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Highly Active Ce- and Mg-Promoted Ni Catalysts Supported on
Cellulose-Derived Carbon for Low-Temperature CO, Methanation
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Ce-promoted Ni catalysts supported on cellulose-derived carbon !

(CDC) was investigated. The samples, prepared by biomorphic 08 e
mineralization techniques, exhibit pore distributions correlated to Ez: W'"":Z;r'fé?ﬁ" )

the particle sizes, revealing a direct effect of the metal content in £ ,; v ;

the textural properties of the samples. The catalytic performance, i v e/
evaluated as CO, conversion and CH, selectivity, reveals that Ce is 0 i oo

a better promoter than Mg, reaching higher conversion values in all 01 / e_,e—“"‘@

of the studied temperature range (150—500 OC). In the interval of M/lm 150200 250 300 350 400 450 S

Temperature (°C)

350—400 °C, Ni—Mg—Ce/CDC attains the maximum yield to
methane, 80%, reaching near 100% CH, selectivity. Ce-promoted
catalysts were highly active at low temperatures (175 °C), achieving 54% CO, conversion with near 100% CH, selectivity.
Furthermore, the large potential stability of the Ni—Mg—Ce/CDC catalyst during consecutive cycles of reaction opens a promising
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route for the optimization of the Sabatier process using this type of catalyst.

B INTRODUCTION

Power to gas (PtG) technologies have emerged as a promising
and sustainable solution to storage of renewable energy into
chemical bond energy." Although hydrogen has a high energy
density (9.7 MJ m™ at 1.013 bar), the difficulties linked to its
storage and transportation have motivated the pursuit of
alternative technologies aiming to facilitate its manipulation,
with its conversion into a gas fuel by CO, methanation being a
good example. Obtained methane has an even higher energy
density (32.8 MJ/m?) and can be easily stored and distributed,”
and in addition, the process requires CO, as reactive, which
simultaneously emerges as an useful method to reduce CO,
emissions.

The global efficiency of these PtG plants, which must first
entail CO, capture and storage (CCS), strongly depends upon
the methanation step.’ In this step, CO, is hydrogenated to
produce CH, and water as byproducts (eq 1).

CO, + 4H, — CH, + 2H,0 (1)

The process is exothermic and, thus, thermodynamically favored
at low reaction temperatures (AH, 95 x = —164.6 kJ/mol and
AG, 05k = —113.2 kJ/mol) and has a kinetic barrier that
involves a complex eight-electron reduction process.* Unfortu-
nately, it is accompanied by side reactions, like the reverse
water—gas shift (RWGS, eq 2) and CO methanation (eq 3),
which strongly compromise the performances toward methane.

CO, + H, & CO + H,0 AH, 555 = —205.8 kJ/mol
)
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CO +2H, = CH, + H,0 AH, 555 = 41.21J/mol
®3)

Thermodynamic analysis of the transformation of CO, into CH,,
indicates that CO, conversion is minimum at 600 °C and that
CH, selectivity might be 100% at temperatures below 400 °C.

The development of active, selective, and stable catalysts for
the CO, methanation reaction has been a challenge in the last
decades.’ In 1975, Vannice® determined that the activity of CO
methanation increases in the order Ru > Fe > Ni > Co > Rh > Pd
> Pt and Ir. Considering the price and observed catalytic
performance, Ni-based catalysts have been commonly used in
the CO and CO, methanation reactions; their main drawback
has been the fast deactivation caused by coke deposition, the
sintering of the particles, and/or the catalyst structural changes.”
Nevertheless, the performance and lifetime of the catalyst
depend largely upon the synthesis method, the used support, the
dispersion of the active phase, the metal—support interactions,
and the presence of promoters.”’

Metal oxides, such as a-Al,O;, TiO,, MgO, ZrO,, or CeO,,
have been the most commonly used supports.””~'> Among
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them, CeO, was particularly interesting and active, especially at
low reaction temperatures. The latter has been related to its
redox properties and the presence of oxygen vacancies (as a
result of the co-existence of the Ce*"/Ce*" redox pair), which
favor the stronger interaction with the active phase and,
consequently, the good dispersion of the particles." In addition
to this, the oxygen vacancies may act as adsorption sites for CO,
molecules."”"> On the other hand, CO, adsorption and
activation are enhanced by the presence of basic sites, thus
improving its conversion to CH,;'*'° this effect was observed
over MgO.5

Other novel materials, such as structured catalysts,
zeolite,"” or carbon supports,”®™>* have also been studied.
Among them, carbon materials show unique properties, such as
a high surface area, high thermal conductivity, hydrophobic
character, and high hydrogen storage ability,”*~>* which could
be highly beneficial for CO, methanation to well disperse the
active phase, to avoid hot spots, to facilitate water removal, and/
or to supply hydrogen to the active phase. These materials can be
obtained sustainably from renewable and abundant resources,
like biomass.”® Using biomorphic mineralization techniques,
biomass used as a biotemplate is thermally decomposed under
reducing conditions, obtaining a carbon material that preserves
the morphology of original biomass.”” In this sense, it is possible
to obtain materials with a hierarchically complex structure,
inherited from biomass, whose final structure will logically
depend upon the raw material used. The properties of the final
carbon can be likewise tuned by varying the conditions of the
thermal decomzposition (temperature, heating rate, or time,
among others).”*

Even more interestingly, biomass might be impregnated with
metallic precursors prior to the thermal decomposition in a way
that it is possible to obtain a one-pot catalyst with metal
nanoparticles highly dispersed on the carbonaceous sup-
port.””?° This synthetic approach offers the possibility to finely
tune and design the catalyst, which can be thus optimized for
several applications,” highly reducing costs. In this context, our
group has developed these kind of carbonaceous-based catalysts
using mainly lignocellulosic materials as a carbon precursor for
several catalytic applications that include synthesis of carbona-
ceous nanomaterials by catalytic chemical vapor deposition
(CCVD),*'~** liquid-phase hydrogenations,”*** and hydro-
deoxygenation reactions.””

Moving a step forward in this work, Ni-based catalysts
supported on cellulose-derived carbon have been synthesized by
biomorphic mineralization techniques and tested in the CO,
methanation reaction. Considering the beneficial effects of MgO
and CeO, in the mentioned reaction, both species have been
included as Ni promoters (Mg and/or Ce). The catalysts have
been deeply characterized, and these results are related to their
catalytic activity. The potential stability of the optimized catalyst
was also evaluated.

17,18

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. All catalysts were prepared by the
incipient wetness impregnation of cellulose with aqueous solutions of
the metallic precursors [Ni(NO;),-6H,0 from Alfa Aesar, Mg(NO,),-
6H,0 from Panreac, and Ce(NO;);:6H,0 from Sigma-Aldrich]. Ni
loading was fixed to 3.5 wt % with respect to the raw cellulose (dried,
before thermal decomposition) as well as Mg and Ce promoters with
the atomic ratios of Ni/Mg = 1:1, Ni/Mg/Ce = 1:0.5:0.5, and Ni/Ce =
1:1. After impregnation, the samples were placed in a horizontal tubular
oven and dried at 80 °C overnight. The catalysts were obtained after
thermal decomposition of the samples at 600 °C for 3 h under a

reducing atmosphere (50% H,, 50% N,, and 300 mL/min total flow),
with a fixed heating rate of 50 °C/min. Samples were cooled in inert gas
(150 mL/min N, flow) and then passivated by flowing a CO,/N,
mixture (16% CO, and 84% N,) for 1 h. The samples were named
according to the metal composition as Ni-Mg/CDC, Ni—Mg—Ce/
CDC, and Ni—Ce/CDC, with CDC being used to denote the support,
i.e., cellulose-derived carbon.

2.2. Characterization Techniques. The textural and structural
properties of the catalysts were determined by X-ray diffraction (XRD)
analysis, thermogravimetric analysis (TGA), N, adsorption measure-
ments, transmission electron microscopy (TEM), and high-angle
annular dark-field scanning transmission electron microscopy
(HAADE-STEM).

XRD analysis was performed in a Siemens D-5000 (45 kV and 40
mA) diffractometer equipped with a Cu anode (Ka radiation, 4 =
0.1542 nm). The diffractograms were acquired in a continuous scan
mode from 5° to 90° 26 with 0.02° counting step and a step time of 4 s.
The structural determination was carried out through the pattern
comparison using an International Centre for Diffraction Data (ICDD)
database and High Score Plus (PANalytical) software. The crystallite
size of each species was calculated using the Scherrer equation.

The thermal stability of the samples was evaluated in air (50 mL/min
flow) using a Mettler Toledo STA/SDTA 8Sle thermogravimetric
instrument. The measurements were likewise used to estimate the
catalyst composition assuming that the carbonaceous support is totally
burned and the metals are fully oxidized to NiO, MgO, and CeO,. The
calculations were made considering the metallic atomic ratio in the
samples (Ni/Mg =1:1, Ni/Ce = 1:1, and Ni/Mg/Ce = 1:0.5:0.5) and
the initial/final weight of the samples.

Metal loadings were obtained through atomic absorption spectrom-
etry (AAS) using the SpectrAA 110 instrument from Varian, Inc.
Around 10 mg of sample was diluted in a mixture of HCI and HNO;,
(4:1) with a total volume of 100 mL and stirred for 3 h. After filtration,
the absorbance of the liquid was measured using an air—acetylene flame
in a wavelength of 202.6 and 232 nm to measure Mg and Nij,
respectively. Given that Ce cannot be measured by AAS, the content
has been estimated considering the nominal atomic metallic ratio of the
elements.

The reducibility of catalysts was evaluated by means of the
temperature-programmed reduction using H, (H,-TPR) and in a
ChemBet PULSAR Quantachrome equipment. A total of 50 mg of
sample was loaded in the reactor, dried under Ar flow at 120 °C for 1 h,
and finally cooled to room temperature. After that, the reduction was
carried out using 20 mL/min of a 10% H,/Ar mixture and the
temperature was increased to 750 °C with a heating rate of 10 °C/min.
The thermal conductivity detector (TCD) signal was acquired in a
continuous mode.

Acid—base properties of fresh catalysts were evaluated through
temperature-programmed desorption of CO, (CO,-TPD) using an
AUTOCHEM 1II 2920 (Micromeritics) instrument equipped with a
TCD. The samples were first dried in He (S0 mL/min flow) at 600 °C
for 1 h and then cooled at 80 °C, using a 15 °C/min heating rate in both
cases. CO, adsorption was ensured by flowing 50 mL/min of a 10%
CO,/Ar mixture for 1 h. The desorption curve was then obtained by
increasing the temperature at 10 °C/min until 600 °C under an Ar
atmosphere (50 mL/min flow).

The carbonaceous structure of fresh and spent catalysts was
characterized by Raman spectroscopy using a WiTec Alpha300
confocal Raman microscope with a 532 nm laser excitation beam.
Five Raman spectra were acquired from different spots of each sample
in the Raman shift range of 50—3400 cm™" to visualize metal oxides
(300—700 cm™') and the characteristic bands of carbonaceous
materials: D (~1350 cm™), G (~1580 cm™), and 2D (~2690 cm™).

The chemical composition of the surface was characterized by X-ray
photoelectron spectroscopy (XPS) in a Kratos Axis ULTRA
spectrometer using non-monochromatic Al Ka radiation (hv =
1486.7 V). All spectra were analyzed using CASA XPS software by
applying a Shirley-type background.

The specific surface areas and pore distributions were obtained from
the N, adsorption—desorption isotherms carried out at 77 K in Tristar
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Table 1. Nominal Atomic Ratios, Nominal Ni (wt %), and Experimental Composition Values Determined from TGA-Air and AAS

catalyst initial Ni (wt %) Ni/Mg/Ce (atomic ratio)
CDC
Ni—Ce/CDC 3.5 1:0:1
Ni—Mg—Ce/CDC 3.5 1:0.5:0.5
Ni—Mg/CDC 3.5 1:1:0

Ni™? (wt %) Mg“/? (wt %) Ce™’? (wt %) CDC* (wt %)

99.5
17:17.8 40:41.0 43
17:17.5 4:3.6 21:20.7 58
38:37.6 16:16.6 46

“Metal weight percentage calculated from TGA-air. “Metal weight percentage obtained from AAS.

3000 (Micromeritics Instrument Corp.) equipment. The specific areas
were calculated according to the Brunauer—Emmett—Teller (BET)
method, whereas the total pore volume and average pore diameter were
obtained according to the Horvath—Kawazoe method. The #-plot
method was also used to determine the micropore volume. Addition-
ally, pore size distributions were obtained by non-local density
functional theory (NLDFT) calculations.

TEM micrographs were acquired in a FEI Tecnai T-20 microscope
operating at 200 kV. The metal particle size distributions were
estimated by counting at least 500 nanoparticles/sample and using
ScopePhoto 3.0 software. A more detailed high-resolution analysis
(HAADF-STEM) of Ni—Mg—Ce/CDC was carried out in a FEI Titan
Cube Themis 60—300 microscope (Cs = 0.001 mm and sub-angstrom
resolution) operating at 200 kV with a camera length of 11.5 cm and
aberration correction of 60—300. This microscope also offers a Super X-
G2 option in STEM mode, which was employed to acquire STEM
images of this catalyst at 200 pA and dwell time per pixel of 128 ps.
Energy-dispersive X-ray spectroscopy (X-EDS) mapping was per-
formed, aiming to elucidate the distribution of each element. Maps were
filtered using Gaussian blur of 0.8, using Velox software to improve their
visual quality.

2.3. Catalytic Tests. The hydrogenation of CO, was carried outina
vertical fixed-bed tubular (inner diameter of 7 mm) reactor at
atmospheric pressure and temperatures ranging from 150 to 500 °C.
In a typical experiment, we would load the catalyst (50—100 mg) in the
reactor fixed with a quartz wool plug. The exact mass would then be
properly adjusted to maintain a constant CO,/Ni ratio in all of the
experiments (CO, molar flow/Ni mass would be set to 3.61 mol of CO,
g™ of Ni h™"). Prior to the reaction, the catalysts were reduced “in situ”
at 500 °C for 1 h under a total flow of 400 mL/min (50% H, and 50%
N,). Then, the reaction was carried out introducing a controlled
mixture of H,/CO,/N, with a stoichiometric ratio of 4:1:2. The total
flow (185 + 10 mL/min) was determined considering the fixed Fcq /

my; value. In these operating conditions, the spatial velocity was high
enough [gas hourly space velocity (GHSV) ranging from 30 X 10 to 38
X 10* h™"] to properly evaluate the intrinsic activity of the catalysts.

The reacted mixture flowed through a Peltier condenser to remove
water and was finally analyzed by gas chromatography using N, as the
internal standard in an Agilent MicroGC 490 equipped with two
columns (Molsieve SA and Poraplot Q). The catalytic activity was
measured every 25 °C in the 150—500 °C temperature range, with the
plotted conversion and selectivity values corresponding to the average
of five injections at least (30 min in each temperature). As for the
stability test, two cycles were carried out in isothermal conditions (250
°C), with the outlet gases being analyzed every S min. The obtained
carbon balances were 100 + 5% in all measurements. Conversion and
selectivity were calculated according to eqs 4 and S.

n
. CO,,out
CO, conversion (Xcoz) =|1-—2—
nco,,in

(4)

NcH,, out
selectivity to CH, (SCH4) = e
nco,in ~ Mco,out (5)

3. RESULTS AND DISCUSSION

3.1. Characterization of Fresh Catalysts. The thermal
stability of the samples was evaluated in air, and the results are

presented in Figure SI-1 of the Supporting Information. A
common slight weight loss is observed in all samples around 80
°C, which is ascribed to the loss of physisorbed water. This initial
loss is lower in the bare support in comparison to the catalysts as
a result of the higher hydrophobicity of the carbonaceous
support.”” In addition, the addition of metals introduces O~ and
OH™ groups associated with CeO, and MgO to change the
chemical surface of the carbonaceous support. The main weight
loss, which takes place between 200 and 460 °C depending upon
the composition of the material, is attributed to both the
oxidation of metallic Ni nanoparticles and the combustion of the
support. The catalytic effect of the metals in the combustion
process is clearly evidenced, with the combustion temperature of
the catalysts being lower than that of the bare support.’® The
increase in the Ce content leads to a decrease in the combustion
temperature, which suggests a higher catalytic effect of Ce in
oxidizing environments in comparison to Mg. This fact might be
related to the presence of oxygen vacancies in the CeO, lattice as
a result of the Ce*"/Ce** redox couple,39 which boosts the fast
oxygen exchange with the environment, thus also facilitating the
carbon combustion at lower temperatures. Indeed, the
combustion temperature is directly related to Ce contents in
the final solids: the higher the atomic percentage (Ni—Ce/CDC
> Ni—Mg—Ce/CDC > Ni—-Mg/CDC > CDC), the lower the
combustion temperature. Nevertheless and to a lesser extent, the
presence of Ni and Mg (Ce, 0 atomic %) also affects the support
thermal stability, decreasing the combustion temperature with
respect to bare CDC as a result of the metal catalytic effect.”®
The experimental metal loadings were estimated from both
TGA-air and atomic absorption spectroscopy (AAS), following
the method described in the Experimental Section. For the
TGA-air results, the total combustion of the support and the
complete oxidation of the metals (NiO, MgO, and CeO,) have
been assumed. For the calculations, the nominal atomic ratios of
the metals in the samples (Ni/Mg = 1:1, Ni/Ce = 1:1, and Ni/
Mg/Ce = 1:0.5:0.5) were also considered (Table 1). As seen in
Table 1, the results are quite similar for both techniques,
confirming a high metal content in the final catalysts. The final
metal loadings are logically much higher than the initial metal
loadings (fixed and calculated on a dried cellulose basis) as a
consequence of the cellulose decomposition during the
synthesis, which leads to the weight loss in the form of vapors
and organic liquids. Ni—Mg/CDC has the highest Ni content,
followed by Ni—Ce/CDC and Ni—Mg—Ce/CDC samples,
which present a similar percentage, suggesting that the
decomposition of cellulose is major in the presence of Ni and
Mg. Besides, it can be observed that the measured Mg and Ce
weight contents of the bimetallic catalysts (Ni—Mg/CDC and
Ni—Ce/CDC) are very different (ca. 16 versus 40 wt % Mg and
Ce, respectively), although the metallic atomic ratios (Ni/metal
= 1:1) are the same for these catalysts. This is due to the high
difference between Mg and Ce molar weights (Mg = 24.3 g/mol
and Ce = 140.1 g/mol). With regard to the CDC weight
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percentage, Ni—Mg—Ce/CDC presents a higher CDC content

and, as a consequence, lower total metal weight percentage.
The XRD diffractograms of fresh catalysts and bare CDC

support are presented in Figure 1. In general, the XRD patterns

ANIOMgO  +Ce02 |

Ni-Mg-Ce/CDC

Ni-Mg/CDC

Intensity (a.u.)

Ni/CDC

65 85

Figure 1. XRD diffractograms of fresh catalysts.

of biochars are mostly amorphous, showing signals at around
26.2°, 42.2°, and 77.1° 26, which correspond to (002), (100),
and (110) planes, respectively. The presence of Ce oxide
(Ce0,) and Ni’ species is clearly evidenced in the catalysts. The
shape and intensity of diffraction peaks suggest their existence as
nanoparticles of low diameter. It is worth pointing out that Ni
nanoparticles remain partially reduced after the synthesis as a
consequence of the reducing atmosphere used. This fact clearly
facilitates the total activation/reduction of the catalysts before
the catalytic tests. On the Ni—Mg/CDC sample, the signals
appearing around 42.9°, 62.3°, 74.7°, and 78.7° 26 could
correspond to NiO and/or MgO, almost being impossible to
accurately specify which one is which as a result of the similarity
of the XRD patterns.”” Therefore, NiO could co-exist with
metallic Ni in the samples.

The average particle sizes calculated through the Scherrer
equation are summarized in Table 2. The Ni—-Mg/CDC sample
shows the biggest Ni particle size, with an average value of 21
nm, whereas replacing Mg with Ce results in the Ni particle size
drop until 10 nm. This drop is attributed, on the one hand, to the
presence of ceria with vacancies of oxygen, which can interact
with metallic Ni nanoparticles preventing its sintering'>'* and,
on the other hand, to the higher amount of Ni observed in the
Ni—Mg/CDC sample, which facilitates its sintering during the
preparation step. Partial replacement of Mg with Ce in the Ni—
Mg—Ce/CDC sample results in the smallest Ni particle size, 8
nm. As for CeO, and MgO particle sizes, both are smaller than
Ni in all cases, with values ranging from 4 to 8 nm.

Nevertheless, some of the observed differences are not that
significant when the size values obtained from TEM are also
considered (Table 2). The larger particle size in the Ni—Mg/
CDC sample is undeniable; however, the average particle size
differences observed in Ce-containing samples are negligible if
both estimation methods are considered. In this case, the
differences seem to be related to the size distribution, narrower
in the case of the Ni—Mg—Ce/CDC catalyst, as indicated in the
variance values. Therefore and even though the Ce content in
this catalyst is lower in comparison to the Ni—Ce/CDC sample,
the particle sizes are more homogeneous in the presence of a
certain Mg amount, which somehow would denote a kind of
synergism between Mg and Ce during the synthesis process.

The textural properties of bare CDC and the catalysts are
compared in Table 3. CDC presents a microporous structure
with a high surface area, which is characteristic of this type of
carbonaceous material.”> All catalysts have a lower specific
surface area than the support, accompanied by a drop in the
micropore percentage/micropore volume along with an incre-
ment in the average pore diameter. Besides, these changes are
more pronounced on Mg containing solids. The higher the Mg
content, the higher the pore volume and pore diameter and the
lower the microporous percentage. These trends can be
observed in Figure 2, where the micropore volume and pore
diameter are represented versus the Mg weight percentage in the
catalyst. As observed, both variables increase linearly, having
large correlation coeflicients, which entails a severe decrease in
microporosity for the Ni—Mg/CDC sample. The linear
relationship between the BET surface area and the micropore
volume is also included (inset of Figure 2).

These linear correlations have been previously reported for
carbonaceous materials*' and metal-supported cellulose-derived
carbons.” Thus, the slope of Sypr versus micropore volume
obtained in the present case, 2217 m*/cm?, is quite similar to
those obtained by Scherdel et al,*' 2559 m?/cm?, and Cazafia et
al,*® 2659 m?/cm?>. This value is mainly determined by the
temperature and time of the carbonization stage.””"'

The reducibility of the catalysts was evaluated by H,-TPR
experiments (Figure 3). It should be noted that both NiO and
CeO, are the predominant reducible species in those samples.
The H,-TPR profile of the Ni/CDC sample shows only one
peak, corresponding to the reduction of NiO species supported
on the carbonaceous material.*”** The broadness of this peak,
having at least the contribution of two processes (with
maximums at 275 and 350 °C), is probably the consequence
of the wide particle size distribution of this catalyst (see Figure
SA). The presence of Mg and/or Ce modifies the reducibility of
the catalysts, as a consequence of the different interactions
between the metals at the surface. In this sense, the Ni—Mg/
CDC catalyst exhibits two peaks: one peak at a low temperature
(340 °C) and a second peak at a higher temperature (550 °C).

Table 2. Average Particle Sizes of Fresh and Used Catalysts Obtained from the XRD and TEM

catalyst Ni®“ (nm) NiO/MgO“
Ni/CDC 27:65 6:—
Ni—Ce/CDC 10:9
Ni—Mg—Ce/CDC*® 8:6:7 5:6:5
Ni—Mg/CDC 21:34 6:5

(nm)

CeO,* (nm) dpartite” (nm) D° (%)
3.7
8:6 80+ 7.3 12.5
4:4:5 9.0+ 5.6 10.0
18.8 + 454 4.8

“Average particle size calculated using the Scherrer equation, taking the peaks at 44.5° for Ni’, 28.6° for CeO,, and 43.3° for NiO or MgO.
bAverage value and standard error of the particle size distribution obtained by TEM. “Ni dispersion calculated as 1/d,y; with d; being the Ni

particle size obtained from XRD.
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Table 3. Textural (N, Adsorption) and Basic (CO,-TPD) Properties of the Fresh Catalysts

catalyst Sper (m*/g) pore volume (cm®/g) micropore volume (cm®/g) micropores (%) dpore (nm) pumol of CO,/g of metal
CDC 457 0.21 0.150 20 0.7
Ni—Ce/CDC 217 0.18 0.045 53 1.4 187
Ni—Mg—Ce/CDC 350 0.39 0.056 40 3.2 713
Ni—Mg/CDC 382 0.49 0.082 15 8.2 737
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Figure 2. Dependence of the micropore volume and pore diameter upon the Mg content. (Inset) Sgr versus micropore volume.
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Figure 3. H,-TPR profiles of the fresh catalysts.

These peaks are attributed to the reduction of NiO weekly
interacting with MgO and the reduction of NiO species in a
strong interaction with MgO surface defects, respectively.** A
similar behavior is observed for the Ni—Ce/CDC catalyst,
showing two reduction zones centered at ca. 305 and 450 °C,
respectively. The low-temperature peak can be likewise assigned
to the reduction of Ni** weekly interacting with ceria, whereas
the second reduction zone could be partially attributed, on the
one hand, to the NiO species having a strong interaction with
Ce** species and, on the other hand, to the reduction of ceria.*®
Finally, the Ni—Mg—Ce/CDC catalyst show a low-temperature
reduction zone below 425 °C, composed of two wide peaks at
260 and 370 °C and a high-temperature reduction zone with
broad peaks at 450 and 570 °C, respectively. The lower
temperature peak (260 °C) can be attributed to the reduction of

17216

highly dispersed and low-sized NiO nanoparticles,” and in a
similar way to the Ni—Ce/CDC sample, the peaks at 370 and
450 °C might be assigned to Ni** weakly and strongly
interacting with ceria, respectively, with the peak at 570 °C
corresponding to ceria reduction.

The strength and distribution of the basic sites in the fresh
samples were studied by CO,-TPD. As observed in Figure 4, the
distributions of weak (below ca. 180 °C), moderate (until 350
°C), and strong (above 350 °C) basic sites are different for each
catalyst.

For comparison, the CO,-TPD experiment of the bare carbon
support is presented, showing the absence of this type of site and
indicating that the basic character is given by the presence of Ni,
Mg, and Ce. The quantification of these TPD profiles, expressed
as micromoles of CO, adsorbed per gram of metal, gives the
values shown on Table 3, which follows the order: Ni—Mg/
CDC > Ni-Mg—Ce/CDC > Ni—Ce/CDC. Thus, the number
of basic sites in Mg-containing samples is almost 4 times higher
than that of the Ni—Ce/CDC catalyst, which is congruent with
the basic nature of Mg oxide. However, as in the H,-TPR results,
the distribution of sites is also different. In this sense, only Mg-
containing samples present a peak above 370-380 °C,
indicating that the presence of strong sites is directly related
to the presence of Mg*" species on the surface.

The results published in the literature are controversial with
respect to which type of basic site is the most favorable for CO,
methanation.*” Some authors claims that moderate adsorption
sites are pivotal for CO, methanation, while both weak and
strong sites are inactive.***” However, other authors indicate
that stronger basic sites are necessary to enhance the CO,
absorption and activation.”””" Contrary, the enhancement of
weak basic sites has also been claimed.”” In any case, a higher
basicity is necessary to improve the catalyst performance,
although this factor is not the only factor responsible for the
enhancement of the activity; other factors, like metal dispersion
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Figure 4. CO,-TPD profiles of the fresh catalysts.

and metal—support interaction, can also affect the enhancement
of the activity.

Raman spectra of fresh and used samples (panels A—C of
Figure SI-2 of the Supporting Information) show the presence of
the typical D and G bands at 1350 and 1590 cm™" respectively,
characteristic of the carbonaceous support. These bands are
similar for all of the samples, not changing after the reaction.
Furthermore, in the zone from 300 to 700 cm ™" (Figure SI-2C of
the Supporting Information), several bands corresponding to
the presence of NiO, CeO,, and/or MgO can be observed. The
band at ca. 460 cm ™ in Ce-containing catalysts is assigned to the
F2g vibration of the fluorite lattice of ceria.”® The broad bands
between 490 and 570 cm™" are related to the disorder-induced
one-phonon scattering characteristic of NiO and MgO
oxides.”**® The simultaneous presence of Ce and Mg decreases
the Raman signal in this region as a result of the difference in
their jonic radio; see spectra of Ni—Mg—Ce/CDC in Figure SI-
2C of the Supporting Information, as previously reported by
Siakavelas et al.**

In addition, the fresh catalysts were also characterized by XPS,
with the results being presented in Table SI-1 and panels A—D of
Figure SI-3 of the Supporting Information. These results reveal
the presence of low quantities of reduced Ni in the fresh samples
as a consequence of the passivation stage carried out during the
preparation protocol; otherwise, the catalysts would be totally
reduced but highly unstable as a result of the pyrophoric
character of the nickel nanoparticles.

The dispersion of particles and size of fresh catalysts were
carefully analyzed by TEM (Figure 5) and HAADF-STEM
(Figure 6). Figure S displays representative TEM pictures (left),
along with the corresponding frequency histograms (top right)
and the differential pore volumes (bottom right), obtained
through NLDFT simulation from N, adsorption isotherms. The
images show well-dispersed particles on the carbonaceous
support, also confirmed in the histograms, likewise indicating
that particles are in the nanoparticle range, with average
diameters being in good agreement with the XRD results of the
fresh samples (see Table 2). As commented above, the
introduction of Ce in the catalysts clearly leads to smaller
particle sizes and narrower size distributions, which results in a
better dispersion of the particles over the support. This fact is
linked to the well-known capacity of Ce to prevent particle
sintering14 and the higher Ni content of the Ni—Mg/CDC

catalyst, as mentioned previously. These images indicate an
excellent interaction, in both fresh and used samples, among Ni,
Ce, and Mg, which is probably responsible for the high activity of
this catalyst.

Furthermore, the differential pore volume distributions are
also presented in Figure S (bottom right). In comparison of
these results to those obtained for the particle size distributions
(top right in Figure 5), we found that, interestingly, the shape of
both curves is similar in all cases, which suggests that the pore
diameter is related to the metal particle size, especially in Mg-
containing catalysts. It seems that the cellulose thermal
decomposition process is directed by the metallic nanoparticles,
and the porous structure (mainly the pore size distribution) of
the prepared carbon is determined by these metallic nano-
particles. In this way, for instance, Ni—Mg/CDC shows the
highest average particle size, which is in concordance with the
lowest microporosity found by N, adsorption, 15% (see Table
3).

With regard to the surface atomic ratios determined by XPS
(Table SI-1 of the Supporting Information), an enrichment of
Mg and a decrease of the Ce content are observed with respect to
the nominal Ni concentration. It should be considered that these
values are averaged for the entire surface; however, the local
concentration of each specific metallic nanoparticle (NP) is
different, as shown by the HAADF and X-EDS results presented
in Figure 6.

3.2. Catalytic Tests. The catalytic activity of the samples
was evaluated at different temperatures maintaining the ratio of
H,/CO, = 4, and a spatial velocity referred to the Ni content of
the catalysts of 3.61 mol of CO, g™ of Ni h™". The influence of
the reaction temperature in CO, conversion and selectivity to
CH, is shown in panels A and B of Figure 7, respectively. The
thermodynamic equilibrium data of CO, conversion have also
been included (dashed black line in Figure 7A).

As is well-known, the CO, methanation reaction is
thermodynamically limited at high temperatures, with the
equilibrium values of CO, conversion and CH, selectivity, for
example, being 69 and 89%, respectively, at 500 °C, which
means a methane yield of 61.4%. In our case, these values are
only attained by the Ce-promoted samples. As the reaction
temperature decreases, thermodynamics favors the increase of
the CO, conversion; nevertheless, the kinetic limitations
become more important. As a consequence, the conversions
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Figure 5. Representative TEM images of fresh catalysts, particle size distributions, and differential pore volumes (NLDFT) of fresh catalysts: (A) Ni—

Mg/CDC, (B) Ni—Ce/CDC, and (C) Ni—Mg—Ce/CDC.

obtained at low temperatures are far from equilibrium. In any
case, the results in Figure 7A indicate that the activity of
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promoted catalysts, expressed as CO, conversion, is higher than
that of monometallic Ni/CDC. If we compare the effect of the
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Figure 6. HAADF images and X-EDS maps of (A and B) fresh and (C and D) used Ni—Mg—Ce/CDC catalysts.

studied promotors, the addition of Ce leads to a superior
performance compared to Mg; nevertheless, their combination
enhances the catalytic activity even more, which appears as a
very efficient approach for the design of optimized catalysts for
the CO, methanation reaction.

With regard to the selectivity of the reaction and similar to the
evolution of CO, conversion, CH, formation is thermodynami-
cally limited at high temperatures, with 89% being the maximum
possible value at 500 °C in the studied conditions. This
equilibrium value increases until ca. 100% at temperatures below
400 °C. The values shown in Figure 7B are close to the
equilibrium values in all of the studied temperature range. Both
Ce-containing samples exhibit the greatest values, attaining
almost a 100% selectivity to methane, and the Mg-doped catalyst
shows 97% CH, selectivity. In fact, in the case of Ni—Ce—Mg/
CDC and Ni—Ce/CDC catalysts, there is not detected CO at
the exit of the reactor at reaction temperatures below 400 °C.
Considering that the carbon atom mass balance has a low
experimental error, the CH, selectivity must be around 100%.

Along the complete interval of reaction temperatures, the
activity of the catalysts follows the order: Ni-Mg—Ce/CDC =
Ni—Ce/CDC > Ni—Mg/CDC > Ni/CDC. Ni—Mg—Ce/
CDC shows the higher activity attaining a maximum CO,
conversion of 80% between 350 and 400 °C with 100% CH,
selectivity. Similar trends are obtained over Ni—Ce/CDC and
Ni—Mg/CDC, showing the maximum conversions at 350—400
°C (78 and 70% conversion for Ni—Ce/CDC and Ni—Mg/
CDC, respectively). Therefore, the addition of Mg and/or
especially Ce as catalytic promotors is clearly beneficial in this
type of metallic catalyst supported on cellulose-derived carbon.
This increase in activity is furthermore completed with an
increase of the CH, selectivity in the case of the Ce-containing

catalysts (see Figure 7B), setting an optimum promotional effect
of Ce species in this type of catalyst.'>""

A quantitative comparison of the catalytic performance
obtained with multi-metallic catalysts with respect to the Ni/
CDC sample can be made using the so-called “promoting
factor”,”* defined as the increase of the methane yield for the
promoted catalyst divided by the methane yield of the non-
promoted catalyst (Ni/CDC). In our case, as a result of the very
low CH, yields obtained with the Ni/CDC sample at
temperatures below 300 °C, large values of this factor are
obtained. Consequently, we decided to take as a reference
sample the Ni—Mg/CDC catalyst, obtaining the “promoting
factor of Ce” (inset of Figure 7B). The values of this promoting
factor for Ce decrease with the temperature as a consequence of
the thermodynamic limitations, but on the interval of interest,
ie, at T < 250 °C, the increase largely exceeded 50% of the
methane yield.

The more relevant result in this study is the high conversion
obtained at temperatures below 200 °C. Ni-Mg—Ce/CDC and
Ni—Ce/CDC catalysts are already active at 175 °C, attaining ca.
54.7% CO, conversion and nearly 100% CH, selectivity,
confirming that Ce is an excellent promoter of Ni-based
catalysts in this reaction.'”’" In contrast, Ni-Mg/CDC is
completely inactive at temperatures below 250 °C. These results
observed over Ce-promoted catalysts are comparable to the best
results obtained using Ru-based catalysts.”* From an energetic
and economical viewpoint, these results open a very promising
route for the optimization of the Sabatier process based on this
type of catalyst.

These promotional effects are a consequence of a
combination of the properties of the catalysts, mainly those
related to the reducibility of Ni species, the concentration and
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strength of surface basic sites, the metal particle size, and the
interactions established among Ni, Ce, and Mg components.45
In this sense, the high activity of Ce-promoted catalysts can be
related to the lower particle size of the metallic NPs obtained in
the presence of CeO, (see histograms in Figgure 5), which is
decisive for this structure-sensitive reaction.””® On the other
hand, the oxygen vacancies in the CeO, lattice may act as
adsorption sites for CO, molecules, thus boosting its further
transformation.' ™' Moreover, the addition of appropriate
amounts of Mg has several positive effects on the activity of
the catalyst as a consequence of the increase of the number of
basic sites (see Figure 4), increasing around 5% CO, conversion
using Ni—Mg—Ce/CDC in comparison to Ni—Ce/CDC in the
entire temperature range. This improvement is due to both the
diminution of the number of large Ni particles (see panels B and
C of Figure 5), which contributes a lower turnover frequency
(TOF),”’*” and the generation of proper basic sites (Figure 4),
which likewise improves the CO, adsorption, facilitating its
subsequence conversion.’

Vogt et al.””>® stated that the optimum Ni particle size should
have enough terrace facets to supply hydrogen atoms and
sufficient step sites with the highest hydrogenation activity.
Moreover, the stage of direct dissociation of CO* to C* has the
higher activation energy, which can be efficiently diminished by
the addition of H to adsorbed CO*, which can be facilitated by
the presence of reducible supports, such as CeO,. These, at the
nickel—support interface, can increase the activation of CO* via,
e.g., the addition of H* from the support.”®

On the other side, although Mg enhances the activity and
stability of the catalyst,”" high amounts of Mg could hinder the
NiO reduction as a result of a higher interaction between NiO
and MgO," as the TPR results suggest (Figure 3). Anyway, the
presence of both O mobile from CeO, and OH™ species
adsorbed on the MgO surface seem to be beneficial to the
formation and removal of water during the reaction. Indeed,
some studies even consider these steps as the rate-determine
steps in the CO, reaction mechanism.*®*

Finally, the potential stability of Ni—Mg—Ce/CDC was
tested at 250 °C (Figure 8). In addition to CO, conversion and
CH, selectivity, the temperature was likewise monitored and
included. The results show that, when CO, is introduced, after
an operation cycle, the reaction starts and the temperature rises
abruptly up to near 500 °C as a result of the elevated
exothermicity of this reaction. After that, it decreases slowly
until the target temperature, 250 °C. During the first isothermal
period, both conversion and selectivity values (69 and 100%,
respectively) are constant. This behavior is repeated at the
second cycle, attaining the same constant values of conversion
and selectivity after the stabilization period. CO was not
detected at the exit of the reactor in any case.

All of these results indicate that, under the tested conditions,
the catalyst is stable during the 12 h of isothermal experiments
accumulated after the two cycles of reaction periods. However,
despite these promising results, the real stability of this catalyst
will be tested in much longer duration experiments.

To check the catalyst state after the catalytic test, XRD
analysis of spent catalysts was carried out (Figure 9). The
average particle size values, calculated through the Scherrer
equation, are 7, 6, and S nm for the Ni, NiO—MgO, and CeO,
phases, respectively, which are very similar to those results in the
fresh catalyst (see Table 2). The results in Figure 9, in addition
to HAADF and X-EDS (Figure 6), explain the stability observed
during a total of 17 h (12 h under isothermal conditions at 250
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Figure 9. XRD patterns of catalysts after the activity test and Ni—Mg—
Ce/CDC stability test (ST).

°C). This is another decisive factor for the development of a
promising CO, methanation catalyst, which efficiently needs to
operate in continuous mode.

4. CONCLUSION

One-pot Ce- and Mg-promoted Ni-based catalysts were
successfully prepared by biomorphic mineralization, using
cellulose as the carbon precursor of the support. The obtained
samples exhibit strong metal—support interactions and great
dispersion of the active phase on the carbonaceous support, even
though presenting high metal loadings. Metal particles are in the
nanoparticle range and seem to be responsible for the developed
porosity of the catalyst support. In fact, the samples have pore
diameters close to that of the particles in each case, which
accounts for a clear metal effect on cellulose decomposition
during the synthesis process, an effect that depends upon the
promoter used in each case.

All of the catalysts show good performances in the CO,
methanation reaction working at atmospheric pressure and high
spatial velocities (GHSV ranging from 3.0 X 10* to 3.8 x 10*
h™"). Ce-containing catalysts reach the higher conversions,
especially at low reaction temperatures, with just CH, being
detected as the reaction product at temperatures below 400 °C
in all cases. The highest CO, conversion is registered over the
Ni—Mg—Ce/CDC sample in the entire temperature range,
which somehow accounts for a kind of synergetic effect between
Ce and Mg. Over this catalyst, a maximum of 80% conversion is
reached between 350 and 400 °C. The most remarkable result is
the high conversion obtained at temperatures below 200 °C over
Ni—Mg—Ce/CDC and Ni—Ce/CDC catalysts, which are
already active at 175 °C, attaining ca. 55% CO, conversion
and nearly 100% CH, selectivity, confirming that Ce is an
excellent promoter of Ni-based/CDC catalysts. Furthermore,
the Ni—Mg—Ce/CDC sample shows great potential, also
leading to a high methane yield. The optimum promotional
effect of Ce is a consequence of a proper combination of the
reducibility of Ni species, the specific concentration and strength
of the surface basic sites, the stabilized metal particle size, and
the strong interactions between Ni, Ce, and Mg components. In
summary and considering energetic and economical aspects, the
results obtained with these catalysts at a low temperature open a
promising route for the optimization of the Sabatier process.
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