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ABSTRACT. Carbon dioxide (CO.) hydrogenation to methane (CH.) is a way of great

significance from an energy-saving viewpoint that consists in the direct conversion of a natural
and abundant waste into a fuel of added value. Its practical exploitation can significantly impact
on the control of anthropogenic CO, emissions into the Earth's atmosphere and their dramatic
effects in terms of global warming, environmental impact and climate changes. Moreover, the
conjugation of CO. with H> from renewable resources (RE) is at the forefront of modern
chemical technologies for RE storage. Indeed, it can be used to provide synthetic CH4 as an

alternative source to natural gas to be potentially injected in the existing gas grid.

This contribution describes the synthesis of a robust catalyst for the efficient and selective

CO2 methanation, based on Nickel nanoparticles (Ni-NPs) grown on N-doped carbon nanotubes



(Ni/N-CNT). The high thermal conductivity of N-CNT ensures a good dispersion of the reaction
heat throughout the catalyst bed while N-doping lists a number of key and distinctive catalyst
features: a) it provides preferential binding sites for the Ni-NPs stabilization, b) it contributes
to generate CO> concentration gradients in proximity of the catalyst active phase and c) it
largely prevents the formation of coke deposits (catalyst passivation) on stream. The as prepared
catalyst shows superior methanation activity and selectivity compared to those claimed for the
most representative Ni-based composites reported so far in the literature. Importantly, the Ni/N-
CNT displays its better performance in CO2 methanation under severe reaction conditions, i.e.
high temperatures and GHSV (up to 120,000 mL g h') where it unveils an excellent stability

as a function of time-on-stream.

KEYWORDS: CO; methanation; Chemical energy storage; N-doped carbon nanotube; Nickel

nanoparticles; Basic supports

1. INTRODUCTION

The intensification of all main anthropic activities together with the growing need of
worldwide citizens’ connections and goods transportations are facing with a steadily increasing
energy demand. At the same time, the request of reducing CO. emissions, prevalently raising
from an uncontrolled use of fossil fuels, is becoming a more and more urgent priority of our
modern society. Indeed, CO2 emissions contribute to the so-called “greenhouse effect” with
severe implications in terms of global warming, heavy environmental impact and related
weather changes.? To cope with this dramatic scenario, new European directives have been
established with the aim of replacing fossil fuels by renewable energy sources (RE). By this

way, it is expected that global greenhouse gas emissions will be reduced by 80-95 % before



20502 and REs will play a key role in the electric power generation of more developed countries
at the dawn of 2030.

To date, three main approaches are systematically pursued to reduce CO, emissions: 1)
limit the utilization of fossil resources; 2) develop new systems for the CO. capture and
sequestration (CCS); 3) valorize CO2 by converting and employing it for the production of
chemicals and energy vectors of added value (Carbon Capture and Valorization - CCV).2 CCV,
in particular, is highly preferable compared to CCS in the perspective of ensuring a long-term
and sustainable development of our society. It moves from a radically new view-point where
COz is no longer regarded as a simple waste but rather as a renewable resource to be harvested
and recycled into carbon-containing products and feedstock of added value. To accomplish this
challenging task, well defined catalytic strategies and energy input are required. The
conjugation of CO- conversion with REs can foster the process in terms of both sustainability
and environmental friendliness. On this regard, CO, hydrogenation*’ using H. from RE
sources® 8 is a highly promising approach that meets with several key challenges of a modern
society. Indeed, it represents a sustainable method to the production of chemicals and fuels®1®
from renewable sources. Moreover, it copes with the main environmental and climate urgencies
directly linked to steadily state increase of CO2 concentration in the atmosphere. Catalytic
hydrogenation of CO2 with RE H> is nowadays at the forefront of many chemical technologies
devoted to the production of low molecular weight olefins,!” hydrocarbons,*8 formic acid,*® and
alcohols.?®22 Most importantly, it can cope with the steady depletion of fossil resources by
providing a synthetic way to natural gas (SNG) as fuel. The ‘‘power to gas’’ (PtG) concept
deals with the reaction of CO, with RE H, produced by water electrolysis?-2® promoted by wind
or solar power, to give CH4 (CO2 methanation) as an alternative synthetic source to natural gas.
PtG contributes to store the surplus power from RE sources into SNG thus linking the existing

power networks to natural gas grids.® The synthetic methane can be either injected into the



existing natural gas pipelines, or directly employed as raw material for the production of other
commodities. 2’ Nowadays, two main methanation processes are operated through different
pilot and industrial plants, namely the catalytic and biological methanation. As for the former,
several metal-active phases, typically based on Ni, Ru, Pd nanoparticles (NPs) on various oxide
supports (i.e. TiOz, SiO2, Al,03, CeO,, MgO and Zr0,)?-32 have been successfully employed
in the transformation, with Ni-based catalysts being among the most investigated systems.
CO, methanation is an exothermic process (AH = -165 kJ mol™) and high temperatures can
deeply affect CO. conversion and selectivity or even induce permanent catalyst deactivation
through metal NPs sintering, leaching or active sites encapsulation by coke deposits. For this
reason, high gas hourly space velocity (GHSV), typically over 10,000 h, are required for the
process to occur efficiently. Indeed, high GHSV values ensure a more efficient gas-heat
exchange and limit the generation of gradients of temperature throughout the catalyst bed. The
excess of local heat produced by the reaction has to be properly managed in order to limit as
much as possible the generation of undesired “hot spots” responsible in turn for the reduced

catalyst life-time and process selectivity.

To this aim various type of reactors, i.e. adiabatic fixed-bed reactors, fluidized-bed reactors
or structured three-phase reactors, have been applied to the process.®**” Recent outcomes have
pointed out how the use of thermal conductive supports, preferably featured by high specific
surface area and open cells porosity, hold beneficial effects on the process efficiency by limiting
the generation of local hot spots inside the catalyst bed.*®*? In addition, supports containing
preferential anchorage sites to strongly tether metal NPs bring additional advantages to the
heterogeneous system such as a better dispersion of the metal active phase (in the catalyst
preparation step) or a minor occurrence of leaching and sintering phenomena during the

hydrogenation process.



This is the case of light-doped nanocarbon supports (e.g. nanotubes, N-CNTs* or
nanofibers, N-CNFs*®) where hetero-elements (i.e. N-sites) at the outer material surface
contribute to control the NPs growth and their distribution while ensuring improved stability to
the composite in catalysis. In addition, nanocarriers featured by basic surface properties are
highly desirable in the case of processes involving CO> conversion and valorization (CCV).
Indeed, basicity is supposed to foster the generation of local gradients of CO, concentrations
neighboring the catalyst metal active sites. On this ground, Roldan et al.** have recently
demonstrated the positive influence played by basic N-doped carbon nanofibers (N-CNFs) as
support for Ru NPs in CO, methanation. Hao et al.** have also stressed the role of basicity for
specific N-dopants engaged in the interaction with CO; for its activation/conversion. Similarly,
Ussa Aldana and co-workers* have shown the importance of weak basic sites available at the
support of their Ni-ceria-zirconia methanation catalyst on the improvement of its ultimate
performance. It is also known from the literature that CO> interaction with selected basic
supports can change the pristine geometry of carbon dioxide, bending the molecule and

lowering the kinetic barrier associated to its reduction process.*¢’

Supports basicity is finally known to have an influence on CO, methanation selectivity.
This is the case of MgO-promoted SiO. supports decorated with Pd NPs. Park and
MacFarland*® have observed a dramatic change in the process selectivity upon MgO doping of
silica particles. Indeed, Pd/SiO: catalyst provides almost exclusively CO as reduction product

whereas CHyg is predominant when the MgO-promoted catalyst is at work.

In this contribution we describe the synthesis of Ni-NPs decorated N-doped carbon
nanotubes (Ni/N-CNT) as a robust catalyst for the efficient and selective CO2 methanation. The
high thermal conductivity of N-CNT support ensures a good dispersion of the reaction heat
throughout the catalyst bed. N-doping in the nanocarrier holds a dual key role: 1) it provides

preferential binding sites for the Ni-NPs growth and stabilization and, 2) it concentrates CO> in



proximity of the catalytically active phase thus ensuring superior methanation performance than
that claimed for the most representative Ni-based composites reported so far.38 4967
Importantly, the Ni/N-CNT catalyst displays its better performance and stability for CO-
methanation under severe reaction conditions, i.e. high temperatures and GHSV up to 120,000

mL g* h't where it also demonstrates an excellent stability as a function of time-on-stream.

2. MATERIALS AND METHODS

Nitrogen-doped carbon nanotubes (N-CNTs) have been synthesized by Chemical Vapour
Deposition (CVD), using a CoHe/NH3/H2 mixture in a 2/2/1 molar ratio, according to literature
procedures previously described by some of us.%8-% The synthesis was carried out at 750 °C for
2 h and the crude product was finely crushed before undergoing a classical washing/purification
procedure. Nickel NPs were deposited on N-CNTs by incipient wetness impregnation,’ using
an aqueous solution of nickel nitrate [Ni(NO3)2.6H20] as to get a theoretical metal loading
closed to 10 wt.%. The oven-dried catalyst was calcined in air at 350°C for 2 h as to convert
the nickel nitrate into its oxide counterpart. Afterwards, NiO/N-CNT underwent a reduction
step at 350°C for 2 h under a dynamic stream of Hz (100 mL min). Nickel loading was fixed
by Inductively Coupled Plasma Atomic Emission spectrophotometry (ICP-AES) after complete
acidic mineralization of NiO/N-CNT sample, using an Optima 2000 Perkin Elmer Inductively
Coupled Plasma (ICP) Dual Vision instrument; the effective nickel charge was then fixed to

10.7 wt.%.

N-CNTcarc. were prepared using the identical calcination treatment described above for the
Ni-based composite. Similarly, hydrogenation of N-CNTcaic. to give N-CNTH2 was carried out

under conditions identical to those applied above for the reduction of NiO/N-CNT composite.



Scanning electron microscopy (SEM) was conducted on a ZEISS GeminiSEM 500
microscope with a resolution of 5 nm. For each measurement, samples were deposited onto a
double face graphite tape in order to avoid charging effect during the analysis. Transmission
Electron Microscopy (TEM) was carried out on a JEOL 2100F microscope working at 200 kV
accelerated voltage, equipped with a probe corrector for spherical aberrations, and a point-to-
point resolution of 0.2 nm. For these measurements, samples were previously dispersed in
ethanol using ultrasounds (for few minutes) till a homogeneous dispersion is obtained and the
resulting inks are drop-casted on a copper grid covered with a holey carbon membrane. The
Brunauer-Emmett-Teller (BET) specific surface areas (SSA) were calculated from N>
physisorption isotherms recorded at 77 K on an ASAP 2020 Micromeritics® instrument. All
samples were degassed/activated at T = 250 °C for 8 h prior their characterization. Thermal
gravimetric analysis (TGA) and differential thermal gravimetric (DTG) analysis were run in
the 50-800 °C temperature range (heating rate of 10 °C/min) using a TGA Q5000 instrument
operating under an air flow (25 mL mint). Samples weights were roughly maintained around
10 mg each. Acid-base titration. In a model experiment, 5 mg of N-CNTaic or H2) Were
suspended in 7 mL of a HCI standard solution (2.8 x 10 M, standardized with Na,COs as
primary standard), sonicated for 1 h in a water-ice bath and stirred at room temperature for 48
h. Afterwards, the suspension was centrifuged and three aliquots of the supernatant solution
were titrated with a standardized solution of NaOH (2 x 103 M). The amount of surface basic
sites was calculated as average value over three independent titration runs.

2.1 CO2 methanation activity tests. The CO2 methanation reaction (Eq. 1) was carried
out under atmospheric pressure in a fixed-bed tubular reactor (& 12 mm, length of 600 mm)
charged with 200 mg of the NiO/N-CNT catalyst, packed between quartz wool plugs. A
thermocouple was placed inside the catalyst bed as to follow the reaction temperature

throughout the whole methanation process. The reactor was finally housed inside an electric



furnace controlled by a second thermocouple for the monitoring of the temperature ramp. Prior
of each experiment, the calcinated NiO/N-CNT catalyst was reduced at 350 °C for 2 h under a
stream of Hz (100 mL min) and the target temperature was reached at a rate of 10 °C/min.
Afterwards, the catalyst was slowly cooled to ambient temperature under a pure He flow before
being exposed to the reactive feed (H2, and CO) and heated again to the target reaction
temperature. The feed molar composition was finely tuned by a series of calibrated Mass Flow
Controllers (Brookhorst®). Gases at the reactor outlet pass through a trap where formed water
is condensed before reaching a gas chromatograph (GC, Varian 3800) equipped with TCD and
FID detectors and CP Carbobond and DB-1 packed-columns for analysis.

CO; + 4H; — CHs + 2H:0 AH =-165 kJ/mol  (Eg. 1)

CO2 conversion (Xco2) and CHa selectivity (Scha) were calculated according to the

following equations (Eq. 2 and 3):

Fo o —F
CO; conversion: X, (%) = €O CO.(M0) 51000 (Eq. 2)
O, (in)
F
CHaselectivity: S, (%) = = CHy (o) x100 (Eq. 3)

CH, (out) + CO(out)

Where Foq ) (ML/Min) is the volume of CO2 admitted to the reactor and Feq (o,

(mL/min) is the volume of CO, measured at the reactor outlet. This latter was calculated using
the total volume at the reactor outlet and considering the percentage of CO. detected by GC
analysis. The CHas selectivity (Schs4) was calculated by GC analysis considering CO as the
unique reaction by-product. During the reaction the large part of the steam formed was

condensed at the bottom of the reactor.



3. RESULTS AND DISCUSSION

3.1 Material synthesis and characterization. Figure 1A deals with the SEM micrograph
of in-house prepared and purified N-CNT sample (see Materials and Methods section for
details). They consist in highly entangled matrices of high aspect-ratio carbon nanotubes.
Medium magnification TEM micrograph (Figure 1B) reveals the relatively homogeneous size
distribution of N-CNTs diameters (average value of 50 £ 5 nm) along with their typical bamboo-
like morphology featured by periodical capping structures alternate to empty compartments all
along the tube axis.”*"* High magnification TEM micrograph (Figure 1C) shows the lack of
amorphous carbon layers and prismatic-like graphite sheets all along the tube axis while reveals
the existence of highly defective layers. Previous investigations from some of us using EELS-
STEM method have shown that N-sites available at the nanomaterial surface are randomly

distributed and prevalently located in the correspondence of defective sites.”

Figure 1. SEM (A) and TEM micrographs (B-G) of the N-CNTs support (A-C) and Ni/N-CNT
composite (D-G) at various magnifications. TEM micrographs D-G refer to the Ni/N-CNT after
calcination/reduction steps. High-resolution images F-G, demonstrate the presence of a thin layer
coating of NiO around Ni-NPs originated just after material exposure to air for few hours.

The specific surface area (SSA) of N-CNTs sample (BET), measured from the N:

adsorption-desorption branches recorded at the liquid N, temperature, is 143 m?g™ with a total



pore volume of 0.6 cm®g™. Such a value is typical for mesoporous solids and it is in excellent
accord with our literature precedents on the topic.*® Ni-NPs deposition is obtained by incipient
wetness impregnation of N-CNTs sample using an aqueous solution of nickel nitrate
[Ni(NO3).6H20] followed by calcination/reduction treatment (see Materials and Methods
section for details).® The Ni-NPs distribution is analyzed by TEM microscopy and the
corresponding images are presented in Figures 1D-G. Low and medium magnification TEM
micrographs (Figures 1D-E) reveal the homogeneous and relatively narrow dispersion of Ni-
NPs sizes at the N-CNT matrix (ca. 10 £ 3 nm, determined from a statistical TEM analysis
carried out on more than 200 particles — see also Figure 4C). Such a good control on NPs size
and distribution is ascribed to the non-innocent action played by N-dopants available at N-
CNTs surface. They control NPs growth and largely prevent agglomeration phenomena during
the material thermal treatments.*® % High resolution TEM images of Ni/N-CNT (Figures 1F-
G) reveal the presence of a thin coating of NiO around NPs, originated by the material exposure
to air just after few hours. The effective amount of deposited Ni (wt.%) has been fixed to 10.7
wt.% by ICP-AES (see Materials and Methods section)

3.2 CO2 methanation trials with Ni/N-CNT as catalyst: the influence of the reaction
temperature. In a typical methanation run, 200 mg of catalyst are packed inside a tubular
reactor and pre-treated for 2 h at 350 °C under a stream of pure hydrogen. Afterwards, the
temperature system was fixed at the desired target temperature and a Ho/CO> mixture (from 4
to 6 v/v ratio) is introduced downward through the catalyst bed at ambient pressure (1 atm) and
ata GHSV of 60,000 mL g h' (see Materials and Methods section for details). CO2 conversion
(Xco2) and CHys selectivity (Schsa) measured at various reaction temperatures (H2/CO2 = 4 viv
ratio) are outlined in Figure 2. According to literature precedents, Xco steadily increases while
increasing the reactor temperature in the 200-360 °C range and it rapidly approaches (over 300

°C) conversion values close to those of the thermodynamic equilibrium (Figure 2, dashed

10



line).%8 7577 Methane selectivity (Scha - not shown in figure for the sake of clarity), constantly

lies close to 99% (if not above) throughout the whole temperature range.

1001
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200 240 280 320 360 400
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Figure 2. CO, methanation with Ni/N-CNT as a function of the reaction temp. (-o-). The
catalyst was tested without any thermic diluent. Reaction conditions: catalyst weight = 200
mg, GHSV (STP) = 60,000 mL g* h', CO, = 20 mL, H, = 80 mL, He = 100 mL, H2/CO;
=4 v/v ratio, atmospheric pressure. Thermodynamic equilibrium conversion (dashed black
line “.....””) has been included for the sake of comparison.

At higher temperatures, (i.e. > 360 °C) a slight decrease of Xco2 is observed together with
a decrease of Schs, the latter mainly due to the occurrence of side processes i.e. steam reforming,
water-gas shift or reverse water-gas shift reactions.”®° According to the observed trend, the
target reaction temperature of 360 °C has been fixed for all methanation runs with Ni/N-CNT.
Under these conditions, the catalyst presents a long-term catalytic methanation activity with
virtually constant performance even after several hours on stream (vide infra). The activation
energy for the process with Ni/N-CNT as catalyst (38 kJ mol™) has been calculated from the
Arrhenius plot as the logarithm of CO2 conversion vs. the reciprocal of reaction temperature
(Figure S1).

3.3 Influence of GHSV and H2/CO:z: ratio on the Ni/N-CNT methanation performance
and the dual role played by the nanocarrier surface basicity. Besides improving the plant

productivity, catalysts operating under high GHSV typically allow a better control on the local
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hot spots generation due to a faster heat removal from the catalytic bed (gas-heat exchange).
Catalysts featured by low reagents diffusion paths and high intrinsic methanation activity are
ideal for operating under conditions where high mass and heat transfer take place. Moreover,
to cope with the effective costs related to hydrogen storage and fluctuation of its supply together
with variable CO concentrations depending to its source, dynamic operating modes (where
both Hx-to-CO: v/v ratio and GHSV can change during the process) are highly preferred to run
methanation reactions. On the other hand, dynamic conditions can induce the formation of
temperature gradients on the catalytic bed as well as high steam concentrations responsible for

the occurrence of side processes and decrease of methanation selectivity.

Ni/N-CNT was initially employed for CO> methanation at 360 °C under variable H»-to-
CO2 v/v ratios (from 4 to 6), using two different GHSVs (60,000 and 120,000 mL g* h).
Results are summarized in Figure 3. As Figure 3A shows, at the catalyst steady-state conditions,
the increase of GHSV from 60,000 to 120,000 translates into a moderate decrease of CO>
conversion (from 80 to 73 %) together with a slight reduction of Scha (from 99 to 94 %). Such
a trend is in accord with the increased mass transfer and heating in the process and reveals at
the same time the excellent catalyst performance when it is requested to operate under more
severe conditions (higher GHSV values). Notably, no appreciable deactivation phenomena are
observed for the whole process and at the various GHSVs. In a dedicated long-term evaluation
trial (Figure 3B), CO> methanation is conducted for more than 60 h at 360 °C under a Hz-to-
COz ratio of 4 at a GHSV of 60,000 mL g h™L. This trial shows the excellent catalyst stability
as a function of time-on-stream without any appreciable catalyst alteration throughout the whole

process.

When CO, methanation is run under higher Hx-to-CO> v/v ratio (from 4 to 6, Figure 3C),
keeping constant both reaction temperature (360 °C) and GHSV (60,000 mL g* h), CO;

conversion grows markedly (from 81 to 96 %). This result is in line with a higher density of

12



dissociated hydrogen at the catalyst surface. On the other hand, ScHs shows an opposite trend
and it slightly decreases from 99 to 97 %. Indeed, at a higher CO> conversion per unit of time,
temperature and steam concentration at the catalyst bed is expected to increase thus making
more competitive the occurrence of side processes. At higher GHSV (120 K mL g* h%, Figure
3D), the higher the H>-to-CO: v/v ratio the higher the catalyst performance in terms of CO>
conversion and CHa selectivity. Accordingly, Xcoz and Scra grow from 75 to 92 % and from
94 t0 98 %, respectively, by increasing the H>-to-CO: v/v ratio from 4 to 6 (Table S1, entries 2
vs. 3). Once again, the catalyst displays an extremely high stability as a function of time-on-
stream without any apparent deactivation in spite of more severe and fluctuating reaction
conditions (Hz-to-CO2 v/v ratio and GHSVS).

CO2 methanation performance with Ni/N-CNT as catalyst (Xco2, Scrs and Specific catalyst
rate expressed as molCH4~gg\}i~h'1) is summarized in Table S1 and compared with the most

representative Ni-based catalysts of the state-of-the-art operating under similar conditions.
These authors are aware about the difficulty of such comparative task because it is made hard
by the different conditions used with various catalytic systems (i.e. target reaction temperature,
H>-to-COz v/v ratio and GHSV). Nonetheless, from a careful analysis of data outlined in Table
S1 it can be inferred that Ni/N-CNT ranks among the most active and selective systems for CO>
methanation between those operating from medium to high GHSVs with a H,-to-CO; v/v ratio
comprised between 3 and 6. In particular, it provides rates close to 5 mOICH4‘g§i‘h_l when
GHSV s fixed to 120 K mL g* h*! and H-to-CO; v/v ratio of 6. This is unambiguously the
highest specific rate reported so far for Ni-based catalysts in CO, methanation and it largely
outperforms the majority of Ni-based systems reported to date in the literature (Table S1). Such
a high value is ascribed to several catalyst features, including short reagents diffusion paths due

to the nanoscopic dimensions of the catalyst support and the localization of the catalyst active
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phase (Ni-NPs) at the outer nanomaterial surface only (virtually no nanoparticles confinement
IS present into the material pores).

This latter aspect is particularly relevant and distinctive for this class of nanoscopic
supports compared to other and more traditional porous carriers. Indeed, the localization of the
active phase at the outer surface of the support makes it completely accessible to reactants that

is of relevance for processes operated at high GHSVs.
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Figure 3. CO2 methanation runs on Ni/N-CNT catalyst (200 mg) at 360 °C and ambient pressure;
catalyst was tested without thermic diluent. Dashed black lines refer to the calculated thermodynamic
equilibrium conversion values.® A) Influence of GHSV on the process activity and selectivity (from 60
to 120 K mL g h'?); B) long-term stability test at a GHSV of 60 K mL g* h'*; C) Effect of Ho/CO, ratio
on the process activity and selectivity at a GHSV of 60 K mL g* h*; D) Effect of H,/CO- ratio on the
process activity and selectivity at a GHSV of 120 K mL g h.
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Finally, the basic character of the NPs carrier is claimed to contribute to the ultimate
material performance in methanation catalysis. Indeed, basicity at the nanocarrier surface
fosters the generation of local gradients of CO> concentration neighboring to metal active sites.
It has to be noticed that the calcination treatment used to convert nickel nitrate into NiO NPs
(see Materials and Methods section) is responsible for quenching the nanocarrier surface
basicity by converting exposed N-basic sites (i.e. pyridines) into the corresponding N-oxides.
Anyway, the subsequent hydrogenation step for the NiO reduction to Ni(0) is thought to take
place on the oxidized nanocarrier as well, thus restoring its pristine surface basic character. As
a proof of concept, a sample of calcinated N-CNT (N-CNTcac,) has been titrated before and
after hydrogenation at 360 °C (see Materials and Methods section for details). As Table 1
shows, the calcinated sample does not present any appreciable basic character (entry 1); on the
contrary, its basicity grows up after prolonged hydrogenation treatments (entries 2-3). It should
be noticed that 24 h hydrogenation do not alter significantly either composition or surface

basicity compared to the sample obtained after short time (2 h) hydrogenation (entry 2 vs. 3).

Table 1. N-CNT surface basicity determined by acid-base titration and samples composition
determined by XPS analyses.

= Elemental N 1s XPS analysis [
T = composition
(SRS -
22 o > 3
g% SE = >8 o8 3% >E oo
& § gE g c N o 32 3% 85 §s5 35
S 2 %) % (%) wo [z 48 oo [E
Ag § W W sz 8% 25 8¢ B2
) o = s
T a
1 N-CNTcac 004 - 905 28 68 374 84 213 177 152

2  N-CNTh 2.44 2 914 24 62 370 52 218 188 173
3  N-CNTh2 277 24 915 25 59 369 50 188 186 177

(a1 Measured by acid-base titration for each sample as average values over three independent runs.
I Conducted at 360 °C under a constant stream of H at ambient pressure. [/ Determined by
integration of the respective XPS peaks at the survey spectrum. [ Atomic percentages calculated
on the basis of the best peak fitting.
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In the attempt to get additional insights on the process, C 1s and N 1s high resolution XPS
analyses are recorded on all N-CNT samples and semi quantitative atomic percentages are
calculated for each element by fitting the spectra with mixed Gaussian—Lorentzian peaks (Table
1 and Figures S2). Due to the high aspect-ratio of N-CNT samples, XPS analysis reflects the
bulk material composition instead of its surface one. Therefore, surface hydrogenation will
translate into an only moderate alteration of the XPS profiles. Anyway, the peak fitting of N 1s
core region accounts for an appreciable reduction of the component at 403.0 eV ascribed to
pyridine N-oxides together with an equally significant increase of free pyridine nuclei as shown
by the increased component at 399.0 eV. This trend well matches with the reduction of oxygen
containing functionalities on the composites after hydrogenation. Accordingly, it can be
inferred that a thermally induced hydrogenation converts surface pyridine N-oxide into its N-
oxide-free counterparts thus justifying the increased material surface basicity. A slight increase
of the component around 400 eV can also be thought as a partial surface hydrogenation of N-
containing frameworks with the generation of aliphatic amine. This could be responsible for an
additional increase of the material surface basicity but any conclusion on that direction remains
on a speculative ground due to the complex N-composition of the samples in that region that
does not allow to trace out any clear-cut conclusion.

Overall, the nanocarrier surface basicity draws a mechanistic scenario for CO2 methanation
tightly related to that described by Fierro-Gonzalez et al.8! with their ZrO-supported Ni catalyst.
Indeed, the inherent basic character of N-CNT acts as a sponge for CO. capture thus fostering
the generation of local gradients of gas concentration that translate in a higher process efficiency
(high Xco2 values). Other organic and inorganic basic supports have recently been adopted with
the same purpose and in combination with different metal nanoparticles as to join the metal

action of H; activation/dissociation with an improved CO; capture ability from the support.*®

44-45
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3.4 Study of Ni/N-CNT catalyst stability on stream. The excellent CO> methanation
performance of Ni/N-CNT is also attributed to the existing interaction between Ni-NPs (metal
active phase) and surface N-dopants. Such an interaction controls the dispersion of metal
nanoparticles at the N-CNT surface while ensures a tighter interaction of Ni-sites at the
nanocarrier. As a matter of fact, selected deactivation phenomena such as NPs leaching or
sintering are largely controlled and mitigated throughout the reaction course (vide infra).

TEM analysis of the exhaust catalyst (Figure 4A-B) reveals a moderate passivation of the
metal active sites caused by the generation of amorphous carbonaceous deposits (coke). TEM
at higher magnifications (Figure 4B) show a partial covering of Ni-NPs by carbonaceous layers
(white arrows) prevalently formed on the NP side more directly exposed to the stream. Anyway,

a large part of NPs surface area remains carbon-free and thus available for the process to occur.

Nickel particle size distribution on Ni/N-CNTs

ZSC

5 6 7 8 9 10 11 12 13 14 15 16
NP diameter (nm) 3‘20 nm

® Fresh Ni/N-CNTs ~ w Exhaust Ni/N-CNTs

Figure 4. A and B: Representative TEM micrographs of the spent Ni/N-CNT catalyst at different
magnifications. White arrows on B show the local formation of carbonaceous deposits. C: Nickel
particle size distribution in freshly prepared Ni/N-CNT (blue histograms) and after long-term
catalytic evaluation (orange histograms).

An estimation of coke deposits on the catalyst after 70 h of reaction at a GHSV of 60,000

mL gt htis given by TGA analysis. As Figure S3 shows, the thermogravimetric profile of the

17



spent catalyst presents a minor shoulder around 390 °C, roughly quantified in about 1.5 wt.%
and tentatively ascribed to the formation of low-temperature coke deposits. No evidences for

the generation of high- or medium temperature cokes are given for this sample after catalysis.

Although coke formation is among the main causes responsible for nickel-based catalysts
deactivation in CO, methanation, several reasons can be invoked to explain the markedly high
stability of Ni/N-CNT under the operative conditions. Firstly, the high thermal conductivity of
the CNT support is supposed to deeply control the formation of local temperature “hot spots”
or gradients of temperature inside the catalyst bed thus limiting the occurrence of side-processes
responsible for the formation of solid C-deposits around NPs. Secondly, small sized metal
particles deactivate for coke passivation less rapidly than larger ones; Stangeland et al. have
observed how the higher the Ni particle size the faster the deactivation rate caused by coke
deposits.>® Lastly, but not less importantly, the basic character of the NP support is thought to
play an additional role on the control of the catalyst stability on stream. This is in accord to
recent findings from some of us in the area of steam- and oxygen-free alkane dehydrogenation
(DDH) promoted by highly basic N-doped and metal-free carbon nanomaterials.2? DDH
catalysts also suffer by coke deactivation phenomena and it has been demonstrated that the
higher the material surface basicity the lower the formation of coke deposits. Indeed, it is
assumed that basic sites make much faster products and reagents desorption rates from the
catalyst surface compared to cracking side reactions rates.®? This trend is indirectly confirmed
by other literature reports on CO. methanation using acid supports (i.e. Al2O3) for the metal
active phase and where deactivation by coke deposits takes place much faster than in the

presence of basic carriers.®

The high thermal control at the catalyst bed is additionally thought to have beneficial
effects with respect to NPs sintering phenomena. On this ground, TEM micrographs of the spent

catalyst are used to confirm the relatively high stability of the heterogeneous system after
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catalysis. Figure 4C refers to Ni-NPs size distribution (calculated over 200 particles) for the
freshly prepared (blue histograms) and spent (orange histograms) catalyst, the latter obtained
after 70 h on stream at a GHSV of 60,000 mL g* h! with a Hz-to-CO, v/v ratio of 4.
Accordingly, Ni-NPs do not undergo any appreciable sintering throughout the reaction course
as any minor NP size deviation falls in the experimental error. Once again, surface basicity of
N-CNT is claimed to largely prevent sintering phenomena of Ni-NPs by strengthening metal-
support interactions. Thermal conductivity of N-CNT could also play a role in the reduction of

hot spot formation in the catalyst bed which prevents metal NPs sintering phenomena.

4. CONCLUSIONS

In summary, Ni-NPs decorated N-doped carbon nanotubes (Ni/N-CNT; 10.7 wt.% in Ni)
have been synthesized by wet-impregnation/reduction method to give a robust catalyst for CO>
methanation with specific rates close to 5 m01CH4'gi\}i'h'l (GHSV =120 K mL g h' and Ha-to-
CO2 vl/v ratio = 6) that rank among the highest values reported so far in the literature for Ni-
based systems. Such performance is ascribed to unique catalyst features that includes: a) short
reagents diffusion paths due to the nanoscopic dimensions of N-CNT carrier and the
localization of the catalyst active phase (Ni-NPs) at its outer surface only and b) a high thermal
conductivity of the support which limits the generation of local “hot spots” during the reaction
course. These aspects are of particular relevance for systems operating under dynamic
conditions, i.e. where H»-to-CO v/v ratio and GHSVs can change as a function of RE H>
generation and supply. These fluctuations can be responsible for the generation of temperature
gradients and variable steam concentrations at the catalytic bed, potentially causing a decrease
of methanation selectivity. In the case of Ni/N-CNT we have demonstrated that at higher GHSV

(120 K mL g h't — the highest value tested in the literature so far), an increase of H,-to-CO;
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v/v ratio from 4 to 6, increases Xcoz and Scha from 75 to 92 % and from 94 to 98 %,
respectively. Moreover, the N-doping in N-CNT along with its inherent basic character are
thought to play largely beneficial effects in the methanation reaction both in terms of catalyst
performance and its stability as a function of time-on-stream. Indeed, N-doping provides
preferential binding sites for Ni-NPs growth and stabilization while it contributes to generate
CO2 concentration gradients in proximity of the catalyst active phase. Besides improving the
catalyst efficiency, the basic character of the support is also claimed to control the catalyst
stability on stream by preventing or reducing its active phase passivation by coke deposits.
Indeed, it is assumed that basic sites make much faster products and reagents desorption rates
from the catalyst surface compared to cracking side reactions rates. As a matter of fact,
dedicated long-term evaluation trials, including tests at variable GHSV and H»-to-CO:; ratio,
have been used to demonstrate the excellent catalyst stability as a function of time-on-stream.
Main deactivation phenomena (i.e. NPs leaching or sintering) as well as the active phase
passivation by coke deposits seem to hold only negligible effects on the catalyst performance

even when methanation is performed under more severe and dynamic conditions.

Overall, Ni/N-CNT lists a series of key features whose combination give rise to an ideal
catalytic system for a process at the heart of the chemical energy storage in the renewable
energy technology. As a step forward in the field, N-CNTs can be directly grow at the surface
of macroscopic and thermal conductive host matrices, i.e. carbon felt (CF) or silicon carbide
(SiC),%85 thus preventing pressure drop phenomena and facilitating the catalyst handling and
transportation. Studies in such a direction are currently ongoing in the lab and they will be

reported soon elsewhere.
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