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Highlights:

e Ni octahedra supported on silica are stable catalysts in steam biogas reforming

e  During reduction, an annealing effect of NiO octahedra into Ni® nanorods occurs
e  Shape transformation is accompanied by He-storage within Ni° layers

L]

Stored H: inhibits carbon formation/accumulation during catalysis

Abstract: The octahedral family of NiO nanoparticles is gaining significant attention as an assembly
with unique physicochemical properties and outcomes in electromagnetics, shielding, and absorp-
tion. In this study, a mesoporous structured Nie%SiO2(Comm), chosen owing to its NiO species ex-
isting in an octahedral shape, was evaluated for synthesis gas (syngas: Hag and COg) mixtures)
production via combined steam and dry reforming of a model biogas mixture (T =800 °C, (H2O() +
CO2())/CHag) = 1.2). To the best of our knowledge, the consideration of Ni octahedra-based nano-
materials as potential catalysts for reforming reactions, particularly biogas reforming, towards syn-
gas generation has not been yet considered in the available literature. In comparison to a standard
Nis%SiOz catalyst, slightly higher reactivity levels along with significantly lower amounts of carbo-
naceous deposits were obtained over the commercial Nis0%SiO2(Comm) catalyst for 10 h on stream.
The high coke resistance of originally shaped NiO octahedra was ascribed to an annealing effect,
generated during Hag)-treatment (prior to catalysis), yielding mesoporous metallic Ni° nanorods
with Hag)-storage capacities. Stored hydrogen within Ni®layers acted as active centers for continu-
ous in situ coke gasification, preventing thus C() accumulation while keeping Ni? sites accessible
for catalysis.

Keywords: octahedral nanoparticles; biogas reforming; annealing effect; carbon gasification

1. Introduction

The incessant investigation in the development of nanomaterials for various aca-
demic and industrial applications is a fundamental aspect for the improvement of science
and technology [1,2]. Gaining mastery over their original shapes and over the potential
textural/structural changes that might occur during application induces control over their
properties and thus an enhancement in their practicality [3,4]. Particularly, the octahedral-
like configuration is a platonic P4 solid characterized by 6 polyhedron apexes, 12 polyhe-
dron edges with (110) facades and, a total of 8 identical equilateral triangle-based facets
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(i.e., the (111), (101), (011) planes). The anisotropic shape along with the microstructure
character of the octahedral assembly of nanomaterials were shown to deliver remarkable
physicochemical properties and consequently novel catalytic outcomes owing to their sur-
face reactivity that was shown to depend (i) on the state of the metal (i.e., oxidation num-
ber), (ii) on the degree of shape preservation during catalysis and, (iii) on the exposed facet
of the nanocrystal [5-7]. For instance, when non-supported nano-octahedra MnCr20s
based-solids with metallic tip terminations were applied for catalyzing the pitting corro-
sion of austenitic stainless steel in MnS inclusions; a higher overall reactivity was recorded
as compared to the same crystal yet with Oz-rich terminations [8]. On the other hand, NiO
octahedra converted into Ni’ through time-dependent Hz-annealing heat treatments, at
temperature values of 300, 450 and 700 °C, revealed excellent microwave absorbing per-
formances owing to an ease in the penetration of electronic microwaves in metallic com-
posites originating from parent octahedral-based nanostructures [3]. Then again, a change
from the (100) to the (111) crystal surface of PtsNi was shown beneficial in redox reactions
where; a nine-fold enhancement in active surface area was recognizable to increase up to
four times the activity of the octahedral nanoparticle catalyst [9]. Amongst the family of
nano-octahedra materials, Ni-based ones have been extensively investigated because of
their promising technological effects in a variety of applications ranging from magnetic
recording media [10], magnetic sensors [11], passing to medical diagnostic equipment
[12], microwave absorbing and microwave shielding materials [3,13] as well as in catalysis
[9,14,15]. To the best of our knowledge, the consideration of Ni octahedra-based nano-
materials as potential catalysts for reforming reactions, particularly steam biogas reform-
ing (SBR), towards synthesis gas (syngas: H2 and CO mixtures) generation has not been
yet considered in the available literature.

Actually, SBR is being recognized as a sustainable tactic for efficient valorization of
biogases emitted from anaerobic digestion of biomass-derived organic wastes due to their
composition making them attractive feedstocks for syngas production. In fact, biogas is
projected to complement depleting carbon resources (coal, oil and natural gas) conven-
tionally reconnoitered for energy generation and management [16]. Depending on the
origin, biogas can have variable chemical compositions all constituted of methane (CHs,
50-70 vol.%), carbon dioxide (CO2, 30-40 vol.%) along with water vapor (H20, 20-30
vol.%) [17,18]. Conversion of these components via SBR is also referred to as combined
steam and dry reforming of methane (CSDRM, CHs + xH20 + (1-x)CO2 < (2-x)CO +
(2+x)H2), a process allowing the simultaneous consumption of CHs and CO: greenhouse
gases in presence of water vapor for generation of H2:CO mixtures with an array of molar
compositions [19]. Regarding selectivity outcomes, SBR produces, in a single step, an in-
dustrially-interesting H2:CO composition termed “metgas” (H2:CO close to 2.0 for a
CO2+H20/CH4 molar value of 1.0) [20,21]. This mixture is currently a basis for applied
research since it can be valorized, without any supplementary separation units, in the
generation of methanol (hence the name “metgas”), an important chemical intermediate
in chemical/petrochemical industries [22]. To this end, SBR facilities are spread all around
the world with an aim for high quality bio-syngas for subsequent usage in methanol syn-
thesis, in the preparation of long hydrocarbon chains via the Fisher-Tropsch (FT) process
(2n+1)H2+nCO — CaHenw2) +nH20) and, for upgrading into extensive range of synthetic
chemicals [23]. The leading countries in Europe are Germany, UK, Italy, Czech Republic
and France, with Germany accounting for almost 50% of the European Union (EU) supply
[24].

In the search of catalysts for biogas transformation into syngas, supported transition
metals such as Ni, Fe and/or Co dispersed over SiOz, Al2Os (and other standard oxides)
stand as ideal systems achieving high conversion levels, good Hz and CO yields and stable
performances with time-on-stream (TOS) [25-28]. Specifically, intrinsic activity levels of
Ni-supported catalysts, are comparable to those observed over noble metal (Ru, Rh)
based-ones [29,30], reported as more resistant towards deactivation [31-33]. However,
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substitution of noble by transition metals is mandatory from both economic and environ-
mental perspectives [34,35]. Nevertheless, during endothermic biogas reforming reaction,
Ni? nanoparticles deactivate via either coke deposition, sintering (or thermal agglomera-
tion) or by in situ re-oxidation of reduced Ni° (active catalytic sites) to catalytically inactive
NiO particles [36-38]. Solid carbonaceous species depositing on the inner and/or outer cat-
alytic surface originate from side-reactions involving (i) methane hence methane decom-
position (MD, CHs < C+ 2Hz), and/or (ii) CO product in a reaction termed as Boudouard
reaction (BR, 2CO < Cy+ CO»). Additional (yet non-coke producing) side-reactions typically
water gas-shift (WGS, H:O+CO — H:+ COz) and reverse-water gas-shift (RWGS, Hz+CO:z
< H20 + CO) could amend the overall selectivity of the process via the consumption/produc-
tion of CO and Ha products.

Tuning catalytic properties for increasing resistance of supported Ni® nanomaterials
against deactivation can be manifested in various approaches one of which is the altera-
tion of support type for enhancement of metal support interaction (MSI). The formation
of a solid-solution between Ni and MgO support was found beneficial for the stabilization
of the metal during SRB runs [20,21]. Likewise, hydrotalcite like-materials decomposing
into mixed MgO-ALQOs oxides as well as mixed oxides (composite-like materials) of CeO:
and ZrO: stand as classical supports for Ni with high activity and selectivity in SBR
[39,40]. The list of reforming catalysts based on Ni dispersed on different supports in-
cludes as well the conventional oxide that is silica, which provides considerably high ini-
tial activity levels [41] than those recorded on CeO: [42,43], ZrO2[42,43] or MgO [42] at
800 °C and for an inlet (CO2+ H20/CHs) molar ratio of 1.0. In addition to some patented
studies, it must be pointed out that the incorporation of promoters having specific prop-
erties is another methodology for improving MSI and subsequently limiting C ) deposi-
tion. One example is the study conducted by Chen et al. [41] over La20s promoted Ni/SiO:
catalysts in SBR. The addition of 3 wt% La>0s was shown to improve catalytic perfor-
mance as well as coking and sintering resistances of Ni? nanoparticles embedded within
SiO2 matrix. The presence of the basic modifier improved dispersion, strengthened MSI
and promoted the activation of CO: to gasify C) deposits (overall reaction: CO2+ C) —
2CO) [44,45]. In addition to incorporation of promoters with specific properties, some of
the newest strategies involve the application of structured supports such macroporous
natural diatoms [46] or mesoporous SBA-15 [47-50] silicas. Despite their special textural
properties in terms of (i) large specific surface area for better dispersion of Ni° species and
(ii) well-defined porous arrangement leading to confinement effect; Ni/diatoms and
Ni/SBA-15 still suffer from deactivation via re-oxidation and carbon deposition and con-
tinuous work is devoted to improve their stability under harsh SBR conditions [47-50].

An innovative approach in the direction of designing stable SRB catalysts could re-
side in the utilization of mesoporous octahedra-based NiO nanoparticles owing to recent
(additional) characteristics found over similar phase changing materials (PCMs), typically
3D porous (3,6)-connected metal-organic frameworks [51]. It was reported that materials
that undergo phase changes (known as annealing or melting effects), under different en-
dothermic atmospheres have energy-storage potentials making them excellent candidates
for drug delivery [52], smart building [53] and, solar energy systems [54]. In such systems,
energy could be stored in either its thermal (heat accumulation) or chemical (hydrogen
storage) form. Energy storage over methane reforming catalysts could be advantageous
in terms of anti-coking especially over those having hydrogen storing capabilities. The
accumulation of Hz2 molecules over PCMs could facilitate the in situ gasification kinetics
of C) resulting in an accessibility preservation of gaseous reactants towards Ni? sites.

Based on this state of the art, the aim of the present work is to check for the (poten-
tially) positive effect of structured Ni octadehra as active sites for producing syngas under
harsh biogas reforming conditions. Our goal when choosing this approach is to highlight
on the effect of phase and structure changes of Ni octahedra (especially those induced by
temperature augmentation under hydrogen-rich medium) and the consequences of such
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modifications on physicochemical properties and subsequently on catalysis. A commer-
cial 60 wt% Ni supported on silica (never characterized previously in literature) is chosen
as a model to conduct the pilot study because of its NiO species assembling in the desired
octahedral configuration. For the sake of comparison, a 5 wt% Ni impregnated on silica
(Aerosil 300), obtained by the “two solvents” loading method [55,56], is adopted as stand-
ard catalyst alike those already considered in former studies. It is worth mentioning that
the 5 wt% Ni/SiO2was applied in a preliminary study with similarly prepared silica-based
catalysts notably: 5 wt% Ni/SBA-15 and 5 wt% Ni/diatoms [57]. Results showed that the
Aerosil-based sample presented the highest performance with TOS while others deac-
tivated drastically under steam biogas reforming conditions (T = 800 °C, (H20 + COz)/CHas
=12,P=1atm).

2. Experimental
2.1. Materials and Catalyst Preparation

The 60 wt% Ni supported on silica was purchased from Sigma Aldrich (product
name: nickel oxide supported on silica, # 675172) and was used as received without any
purification or thermal treatment. In this study, this sample is referred to as
Nie0%SiO2(Comm).

Impregnation of nickel was carried out on the SiO2 (Aerosil 300, Degussa) support
using the “two solvents” technique detailed elsewhere [55,56]. Briefly, 1g of support was
suspended in 35 mL of cyclohexane (CsHiz, Sigma Aldrich, 17919-1) under stirring for 2—
3 min. Then 0.7 mL of an aqueous nickel solution prepared using Ni(NOs)2.6H20 as nickel
precursor in a way to contain 0.05g of Ni, was added drop-wise with the use of micro-
pipette. The suspension was left to dry at room temperature (cyclohexane and water evap-
oration) without stirring before undergoing (slow) calcination in air (thin bed) at 450 °C
for 5 h (heating rate 0.5 °C min™) for oxidative removal of adsorbed nitrates. The resulting
sample is designated as Nis%xSiOz.

2.2. Catalysts Characterizations

Nitrogen adsorption-desorption isotherms were performed on a Micromeritics
ASAP 2020 instrument. Prior to measurements, samples (calcined or spent, 40 mg) were
degassed under vacuum for 3 h at 300 °C then cooled down to room temperature before
being placed at —196 °C (liquid nitrogen temperature). The Brunauer-Emmett-Teller (BET)
surface areas were evaluated from the BET equation for a relative pressure (P/Po) range
between 0.05 and 0.25. The single point pore volume was determined from the adsorption
of gaseous N2 at exactly P/Poof 0.990. Pore size distribution (PSD) was calculated using
the Barrett-Joyner-Halenda (BJH) method for the adsorption branch of the isotherm.

Structural characteristics of calcined, in situ reduced and spent catalysts were studied
at room temperature by performing powder X-ray diffraction (XRD) at wide angles. Dif-
fractograms were recorded on a BRUKER type D8 ADVANCE diffractometer operating
at 40 kV and 30 mA and using a Cu Ka irradiation source (A = 1.5418 A). The acquisitions
were logged for 20 values between 10.0 to 90.0° and a step size of 0.04° (with 2s duration
at each step). A comparison with standard powder XRD files published by the Interna-
tional Center for Diffraction Data (ICDD) helped in the identification of present crystalline
phases. Crystalline domain sizes were calculated using the Scherrer equation: D (hkl) =
(KA/PcosO), where K = 0.9 is the shape factor for spherical particles, A is the X-ray wave-
length (A = 1.5405 nm for Cu Ka), {8 is the full width at half maximum (FWHM) of the
diffraction peak and O is the peak position.

The reducibility of nickel species in calcined (or commercially obtained) silica-based
materials was studied by temperature programmed reduction (H2-TPR) upon carrying the
experiments on an Autochem 2920 (Micromeritics) apparatus. The unit was equipped
with a thermal conductivity detector (TCD) for a continuous recording of the overall Hz con-
sumption. Each sample (100 mg) was deposited on a quartz wool in a U-shaped quartz reactor
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and heated from room temperature to 800 °C (heating rate: 7 °C min) under a gaseous mixture
of 5 vol% Hz/Ar (30 mL min). A bath made of ice and salt (NaCl) was used as a cold trap
to condense water generated during reduction prior to the arrival of the gas for its analysis
by the TCD detector. This assures that the obtained signal (difference in thermal conductivity
between reference and analysis gases) is essentially linked with Hz2 consumption.

The number of surface Ni sites per unit mass of catalyst (dispersion, D%) was determined
by means of temperature programmed desorption (Hz2-TPD) using the same unit and reac-
tor type as those of H2-TPR experiments. For each desorption measurement, 300 mg of
sample (calcined or purchased) was first in situ reduced at 700 °C for 2 h (heating rate of 7
°C min™) under similar medium as that of H>-TPR (5 vol% Hz/Ar, 30 mL min™). After reduc-
tion, sample was allowed to cool to 60 °C, under Hz-flow, to warrant complete saturation with
hydrogen. Then, adsorbed H2was flushed by Ar (flow: 30 mL min) for almost 2 h before re-
heating it (still under Ar) 900 °C (heating rate: 10 °C min). The amount of desorbed H2 was
constantly recorded, as a function of temperature, by TCD detector. The dispersion of Ni nano-
particles was calculated, based on literature [58,59], using Equation (1) where: Vad (mL) repre-
sents the volume of desorbed H: at standard temperature and pressure (STP) conditions, M is
the molecular weight of Ni (58.69 g mol™), SF is the stoichiometric factor (taken as 1), m is the
weight of the sample used for analysis (0.3 g), P is the total weight fraction of Ni (5 or 60%) and
Vm is the molar volume of Hz (22.414 mL mol™) at STP. Exhaust gases were monitored and
analyzed by an online gas spectrometry (MKS, Cirrus 2 mass spectrometer) by following
the mass (m/z) for Hz (2).

Do) = 2.V,q.M.SF "
m.V,.P

The morphological aspects of calcined and spent catalysts were examined by means
of scanning electron microscopy (SEM). Micrographs were registered on a Hitachi SU-70
(SEM- ZEG) microscope accompanied by an energy dispersive spectroscopy (EDS) and
operating with an electron acceleration tension of 7 kV.

Thermal gravimetric analysis (TGA) coupled to differential scanning calorimetry
(DSC) was performed to quantify carbon deposition amounts on spent catalysts. Experi-
ments were recorded on a TA SDT Q600 thermal analyzer instrument from RT to 900 °C
(heating rate: 10 °C min) in flowing air (50 mL min). Exhaust gases were continuously
monitored and analyzed by an online gas spectrometry (MKS, ThermoSTAR) upon fol-
lowing the masses (m/z) for CO (28) and COx2 (44).

Complementary to TGA/DSC experiments, the qualification of solid C() deposits was
determined via Raman spectroscopy. Spectra were collected on a KAISER (RXN1) optical
system consisting of a laser with a wavelength A of 785 nm, a microscope with an X50 long
working distance (W.D. = 8.0 mm) lens and, a charge-coupled detector (CCD). The spec-
trometer functioned at a resolution of 4 cm™ (to avoid potential fluorescence), a laser in-
tensity of 10 mW and, for a total of 30 accumulations per spectrum (10s acquisition time).

2.3. Reactivity Measurements

The steam biogas reforming reaction was carried out at atmospheric pressure in a
Microactivity (PID Eng and Tech) vertical fixed-bed continuous flow quartz reactor (in-
ternal diameter: 9 mm). Sample (200 mg non-diluted powder) was firstly in situ reduced
at 650 °C for 2 h under a flow (30 mL min") of 5 vol % Hz/Ar, in order to ensure complete
reduction of NiO to Ni? then the flow was switched to the reactant mixture
(CH4:CO2:H20:Ar = 1:0.4:0.8:12). The inlet (H20 + CO2)/CHs molar ratio was fixed at 1.2
based on performed thermodynamic and experimental studies (upon accounting for solid
carbon deposition, a practical aspect that should not be ignored during reforming reac-
tions) displaying the potential generation of “metgas” under such inlet feed composition
[19,45,46,57]. Water was introduced by a HPLC pump (Gilson, USA) in the form of deion-
ized liquid water (0.01 mL min") that undergoes evaporation (12.3 mL min™) at 150 °C
(hotbox temperature) then mixes with CHs and CO: fluxes before entering the reactor. The
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total gas hourly space velocity (GHSV) was 67.7 L gear? hrl. The reaction temperature was
controlled by a thermocouple placed in the middle of the catalyst bed. Catalytic measure-
ments were carried out at 800 °C for 10 h on stream. The HSC 7.1 simulation software (H,
S and C stand for enthalpy, entropy and heat capacity, respectively) was used to estimate
(i) thermodynamic conversion (CHs and COz) levels and (ii) expected products (H2 and
CO) contents under applied conditions of temperature, pressure and composition (con-
sidering also dilution and carbon deposition).

Before analysis, effluent gases were passed through a gas/liquid separator to con-
dense unreacted steam (and in situ generated amounts) in the exhaust after reaction. The
dry gas (containing reactants and products) was quantified by on-line gas chromatog-
raphy using a Micro-GC Inficon equipped with a thermal conductivity detector and cou-
pled to two columns placed in parallel for the detection of CH4, H2 and CO (Molecular
Sieve column) and of CO: (plot U column). For the sake of accuracy, experiments were
repeated twice over each sample. The conversion fraction of CHs (XCHs) and CO2 (XCO2)
and the obtained syngas ratio (H2:CO) were calculated according to Equations (2)-(4):

[CH4] in — [CH4] out

XCH, = 2
' [CHaim @
[COZ]in - [COZ]out
XCO, = 3
’ €01 ©)
H, mol of H, produced
o = )

co mol of CO produced

3. Results and Discussion
3.1. Morphological Characteristics of Fresh Samples

Selected SEM micrographs of calcined Nis%SiO2 (Figure 1A,B) exhibit typical silica
Aerosil surface corrugations. Grains appeared as loose aggregates of small particles with
a spongy appearance and irregular shapes with rough exteriors (Figure 1A). It is clear that
the surface of Niimpregnated on pyrogenic silica is not completely flat and uniform rather
a curvature of the surface is shown (Figure 1B), that could be related to the presence of
different families of pores. Basically, those located in valleys-like forms (or cavities) (Fig-
ure 1B) are either micro-or mesopores whereas the larger category of pores (macropores)
accounts essentially for the inter-granular void spaces between silica grains (as will be
confirmed based on N:-sorption isotherms). Scanning microscopy coupled to locally
pointed EDS analyses reveal useful information on the dispersion of NiO nanoparticles.
From such measurements performed on multiple locations, global atomic Ni/Si ratios
show good homogeneity in Ni-dispersion where; the high occurrence of rich Ni-domains
(Ni/Si ratios around 0.053 and 0.06) indicate that silica grains are filled with Ni. This could
be due to the advantageous effects of the adopted “two solvents” method, known to facil-
itate metallic dispersion inside the pores during impregnation [55,56]. However, some
(although few) of the calculated Ni/Si atomic ratios were in the range of 0.01, indicating
that some of the grains are almost empty of Ni. Yet, considering all evaluated zones, the
probability of having Ni rich domains is quite high and the degree of heterogeneity in
metal distribution is low.
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Figure 1. Representative SEM micrographs of (calcined) Nis»xSiO2 sample displaying (A) an over-
view of a selected silica grain and (B) a zooming made on an external layer showing morphological
characteristics of the impregnated surface.

Regarding Nieo%SiO2(Comm), Figure 2A shows that the sample is constituted of bulky
silica grains (various dimensions, average diameter around 90 pm) having a rock-like ap-
pearance without noticeable cracks or structural defects. The brilliant (light) colors on the
white silica surface result from the diffusion of deposited NiO nanoparticles, having
higher electronic density than SiOs, forming independent islands on the external surface.
Conversely to Nis%5iO2, EDS analyses validate the heterogeneity in Ni-dispersion with
some richer Ni-domains than others. Calculated atomic Ni/Si ratios strongly vary from 0.7
to 355, suggesting the presence of zones over which Ni-species manifest in the form of
colossal multi-layers. The panoramic image in Figure 2B shows that the species consist of
regular octahedra of sizes between 0.5 and 1.0 pm. The magnified image in Figure 2C
specifies that side lengths are about 250 nm and the angle between two adjacent edges is
equal to 60°. The well-defined octahedral morphology with cubic symmetry could be con-
sidered as an indication of cubic-structured NiO crystals (pores are visible on the (111)
facet, Figure 2C), as will be evidenced by Nz-sorption data. Additionally, NiO octahedra
seem to deposit layer-by-layer, in which the hexagonal and triangular nano-plates appear
to have a tendency to preferentially stack along the (111) direction (Figure 2C).

Figure 2. Representative SEM micrographs of (as purchased) Niso%SiO2(Comm) sample displaying
(A) an overall scanning of a silica grain, (B) a zooming made on the surface of NiO species covering
silica and, (C) an enlargement of a typical octahedral particle.

3.2. Reducibility Behaviour and Hz-Uptake Properties of Fresh Samples
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Concerning H> chemisorption data, TPR profiles of both fresh samples are presented
on Figure 3A. The overall experimental Hz-uptake (temperature range: 100-800 °C) esti-
mated from such profiles along with the relative contribution of each peak (determined
as a function of consumed hydrogen) are displayed in Table 1. Over both samples, two
main types of reducible species can be recognized: (i) those undergoing reduction below
450 °C, attributable to easily reducible or bulk NiO weakly interacting with the support
(such as free NiO) and, (ii) Ni species with enhanced interaction with silica, undergoing
reduction at higher temperatures, above 450 °C [60]. In correlation with SEM images (Fig-
ure 2), the commercial sample is composed of stacked octahedra particles where upper
layers are expected to have almost no interaction with the support explaining thus the
dominant abundance (around 80% of species, Table 1) of bulk NiO particles undergoing
reduction within the 400 °C range. On the other hand, nickel particles over Nis%SiO: are
homogeneously distributed (EDS analyses) and thus, higher degree of Ni-SiO: interac-
tions (described as Ni-silicate mixed phases) are expected owing to the wider availability
of SiO: surface sites. Indeed, 66% of impregnated Ni* ions are reduced (post to calcina-
tion) at 540 °C with remaining species being present as free NiO (Table 1). From a catalytic
perspective, Ni strongly interacting with the support would result in smaller Ni° active
centers less prone to deactivation via sintering and consequently more resistant to carbon
deposition (discussion based on XRD data and catalysis is introduced below). The overall
experimental Hz-uptake at 800 °C (Table 1) for Nis%SiO2 is consistent with the complete
reduction of the targeted amount of Ni-species (circa 900 pmol g for 5 wt% Ni). Remark-
ably, an additional 21% in H:-uptake is recorded after complete reduction of
Nis0%SiO2(Comm) (Table 1: experimental uptake of 13,028 umol g for an expected one of
circa 10,800 pmol g for 60 wt% Ni). This means that NiO species chemisorb the stoichio-
metric H2 amount needed for reduction (NiO + H2 & Ni? + H20) while storing hydrogen
within metallic nickel phases.

Hydrogen consumption (a.u.)

400
A ~|B 920
3
0.01 T 0.01
c
o
‘é 170
(@]
4] a
9
c
a0 930
o
=2
Iy b
a
200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)

Figure 3. (A) H>-TPR and (B) H2>-TPD profiles of silica-based samples: (a) Nis»SiO2 and (b)
Ni60%SiO2(Comm).
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Table 1. Hx-chemisorption properties of calcined silica-based samples.

H>-TPR Analysis H:-TPD Analysis
Samples Relati tributi
P Peak Temp. (°C) clatve (Co/o)n R ribution Total H>-Uptake (umol g) ®  Dispersion (%) ¢
o
. 330 34
Nis%SiOz2 540 66 891 20.9
L 400 79
Nie0%SiO2(Comm) 520 1 13028 2.7

2 He-uptake associated to each peak relatively to the overall H2-uptake after complete reduction. ®
H:-uptake determined experimentally from TPR profiles after complete reduction at T =900 °C. ¢ Ni
dispersion calculated based on H>-TPR and H>-TPD results.

To validate the hydrogen storage properties of the octahedra Ni-shaped particles, He-
uptake (over reduced Ni®species) followed by Hz-desoption experiments were conducted
over both silica-based samples and corresponding profiles and dispersion data are pre-
sented on Figure 3B and in Table 1, respectively. Results show that Nieo%SiO2(Comm) is
almost not adsorbing Hy, for the entire temperature range (profile b, Figure 3B), despite
its considerable Hz uptake (followed by MS spectrometry) and Ni content. A weak de-
sorption gas peak appears at elevated temperature possibly attributed to the release of
(some) hydrogen retained within the sample during thermal Hz-treatment (after being re-
duced while subjected to Hz). The relative surface area of this peak is smaller (around 25%
in magnitude) than that of the same peak-type detected over Nis»SiO2 (profile a, Figure
3B). Such negligible and extremely endothermic H:-release of Ni species in
Ni0%SiO2(Comm) attest for the high He-storage capacity of (originally) structured NiO
octahedra, shown to adsorb hydrogen once reduced without releasing it even under fa-
vorable desorption conditions. MS signals (data not presented) confirm continuous hy-
drogen uptake over Nieso%SiO2(Comm) after reduction (at temperatures above 600 °C, Fig-
ure 3A) and during Hz-saturation from 700 °C to room temperature, prior to desorption
measurements. For the 5 wt% Ni-containing sample, H>-desorption comprises two do-
mains of temperature with close relative surfaces (profile b, Figure 3B). Notably, the high
temperature peak corresponds to the desorption of Hz strongly attached to silica, reported
to originate from the hydroxylation of pyrogenic silica (as the one used in this study) by
reduction of Si* into Si%* cations and, (ii) the low temperature peak with maxima at 170 °C
being linked to the surface desorption of hydrogen from Ni® sites [61,62]. Dispersion val-
ues (D%, Table 1) accentuate on such differences in desorption behaviors where: a value
of only 2.7% is found for Nis0%SiO2(Comm) compared to 20.9% for Nis%SiOz. The dissimilar
types of Ni species found in both samples typically: (i) well dispersed Ni?* ions in the case
of Nis»SiO2 and (ii) nano-structured layered octahedra-based particles in
Nis0%SiO2(Comm), associated with the possible structural changes induced during high
temperature He-treatment, will affect catalytic properties as well as the amount C) depos-
its after catalysis (as discussed below).

3.3. Catalytic Reactivity in Steam Biogas Reforming

Before catalytic runs, fresh samples were in situ reduced at 650 °C to generate metal-
lic Ni® nanoparticles required for the reaction. The in situ reduction temperature was cho-
sen based on Hz-TPR results showing complete reduction of NiO to Ni° species, over both
silica-based samples, at temperature values not exceeding 550 °C (Figure 3A). The corre-
sponding catalytic performances in terms of reactivity and selectivity as a function of test
duration are presented in Figure 4.
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Figure 4. (A) CHa conversion, (B) CO: conversion and (C) H2:CO molar product ratio during biogas
steam reforming (800 °C/10 h, CH4+:CO2:H20:Ar = 1:0.4:0.8:12, P =1 atm, GHSV = 67.7 L gear hr') as
a function of time-on-stream over: (a) Nis»SiO2 and (b) Nis0%SiO2(Comm). Black dashed-lines are
thermodynamic values calculated using the HSC 7.1 Chemistry software, for C-assisted biogas
steam reforming operation.

According to our reaction conditions (CH4:CO2 molar ratio of 1:0.4) and based on
thermodynamic simulations, a higher CHs conversion (by almost 10%) should be expected
compared to that of CO:2 (black dashed lines, Figure 4). As a general observation, both
silica-based samples are stable with TOS with Nis%SiO2(Comm) being more reactive (spe-
cifically in terms of methane conversion, Figure 4A) than Nis%xSiO2 (Figure 4A). This could
be associated to the higher nickel content over the commercial sample generating thus a
larger number of metallic active centers required for methane activation and subsequent
dissociation. The stability of Nis%SiOz under harsh biogas reforming conditions (elevated
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temperature and steam-rich medium) is anticipated owing to the physicochemical char-
acteristics of this sample displaying well-dispersed Ni° centers (SEM/EDS analyses and
H>-TPD data) of several types, according to their interference in hydrogen adsorption and
subsequent desorption (Figure 3B). This potentially generates different types of reactivity
sites known to be beneficial for catalysis. Particularly, nickel sites with low temperature
H>-desorption peaks (maxima at 170 °C) are reported to promote the dissociative adsorp-
tion of methane on Ni® sites (CHs+ 2Ni — CH-Ni + H-Ni), a step recognized as rate-de-
termining in reforming reactions [63]. The performance of our NisxSiO: catalyst appears
promising and this also stands when compared to literature data obtained by other re-
search teams over supported, mono-or bimetallic, catalysts and even for higher metal
loadings. As compared to MgO-supported noble metals (Rh, Ru), methane conversion
values were not exceeding 66% over the most performing catalyst (0.5 wt% Ru/MgO) at
900 °C and for a feed molar composition of CH4:CO2:H20 =1:0.7:0.3 [64]. Moreover, for a
10 wt% Ni impregnated over mixed MgO-ALOs hydrotalcite-like materials promoted
with 2.5 wt% CeO:, CHa conversion was around 79% and sample showed deactivation
tendencies after 4 h on steam at 700 °C and for an inlet feed composition similar to the one
adopted in this study [65]. When alumina was used as catalytic support for Ni (12 wt%)
and CeO: (6 wt%), both introduced simultaneously via post-impregnation, the resulting
catalyst achieved 73% in terms of CH4 conversion being thus less reactive than our
Nis%SiO2 sample, for similar reaction conditions [66]. For a Ni (10 wt%)-B20s (5 wt%) sup-
ported over mesoporous SBA-15 catalyst evaluated at 800 °C under a flowing feed of
CH4+:CO2H20 =1:0.7:0.3, methane conversion was close to that recorded over Nis%xS5iO2 yet,
their sample was bimetallic and richer in nickel [50].

Despite the low dispersion of Ni species over Nis%SiO2(Comm) (Table 1) and the
larger NiO species (Figure 2) generating eventually bigger Ni® nanoparticles (as confirmed
from XRD, data discussed below) as compared to Nis%SiO2, the commercial catalyst pre-
served its intrinsic activity levels for 10 h straight. Ordinarily, catalysts reported in litera-
ture with such characteristics deactivate steeply on stream via coke deposition and serve
as reference materials to highlight on all structural/textural aspects that should be avoided
in the design of reactive reforming catalysts [19,25,46]. The notable stable performance
could be assigned to the generation of new metallic phases, during in situ reduction, hav-
ing high hydrogen storage potentials (in line with Hz-TPR/TPD results) and serving as
boosters against coke deposition by keeping exposed Ni® surfaces clean for catalysis. SEM,
TGA/DSC and Raman experiments over the spent catalyst will attest for the high coke
resistance of Nie%SiO2(Comm).

With respect to selectivity outcomes (Figure 4C), both silica-based samples display
H2:CO molar values higher than the stoichiometric one (around 2.0, black dashed lines).
Their selectivity curves present fluctuating trends linked to the fluctuations observed for
CO:z conversion curves (Figure 4B). Furthermore, the difference between CH4 and CO2
conversion is exceeding the thermodynamic value of 10% where at particular times, a dif-
ference in the range of 25% is noted (i.e., at 210 mints of catalysis over Nis«S5iOz). Average
carbon dioxide conversion is 71% over Nis%5iO2 and 73% over the commercial catalyst
being lower than the thermodynamic equilibrium value (close to 80%, Figure 2B). High
H: and low CO yields (responsible for elevated H2:CO values) indicate the occurrence of
He-producing reactions and the inhibition of CO-producing ones. In favor of this obser-
vation, several possible reactions could interfere in the deviation of the molar H2:CO com-
position. A dominant participation of SRM over DRM, owing to the easier activation bar-
riers of H20 compared to CO: [19], favors the excessive production of H2 via methane
activation by water vapor at a higher rate than by carbon dioxide. SRM could be favored
over Ni supported on (inert) SiO2 oxide due to the absence of basic sites within the catalyst
composition that interfere in the adsorption of acidic CO2 molecules [25]. Compared to
AlOs and ZrO: oxides, SiO: is slightly more acidic than the others (having weak to me-
dium basic adsorption sites) and potentially will not contribute in CO: activation as does
ZxrO2 [67,68]. An even higher molar ratio of 2.80 has been reported for the same type of
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reaction over a core-shell Ni/Al:Os catalyst and authors attributed the low CO selectivity
to a decay in the reactions leading to CO formation [69]. The higher CHa than CO: conver-
sion can be also associated to the occurrence of methane decomposition consuming me-
thane and producing H2 and carbonaceous deposits. From a thermodynamic perspective,
methane decomposition remains favorable at 800 °C (stability temperature) and occurs
simultaneously with dry and steam reforming reactions. Coke content and its characteri-
zation are discussed below. The non-coke producing RWGS side-reaction (producing CO)
is also thermodynamically favorable under our conditions yet in view of the H>:CO trend;
its occurrence seems less probable due to the rise (rather a decline) in H2:CO ratio. In situ
reoxidation of Ni? into NiO nanoparticles could have also contributed in lowering CO2
conversion. In fact, CO2 is a linear molecule and should bend upon interaction with a sur-
face for dissociation. Carbon dioxide bending preferentially occurs on reduced (Oz-de-
pleted) surfaces rather than on O2-rich ones [70]. This cause has a minor impact on selec-
tivity in view of the low degree of reoxidation visible on the XRD patterns of spent sam-
ples.

In a previous work [45], we found that the introduction of MgO (or CaO) basic mod-
ifiers via “one-pot” in the course of alumina precipitation results in Nisx«Mg(or Ca)5%Al2Os
catalysts remarkably selective for “metgas” production as compared to catalytically stable
and poorly selective Niio%Al20s catalyst. Even though silica-based catalysts are stable for
this reaction, their selectivity should be further enhanced by addition of phases that could
greatly favor CO2 adsorption (i.e., MgO, La20s or CaO). In this pilot study, the non-addi-
tion of a basic element is intentional since our aim is to highlight on the unique hydrogen
storage properties of octahedra-based Ni species on coke formation and accumulation.

3.4. Study of Carbon Deposition and Morphological Aspects of Spent Catalysts

TGA coupled to DSC experiments, Raman spectroscopy and SEM were conducted to
study and quantify carbonaceous deposits over spent SBR silica-based catalysts.

Combined TGA and DSC measures (Figure 5A,B) were carried out in an oxidative
medium (air), in a temperature range between 250 and 900 °C, to recognize the type and
amount of deposited Ci-species based on their oxidation temperatures (mainly sp?
(grapheme, nanotubes) and sp? (graphite) carbon types) and overall decrease in sample
weight, respectively [71,72]. The primary significant comment provided by TGA is the Cy)
content over spent catalysts that is almost negligible over Niso%xS5iO2(Comm) whereas an
amount of 11 wt% is found over (catalytically stable) Nis«SiO: (Figure 5A). Such result
found over Nis%S5iOz2 is in complete accordance with the previously elaborated hypothesis
regarding selectivity data. Indeed, the high H2:CO molar ratio exceeding thermodynamic
value is originating from MD reaction yielding considerable C(s) amounts along with hy-
drogen. Concerning DSC profiles (Figure 5B), exothermic peaks reveal two main types of
carbonaceous species described as (i) CB (C-nanotubes, peak 450-550 °C) and (ii) Cy
(graphite, peak 550-750 °C) [71]. The presence of crystalline Cy graphitic carbon in this
sample is critical since an accumulation of this type is crucial towards reactivity due to its
high thermal stability (extensive energy requirement for regeneration) and its encapsula-
tion of active metallic sites [72]. Due to the pre-dominance of high temperature DSC sig-
nal, it is alluring to deduce that carbon in spent Nis%»5iO2 manifests (mainly) as Cy graph-
ite. In view of the stable performance of Nis»SiO2 (profiles a, Figure 4), such carbonaceous
deposits are not affecting reactivity due to one (or more) of the following reasons: (i) they
could correspond to less toxic transitory intermediate carbon species formed during grad-
ual in situ transformation of reactive Cat and/or Cf into Cy, or (ii) they are present in low
amounts (as evidenced by XRD, Raman and SEM data) or (iii) despite the deposition of
Cy, numerous Ni°sites are still accessible for catalysis while others are encapsulated by
graphite. Nevertheless, if Nis«SiO: is allowed to operate for longer runs, more carbon (per-
haps mature graphite) will eventually deposit and its accumulation will become detri-
mental towards the reactor (potential blockage and increase in pressure) as well as catal-
ysis. As anticipated, DSC peaks are almost absent over spent Nis%SiO2(Comm) (curve b,
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Figure 5B), in line with the very small C¢) content. In correlation with selectivity, the pos-
sible deviation of H2:CO ratio away from “metgas” could also be the result of in situ He
production by MD without detectable carbon deposition/accumulation. Hydrogen mole-
cules stored within Ni? layers (during in situ reduction) are at the origin of the high-coke
resistance of Nie%SiO2(Comm) as they provide a hydrogenation medium (or an in situ
regeneration path) for carbon as soon as it deposits (C+ 2H2 < CHa). Moreover, it is
worth noting that the reaction of C() with Hz is thermodynamically favorable at the chosen
stability temperature of 800 °C [19]. Although methane, a reactant, can be in situ gener-
ated, its amount remains significantly smaller than its inlet content. Basically, the occur-
rence of the coke gasification reaction into methane gas will not lead to a shift in thermo-
dynamics towards formation of reactants.
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Figure 5. (A) TGA, (B) DSC profiles and (C) Raman spectrum of spent (800 °C/10 h, CHs:CO2:H20:Ar
=1:0.4:0.8:12, P =1 atm, GHSV = 67.7 L geat* hr?) catalysts: (a) Ni5x5iO2 and (b) Nieco%SiO2(Comm).

Complementary to TGA/DSC, Raman signals were only obtained for the spent C)-
richer Nis%xSiO:z (Figure 5C) where spent Nieo%SiO2(Comm) catalyst, with trivial amounts
of coke, presented a strong fluorescence background that hampered correct data detec-
tion. The bands in the spectrum of spent Nis»SiO2 are standard of doubly degenerated
phonon mode of C atoms in sp? networks characterized by a high degree of symmetry
(graphitic carbon, G-band, 1601 cm™) and of disordered structural mode of carbon species
(D-band, 1312 cm™) [73,74]. The signal strength of D-band compared to G-band (expressed
as intensity ratio Ip/lc) is a useful parameter for indicating the degree of crystallinity
and/or the existence of structural defects within carbon species. The higher the ratio (value
above one), the lower the structural order is within carbonaceous deposits. The calculated
Ip/Ic ratio for spent Nis%SiOz is 1.19, being slightly higher than unity, supporting (to some
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extent) the supposition of the disordered (rather than well-ordered graphite) character of
the formed carbon. Additionally, the occurrence of Raman peaks at circa 2700 and 2900
cm™ (indexed as D and (D + G) bands, respectively, Figure 5C) are typical reflections of
scattered carbonaceous species with poorly crystalline structures [45]. This is in turn an
evidence of the presence of disorder and/or of defects in sp2 coke networks.

The differences noticed on the level of coke handling (deposition/accumulation or in
situ regeneration) over both silica-based catalysts are furthermore highlighted by consid-
ering the morphological aspects of spent catalysts by SEM (Figure 6). For spent Nis%SiO2,
silica grains preserved their original spongy-like exterior with no apparent structural
modification after 10 h of catalysis at 800 °C and in presence of steam (Figure 6A). The
calculated Ni/Si atomic ratios were in the range of 0.057 and 0.066 being slightly higher
than the values obtained over the fresh sample (Section 3.1). Some Ni? particles have sin-
tered during catalysis (as evidenced from XRD data, discussed below) which initiated car-
bon deposition on the external surface of the catalyst (Figure 6A’). In this sample, small
Cis-domains recognized by irregular short-carbon filaments are assembled on particular
locations where some silica zones appear more covered than others. SEM examination of
these deposits in accordance with available literature [75-77] reveal that such carbon
nanocoils are neither standard nanotubes will well-defined “bamboo” shapes nor pure
graphitic deposits with tubular or closed inner layers but rather an intermediate carbon
phase having common properties from each carbonaceous family (as discussed previ-
ously based on TGA/DSC and Raman data). Here again, the peculiar character of carbon
over Nis%S5iOz is put into evidence justifying the stable reactivity profile despite coke ac-
cumulation. On the other hand, the external surface of Niso%SiO2(Comm) is free of carbo-
naceous deposits (Figure 6B) and when compared to the morphology before catalysis (Fig-
ure 2A), surface is more exposed and appears as a smooth glassy like-exterior (Figure 6B).
The previously identified Ni octahedra shapes (Figure 2B,C) are no longer present rather,
nanoparticles with lamellar crystalline junctions are observed (Figure 6B’). Calculated
Ni/Si atomic ratios vary between 0.4 and 410 dictating an uneven distribution of Ni over
silica, an observation also valid for the case of the fresh sample (Section 3.1). We tenta-
tively associate the “trellis” shape of metallic nano-species to an annealing effect induced
during in situ reduction for transformation of oxides into metallic active (for catalysis)
sites. We presume that nanoparticles will sharply grow by fusing with neighboring nano-
particles, after phase nucleation, whilst subjected to an endothermic forced chemical
transformation (reduction under excess Hz stream) causing the disappearance of the struc-
tured shape and the formation of quasi-spherical particles. It has been stated that Hz-an-
nealing heat treatments can easily transform structured oxides into metals yet, such pro-
cesses are usually accompanied by significant changes in the original morphology [3]. Ac-
tually, such physical transformation of shapes has been reported in the recent literature
for urchin-like a-Fe20s and Fe3Os nanostructures when studied under various Hz-reduc-
tion media [78]. It was found that upon treating structured iron species at temperatures
higher than 650 °C and in presence of hydrogen, the original urchin shape is completely
lost and nanorods of metallic Fe? species are generated. With respect to our H2-TPD results
regarding hydrogen storage of annealed Ni® nanorods, such a property is rarely studied
in literature for materials that underwent changes under Ho-treatments. This is mainly
associated to the fact that Hz-annealed materials are normally considered for their high
microwave-absorbing potentials and electromagnetic resistances [3,78]. Their usage for
SBR, while characterized at different stages, result in their consideration as remarkably
resistant anti-coking reforming catalysts.
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Figure 6. SEM micrographs of spent (800 °C/10 h, CH+:CO2H20:Ar = 1:0.4:0.8:12, P = 1 atm, GHSV
=67.7 L geat™" hr) (A,A”) Nis%xSiO2 and (B,B’) Nis0%SiO2(Comm) catalysts. Some carbon deposits are
marked with arrows.

3.5. Structural and Textural Properties of Silica-Based Catalysts

Dispersion and state of nickel species in fresh, in situ Hz-reduced and spent Nis%SiO:2
and Niso%SiO2(Comm) catalysts are confirmed by XRD (patterns plotted on Figure 7A and
7B, respectively) and corresponding average particle size determined from diffractograms
(at the various stages) are stated in Table 2. The higher amount and consequently the poor
dispersion of nickel over the commercial catalyst resulted in much sharper diffraction
peaks for NiO and Ni° (Figure 7B) compared to same peak positions over Nis%SiO: (Figure
7A). In line with SEM/EDS observations, octahedra-shaped NiO nanoparticles, with face
centered cubic (FCC) unit cell (ICDD file # 089-7130), present larger dimension of coherent
domain sizes than NiO dispersed over Aerosil (FCC unit cell, ICDD file # 089-7130) gen-
erating thus bigger Ni° species (FCC unit cell, ICDD file # 65-0380) during H»-reduction
and after catalysis (Figure 7A,B and Table 2). Compared to diffraction patterns of
Nis0%SiO2(Comm), those of Nis%SiO2 present an additional broad signal at about 22°
(Figure 7A), characteristic of diffusion of X-ray into amorphous silica walls. The absence
(or non detection) of this peak over the commercial sample results from the high coverage
of silica surafce by nickel species. On the other hand, the diffraction patterns of spent SBR
catalysts (profiles a” and b”, Figure 7A,B) reveal the presence of both Ni° (active phase)
and NiO crystalline phases. Such partial nickel reoxidation (in a steam-rich medium) on
both silica-based catalysts having distinct Ni dispersion shows that reoxidation is not size
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dependent (Table 2). Rather, it occurs preferentially over silica than on other oxides (i.e.,
alumina), an interpretation noted from our recent study [46]. As mentioned in Section 3.3,
reoxidation had no significant impact on catalysis owing to stable CH4 and CO2 conver-
sion levels (Figure 4A,B). A comparison of Ni® sizes before and after catalysis shows that
some sintering (or thermal agglomeration) took place over the Aerosil-based sample (Ta-
ble 2). Sintering of nanoparticles is favored at high reaction temperatures especially when
conducted in presence of steam [79]. Agglomerated Ni® species become then eligible to
carbon formation explaining thus the amount of carbonaceous deposits identified by TGA
analysis (Section 3.4). The absence of a mesoporous structure, of an anti-coking element
(i.e., CaO, CeOz, MgO) and/or of a specific tactic for enhancement of sintering resistance
will eventually lead to coke deposition/accumulation. For Nis%SiO2(Comm), XRD data
(Table 2) show that Ni® chains did not sinter under stream despite harsh reaction condi-
tions. Annealed species could be then considered as rigid assembly of nanoparticles hous-
ing hydrogen molecules that act as active in situ regeneration centers for gasification of
carbon deposits. Despite the large size of Ni® species (Table 2) and their layered configu-
ration (Figure 6B’), diffusional limitations of stored H2 could occur however, the absence
of solid C) deposits indicates that limitations are narrowed and that hydrogen can con-
tinuously diffuse through metallic layers at 800 °C.
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Figure 7. XRD patterns of (A) NiSiO: (a: fresh, a’: in situ Hz-reduced and a”: spent) and (B)
Nis0%SiO2(Comm) (a: fresh, a”: in situ H2-reduced and a”’: spent) catalysts.
Table 2. Average particle size of nickel species in calcined ?, in situ Hz-reduced (650 °C/2 h) ® and
spent 2 (800 °C/10 h, CH+:CO2:H:20:Ar = 1:0.4:0.8:12, GHSV = 67.7 L gt ! h™!) silica-based catalysts.
Samples Calcined, O (nm) In Situ Reduced, @ (nm) Spent, O (nm)
P NiO Nio NiO Ni
Ni5%5i02 9.7 7.4 4.5 9.8
Ni0%SiO2(Comm) 44 40 4.3 40.6

2 Calculated using Scherrer’s equation at 20 = 62.6° for the [220] indexed plane. ® Calculated using
Scherrer’s equation at 20 = 51.8° for the [220] indexed plane.

In order to check for any textural change that might be induced in the course of ca-
talysis and to understand the impacts of annealing on porosity and available porous vol-
ume; N2-sorption experiments were performed over fresh and spent samples (isotherms
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shown on Figure 8) and corresponding data are listed in Table 3. For the Aerosil-based
catalyst (curves a and a’, Figure 8), the sharp increase in the quantity of adsorbed N2 near
the high relative pressure range (P/Po between 0.7 and 0.95) indicates an uptake of gaseous
nitrogen by large pores resulting in considerable porous volumes (Table 3). Their wide
PSD (inset figure) is typical of non-ordered macroporous systems where porosity is gen-
erated from void spaces between silica grains (inter-granular porosity). Compared to its
calcined form, spent Nis%SiO2 exhibits relatively smaller specific surface area (Table 3),
mainly due thermal contraction and/or condensation by dehydration and
dehydroxylation of SiO: during high temperature reaction. Moreover, thermal
agglomeration with consecutive plugging access of N2 towards external available surface
(or voids between grains) is perhaps a reason for reduction of surface area after catalysis.
On the other hand, despite the octahedral morphology destruction over
Nie0%SiO2(Comm), spent catalyst preserved its original textural properties (Table 3) and
its isotherm shape (curves b and b’, Figure 8). PSD (inset figure) of the fresh and the spent
catalyst are sharp and uniformly located within the conventional range of mesopores with
Nz-sorption analysis demonstrating typical type IV isotherms with Hi-type hysteresis
loops, reflected by the appearance of capillary condensation steps at P/Po = 0.6-0.8 [46].
The original nickel octahedra nanoparticles have an ordered mesoporous network that
remains fully accessible for gases (i.e., nitrogen) after thermally annealed into nanorods
of Ni’ species and even after being exposed to reaction medium for 10 h straight. This is
in consensus with catalysis where: CHs, CO2 and H20 gases can continuously flow within
porous Ni? layers without facing textural blockage justifying the stable reactivity trend
(Figure 4). Based on Nz-sorption data, the annealing effect is viewed as a physical shape-
associated transformation rather than a melting mechanism, a term frequently adopted in
literature to describe structured nanoparticles submitted to hydrogen annealing heat
treatments [3,78]. In such reported studies, H2-induced heat treatments result in an anni-
hilation of texture accompanied by a massive shrinkage in porosity. Herein, we can de-
scribe the obtained annealing process in terms of a three-step mechanism: (1) diffusion of
H: towards reactive centers and adsorption on the surface, (2) reaction between adsorbed
H: and NiO yielding metallic Ni atoms and H20 and, (3) nucleation of Ni atoms to form
metallic nanorods while simultaneously storing H2 molecules.

Table 3. Textural properties of calcined and spent silica-based samples.

Metal BET Surface Area (m2g) Pore Volume (m? g!) Average Pore Diameter (nm) ¢

S 1
ampres Weight % 2 calc. b spt. ¢ calc. b spt. ¢ calc. b spt. ¢
Nis%S5iO2 47 245 140 0.56 0.55 n.d. n.d.
Nie0%SiO2(Comm) 60 143 128 0.28 0.27 8+7 7 5

2 Results based on elemental chemical analysis performed on fresh (calcined) samples. b Textural
values of calcined (in air) samples (450 °C/5 h for Nis%SiO2; 300 °C/7 h for Nie%SiO2(Comm), com-
mercially treated). ¢ Textural values of spent catalysts (800 °C/ 10 h, CH«+:CO2:H20:Ar = 1:0.4:0.8:12,
P=1atm, GHSV =67.7 L gear h!). 4 Average pore diameter + standard deviation from the maxima.
n.d. not determined owing to the absence of a well-defined peak in the pore size distribution profile.
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Figure 8. N2-sorption isotherms along with pore size distributions (insets) of (green curves) Nis%SiO2
(a: fresh and a”: spent) and (purple curves) Nis0%SiO2(Comm) (a: fresh and a”: spent) catalysts.

4. Conclusions

The aim of this work was to characterize, evaluate and understand the effect of using
an originally structured NiO octahedra nanoparticles supported on silica surface as a
novel catalyst for syngas generation by means of steam biogas reforming. The
Nieo%SiO2(Comm) catalyst presented stable catalytic performance on stream with conver-
sion levels being close to expected thermodynamic values and to those obtained over a
reference Nis%SiOz catalyst, prepared by adopting the “two solvents” post-impregnation
method. Average CHs and CO: conversion values were equal to 85 and 73% over
Nis0%5i02(Comm) and 80 and 71% over NisxSiOz, respectively. The enhanced reactivity
was mainly ascribed to higher Ni content over the structured sample providing wider
active sites for catalysis. Despite stable performance, monometallic silica-based catalysts
presented poor selectivity towards “metgas” (H2:CO close to 2.0) associated to several rea-
sons including methane decomposition leading to Hz and C) productions and accounting
for the elevated selectivity outcome values. Indeed, considerable amounts of carbon de-
posits (11 wt%, partially graphic types) were identified over Nis%SiO2 whereas, a high re-
sistance to C¢) accumulation was noted over Nie%SiO2(Comm) with an oxidative loss of
only 1.5% of its weight after 10 h of catalysis.

It was found that different families of Ni species were recognized over both catalysts
where each family induced particular physicochemical characteristics that lead to distinct
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behaviors with respect to shape preservation, textural aspects and coke handling during
catalysis. An annealing effect of mesoporous NiO octahedra, in the course of reduction of
Nis0%SiO2(Comm), resulted in the formation of metallic grids (with no particular geomet-
ric configuration) that remained mesoporous even after stability evaluation at 800 °C. The
amount of Hx-upatke required for the chemical conversion of octahedra NiO into trellis of
Ni? nanoparticles exceeded the theoretical value by 21%, attesting for Ha-storage within
layered Ni° assemblies. Excess hydrogen was shown to be retained within Ni° nanorods
with negligible desorption potentials; an observation scarcely reported in literature over
H:-annealed nanoparticles. Such a property was found remarkably beneficial for coke
minimization during catalysis. Hydrogen molecules acted as barriers against carbon ac-
cumulation by providing accessible in situ regeneration centers for coke gasification. Sev-
eral attempts are reported in the current literature for increasing coke resistance of reform-
ing catalysts. The application of octahedra-based NiO particles can be considered as an
additional tactic that is less-time consuming, efficient, does not require expensive metal
addition (i.e., noble metals) neither extensive pre-nor post-catalytic treatments. Treating
the sample under hydrogen prior to catalysis, a standard preparation step for generation
of Ni’ active sites, is the sole requirement for attaining stable performances (even under
harsh reaction conditions) with low carbon deposition for long TOS runs. In light of their
textural, structural and catalytic performances, octahedra-based NiO nanoparticles are be-
lieved to have a wide-range of applications in renewable energy production, waste to en-
ergy conversion and, consequently in gas to liquid (GTL) processes.
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