Article Online

Catalysis Science & Technology

Fig. 2 Representative STEM-HAADF images of the different mono- and bimetallic catalysts based on Ni and Ru: (a) Ni catalyst, (b) Ru catalyst, (c)

NiRu(cal), (d) NiRu and (e) RuNi.

catalyst and less than 0.8 nm for the Ru catalyst (Fig. 2 and
S1, ESIf). Comparing bimetallic catalysts, the metal
nanoparticles exhibited a more uniform and smaller size for
the NiRu catalyst than for the rest of the catalysts (Fig. 2). For
NiRu, there are no particles larger than 10 nm, while for the

Fig. 3

other catalysts a significant number of particles between 15
and 40 nm were found. Since NiRu exhibited the highest
dispersion and catalytic activity, this catalyst was
characterized in detail by aberration-corrected HRTEM.
Fig. 3a-c shows representative HRTEM images of the NiRu

017 nm"
T Ni{200)

(a—c) Representative STEM images corrected by bright field (BF) and HAADF models and EDS elemental mapping of the NiRu catalyst. The atomic

resolution STEM-HAADF image (c) clearly shows that Ru is atomically dispersed, which is also confirmed by the EDS elemental mapping image (d).
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catalyst, which contain very small metal nanoparticles (1.5-3
nm). The HRTEM image in Fig. 3a reveals the clear lattice
fringes of cubic NiO crystals with different orientation. The
gaps between lattice fringes were approximately 0.15 and 0.24
nm, which correspond to the interspace of the (220) and
(111) planes, respectively.>®*° Other images (Fig. 3b) show
lattice fringe distances of 0.17 and 0.20 nm corresponding to
the (200) and (111) lattice planes, respectively, of fcc Ni.*°
Fig. 3c shows a 2.8 nm Ni nanoparticle and some small
bright dots which should correspond to Ru atoms or a few
atom clusters as inferred from the EDS analysis. The EDS
mapping (Fig. 3d) indicates that both Ni and Ru are
uniformly distributed on the alumina support. The larger
nanoparticles (1.5-4 nm) found in the STEM image
correspond to Ni, while Ru is not present as nanoparticles
but dispersed as atoms or small clusters.

Ex situ XPS measurements

Table 3 compiles the parameters determined after fitting of
XPS Ni and Ru peaks (Fig. 4A and B). The quantification of
the ratios between different elements (Ni/Al, Ru/Al and Ru/
Ni) must be handled with caution because there are several
factors that may deviate this ratio from the actual ratio such
as the non-uniform depth profile distribution and the
particle size. XPS is a surface-sensitive technique and probes
only about ca. 10 nm of the outer surface while the alumina
coating has a few hundreds of nanometers. The Ni/Al and
Ru/Al weight percentage for the monometallic catalysts is
much lower than the actual loading (Table 1), suggesting a
well-dispersed metal through the alumina layer depth and/or
very small nanoparticles. The Ni/Al and Ru/Al ratios increase
even above the actual loading for the bimetallic catalysts
which can be caused by an increased metal coverage of the
alumina surface after adsorption of the second metal,
decreasing alumina surface exposure. Thus, XPS detects less
alumina signal than the actual composition. The Ru/Ni
loading is larger than the actual ratio and is larger when Ru
is added in the second step, suggesting that Ru is dispersed
predominantly on the surface.

XPS peak fitting for the monometallic and bimetallic
catalysts after reaction (Fig. 4A and B, respectively, and
Table 3) reveals information about the oxidation state of Ni
and Ru in the passivated catalyst. The fitting of XPS peaks
corresponding to Ni 2p*? core electrons exhibited three
peaks, namely, a main peak at around 856.1-856.4 eV, which

Table 3 Elemental weight ratios determined by XPS peak fitting

Ni/Al wt% Ru/Al wt% Ru/Ni wt% Ru’/Rupor Ni’/Nipor
Ru — 2.8 — 73.5 —
Ni 2.1 — — — 66.4
NiRu(cal) 3.4 6.7 1.9 75.2 35.4
NiRu 7.8 11.2 1.4 63.2 14.5
RuNi 6.9 6.5 0.9 79.1 11.2
NiNi 2.2 — — — 34.7
NiFe 1.9 — — — 40.9

This journal is © The Royal Society of Chemistry 2020
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and quantification of the atomic percentage of reduced metal (C) for
catalysts after reaction.

is attributed to Ni** and Ni*' in nickel oxides such as NiO,
Ni,O; and Ni(OH),,*" another peak at 852.7 eV attributed to
reduced nickel (Ni®) and a peak at 862 eV, which is a
satellite.*" Table 3 and Fig. 4C compile the quantification of
the atomic ratio of Ni° to total Ni (Ni’ + Ni oxide). A lower
Ni’/Nigor ratio indicates that the catalyst is more active to
oxidation by dissociation of atmospheric O, or CO, upon air
exposure at room temperature after reaction. It is reported
that reduced Ni nanoparticles exposed to air undergo surface
oxidation, becoming covered with a NiO layer.**** This
agrees with the TEM observation of NiO lattice fringes for the
passivated catalyst (Fig. 3a). The higher oxidation ability
suggests a weaker interaction with the support and/or a
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stronger interaction between the two metals in the bimetallic
catalyst. The highest percentage of Ni® (66%) is found in
monolith Ni. For monolith NiNi, the percentage of Ni’
decreases to half that of the Ni catalyst. A higher degree of Ni
oxidation to NiO has been reported for increasing Ni
loadings,**** which may be attributed to a larger metal
particle size or weaker metal-support interaction. The
catalysts with the lower Ni’/Nipor ratio are bimetallic Ru and
Ni monoliths, suggesting that the close interaction between
Ni and Ru favors Ni reoxidation. The interaction between Ni
and Ru is apparently weaker in NiRu(cal) as indicated by its
larger Ni’/Niror ratio. Therefore, the reduction of Ni
previously to Ru deposition (as in the NiRu catalyst) is
essential to enhance the interaction between the two metals
and hence the reoxidation ability. On the other hand, the
presence of Fe in the NiFe catalyst hinders the oxidation of
Ni, remaining in a high degree of reduction. Accordingly, it is
apparent that the extent of Ni reoxidation, afforded by a
cooperative effect between Ru and Ni, is a figure of merit for
the CO, methanation reaction. However, this is not the only
factor affecting the activity because the high Ni oxidation
extent for the RuNi monolith does not supply a high activity.

The oxidation state of Ru post-reaction was also studied
by ex situ XPS (Fig. 4B and C and Table 3). Because the
binding energy of Ru 3d overlaps with the 1s region of
carbon (284.6 eV), the region Ru 3p;, (458-468 eV) was
chosen for further analysis. The XPS Ru 3p*? core level peak
was fitted to three peaks at 461.2-461.6 €V, 463.4-463.8 €V,
and 465.7-466.1 eV which are attributed to Ru®, RuO,, and
hydrated RuO, or oxyhydroxide, respectively.***” The peak
ascribed to hydrated RuO,-xH,O at 466 eV is very weak or
even absent for all the samples, suggesting that there is a
strong metal-support interaction. In fact, Ru on other
supports holding a weaker metal-support interaction, such
as carbon nanofibers, exhibited a significant contribution of
the RuO,-xH,0 peak at 466 eV.*® The Ru®/Rurgr atomic ratios
(Table 3 and Fig. 4C) are very similar for all the catalysts and
larger than the Ni®/Niror ratios, indicating than Ru is more
inert to oxidation than Ni. The most reactive to oxidation, ie.
lower Ru’/Ruror atomic ratio, is the NiRu catalyst which
confirms again a stronger and mutual Ni-Ru interaction,
explaining its highest activity. The highest Ru’/Ruyor ratio
value found for RuNi can be attributed to the fact that
ruthenium was impregnated first and it established more
interaction with the support than the other bimetallic
catalysts.

Analysis of basic sites by CO,-TPD

An important parameter for CO, hydrogenation is the
number and strength of basic sites, which chemisorb CO, in
the form of reactive intermediates.** The alumina support is
also reported to play a role in CO, chemisorption by storing
reactive intermediates.”**>*' CO, is dissociated on metal and
it spills over to the alumina support where it is chemisorbed.
The chemisorbed CO, enhances the catalytic activity since
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may reverse-spill over to the Ni nanoparticles, where it reacts
with chemisorbed H,.*> To analyze and quantify the basic
groups  chemisorbing CO, or  CO,-decomposition
intermediates, a convenient technique is temperature-
programmed desorption of pre-adsorbed CO, (CO,-TPD). To
apply this technique, first CO, was chemisorbed at 300 °C
until saturation and later cooled in inert gas. Subsequently, a
temperature ramp was applied under flowing Ar while CO,
desorbs from basic sites of increasing strength as the
temperature of desorption rises. The CO,-TPD curves attained
for the different catalysts are displayed in Fig. 5A and B.
According to the temperature of desorption, the basic groups
have been classified according to their strength. Likewise,
basic sites are considered as those releasing
physisorbed or weakly chemisorbed CO, at temperatures
below 150 °C, medium basic sites are those desorbing CO,
between 150 and 400 °C and strong basic sites are those
releasing CO, at temperatures above 400 ©°C. The
quantification is shown in Table 4 and Fig. 5C. Among
monometallic catalysts, the Ru catalyst has a significantly
higher density of medium basic sites than the Ni catalyst,
while the latter has a higher density of weak basic sites. The
catalysts featuring the highest density of basic sites are Ru
and NiRu, the latter exhibiting the highest activity among all
the catalysts. Moreover, these catalysts have the lowest
number of weak basic sites and the highest number of
medium basic sites. To have a more complete overview,
Fig. 5D plots together the Ni%Niror ratio and the amount of
medium basic sites as a function of the activity. In general,
the activity increases roughly as the Ni’/Nipoy ratio decreases
and as the density of medium basic sites increases. The
highest activity, garnered by the NiRu monolith, correlates to
the highest number of basic sites and the lowest Ni°/Nior
ratio indicative of a strong interaction between Ru and Ni.
Accordingly, medium basic sites seem to be a good descriptor
of the catalyst activity, but other intrinsic parameters of the
metallic phase such as the Ni’/Niyor or uniform dispersion of
the two metal, ie. Ru (Fig. 2 and 3), also have to be taken
into account. The correlation of activity with the medium
basic sites makes sense because the highest activity of the
catalyst occurs in the temperature range whereby CO, is
desorbed from medium basic sites.*>** The basic sites that
adsorb CO, either too weakly (desorption temperature <150
°C) or too strongly (desorption temperature >400 °C) are not
useful for the reaction, in agreement with the universal
principle of volcano dependence of the activity on the
adsorption of reactants.’* In fact, Ni and NiFe have some of
the highest numbers of weak basic sites and exhibited the
lowest activities. According to the literature,* basic sites of
different strengths chemisorb CO, in different chemical
forms such as bicarbonate, bidentate and monodentate
carbonates, etc. These species have different chemical
stabilities that give rise to the different features in the TPD
profile. Monodentate carbonates are reported to adsorb on
medium-strength basic sites and this species is reported to
be the fastest to undergo hydrogenation.** The

weak

This journal is © The Royal Society of Chemistry 2020
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characterization of these sites by DRIFTS FTIR spectroscopy
is an interesting point for future research.

Conclusions

y-Al,O3-washcoated monoliths as catalyst support meet some
special engineering properties such as low pressure drop,
thin catalytic layer to favor heat and mass diffusion, ease in
handling and robustness, among others. Due to these
reasons, a washcoated monolithic reactor is an advantageous

Table 4 Quantification of basic sites using CO,-TPD desorption

Weak Medium Strong Total

basicity basicity basicity basicity

<150 °C 150-400 °C 400-500 °C

mmol g mmol g™ mmol g™ mmol g~
Ru 0.015 0.414 0.127 0.556
Ni 0.153 0.138 0.030 0.321
NiRu(cal)  0.141 0.096 0.006 0.244
NiRu 0.026 0.301 0.113 0.442
RuNi 0.036 0.165 0.053 0.253
NiNi 0.160 0.162 0.043 0.365
NiFe 0.146 0.111 0.016 0.274

This journal is © The Royal Society of Chemistry 2020

contender against a fixed bed reactor for its implementation
in a process of power-to-gas using CO, from postcombustion
flue gases, which are emitted at nearly atmospheric pressure.
Here, it is demonstrated that the bimetallic NiRu catalyst on
y-Al,Os-washcoated monoliths provides a stable CO,
conversion during 48 h of testing, affording high space
velocities (up to 5 x 10> h™") with a low pressure drop. The
monolithic catalyst outperformed the fixed bed operation in
terms of both conversion and pressure drop. Among the
different tested monometallic catalysts, the Ru catalyst is
intrinsically more active than the Ni catalyst. The preparation
methodology of the bimetallic (Ni,Ru) catalyst by successive
adsorption  affected  profoundly  the methanation
performance. The order of adsorption first Ni and second Ru
was found to be more favorable than the reverse order.
Performing not only a calcination but also a reduction step
between Ni and Ru impregnation was also critical for catalyst
activity. This optimum preparation methodology led to
atomic Ru and small Ni nanoparticles homogenously
interspersed on the alumina coating. Some figures of merit
contributing to yield a high activity are the number of basic
sites of medium strength as determined by CO,-TPD and the
degree of Ni oxidation for the passivated catalyst measured

Catal. Sci. Technol.,, 2020, 10, 4061-4071 | 4069
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by XPS, which denotes a cooperative effect between the two
metals (Ni and Ru). The bimetallic monolithic catalyst based
on Ni on AlLO; with a small amount of Ru prepared
according to the optimized protocol is an efficient and cost-
effective catalyst for the CO, hydrogenation to CH,.
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