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Abstract

In recent years CO, reforming of methane has attracted great interest as it produces high
CO/Hp; ratio syngas suitable for the synthesis of higher hydrocarbons and oxygenated
derivatives since it is a way for disposing and recycling two greenhouse gases with high
environmental impact, CHs and CO,, and because it is regarded as a potential route to
store and transmit energy due to its strong endothermic effect. Along with noble metals, all
the group VIII metals except for osmium have been studied for catalytic CO; reforming
of methane. It was found that the catalytic activity of Ni, though lower than those of Ru
and Rh, was higher than the catalytic activities of Pt and Pd. Although noble metals have
been proven to be insensitive to coke, the high cost and restricted availability limit their
use in this process. It is therefore valuable to develop stable Ni-based catalysts. In this
contribution, we show how their activity and coking resistivity are greatly related to the
size and dispersion of Ni particles. Well-dispersed Ni nanoparticles were achieved by
multistep impregnation on a mesoporous silica support, namely SBA-15, obtained through
a sol-gel method, using acetate as a nickel precursor and keeping the Ni loading between
5% and 11%. Significant catalytic activity was obtained at temperatures as low as 450 °C, a
temperature well below their deactivation temperature, i.e., 700 °C. For the pre-reduced
samples, a CO, conversion higher than 99% was obtained at approximately 680 °C. As
such, their deactivation by sintering and coke formation was prevented. To the best of our
knowledge, no Ni-based catalysts with complete CO, conversion at temperatures lower
than 800 °C have been reported so far.

Keywords: dry reforming of methane; Ni/SBA-15 catalysts; TAP reactor

1. Introduction

Recent global energy deficiency and more severe emission regulations, especially for
CO,, have motivated worldwide research on the valorisation of biomass as a source of
renewable energy and fuels. Seen as a way to mitigate global warming and diversify the
energy sources, the use of biomass for fuels, power production, and chemicals that would
otherwise be made from fossil fuels provides many benefits. Beside direct combustion,
the fermentation of carbohydrates to ethanol or first generation biofuels, the fermentation
of lignocellulosic feedstock to second generation biofuels, the cultivation of oil seeds for
biodiesel, and the generation of biogas via anaerobic digestion followed by a further
catalytic conversion of biogas to syngas or “green gas” through dry reforming and then
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by a Fischer-Tropsch (FT) transformation to synoil were considered. Our work focuses
on using advanced catalysis to develop sustainable technologies for chemicals, fuels, and
energy, with the ultimate goal of zero waste and zero pollution.

Lately, there have been considerable efforts to develop cost-effective processes for
converting natural gas, composed mainly of methane, to fuels, fuel additives, and chemicals.
One potential route involves the conversion of methane via a dry reforming of methane
(DRM) process to a syngas intermediate suitable for the synthesis of desired products using
Fischer-Tropsch technology; however, the viability of these processes has been hampered
by both cost and technical limitations. One potential option to reduce the cost of syngas
production (which typically represents more than 60% of the process cost) is the utilization
of renewable resources such as biogas. As biogas consists mainly of CHy and CO,, the most
suitable process for its utilization is the dry reforming of methane (DRM) to syngas and
then to liquid energy carriers via Fischer—Tropsch technology. The DRM process provides
both a way for disposing of and recycling CO, and CHy, two greenhouse gases with high
environmental impact [1], using an alternative route for producing syngas with higher
purity and lower H;/CO ratio than steam reforming and partial oxidation [2]. Lower
H, /CO ratio syngas is ideal for the Fischer—Tropsch synthesis of long-chain hydrocarbons,
while higher purity syngas is a preferable feedstock for hydrogen production. Hydrogen
is emerging as a future replacement fuel for traditional fossil fuels, possibly ensuring
energy security and environmental viability [3]. Although the DRM process has many
environmental and economic incentives, unfortunately, at the present time, there are no
commercial processes for the reforming of methane with CO,.

This study seeks to explore a potential new catalytic approach that might be developed
to achieve this.

Key to the efficient production of syngas by DRM is the use of an effective catalyst.
Presently, noble metal catalysts, such as Rh [4], Ru, and Pt [5-7], are used in such processes
as they exhibit outstanding catalytic activity. However, noble metal catalysts suffer from
several disadvantages, including high cost and poor availability. Further research has
shown that transition metal catalysts, such as nickel, may offer a suitable alternative as they
are low cost, easily accessible, and offer high activity and selectivity toward the production
of syngas from DRM [8-16]. Despite their apparent suitability, nickel catalysts are easily
deactivated at temperatures higher than 700 °C. Deactivation occurs through two mech-
anisms, one known as sintering, which involves an increase in metal crystallite growth
leading to the loss of exposed metal surface area and changes in the catalytic properties,
and another known as coking, which involves carbon and coke-forming processes [17,18].
Nickel catalyses carbon formation via hydrocarbon decomposition and CO disproportiona-
tion reactions. To date, only one pilot plant scale-up has been attempted, and although high
conversion rates of carbon dioxide were achieved, the process was considered commercially
unattractive as the operating temperature (namely 800 °C) was over their deactivation
temperature [19]. Therefore, the challenge is to develop highly active catalysts that exhibit
a high selectivity toward hydrogen and carbon monoxide without forming carbon.

It has been reported that highly dispersed Ni catalysts show good coke resis-
tance [20,21], while the use of supports such as titania, alumina, or silica offers high
thermal stability [11,22]. However, despite all the research efforts, supported Ni catalysts
that are highly active at temperatures lower than their deactivation temperature, and as
such, suitable for commercial applications, have not been reported yet.

A suggested solution to inhibit the carbon deposition has been to promote the Ni-
based catalysts with a metal oxide, especially CeO, (which, due to its redox properties,
would induce the formation of oxygen vacancies, responsible for enhanced mobility of
surface oxygen, which, in turn, would contribute to lowering the carbon deposition on the
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metallic particles), or with ceria-zirconia mixed oxides [23]. Nevertheless, good activity
was observed, but by adding an extra element (or two), the cost of the Ni/SBA-15 catalysts
will increase, and as such, higher prices will hamper their commercialization.

What is more, most of the studies on DRM reaction over Ni-based catalysts have been
performed using a CH4:CO, ratio of 1:1, a ratio that would favor less carbon formation
via methane decomposition. In our study, a CH,;:CO, ratio of 1.5:1 is used instead, a ratio
closer to the one in the biogas.

Therefore, we have recently focused our work on the preparation and characterization
of nickel-based catalysts suitable for commercial applications. Their extensive physical and
chemical characterization has allowed us to assess the way preparation conditions affect
the structure, morphology, texture, resistance to coke formation, stability, and finally, the
catalytic activity. Single- and/or multiple-step impregnation of nickel precursors, acetate,
nitrate, and citrate, onto a mesoporous silica support, i.e., SBA-15, obtained through a
sol-gel method, was carried out under different preparation conditions. SBA-15 was chosen
as support due to a relatively well-defined geometry, involving ordered hexagonal arrays
of mesopores, with a tunable pore size and high surface area. Samples with increasing
Ni loading from 1 wt% to 30 wt% were prepared by single-step impregnation of nickel
nitrate. Both single- and multiple-step impregnation methods of nickel acetate were used
to prepare samples with Ni loading from 1 wt% to 11 wt%. When nickel citrate was used
as a precursor, the maximum Ni loading was 15 wt% for the single-step impregnation.
The knowledge gained through this very demanding preparation process allowed us to
identify the conditions to be used to synthesize optimal formulation catalysts, allowing
us to better understand the structure-activity relationship of these Ni-based catalysts. We
have found that the best dispersion of nickel species over the mesoporous support was
achieved by using acetate as the nickel precursor, while a nickel loading between 5% and
11% obtained through the multiple-step impregnation was responsible for the highest
activity and resistance to coke formation of these catalysts.

Hence, in light of the above considerations, this paper presents the synthesis and
characterization of two samples, the 5 wt% and 11 wt% Ni ones, as catalysts, with Ni
loadings within this window that are the most likely to be used for commercial applications.
What is more, by using a CH4:CO, ratio closer to the one in biogas, a sustainable DRM
commercial technology can be developed further if the two catalysts prove to be active and
selective and, at the same time, resistant to coke formation.

2. Materials and Methods
2.1. Synthesis of Support, SBA-15

The general experimental procedure followed in the preparation of SBA-15 meso-
porous silica was described in detail by Zhao et al. [24,25]. This procedure was modified,
and the preparation conditions were optimized through experiments. The optimized
procedure is described below.

A total of 4 g of tri-block copolymer of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (EO2PO7EO;g or Pluronic Pyy3, with a typical M, = 5800) was
dissolved in 130 g deionized water. The formed solution was kept stirring at 40 °C until
clear. Then, 20 mL HCI (37 wt%) was added, followed by the dropwise addition of 9.25 g
of tetraethyl orthosilicate. The reaction mixture was stirred moderately for 24 h, followed
by aging at 95 °C for another day without stirring. The white product was collected by
filtration, dried, and then calcined at 550 °C for 6 h with the heating ramp of 1 °C/min.
SBA-15 was then rehydrated in boiling water for 2 h. Obtained hydrated SBA-15 was dried
at 130 °C for 3 h.
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2.2. Synthesis of Catalysts

A total of 1.0 g of SBA-15 was impregnated with 12 mL of a water solution containing
0.153 g nickel acetate tetrahydrate (wet impregnation). After sonication for several minutes,
the mixture was stirred for 1 h at room temperature. Impregnated silica was collected and
dried at 100 °C in a vacuum and calcined at 550 °C for 2 h with a heating rate of 10 °C/min.

This process was repeated several times to increase the Ni content.

2.3. Support and Catalysts Characterization

X-ray diffraction (XRD) patterns of the support and catalyst samples were recorded on
a Bruker D8 (25 kV, 20 mA) powder X-ray diffractometer, using Cu K« (A = 0.15406 nm) radi-
ation; the tube voltage was 40 kV, and the current was 20 mA. The data were collected from
0.5 to 4° (20) with a resolution step size of 0.01° or angular increment of 0.01° (low-angle
XRD patterns) and from 10 to 100° (20) with a resolution step size of 0.02° (conventional
wide-angle XRD patterns). Small-angle XRD provides information on the mesoporous
structure, while wide-angle XRD provides information on the crystalline structure.

A Scanning Electron Microscopy (SEM) was used to monitor the morphology of the
support and of the catalyst samples as well. SEM examination was performed using a
Hitachi S-3400N electronic microscope. A beam of highly energetic electrons (0.1-50 keV)
is focused on the sample surface. The microscope is equipped with a secondary electron de-
tector, a backscattered electron (BSE) detector, and an X-ray energy dispersive spectroscopy
(EDS or EDX). A secondary electron detector records topography of the surface under
observation with high-resolution imaging on the order of 1-2 nm and at a magnification
range from 10 to 500,000 .

Transmission electron microscopy (TEM) equipped with energy dispersive X-ray (EDX)
characterization was performed on a JEOL JEM-1010 at an accelerating voltage of 100 kV.
The samples were prepared in the following way: 0.02 g of each sample was dispersed
in 3 mL of ethanol solution, and the suspension was sonicated for 30 min. A drop of the
suspension was transferred to a Cu mesh grid covered with carbon film. The grid was
dried in a vacuum at room temperature for 24 h.

The total surface area, the pore volume, and the pore size distribution were determined
by nitrogen sorption at 77 K (on a Micromeritics ASAP2010 apparatus; prior to the analysis,
the samples were evacuated at 473 K for 10 h) and mercury porosimetry (carried out on
a Micromeritics Autopore IV 9510 analyzer). After degassing the samples, mercury was
introduced at a pressure range from vacuum to 418 MPa. Measurements were performed
using a contact angle of 140° for mercury and a pressure equilibration time of 10 s. The
Washburn equation was applied to calculate the pore size distribution. The specific surface
area was calculated using the Brunauer-Emmett-Teller (BET) method.

TeraHertz Spectroscopy (Reflectance and Transmission) measurements were acquired
using a TPS Spectra 3000 spectrometer (TeraView Ltd., Cambridge, UK).

Temperature programmed reduction (CH4-TPR), oxidation (O,-TPO), and reaction
(CH4:CO; =1.5:1) experiments were performed using a CATLAB system (Hiden Analytical,

Warrington, UK) on fresh and in situ reduced Ni catalysts. Heating rates were 10 °C min~!.

Land

In situ reduction was performed under a H, flow by heating to 550 °C at 10 °C min ™~
holding at this temperature for 1 h.

X-ray photoelectron spectroscopy (XPS) was carried out on an Escalab 220 XL spec-
trometer (Vacuum Generators). The monochromatic Al K_X-ray source was used, and
electron energies were measured in the constant analyzer energy mode. The pass energy
was 100 eV for the survey of spectra and 40 eV for the single-element spectra. All XPS bind-

ing energies were referred to the Cls core level at 285 eV. The angle between the incident
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X-rays and the analyzer was 58°, with photoelectrons being collected perpendicularly to
the sample surface. Spectra were analyzed with CasaXPS 2.3.26 software.

2.4. Evaluation of Catalytic Activity

The activity and selectivity toward the dry reforming of the methane reaction were
tested using both steady-state and transient experiments. The steady-state experiments
were performed using the Catlab system (Hiden Analytical, Warrington, UK), while the
transient experiments were performed using a TAP (Temporal Analysis of Products) reactor,
available at The University of Tokyo. The Catlab system consists of a feeding section, a
reaction section, and an analysis section, i.e., a quadrupole mass spectrometer. The reaction
section consists of a quartz tube reactor approximately 100 mm long with a radius of 5 mm
filled with the required mass of catalyst (0.05 g if not otherwise specified) and placed within
a programmable induction furnace. The catalyst bed was sandwiched between two quartz
wool layers, while the dead volumes before and after the catalyst bed were filled with
quartz chips to minimize potential homogeneous reactions at higher temperatures. The
reaction gases entered the system from compressed cylinders via mass flow controllers and
left the reactor, being sent to the vent. A small amount of the gas leaving the reactor was
sent to the mass spectrometer for analysis.

The TAP reactor system, invented by Professor John Gleaves, has been described
in detail elsewhere [26]. Briefly, the apparatus consists of a catalytic micro-reactor, a gas
delivery system for introduction of either high-speed gas pulses or a continuous flow of
gas, a high-throughput, high-vacuum system, and a computer-controlled quadrupole mass
spectrometer. The micro-reactor is made from a stainless-steel tube whose diameter and
length are 2 mm and 25 mm, respectively. Catalyst particles (about 0.005 g) are fixed in
the reactor by a stainless-steel mesh. The reactor can be heated up to 1000 K by cartridge
heaters. The two high-speed pulse valves can be operated at an interval of up to 50 pulses
per second. The minimum pulse width is 200 ms. Pulse intensities were varied between
103 and 10%° molecules per pulse. Before each experiment, the catalyst was heated at
473 K for 30 min in vacuum to desorb pre-adsorbed species. The 150 to 250 pulses in the
TAP experiments were averaged to increase the signal-to-noise ratio in the response. The
pulse-to-pulse reproducibility of the system was good enough for averaging.

3. Results and Discussion
3.1. Characterization Results of Support

The structure, morphology, and texture of the support and catalysts were assessed
through low-angle XRD, SEM, and TEM, and physisorption measurements. Table 1 presents
their physico-chemical properties.

Table 1. Physico-chemical properties of support and catalysts.

Sample d1go (nm) a (nm) SpeT (M?/g) Pore Diameter (nm) Pore Vol. (cm3/g)
SBA-15 9.7 720 6.5 0.94

5% Ni 8.9 547 3.2 0.82

11% Ni 8.5 506 2.6 0.74

Figure 1 shows the low-angle powder XRD patterns of SBA-15. Three XRD peaks
are observed at 26~1-4°, which can be indexed as (100), (110), and (200) reflections of a
well-ordered 2D hexagonal (p6mm) mesostructure possessing long-range order, with a
quite large unit cell [24,25], namely a = 9.7 nm (the unit cell parameter a is calculated from
a = 2dq00/v/3, where the d-spacing values are calculated by nA = 2dj( sin 6.) The obtained
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hexagonal mesostructured was expected as the volume fraction of the block copolymer,
ie., @Ppi23 (%), in the mesostructured composite was in the range of 38-52% for H,O-P123
and 40-55% for SiO,-P123. Lamelar, hexagonal, or cubic mesophases can be obtained
by controlling the ®p1,3 fraction [27]. However, it should be noted that SBA-15 cannot
be regarded as an ideal hexagonal lattice of pores embedded in a uniform matrix, as the
structure of the silica walls is more complex. This can be easily assessed by calculating the
dS/V number, where d is pore diameter, S is specific surface area, and V is pore volume.
For a material possessing an ideal hexagonal geometry, this number should be equal to
four [28,29]. By using the structural parameters displayed in Table 1, the value of 4.3 is
obtained for the prepared SBA-5 sample, which is rather close to the theoretical value.

Intensity (arbitrary units)
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Figure 1. Low-angle XRD patterns of SBA-15, recorded using Cu K« (A = 0.15406 nm) radiation, 40
kV tube voltage, and 20 mA current.

The SEM image reveals that the calcined SBA-15 sample consists of many fiber
(rope)-like domains (Figure 2). Each fiber seems to be formed by end-to-end aggrega-
tions of apparently wheat-grain-shaped SBA-15 particles (primary particles) of 0.5-1.0 pm
in length and 0.5 pm in width. As such, the surface energy of the hydrophilic ends due to
hydroxyl groups is reduced, and their growth is encouraged in the 001 plane.

TEM measurements confirm the highly well-ordered hexagonal network of rather
straight cylindrical mesopores. As seen in Figure 3, SBA-15 shows a 2D hexagonal packed
array of pores with long 1D channels (p6mm plane group) [30]. The channels are intercon-
nected by small micropores. Thus, SBA-15 exhibits mainly a mesoporous structure and
possesses a small amount of micropores. The mesopore diameter was roughly estimated
from TEM micrographs as between 6.3 and 6.5 nm and confirmed by the pore size distri-
bution. The distance between mesopores (interplanar distance), digp, is estimated to be
~8.5 nm, in good agreement with that determined from the XRD data, using Bragg’s law.
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Figure 3. TEM image of SBA-15, taken with a JEOL JEM-1010 at an accelerating voltage of 100 kV.

The N, isotherms are of type IV with an H1 hysteresis loop, according to IUPAC
classification, and present a steep capillary condensation step at a medium relative pres-
sure (P/P~0.6), characteristic of high-quality open, nearly cylindrical large-pore SBA-15
mesoporous silica (see Figure 4). Three distinct regions can be discerned in the isotherm
for the SBA-15 sample: (1) monolayer—-multilayer adsorption of nitrogen on the pore walls
at low pressures, (2) a sudden steep increase in the adsorbed nitrogen at intermediate
pressures due to the capillary condensation, and (3) multilayer adsorption on the external
surface of the particles. The broad hysteresis loop of the SBA-15 sample is caused by the
presence of long mesopores connected by smaller micropores, thus hampering the filling
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and emptying of the accessible volume. The sharpness of the capillary condensation steps
indicates uniformity of pore channels and their narrow pore size distribution. Indeed, the
pore size distribution, defined as the pore volume increment per unit logarithm of pore
diameter versus the logarithm of the corresponding pore diameters, was narrow, although
the SBA-15 sample shows, in addition to the main pores of 6.5 nm diameter, a pore volume
of 0.94 cm®/g and a BET surface area of 720 m?/g, and the presence of smaller pores of
about 3.9 nm diameters as well. The fact that there is some Nj adsorption at very low
relative pressure is evidence for the presence of micropores. Along with the N adsorption
measurements, mercury intrusion porosimetry measurements were performed, which
evidenced the presence of intra- and inter-particles macropores, with a relatively narrow
pore size distribution as well (in the range of 50-300 nm and 10-175 pm, respectively).
Figure 5A shows the cumulative specific adsorbed and intrusion volumes plotted versus
the logarithm of the pore diameter, while Figure 5B presents the pore size distribution.

Figure 5. SBA-15 Nj-adsorption and Hg-intrusion data (A) and pore size distribution (B).
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Using the XRD and BET measurements’ results, the thickness of the pore walls was
calculated as 3.2 nm (thickness = a — pore diameter). With these rather thick pore walls, the
prepared SBA-15 sample is expected to have good mechanical and thermal resistance during
the impregnation and calcination of the catalyst samples, and as such, the well-ordered
structure is expected to be preserved.

3.2. Characterization Results of Catalysts

The well-ordered hexagonal structure was maintained by multi-step impregnation
of nickel acetate into SBA-15. All samples displayed the three reflections: (100), (110),
and (200), characteristic of the hexagonal array of mesochannels, although slightly shifted
toward higher 26 values as compared with the bare sample. The higher the loading, the
higher the shift, and the higher the unit cell contraction. A possible interpretation of this
result could be that some of the nickel was impregnated on the surface and not inside the
silica framework. If this is the case, the volume of the pores for the catalyst samples should
decrease as the loading is increased.

TEM/EDX revealed that the NiO wt% was 4.98 for the sample prepared through
two impregnation cycles, while for the one with five impregnation cycles, the NiO wt%
was 10.60. Therefore, the two samples were labeled as 5% Ni and 11% Ni, respectively.

A rough estimate of the NiO particle size can be derived from the TEM images. The
particle size was between 1 and 3 nm.

The lack of crystallinity was also supported by the TeraHertz spectroscopy, performed
both in ATR (Attenuated Total Reflectance) and Transmission modes. As shown in Figure 6,
the spectra for both catalysts and the support are very similar. The lack of well-defined
spectral features suggests that the crystallinity of the materials is close to zero. For sharp
spectral features to exist, good long-range order and well-defined intermolecular bonding
need to be present. Since this is absent in amorphous solids (i.e., SBA-15 spectrum), such
samples tend to exhibit fewer spectral features, and if present, they tend to be broad in
nature. By comparison, crystalline materials exhibit more spectral features, which are
also much more defined than those observed in the amorphous phase. As the TeraHertz
spectrum for the 11% Ni sample is broader than the one for the 5% Ni sample, the nickel
oxide particles’ size must be slightly larger than that for the sample with lower loading.
Indeed, the higher the loading, the larger the size of the catalyst particles. To the best of
our knowledge, this was the first time that TeraHertz spectroscopy has been applied to
catalyst characterization.

Frequency/THz Frequency/THz
03 0.6 0.9 1.2 1.5 1.8 21 24 27 03 0.6 0.9 1.2 15 1.8 2.1 24 2.7
0077 ——Ni5% ATR 20/ —Ni5% Transmission
—Ni11% ’ —Ni11%
006/ ——SBA-15 ——SBA-15
0.05 15

Absorbance
>

%J M
2
(=)
.03
<
0

0.5

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Wavenumber/cm’™ Wavenumber/cm’'

Figure 6. TeraHertz spectra of SBA-15 and catalyst samples.
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Clear type IV with H1 hysteresis loop nitrogen physisorption curves, similar to the
one of SBA-15, were observed. Although narrow pore size distributions were detected (see
Figures 7 and 8), the main mesopore size decreased to about 2.6 nm, while the mesopores’
volume decreased to about 0.74 cm®/g as the Ni loading was increased to 11%. The
measured BET surface area was 547 m?/g for the 5% Ni sample and 506 m? /g for the 11%
Ni one (Table 1). The significant reduction in specific surface area, pore volume, and size
with increasing Ni loading implies some local blockage of the pore channel induced by
depositing Ni species at the pore entrance or at the wall’s surface and/or partial structural
degradation, which can take place under higher Ni loading. The structural degradation
can be assessed by calculating the dS/V number and comparing the value with the one
obtained for SBA-15 above. For the 5% Ni sample, this number is 2.3, while for the 11%
Ni sample is 1.8, clearly indicating that the structure suffered some degree of degradation
if compared with SBA-15, for which the dS/V number is 4.3. If the impregnation led to
the inclusion of nickel species in the wall by isomorphous substitution of silicon (Si** ion
radius, 0.41 A, Ni?* ion radius, 0.69 A) instead of unit cell contraction, an expansion would
be observed. As the Hg-intrusion results show (Figures 7 and 8), there is a slight decrease
in the macropores’ diameter as well, especially for those in the region of 50-300 nm, and
a broader size distribution, especially for macropores with a diameter in the 10-175 um
region. These changes are caused, in our opinion, by the deposition of nickel within the
intra-particle voids as well.
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TEM measurements over the two Ni samples (Figure 9) confirmed that the highly
ordered mesoporous structure was maintained after the impregnation process and that the
nickel species were uniformly distributed over the support, as XRD results have already
revealed. Figure 9 shows the TEM micrograph of a selected area on the sample 5% Ni (A)
and the chemical mapping of the same area (B, C, D). The TEM micrograph reveals that
most of the nickel is located inside the pores. However, a small amount of nickel is present
on the external surface. This means that the Ni oxide particles are larger than the diameter

of the SBA-15 mesopore. TEM images for the 11% Ni sample were similar.

Figure 9. TEM micrograph of 5% Ni (A) and chemical mapping, nickel (B), oxygen (C), and silicon (D).

To further confirm the good dispersion of nickel oxide over the SBA-15 support, XPS
measurements were performed for the two catalyst samples. Because of the high porosity of
SBA-15, the depth with XPS is on the order of 5-10 nanometers (equivalent to 2—4 cylindrical
pores). Figure 10 shows the XPS spectra for the Ni 2p region of the two as-synthesized
samples, along with the spectra of the 5% Ni pre-reduced one. The main Ni peaks in the
fresh samples are the Ni 2p3,, peak at 856.1 eV and the Ni 2p;/, at 874.5 eV, as well as
their corresponding shake-up resonances at 863.1 and 880.2 eV. These peaks are assigned to
oxidized nickel in a disperse phase [31]. From the XPS analysis, the atomic Ni/Si surface
ratio was 0.13 for the 5% Ni sample and 0.17 for the 11% Ni one. From the EDX analysis,
the atomic Ni/Si bulk ratios were 0.06 and 0.08, respectively. These results confirmed again
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the dispersion of nickel species for both loadings, as the Ni/Si (surface) to Ni/Si (bulk)
ratio is higher than 1. What is more, the XPS data obtained over the pre-reduced samples

confirmed that the dispersion was not significantly altered by reduction; the Ni/Si ratio
was 0.09 for the 5% Ni sample and 0.13 for the 11% Ni one.
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Figure 10. XPS spectra for Ni samples, fresh (5% Ni and 11% Ni) and pre-reduced (5% Ni).

Trying to comprehend even better the excellent dispersion of the nickel species over
the support, we also looked at the influence of the impregnation and drying conditions
on the metal distribution. It is generally understood that it is possible to control the
structure, shape, and metal content when preparing heterogeneous catalysts by dry and wet
impregnation. There are four main categories of metal profiles obtained by impregnation of
the active phase into supports: uniform, egg-yolk, egg-shell, and egg-white. The choice of
optimal metal profile in the support is determined by the required activity and selectivity,
and by other characteristics of the chemical reactions (kinetics, mass transfer) [32].

For the dry reforming of methane application, we were interested in a uniform metal
profile, as this profile proved to confer high activity and thermal stability of the catalyst.
The ratio of the bulk solvent volume to the support volume has a significant effect on the
metal distribution during the impregnation process, and this effect is more pronounced
for wet impregnation than for dry support impregnation. But at the same time, this effect
can be controlled and optimized by controlling the volume of the solvent. Therefore, the
wet impregnation method was used in this study. Preliminary experiments concluded that
using a bulk solvent volume: support volume ratio of 10-15:1 would result in a uniform
metal profile. Consequently, a 13:1 ratio was used for this study. The precursor plays an
important role as well in the active phase dispersion. We chose nickel acetate as a precursor

because it was found that acetate has a stronger interaction with the support.

The concentration profile of the impregnated compound also depends on the mass
transfer conditions within the support’s pores during impregnation and drying. With
this in mind, our choice for the SBA-15 as support was obvious. Using an optimized
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method, SBA-15 with a high internal surface area and high thermal stability was prepared,
as described below. Vacuum drying was chosen to avoid the collapse of the well-ordered
mesoporous structure. In the case of mesoporous SBA-15, the impregnation solution should
be easily sucked up by the mesoporous channels and generally fill the pores quickly, due
to the capillary pressure [33]. However, as we expected that the SBA-15 support could
lose some of its hydrophilicity by calcination, resulting in relatively low hydroxyl density,
causing incomplete wetting and thus leading to inhomogeneous filling of pores during
impregnation, the calcined SBA-15 sample was rehydrated in boiling water for 2 h.

The activity and selectivity toward the dry reforming of the methane reaction of the
two nickel samples were tested via temperature programmed reaction (TPRx), with the
CH4:CO; =1.5:1 mixtures. As shown in Figure 11A,B for the 5% Ni sample and Figure 12A,B
for the 11% Ni one, both fresh (as-synthesized) and pre-reduced catalyst samples proved to
be very active.
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However, for both loadings, the pre-reduced samples were more active than the fresh
ones. For example, for the 5% Ni loading, the pre-reduced sample starts to produce H, and
CO at 480 °C, while the fresh one must exceed 600 °C to start to convert the reactants. While
for the pre-reduced sample, almost complete CO, conversion, e.g., higher than 99%, was
obtained at approximately 680 °C, for the fresh one, only 75% CO, conversion was obtained
at this temperature. A slightly improved catalytic activity was observed for both 11%
loading samples. The fresh 11% Ni sample starts to convert the reactants at approximately
580 °C, while for the pre-reduced sample, the reaction was initiated at temperatures as
low as 380 °C with CO; conversion higher than 99% at the same temperature as that for
the 5% Ni pre-reduced sample, i.e., 680 °C. The CO, conversion over the fresh sample at
680 °C was the same as for the fresh 5% Ni sample. Therefore, the only difference in activity
between the two catalysts was in terms of their initial activity. The 11% Ni pre-reduced
sample was slightly more active as it starts to convert the reactants at 380 °C, about 100 °C
less than the 5% Ni pre-reduced one. Obviously, by increasing the Ni loading, the number
of active sites increased, which explains the earlier start of the reaction over the 11% Ni
pre-reduced sample. However, as the maximum performance was obtained at the same
temperature for both pre-reduced samples, one can conclude that the active species/sites
were the same for both loadings.

A more careful analysis of the TPRx data (Figures 11 and 12) revealed that, while CHy
and CO; are not adsorbed on the fresh catalysts at temperatures lower than the starting
reaction temperatures, for the pre-reduced samples, some adsorption (about 5 mol% of
both CH,4 and CO,) is noticed as the samples are heated up.

These results were confirmed by the TAP measurements as well. As previously
reported [34], over the fresh 5% Ni sample, both CH,; and CO; were only weakly and
reversibly adsorbed at temperatures lower than 600 °C. Additional TAP measurements were
performed over the pre-reduced 5% Ni sample, while single pulses of a CH4:CO;, = 1.5:1
mixture were sent over the catalyst, at temperatures varying between room temperature
and 600 °C. The results are presented in Figure 13A-C. It seems that CO, is physically
adsorbed at low temperatures and slightly chemisorbed at high temperatures, while CHy
is only slightly chemisorbed at high temperatures. At 600 °C, a broader peak CO; response
was observed, suggesting that the CO, interaction with catalysts was stronger than the
CHy4 one.

As the TPRx data revealed, both catalyst samples are very active. The well dispersion
of the nickel species over the support was, in our opinion, responsible for their very
high activity. To the best of our knowledge, no Ni-based catalysts with almost complete
CO;, conversion at temperatures lower than 800 °C have been reported so far. Although
Ni/SBA-15 catalysts have been already reported [29,35], their catalytic activity toward the
DRM reaction was much lower than that of the samples of this study. For example, the CO,
conversion at 700 °C was between 68% and 75%, as the Ni loading increased from 2.5%
to 20%. For a 5% Ni/SBA-15 catalyst, prepared by the wet impregnation method (same
as the one used in this study) but using nickel nitrate as Ni precursor, the reported CO,
conversion at 700 °C is 65% [36]. It is clear evidence of the effect of the Ni precursor. And,
as mentioned above, the nature of the precursor is one of the factors responsible for the Ni
dispersion. To understand why and how the Ni dispersion is affected by the nature of the
precursor, we took a deeper look at the drying process during the catalyst’s preparation.
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Figure 13. CH, (A) and CO; (B) response to single-pulse experiments with a CH4:CO, = 1.5:1 mixture
over pre-reduced 5% Ni sample at temperatures from RT to 600 °C; (C) CH4 and CO, intensity

normalized responses at 600 °C.

In accordance with the literature data [33], the physical picture of drying can be
described as follows: as drying proceeds, the solution of the precursor with low surface
tension could diffuse deeply at first and be transported toward the internal surface of the
mesoporous channels via capillary forces; toward the end of drying, the enhanced viscosity
could lead to a strong interaction with the internal surface of the support and inhibit
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the redistribution of the impregnation solution during drying, thus favoring a uniform
distribution of the active component in the mesoporous channels. In contrast, the solution
of the precursor with higher surface tension has a weak interaction with the support, and
the concentrated solvent sucked up by the mesoporous pores could be back diffused by the
higher surface tension and migrate toward the external surface of the mesoporous channels,
resulting in a concentration build-up on the external rim of the support. As a consequence,
inhomogeneous distributions of the precursor appeared. Knowing that the surface tension
of acetic acid is lower than that of nitric acid, i.e., 0.028 N/m compared to 0.04115 N/m
at 20 °C [37,38], our choice of nickel acetate tetrahydrate as the Ni precursor was obvious,
and homogeneous impregnation was obtained as expected.

Although the prepared catalyst samples proved to be very active at low temperatures,
there was another challenge to address. As seen in Figures 11 and 12, the amount of
hydrogen produced was almost double the amount of carbon dioxide. This means that in
addition to the main reaction, the catalysts favored the methane decomposition as well,
which, unfortunately, might have led to the carbon deposition over the surface, and in time,
to the deactivation of catalyst (not seen in the above figures). On the other hand, small
amounts of water were noticed as well. This can be ascribed to the simultaneous occurrence
of the reverse water-gas shift reaction. To support these assumptions, temperature pro-
grammed CH, decomposition (reduction) (Figures 14A and 15A) followed by temperature
programmed oxidation (TPO) (Figures 14B and 15B) measurements were also performed
on both fresh samples. For both samples, the methane activation reaches its maximum
at 580 °C. The TPO measurements showed that for both samples, three CO, peaks are
present, meaning that three carbon species were formed during methane decomposition.
Along with carbon dioxide, some carbon monoxide was formed and was almost constant,
though higher for the 5% Ni sample, and an amount of water was also released. The
formation of CO indicates that the carbon species, formed by the dissociation of CHy, react
rapidly with oxygen species from the catalyst. This is another evidence that the presence of
carbonaceous species will not contribute to the catalyst’s deactivation.
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Figure 15. Temperature programmed oxidation to recover carbon from the surface of 5% Ni (A) and
11% Ni (B).

The three surface carbon species, labeled as Cy, Cg, and C,, respectively, showed
various mobility, thermal stability, and reactivity [36]. The peaks’ temperatures were the
same for both Ni loadings, i.e., 280, 400, and 580 °C, respectively. The distribution and
features of these carbonaceous species sensitively depend on the nature of the transition
metals and the conditions of methane adsorption. These carbonaceous species can be
described as: completely dehydrogenated carbidic C type, partially dehydrogenated CHy
(1 <x <3) species, namely Cg type, and carbidic clusters C,, type (formed by the agglomer-
ation and conversion of C and Cp species under certain conditions). Their reactivity was
assessed by performing TPSR with hydrogen [35]. Similar results to those obtained from
TPO measurements in this study were obtained. A fraction of the surface carbon species,
which might be assigned to carbidic C (~188 °C), were mainly hydrogenated to methane
at temperatures even below 227 °C. This showed that carbidic C species are rather active
and thermally unstable on the nickel surface. The carbidic C« species were suggested to
be responsible for CO formation. A significant number of surface carbon species were
hydrogenated to methane below 327 °C and were assigned to partially dehydrogenated
Cp species. Most of the surface carbon was hydrogenated above 527 °C and was attributed
to carbidic clusters Cy [39].

As all three carbonaceous species were rather active, being converted to carbon dioxide
at temperatures lower than the starting temperature of CO; reforming, one can assume that
they will not contribute to the catalyst deactivation. To support this statement, post-reaction
temperature-programmed oxidation (TPO) experiments were carried out by exposing the
spent catalysts to 5% oxygen in helium flow in order to determine the amount of carbon
formed during the DRM reaction and run for 200 min at 600 °C. No CO; peaks were
observed for either of the samples. In addition, in this TPO experiment, there was no signal
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for water, which was in line with previous work [40]. What is more, a transient study on the
dry reforming of methane showed that when both reactants are fed contemporaneously, the
presence of CHy species promotes the CO, activation that is responsible for the reforming
reaction [41]. Our understanding is that the uniform distribution of the metal component
throughout the oxide support with high surface area helped to reduce coking by physically
separating carbon species formed on the nickel surface. That is, carbon species must be
formed if the main reaction is to proceed, but prevention of polymerization by separating
the carbon species should reduce coking while leaving the main reaction unaffected [42].

There is another important factor that contributes to the stability of the Ni-based
catalysts [43]. As the dry reforming reaction typically occurs at very high temperatures,
the initially small Ni particles become sintered, and the size of the Ni domains eventually
becomes large with heavy coke deposition.

Strong metal-support interactions are often used to maintain the small size of the Ni
particles at high reaction temperatures. A way to quantify the metal-support interactions is
to study the kinetics of the Hy-reduction of the calcined samples. For the catalysts prepared
using nickel nitrate as a precursor, the activation energy for the reduction process decreased
as the Ni-loading increased, which means that the metal-support interaction is stronger at
lower Ni loading [44]. Accordingly, less carbon deposition should occur on the catalysts
with lower Ni loading as compared with those with higher loading. Another variable with
significant influence on catalyst activity and the amount of coke is the support material.
The activity and stability of the 5 wt% Ni/SBA-15 catalyst sample was assessed against
those of a benchmark catalyst, i.e., commercial Ni/Al,O3 catalyst, which was bought from
a reputable catalysts manufacturer and was characterized by the same techniques and
tested for the dry reforming of methane reaction (with permission from the manufacturer),
in the same experimental set-up as the catalyst developed by us. Details of this assessment
can be found in Supplementary Materials—Comparison. In brief, the comparison showed
that the physical characteristics, such as the hydrothermal stability of the catalyst support,
high surface area of the catalyst with thick-walled pore channels, small size of nickel
particles, and high dispersion of nickel onto the support, were mainly responsible for the
higher activity and stability of the Ni/SBA-15 catalyst compared to the Ni/Al,Oj3 catalyst.
Although the Ni/Al,Oj3 catalyst also had small nickel particles with strong metal-support
interaction, its low surface area, non-porous support, and poor dispersion of nickel on
the alumina support were major setbacks that inhibited its catalytic activity and stability
in DRM.

4. Conclusions

Two highly ordered Ni-based catalyst samples have been prepared, their physical
properties assessed, and their catalytic activity tested toward the reforming of methane
with carbon dioxide in their as-synthesized and as pre-reduced forms. The two Ni catalyst
samples, namely 5% Ni and 11% Ni, supported on the sol-gel made from SBA-15 meso-
porous silica using an optimized preparation method and nickel acetate tetrahydrate as
Ni precursor, have shown high and almost identical catalytic activity for CO, reforming
of methane to synthesis gas, with the 11% Ni sample having a slightly improved activity.
Significant catalytic activity can be obtained at temperatures as low as 450 °C. The catalysts
in their pre-reduced forms have shown higher activities compared to the as-synthesised
(fresh) ones.

Along with the high activity, the two catalyst samples proved to have high coking
resistivities. Their outstanding performance and coking resistivities have been found to be
closely related to the very small size of Ni particles and their high dispersion over the high
BET surface area support.
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Due to their high coking resistivity and complete CO, conversion at temperatures
lower than their deactivation temperatures and for a CH4:CO; ratio closer to the one in
biogas, i.e., 1.5:1, these catalysts are suitable for scaling-up to a sustainable DRM commercial
technology, with high impact at economic, environmental, and societal levels.

Their suitability for sustainable DRM commercial technology was successfully con-
firmed in a pilot plant. The Ni/SBA-15 catalysts were shaped into pellets by extrusion,
using methyl cellulose and colloidal silica as binders. And tested in a pyrolysis pilot plant
fitted with a catalytic reactor for sewage sludge pyrolysis tar removal. The Ni/SBA-15
catalyst pellets remained highly active and stable throughout the test’s duration, converting
100% tar in the hot gas to smaller non-condensable gases, thereby increasing the pyrolysis
gas fraction and eliminating the problematic tar in the vapor stream. Pilot plant tests
revealed that the catalyst pellets were able to crack 100% of tar into hydrogen, carbon
monoxide, and methane [45].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr13113505/s1.
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