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Abstract

By taking advantage of different nanoparticle size control methodologies, the precise role of Ni
particle size (from 1 nm to 9 nm) was evaluated in the HDO of m-cresol in vapor phase at 573 K
under atmospheric pressure. The m-cresol HDO reaction pathways were found to be Ni-particle
size dependent. The direct deoxygenation (DDO) rate increased by 10 times when decreasing Ni
particle size from 9 nm to 1 nm, while the hydrogenation (HYD) and hydrogenolysis (HYG) rates
moderately increased. By applying a geometric model, reaction rates were correlated to the
different type of sites. Edges and corner sites (smaller particles) favor aromatics production (DDO
route), while face sites (larger particles) favor both HYD and hydrogenolysis routes. Catalysts
partially deactivated due to coke formation, with only slight sintering observed for 1nm Ni
particles. Such findings may serve in the further preparation of active and selective catalysts for

bio-oils upgrading into fuel.
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1. Introduction

Pyrolysis of lignocellulosic biomass, leading to a bio-oil, is an attractive process toward the
production of sustainable fuels. However, this raw bio-oil displays undesired properties such as
low heating value, acidity, viscosity and high oxygen level that make it not suitable for a direct
use in modern engines.? This issue can be solved by the conversion of the oxygenated compounds
present in this bio-oil into hydrocarbons which are more stable and have a higher calorific value®.

The hydrodeoxygenation (HDO) reaction can enables such conversion through a thermal
treatment under hydrogen and in the presence of specific heterogeneous catalysts, the latter playing
an important role to orientate the conversion of raw biomass towards selected products. In the last
decades, efforts have been made to find a suitable catalyst, presenting high activity and good
stability, while promoting the formation of desired deoxygenated products (benzene, toluene,
xylene, alkanes). Several catalyst formulations including sulfide and phosphide solids, transition
metal oxides, and supported noble or non-noble metals have been tested for the HDO of model
molecules and especially phenolic compounds such as phenol, cresol, and guaiacol, for the
production of aromatics, including benzene and toluene.

Recent researches point out that bifunctional catalysts are preferred for the deoxygenation of
phenolic compounds, with a metal function to catalyze hydrogenation and acidic or oxophilic sites
to promote deoxygenation**!. Supported noble metals such as Pt, Pd and Rh are particularly
efficient for HDO reaction, however with such catalysts the favored reaction route is the
hydrogenation of the aromatic ring, resulting in higher hydrogen consumption in addition to the
high cost of noble metals*?*4. The use of oxophilic supports such as ZrO2, TiO2 or Nb2Os can
promote the activation of the C-O bond and thus, combined with the properties of noble metals,

favor deoxygenation' 31516 |n the search for a compromise between efficiency and low cost for



HDO reaction, supported non-noble metal (such as Fe, Co and Ni) catalysts have also been
proposed'’~?2. Especially, owing to the good hydrogenation activity of Ni at mild conditions and
its slightly superior oxophilicity compared to noble metals, supported Ni catalysts are promising
for HDO. Mortensen et al. evaluated the properties of different catalysts composed of different
metals (Ni, Pt, Pd, Ru) and supports (SiOz, ZrO, C, Al203, V20s) in the HDO of phenol in liquid
phase (275 °C, 100 bar)?3. The following order of activity was found: Ni/ZrO; > Ni-V20s/ZrO, >
Ni-V20s/SiO2 > Ru/C > Ni/Al,O3 > Ni/SiO2 >> Pd/C > Pt/C, thus demonstrating that Ni based
catalysts are a promising alternative to noble metal catalysts. The best performance obtained with
Ni/ZrO, was attributed to the activation of phenol over the support facilitating the hydrogenation
over Ni particles. Thereafter, Teles et al. investigated the effect of the metal type (Pt, Pd, Rh, Ru,
Ni, and Co supported on SiO2) in the HDO reaction mechanism of phenol in gas phase®®. Even if
cyclohexanone and cyclohexanol were the main products observed, the selectivity to deoxygenated
products varied according to the type of metal in the order: Ru/SiO2 > Co/SiO, > Ni/SiO; >
Rh/SiO, > Pd/SiO2 > Pt/SiO». This same order was reported for the binding energies of atomic
oxygen with the respective metal, clearly suggesting that the activity of catalysts for HDO was
correlated with metal oxophilicity. Furthermore, Teles et al. studied the effect of supporting those
metals over an oxophilic material such as ZrO,*. The selectivity to the deoxygenated product
(benzene) was greatly improved over Ni/ZrO; catalyst as compared to the noble-metal based
catalysts (selectivity to benzene of 26.7 % over Ni/ZrO- against to 0.8, 3.3 and 3.1 % for Pt/SiO»,
Pd/SiO2 and Rh/SIiO> catalysts, respectively). Moreover, the addition of a secondary oxophilic
metal such as Fe is reported to improve the HDO ability of Ni-based catalysts'®?42¢. Nie et al.
investigated the selective conversion of m-cresol on SiO> supported Ni, Fe and bimetallic NiFe

catalysts in gas phase®*. They found oxygenated and transalkylation compounds as the main



products over Ni/SiO> catalysts (33.3 % of selectivity to 3-methylcyclohexanone, 11.1 % to 3-
methylcyclohexanol and 24.8 % to transalkylation products), while toluene is dominant over Fe
and NiFe/SiO; (52.6 % of selectivity to toluene and 45.3 % to transalkylation products). Other
bimetallic combinations including NiMo?"? and NiCo?® have also been evidenced to present
improved deoxygenation ability for the HDO of phenolic compounds. As mentioned above,
another way to improve the activity of Ni-based catalysts is the selection of support as it affects
Ni dispersion, and it can provide acidic and/or oxophilic sites orientating the activity and
selectivity during reaction. Thus, Ni deposited on oxophilic Nb2Os support was found to be highly
selective for the deoxygenation of phenol, with 97 % of selectivity to benzene. Song et al. also
reported higher activity for the deoxygenation of phenol in liquid phase using Ni deposited on an
acidic zeoliteH-ZSM-5 support when compared with a Ni/SiO; catalyst (TOF of deoxygenation:
769 and 127 h*! for Ni/HZSM-5 and Ni/SiO; respectively)?.

Besides the nature of support, the effect of the support pore structure and the metal particles
size over the HDO reaction have received far less attention. In the most of the studies, the effect
of metal particles size is evaluated by employing bifunctional catalysts, in which the support
properties such as acidity, oxophilicity and/or presence of oxygen vacancies may also influence
the reaction mechanism?*>1620-32_ Then, a systematic investigation of catalysts by varying metal
particles size and eliminating the influence of support, is needed. Yang et al. have conducted an
interesting study on the effect of Ni particles (2-22 nm) supported on SiO; for the HDO of m-
cresol in gas phase and observed that decreasing Ni particles size from 22 to 2 nm increased the
TOF of m-cresol conversion by 3 times as well as favored the deoxygenation pathway*. The TOF
for deoxygenation (yielding toluene) increased 6 times from Ni 22 nm (0.008 s) to 2 nm (0.0478

s'1) while hydrogenolysis (yielding phenol and CHa4) was decreased by 2.6 times (from 0.052 to



0.0197 s). Same findings were obtained by Mortensen et al. in the HDO of phenol at liquid
phase®*. The effect of support pore structure was investigated by Vargas-Villaran et al. by testing
Ni catalysts supported on SBA-15 and protonated titanate nanotubes in the HDO of anisole®.
Several methods of Ni incorporation were applied to vary the dispersion of Ni particles. Over SBA-
15 supported catalysts, hydrogenation of the aromatic ring yielding cyclohexyl-methyl-ether was
the main reaction pathway, the formation of this product being favored over larger Ni particles
(45 % and 37 % of yields over Ni particles of 17 and 3 nm, respectively). The selectivity to
deoxygenated products (sum of benzene, cyclohexene and cyclohexane) was improved over
smaller Ni particles (4.6 % over Ni 17 nm compared with 20 % over 3 nm particles). Thus, tuning
the catalyst properties by combining small metal particles inside a well-structured support may be
a promising strategy to design efficient and low-cost catalysts for the HDO of the bio-oil. It is also
important to note that, the influence of metal particle size in the stability of catalysts are rarely
investigated. For instance, metal sintering and/or blockage of the active sites by coke are the main
causes of catalyst deactivation during the HDO reaction and thus, the stabilization of those small
particles is desired.

In this point of view ordered mesoporous silicas such as SBA-15 are interesting supports
owing to their high specific areas, narrow pore size distributions and large pore volumes. The
ordered channel-type mesopores, wider pore sizes and thicker pore walls allow the accommodation
of larger reactants and permit to control the catalyst particle size®**’. Furthermore, confining metal
particles in the mesopore channels or secondary micropores of SBA-15 support may contribute to
the stabilization of metal particles avoiding sintering, which is one of the major reasons for catalyst

deactivation in the HDO reaction.



In the present work we investigated the effect of the support pore structure by comparing
conventional silica and SBA-15 materials and the effect of Ni metal particles size in the HDO
reaction of m-cresol. We proposed different synthesis approaches in order to finely control and
stabilize Ni nanoparticles on the SBA-15 pore structure: deposition-precipitation with urea (DP)
and melting infiltration (MI). The materials were characterized after calcination and reduction, and
relationships between particle size and product selectivity, as well as catalyst deactivation, were
established. A geometric model was also developed to quantify the surface site concentration
according to the Ni particles size and confronted with the catalytic results. A good correlation was
obtained thus providing a simpler and efficient tool to predict the structure-activity relationship

and determine the nature of active sites in the HDO reaction.

2. Experimental Section
2.1. Materials

All chemicals required to prepare the mesoporous SBA-15 and the NiO containing materials
were used as received: Si(OCzHs)s (TEOS, 98 wt.%, Sigma-Aldrich), non-ionic triblock
copolymer Pluronic P123 (poly(ethylene oxide)-block-poly(propylene oxide)-blockpoly(ethylene
oxide)-block, PEO20PPO70PEO20, MW = 5800, BASF Corp. Sigma Aldrich), hydrochloric acid
(HCI, 37 wt.%, Sigma-Aldrich), nickel nitrate (Ni(NOs)2-2H20, Sigma-Aldrich), urea (CO(NH>)

> 99.0 wt.%, Sigma-Aldrich, ACS reagent).

2.2. Support Preparation
Two silica-based supports were used in this work: commercial SiO. (Aerosil 300) and an

ordered mesoporous SBA-15. The SBA-15 support was synthesized by using an experimental



protocol previously described®®. The polymer P123 (4 g), was dissolved at 40 °C under acidic
conditions (150 mL of 1.6 M HCI) and stirring. Then, the silicon source, TEOS (8.5 g), was added
dropwise and the mixture was kept for 24 h under constant stirring at the temperature of 40 °C.
Then, a hydrothermal treatment was performed at 100 °C for 48 h. The solid was recovered by
filtration and washed with water before being dried for 24 h at 100 °C. Template elimination was
performed by calcination at 550 °C for 6 h (in a muffle furnace, using a heating ramp of 1.5 °C

min't), producing a support designated as SBA.

2.3. Catalyst Preparation

Ni supported on SiO2 was prepared by incipient wetness impregnation (IWI) of the support
with nitrate precursor (Ni(NOs)2.6H20) solution. The corresponding aqueous metal nitrate
precursor solution (0.04 mol L) was prepared in order to obtain 10 wt. % of Ni onto the support.
The solution was dropwise added to the dried support, until a homogenous paste is obtained. The
solid was thereafter dried under air at 25 °C during 5 days. The powder was then calcined under
air at 400 °C for 5 h (heating ramp of 1.5 °C min™?). This material was denoted 25nmNi/SiOs.

Ni supported on SBA-15 samples were prepared by Melt Infiltration (MI) method in order
to obtain different Ni particles sizes®®. To reach Ni nanoparticles sizes of around 9 nm, the
precursor Ni(NO3). .6H>.O was incorporated into the calcined SBA-15 by gentle grinding at
ambient conditions for 30 min according to a previously reported method®®. The powder was then
treated in a teflon autoclave at the melting point of the precursor (57 °C) during 3 days, and the
solid was further calcined at 500 °C for 6 h (heating ramp of 1.5 °C min™!). To obtain Ni

nanoparticles of around 1 nm, the same method was used, excepted that a non-calcined SBA-15



support (thus containing the polymer pluronic P123 within the silica) was used and subjected to a
thermal treatment at 57 °C during 4 days.

SBA-15 loaded with Ni nanoparticles of around 3 nm was prepared by the deposition-
precipitation-urea (DP) method*?, allowing to incorporate nickel within layers of a phyllosilicate
phase. The synthesis was performed in a thermostated reactor (V =250 mL), by using 1 g of SBA-
15 as silica source. A precise quantity of the nickel precursor, Ni(NOz3). .6H20 equal to obtain 10
wt.% of Ni, was dissolved in 70 mL of H,O and added to the water solution containing the SBA-
15. A solution of urea (3 mol L) was thereafter used (1 mol of NH3 for each mol of nitrate used
for the synthesis). When the temperature of the suspension was stabilized at 90 °C, the urea
solution was added dropwise and the stirring was maintained for 24 h. Under these conditions, the
release of ammonia into the solution unfolds slowly, allowing enough time to a slow and controlled
crystallisation of the phyllosilicate at the surface of the SBA-15 grains. At the end of the ageing
step, the pH measured was of 7.4 + 0.1. The Ni-containing solid, recovered by filtration, was
washed with deionised water before being dried at 40 °C during 12 h. The prepared material was
finally calcined in a muffle oven at 500 °C for 6 h, with a heating rate of 1.5 °C min™.

The prepared Ni-containing solids were denoted as XnmNi/SBA-15, where “X” refers to the

average particle size (9, 3 and 1 nm).

2.4. Catalyst Characterization
Ni loading was determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) on a SPECTRO ARCOS ICP-OES instrument. Before analysis, the samples were

digested using concentrated nitric acid and hydrofluoric acid on a microwave heating system.



Textural properties were determined by Nz-physisorption. Isotherms were recorded at -
196 °C on a Micromeritics Tristar 1l Plus apparatus. Before analysis, the samples were outgassed
under dynamic vacuum at 350 °C for 3 h in order to remove any traces of water or impurities.
Values were calculated using Tristar Il software version 4.06. Specific surface area was determined
using the multipoint B.E.T. algorithm in the p/po range from 0.10 to 0.25. The mesopore size
distribution was determined using the B.J.H. equation applied to the desorption branch. Pore
volume is determined at p/po = 0.98, on the adsorption branch. The micropore surface and
microporous volume were determined by t-plot method.

Crystalline phase formation was analysed by X-ray diffraction (XRD), performed on the
powder samples, using a Bruker D8 Passeur X-ray diffractometer in Bragg-Brentano geometry
configuration. XRD patterns in the wide-angle range were recorded with Cu Ka radiation (A =
0.154 nm) in the 10-80° 20 range with a step size of 0.05° each 2s. Phase identification was made
by comparison with the ICDD database.

In-situ XRD under H2 was performed to investigate the evolution of the phases. The analyses
were also conducted on the same X-ray diffractometer equipped with a VANTEC-1 detector.
Kanthal (FeCrAl) filament cavity was used for analysis. The Kanthal gives two intense peaks at
20 = 43.57° and 63.87°, which were not taken into consideration for the interpretation of the
diffractograms. The reduction conditions used were: 30 mL min of 3.0 vol.% Ha in He in the
range of temperature from 30 °C to 700 °C (rate = 10 °C min'). The diffractograms were recorded
in the 26 range between 10°-80° with a step size = 0.05° and step time =2 s.

Morphology and dispersion state in the samples were analysed by transmission electron
microscopy (TEM) using a JOEL 2100 UHR equipment, operated at 200 kV, with a LaBs source

and equipped with a Gatan Ultra scan camera. The samples were first embedded in a polymeric
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resin, sliced into 50 nm-thick sections using an ultramicrotome and then deposited on a carbon
grid for analysis. HRTEM images were recorded over the reduced samples and the post HDO
reaction catalysts. For the reduced samples, the reduction was carried out under pure Hz flow (50
mL min) at 700 °C during 2 h. The software ImageJ version 1.8 was used to analyse the images
and to plot particle size histograms.

X-ray photoelectron spectroscopy (XPS) analysis was used to evaluate the surface
composition of the calcined and reduced samples. The analyses were performed on a Kratos Axis
Ultra DLD spectrometer, using monochromatic Al Ko radiation (1486.7 eV), operating at 150 W
(15kV and 10 mA). To avoid charge effects, a charge neutraliser was operated during analysis.
Binding energies (BE) were referred to the C 1s line of carbon contaminant at 284.8 eV with an
uncertainty of £ 0.1 eV. High-resolution spectra were collected at a step of 0.1 eV (pass energy,
20 eV). The calcined samples were pressed in a hollow stub and loaded into a high vacuum
chamber (< 9 10® Pa). Reduction was carried out in a catalysis chamber coupled to the
spectrometer and transferred in high vacuum without contact with the atmosphere. During
reduction, the samples were heated to 500 °C, 5 °C min, during 1 h under a 50 ml min* flow of
pure Hz, Afterwards, the samples were cooled under Hy, and degassed prior to being transferred to
the analysis chamber (< 9 10® Pa). Fitting and deconvolution were achieved with CasaXPS
software (version 2.3.24), applying Gaussian/Lorentzian function (30 % Lorentzian) and added
asymmetry parameters for metallic Ni2p.

Activation of oxide precursors was studied by temperature-programmed reduction under H:
(H2-TPR). Experiments were conducted on an Autochem chemisorption analyser (Micromeritics),
equipped with a TCD. The consumption of H> was derived from the TCD signal, after calibration.

Before a H2-TPR run, the solid was heated at 500 °C under 50 mL min* of air flow (10 °C min™)

11



during 1 h. After cooling down to room temperature, the H> containing flow was stabilized (50 mL
min, 5.0 vol. % Hz in Ar) and the temperature-programmed reduction was performed (from 25 °C
to 900 °C, with a temperature ramp of 5 °C min™).

CO chemisorption analysis was performed to estimate the metallic dispersion and calculate
TOF values. The samples were firstly reduced at 500 °C (5 °C min™), under pure hydrogen flow
(30 mL min™) for 1 h. The reactor was then cooled down to the adsorption temperature (30 °C)
under helium (30 mL min™) and successive pulses of pure CO (0.465 mL) were injected each 3
min. Results were collected by a gas phase chromatograph equipped with a TCD detector and a
Porapak Q column, allowing the quantification of CO uptake.

The acidity of the catalysts was measured by DRIFTS of adsorbed pyridine. Experiments were
conducted on a Nicolet Nexus instrument equipped with a DTGS detector and a quartz cell with
CaF. windows. The samples were first reduced at 500 °C under pure flow of hydrogen for 1h.
Then, the samples were cooled down to 150 °C, and a spectrum of the sample was registered as
reference. Pyridine adsorption was carried out during 5 min, with a further vacuum purge during
1 h. Spectra were recorded between 150 and 450 °C at a resolution of 2 cm™ and accumulating 64
scans bet.

Thermogravimetric analysis coupled with a mass spectrometer (TGA-MS) was performed
over the spent catalysts in order to investigate the deposition of carbon over the catalysts during
the HDO reaction. The measurements were carried out on a SDT Q600 TA Instruments apparatus
coupled by a heated capillary column with a QGA mass spectrometer from Hiden. The analysis
was performed in the temperature range of 25 °C up to 1000 °C, 10°C min™, under flow of 100

mL min of synthetic air.

12



2.5. HDO of m-cresol

Vapor phase HDO reaction of m-cresol was conducted in a fixed-bed flow reactor system,
operating at 300 °C under atmospheric pressure. The carrier gas flow rate was 60 mL min™ of H;
and a Hz/m-cresol molar ratio was fixed at 90. Preliminary calculations (Weisz-Prater criteria- Sl)
and tests were carried out following the same criteria proposed by Madon and Bourdart*! to ensure
no internal and external mass transfer limitations. Before the reaction, the catalysts were reduced
in situ under pure hydrogen (50 mL min™) at 500 °C (5 °C min™) for 1 h. The reactant feedstock
was introduced at the top of the reactor by using a push-syringe. The feedstock was composed by
m-cresol as the reactant (7 mol %), n-heptane as an internal standard (3 mol %) and dodecane as
the solvent. The different catalysts were tested at different W/F values, which is defined as the
catalyst weight (in g) divided by the molar flow rate of m-cresol (in mol hl), by changing the
catalyst weight, in order to obtain comparable levels of conversion. The line at the reactor outlet
was maintained at 5 °C using a circulator Huber minichiller in order to condense any unconverted
reactant and products. The first liquid sample was taken after 0.5 h and analysed by a Varian 430
chromatograph equipped with a DB-5 capillary column and a flame-ionization detector (FID). The
conversion of m-cresol and product selectivity for each product were calculated using equations

(1) and (2):

0 -
X (ln %) — N m—cresol — Nm—cresol x 100 (1)

nom—cresol

nj

S; (in mol %) = = x 100 (2)

m—cresol — Nm—cresol
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Where nn-cresol and Nm-cresol are the number of moles of m-cresol initially and after 0.5 h of
reaction, respectively; n; is the number of moles of a given i product.

Assuming a pseudo-first-order reaction rate, the total kinetic rate constant (ktotin mmol gni-
! h1) and the kinetic rate constants for the different reactions pathways were calculated using the

equations (3) and (4):

—F Ln (1-X)

Kror (in mmol gy;71h™1) = w.(%Ni) ©

ky(inmmol g~*h™1) = rpor. 5, (4)

Where Kkror is the total kinetic rate constant determined for the global transformation of m-
cresol and ky are the kinetic rate constants for the different reaction pathways, X is the m-cresol
conversion, F is the m-cresol molar flow rate (in mmol ht), w is catalyst weight (in g), %Ni is the
Ni content measured by ICP-OES and Sy is the selectivity to the different products: toluene for the
deoxygenation route (DDO), 3-methylcyclohexanone, 3-methylcylohexanol, methylcyclohexene
isomers and methylcyclohexane for the hydrogenation route (HYD), phenol and benzene for the
hydrogenolysis route (HYG).

The turnover frequency (TOF, in h!) values was estimated using the equation (5):

TOF = ky/M

Where ky is the Kkinetic rate constant for the different reaction pathways and M is the CO

uptake (in mmol g*) obtained from chemisorption measurements.
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3. Results and Discussion
3.1. Catalyst Characterization

All catalysts, excepted 3nmNi/SBA, presented Ni contents close to the expected values, i.e.
8.1-9.7 wt. %. In the case of 3nmNi/SBA, a lower loading, i.e. 5.7 wt.%, was measured. This result
originates from the preparation method used to obtain this sample. During the deposition-
precipitation process, at pH of 7.5, part of the Ni precursor remains in the synthesis solution in the
ionic form leading to a lower loading than expected in the final material. This is however not
problematic since reaction conditions (i.e. the mass of catalyst in the reactor) can be adjusted to
maintain the conversion at a comparable level for all catalysts.

Wide-angle XRD (Fig. 1) was used to obtain structural information on the calcined samples.
For 25nmNi/SiO2, 9nmNi-SBA and 1nmNi/SBA samples, the diffractograms showed the main
reflections positioned at 37°, 43° and 62° which are associated with the formation of a NiO
crystalline phase, by comparison with the ICDD database (cubic structure, PDF file n® 47-1049).
The reflections intensity and width vary over the different catalysts, indicating that different NiO
average crystallites sizes were obtained by changing the synthesis route. The narrow width of the
diffraction lines in the 25nmNi/SiO2 and 9nm/SBA-15 samples indicate the formation of large NiO
particles while for 3nmNi/SBA and 1nmNi/SBA, the low intensity or absence of lines indicates
the formation of much smaller crystallites. Additionally, the XRD pattern of 3nmNi/SBA sample
displays a broad and low intensity lines at 35° and 60° indicating the formation of nickel 1:1
phyllosilicate (kerolite phase, ICCD reference n° 43-0664). NiO average crystallite sizes, deduced
from XRD patterns applying the Scherrer equation, after Warren’s correction of instrumental
broadening, leads to values of 21 nm for the shaper signals obtained for the 25nmNi/SiO, sample,

9.2 nm for 9nmNIi/SBA and < 2 nm for the 1nmNi/SBA sample (Table 1). As expected, the use of
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the melt infiltration procedure over calcined SBA-15 leads to mesopore confined NPs of transition
metal oxide (~ 9 nm), while the use of the porogen containing support leads to intra-wall pore
immobilized NPs, hardly detected by XRD**2, Finally, the DP approach induces the formation of
a phyllosilicate phase without any detectable formation of individual NiO crystalline phase.

To investigate the stability of the small Ni particles in the 3nmNi/SBA and 1nmNi/SBA
samples, XRD patterns during in situ reduction (30-700 °C) are showed in Fig. S1. For the
1nmNi/SBA sample, in which it is possible to observe large humps attributed to the NiO, the
initially visible reflections disappear above 400 °C and are replaced by broad lines corresponding
to the Ni metallic phase (PDF file 04-0850). For the 3nmNi/SBA sample, reflections are never
observed indicating that Ni(0) particles remained too small onto support, or amorphous, after
catalyst reduction even if the reduction is performed up to 700 °C. These results show the higher
resistance to sintering of these catalysts when subjected to high temperature treatments.

The textural properties of the calcined samples were evaluated by N2 physisorption. The
adsorption/desorption isotherms are presented in Fig. 2, while the extracted quantitative
information are presented in Table 1. Commercial SiO; exhibited a type 1V isotherm, with a H2-
type hysteresis indicating the presence of mesopores with a broad distribution of pore diameter.
The bare support presented a B.E.T. area (Sget) of 301 m? g™ and an average pore size of 13.5 nm.
When Ni is impregnated onto the silica, the Sger and pore size dropped to 242 m?g? and to 9.3
nm respectively, indicating that Ni NPs forms inside the porosity of the silica. For the parent SBA-
15 support as well as the 9nmNi/SBA and 1nmNi/SBA samples, typical type 1V (a) isotherms with
H1-type hysteresis were evidenced. Such isotherms are associated to mesoporous materials with
the presence of a narrow distribution of cylindrical (tubular) pores, as indicated by the hysteresis

comprised between p/po starting from 0.55-0.66 to 0.77. The parallel adsorption and desorption
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branches observed in the SBA-15 support indicates a uniform arrangement of the pore sizes. For
the 9nmNi/SBA and 1nmNi/SBA samples, prepared by melting infiltration method, a latency is
observed for the closure of the desorption branch of hysteresis, being more evident for the 9nmNi-
SBA catalyst, which is related to the formation of NPs (NiO) inside the tubular pores and leading
to constrictions (1nmNi/SBA) and constrictions plus pore plugging (9nmNi/SBA). The presence
of confined NiO nanoparticles causes the so called “ink-bottle” shape porosity, which also induces
sensible decrease of specific surface areas and pore volumes due to the partial blockage of
Mesopores access.

For these catalysts prepared by melting infiltration method, a decrease in the surface area is
observed after Ni infiltration (area decreased from 802 m? g* of the parent support SBA-15 to 511
m? g for InmNi/SBA and to 579 m? g for 1nmNi/SBA). Additionally, an important decrease in
the microporous area is observed for 1nmNi/SBA (decrease of 86 % by comparing to the initial
microporous area of the parent SBA-15). This was previously reported by Chen et al. and it was
assumed to originate from the specific localization of small Ni nanoparticles located inside the
secondary microporosity (intra-wall pores) developed by the SBA-15 support when synthesized at
temperature ~ 100 °C*3,

For 3nmNi/SBA sample, a type IV isotherm with a H2-type hysteresis is observed. It
indicates the presence of slit pores that are formed during the synthesis process, when the silica is
solubilized by the urea in alkaline condition, and reprecipitated in the form of phyllosilicate plate-
like particles*2. As a consequence, the surface area is dramatically decreased, to 306 m? g (-63%
when compared to the SBA-15). The significant shift of the adsorption and desorption steps toward

the higher p/po indicates the formation of large disordered mesopores which replace the highly
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ordered mesoporosity of the initial SBA-15. The mesoporosity is however partially maintained,
with a broad range of pore size measured (9 to 15 nm).

Information on the pore architecture of SBA-15 support as well as on the location and size
of Ni particles were assessed from HRTEM images of the reduced catalysts and are shown in Figs.
3and S2. For the 25nmNi/SiO: catalyst, it is clearly observed the presence of large Ni nanoparticles
(average of 25 nm) in accordance with the value obtained from XRD of the calcined catalyst. For
the 9nmNIi/SBA catalyst, the presence of Ni nanoparticles in the range of 8-9 nm confined within
the mesopores of SBA-15 is observed. For the 1nmNi/SBA catalyst, the formation of significantly
smaller Ni nanoparticles, about 1nm in the pores of SBA-15, is detected. This last result confirms
the efficiency of the melting infiltration method when maintaining the P123 porogen inside SBA-
15 to control the localization of the nickel nitrate precursor before its thermal decomposition for
oxide formation. We previously proposed that the diffusion of the nitrate precursor at the
hydrophilic interface between silica and P123 occurs, and that the nitrate precursor will be
stabilized into the secondary intrawall micropores of the SBA-15 due to their higher silanol
density. Then, after stabilization and reduction, Ni(0) particles are observed to be physically
stabilized (confined) in this secondary — low size — porosity=°.

In the case of 3nmNi/SBA catalyst, obtained via deposition-precipitation method, the
formation of the phyllosilicate phase is confirmed by the observation of filaments inside and
outside of the SBA-15 grains. As can be seen in Fig. S2, large phyllosilicate filaments are mainly
located at the external surface of the SBA-15, with some observed to grow separately from the
silica grain surface. The phyllosilicate growth is expected though the dissolution - reprecipitation
mechanism proposed by Burratin* in which the adsorption of hexacoordinated Ni cations onto the

brucitic layer of Si(OH), lead to the formation of a metallic layer, in contact with the silica surface.
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After increase in the pH of the synthesis solution, the silica dissolves with the formation of a
phyllosilicate phase. These successive steps are determining to efficiently incorporate the Ni(ll)
cations inside the crystalline phase, and to in fine obtain an efficient stabilization of the Ni(0)
nanoparticles after reduction of the phyllosilicates. Regarding the structure of SBA-15, cavities
can be observed upon the silica, together with lamellar segments inside the silica grain which are
formed after reduction of the catalyst (Fig. S2). This also confirms the stabilization of mesopores,
as deduced from N physisorption analysis. The Ni particle sizes obtained in this catalyst are
comprised between 2-5 nm (average of 3.5 nm).

The dispersion of the Ni nanoparticles on the materials was analyzed by CO uptake
measurements (Table 1). As expected, Ni dispersion significantly varied between the catalysts,
following the order: Ni/SiO2 (4 %) < 9nmNi/SBA (8 %) < 3nmNi/SBA (24 %) < 1nmNi/SBA (28
%). These values show the Ni dispersion increasing in the same order that Ni nanoparticles size
(measured by TEM) decrease. These results also demonstrate that, despite the confining
phenomenon, the 1 nm Ni particles remain accessible to gas and liquid reactants, as confirmed by
previous studies performed in hydrogenation®.

The reducibility of Ni-based catalysts was evaluated by H.-TPR and the profiles are
presented in Fig. 4. For the 25nmNi/SiO2 sample, a main peak at Tmax 0f 401 °C is observed that
is attributed to the presence of bulky NiO particles. For the 9nmNi/SBA catalyst, it is also observed
a reduction of bulky NiO nanoparticles, probably located close to the external surface of SBA-15
(T=404 °C). A second reduction peak at higher temperature (593 °C) is observed, and it can be
likely due to the reduction of confined nanoparticles inside the mesopores. The higher reduction
temperature in this case can be associated with the presence of the multiple chained nanoparticles

in the same pore, reducing the rate of reduction through diffusion process. For the 1nmNi/SBA
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catalyst, only one peak is observed at 547 °C which is ascribed to the reduction of homogeneous
NiO nanoparticles of low size confined into the pores. The broad shape of this peak indicates the
presence of nanoparticles hardly accessible to the reduction, which is in agreement with the
specific localization of these particles, inside the intra-wall microporosity of the SBA-15, as
previously discussed®®. For the 3nmNi/SBA sample, a broad peak is located at 622 °C, which is
characteristic of the reduction of the phyllosilicate phase, as previously demonstrated by
Burratin®. This high reduction temperature is due to the high stability of Ni(ll) species
incorporated in the phyllosilicate phase. Therefore, the obtained result demonstrates that the use
of the SBA-15 as silica source and the mild basic media obtained by the decomposition of the urea
lead to an almost complete incorporation of Ni(ll) cations inside the phyllosilicate, as evidenced
by the presence of a single reduction step, and the formation of very minor external — bulk NiO
particles (visible by a very small H> consumption at 246 °C). The degree of reduction calculated
according to the consumption of H: is reported in Table 1, showing a complete reduction of Ni
when supported on silica and from 83 to 93 % when supported on SBA-15.

The nickel speciation over the catalysts surfaces after activation at the same conditions used
before the catalytic reaction (i.e., 500 °C, pure flow of H for 1 h) was determined by XPS analysis.
All spectra were positioned using the Si 2p signal located at 103.5 eV. The spectra of Ni 2p 3/2
core level for the samples after activation are presented in Fig. 5. After in situ reduction at 500 °C,
a signal is observed around 852 eV, corresponding to the Ni 2p3/2 signal which indicates the
presence of Ni(0). However, signals characteristic of Ni(ll), in the form of Ni(OH)2 or eventually
silicate, is still observed for the supported catalysts indicating that nickel is not completely reduced
under the used conditions. Table 2 shows the fraction of Ni(0) and Ni(ll) at the surface of the

reduced samples. The percentage of Ni(0) was 60 % for the 25nmNi/SiO- catalyst and 55 % for
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InmNIi/SBA. Over the series of SBA-15 supported catalysts, the fraction of Ni(0) decreases by
decreasing Ni particle size with only 39 % of Ni being reduced to metal at 500 °C for the 1nm/SBA
catalyst. This confirms the results previously obtained by TPR-H> and showing a decrease of Ni(ll)
cation reducibility over the low particle size samples.

Pyridine adsorption-desorption DRIFTS experiments were performed on the reduced
catalysts in order to determine catalyst acidity. The total acidity and acidic site distribution are
listed in Table 2. Ni/SiO> catalyst did not show noticeable acidity, in agreement with previous
works #°. For the series of Ni supported on SBA-15 catalysts, bands associated to pyridine adsorbed
on Lewis acid sites at 1456 and 1624 cm™ were observed, and the values of acidity varied between
16 to 38 umol gX. This is probably related to the presence of non-reduced NiO species, as observed

by XPS analysis of the reduced samples.

3.2 Evaluation of the catalysts in the HDO reaction of m-cresol

The HDO of m-cresol was performed at 300 °C under atmospheric pressure. The reaction
was carried out at different space times in order to obtain similar levels of conversion (around 25
%) for all catalysts. Table 3 shows the product distribution obtained during the conversion of m-
cresol after 0.5 h of time on stream (TOS). In all cases, toluene (TOL) is always the main product,
its selectivity varying between 46 and 86 mol % depending on the catalyst used. The other major
products are methylcyclohexanone (m-ONE) and phenol (Ph), with minor amounts of
methylcyclohexanol (m-OL), methylcyclohexenes (m-ENES), methylcyclohexane (m-ANE) and
benzene (Bz).

Based on the product distribution observed in the present work and the previous works that

performed HDO of m-cresol or similar phenolic compounds such as phenol at similar reaction
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conditions over metal supported catalysts®13243% the main reaction routes involved in the
transformation of m-cresol over Ni supported catalysts are depicted in Scheme 1. The reaction
proceeds via three main parallel pathways: (i) Direct deoxygenation (DDO) producing toluene
which may proceeds via the direct cleavage of C-O bond or by involving the formation of an
tautomer intermediate; (ii) hydrogenation (HYD) of the aromatic ring leading to the formation of
oxygenates such as 3-methylcyclohexanone and 3-methylcyclohexanol, which may be further
dehydrated to form methylcyclohexenes, followed by its hydrogenation to methylcyclohexane and
(iii) hydrogenolysis (HY G) with the cleavage of the methyl group of m-cresol yielding phenol and
methane, the former being mainly deoxygenated into benzene by the same reactions routes
proposed for the deoxygenation of m-cresol to toluene. Assuming that methane comes mainly from
hydrogenolysis of the methyl group of m-cresol and no transalkylation products were observed,
we assume that the methane/phenol molar ratio has to be close to one.

It is important to note that the contribution of each reaction pathway varies with the type of
catalyst, depending on several parameters such as the nature of the metallic phase and the support
used. For example, a highly oxophilic metal such as Ru or Fe is able to carry out the direct cleavage
of the C-O bond due to the strong energy bond of these metals with the oxygen atom, thus weaking
the Car-O bond and favoring the DDO route. Less oxophilic metals, such as Pd, Pt, and Ni, have a
tendency to promote the HYD route toward the ketone as a major product. In this case, the
tautomerization of m-cresol has been proposed as the initial step!®3146, The formation of a
tautomer intermediate allows the deoxygenation by the hydrogenation of the carbonyl bond which
involves a lower energy barrier. Thus, metals such as Ni and Co which present intermediate
oxophilicities [binding energy with atomic oxygen (eV): Pt(-4.20) < Pd(-5.04) < Rh (-5.04) < Ni(-

5.40) < Co(-5.58) < Ru(-5.90)] may promote deoxygenation to some extent*’. Then, in the present
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work, we propose the DDO and HYD to happen starting from the tautomerization of m-cresol over
the Ni-based catalysts. The dehydration of 3-methylcyclohexanol to methylcyclohexenes is
catalyzed by the Lewis acid sites represented by coordinatively unsaturated cations of unreduced
Ni, whose presence was detected by XPS and confirmed by DRIFTS of adsorbed pyridine.

As highlighted in Table 3, the product distribution is strongly dependent on the Ni particle
size. For the catalysts with Ni particles size > 9 nm, besides toluene and 3-methylcyclohexanone,
a relatively high selectivity to phenol is observed. Decreasing the Ni particle size to 1 nm
(InmNi/SBA-15) leads to a continuous decrease in the selectivity to phenol and HYD products (3-
methylcycloxanone, 3-methylcyclohexanol, methylcyclohexenes and methylcyclohexane), the
ketone remaining as the main product. In contrast, the decrease in the selectivity to those products
is accompanied by the increase in the selectivity to toluene. These results suggest that varying Ni
particle sizes change the product distribution toward different reaction pathways. The decrease in
the particle size shifts the reaction toward the hydrogenation of the carbonyl group of the tautomer,
leading to the formation of toluene or even the direct deoxygenation of m-cresol.

It is interesting to note that in terms of type of support, comparing the 25nmNi/SiO; and
9nmNIi/SBA catalysts, some differences in terms of activity and selectivity can be observed. Ni
supported on SBA-15 presented higher conversion at same space time highlighting the higher
activity of the catalyst supported on SBA-15. Indeed, as reported in Table 4, the total reaction rates
are 60.0 and 30.9 mmol gnit h't for 9nmNi/SBA and 25nmNi/SiO2, respectively. Furthermore,
selectivity to toluene was lower while selectivity to phenol was 2-fold higher on the 25nmNi/SiO-
catalyst. These results indicate that Ni particles confined in the mesopores of a type SBA-15 silica
are more active than Ni particles dispersed on commercial silica. Improvement of activity by using

SBA-15 as a support of Ni based catalysts was already reported by Jang et al. for the HDO of
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anisole in liquid phase, such effect was attributed to the effect of the pore size and pore structure
of mesoporous SBA-15%,

The total reaction rate constant and the ones calculated for each reaction pathway are listed
in Table 4. The catalyst activity strongly increases with decreasing Ni particle size, as the total
reaction rate of catalysts supported on SBA-15 increases by a factor of 6 when particles size
decreases from 9 to 1 nm. This result thus clearly indicates that smaller Ni particles are much more
active than larger one in the conversion of m-cresol. Concerning the reaction rates for each reaction
pathway, the DDO rate significantly increases by decreasing Ni particle size (around 10 times from
9 to 1 nm). On the contrary, HYD and HYG rates present only slight increases while the particles
size decreases. The TOF values (Figure 6) followed the same order as the reaction rate constants,
the TOF of DDO increasing from 23.6 to 70.1 h™* when decreasing Ni particle size from 9 to 1 nm,
clearly indicating that the intrinsic activity of smaller Ni particles is higher than the one of larger

particles.

3.3 Effect of Ni particle size on surface site concentration and its relationship with catalytic
activity

The variation of the metal particle size can affect the reaction mechanism as observed in
several catalytic reactions®3%8-5!, However, very few works are dedicated to this aspect for the
HDO reaction, while several works have investigated the effect of metal type for the HDO of
phenolic compounds. Experimental and theoretical studies showed that the HDO activity
correlates directly with the metal oxophilicity*4%°2, According to Duong et al.>! metal oxophilicity
depends on the position of the d-band center relative to the Fermi level which in turn is affected

by (i) the type of metal, and (ii) the extent of coordination of the metal atoms. To demonstrate the
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second factor in the HDO activity, experimental and theoretical studies of Rh/SiO> catalysts with
different Rh particle size (2 and 4 nm) for the HDO of m-cresol at gas phase (285 °C, 1 atm) were
conducted. It was demonstrated that Rh/SiO with small Rh(0) particles, thus containing more low-
coordination sites such as step, is 1.7 times more active to the formation of toluene than a catalyst
with larger particles (more high-coordination sites such as terrace). Yang et al.>® further reported
a similar study using Ni supported on SiO- varying Ni particle size (2-22 nm) for the HDO of m-
cresol (gas phase, 300 °C, 1 atm). The results showed that decreasing the Ni particle size improved
the intrinsic reaction rate of HDO by 24 times with deoxygenation activity increasing while
hydrogenation and hydrogenolysis activity decreased. By using DFT calculations, the authors
examined the adsorption and deoxygenation of phenol on Ni(111), Ni(211) and defected Ni(211)
surfaces, in order to simulate the different sites (terrace, step and corner, respectively). The
adsorption energy of phenol followed the order: -116.7 kJ mol™* on Ni (111) > 159.1 kJ mol™ on
Ni (211) > 194.8 kJ mol™ on the defected Ni(211). Besides that, the activation and reaction energy
decreased in the same order, thus demonstrating that corner type sites interact strongly with the
oxygenated compound thus favoring the deoxygenation pathway. These finds are in agreement
with Duong et al., and thus demonstrated that a highly coordinately unsaturated surface of Ni,
represented by step and corner sites presented in small particles, is responsible for C-O bond
cleavage affording the production of toluene. However, DFT calculations are not always readily
available, which make interesting the search for simpler and effective methods to evaluate
theoretical investigations.

In our work, in order to explain the effect of Ni particle size for m-cresol conversion, we
proposed the use of a geometric model developed by Le Valant et al.>® (denoted thereafter LV

model), based on the perfect truncated octahedron shape, to allow the quantification of surface site
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concentrations [corner, edge, face (100) and face (111)] for any fcc metal particle size. The
evolution of surface site concentrations versus Ni particle size using this model is presented in Fig.
7. For the smallest Ni particle size (d = 0.75 nm), the corner sites are the main sites present on the
surface (8070.5 pmol gnit). As the metal particle size increases, there is an obvious decrease on
the concentration of corner sites in favor of the edge, face (100), and face (111) sites. One can see
that the edge, face (111), and face (100) site concentrations reach a maximum value (2150.9,
2373.4 and 358.7 umol gni! respectively) with Ni particle size equal precisely to 1.25, 1.50 and
2.73 nm, respectively, whereas the corner concentration monotonously decreases.

Activity of heterogeneous catalysts depends on the amounts of chemisorbed molecules,
which themselves depend on the amount of surface sites. In this sense, the surface site
concentrations of Ni presented in Fig.6 can be seen as a picture of a metallic catalyst activity per
gram of Ni. As demonstrated by Calle-Vallejo et al.>**, all the energy considerations are
intrinsically linked to the geometry of the active site. Assuming that the chosen surface sites have
the same energetics for adsorption (whatever the Ni particle size), and the adsorbed molecules do
not interact with each other, the activity (denoted k;) can then be expressed as a function of the
surface site concentration (denoted [site] and determined using the LV model) by Equation (5).

ki = f(Isite]) ®)
Where i = total, DDO, HYD or HYG.

To validate this hypothesis, we compared the evolution of the normalized activity (denoted

k*°"™ determined using the Equation (6) with the normalized surface site concentration (denoted

[site]™°"™, determined with the Equation (7) as a function of the particle size.

ki
kinorm — ,(T_ef (6)

1
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[site]

[site]ef (7)

[site]™™™ =

Where kir ef represents the reference activity corresponding to the 1nmNi/SBA catalyst
(333.3, 28.4, 27.2 and 388.9 mmol gnit h't for kppo, Knvp, Krve and Kiotal,, respectively), and
[site]™® corresponds to the reference surface site concentrations associated with the particle size
of this catalyst, i.e. d = 1.2 nm (see the values in Table S2 gathering the surface site concentrations
calculated as a function of the particle diameter).

The evolution of normalized activities (k53a" kivn " and kfiya) and normalized surface
site concentrations (all sites (Figs. S3-5a), corner (Figs. S3-5b), edge (Figs. S3-5c), face (100)
(Figs. 3-5d), face (111) (Figs. S3-5e) versus the particle size are presented in Figs. S3-5. The best
correlations between the experimental values of activity and the surface site concentration
predicted by the model are obtained for the [Edge], [Face 100] and [Face 111] concentrations, for
k320", kiayp™ and kiye™ (Fig. 8), respectively. The evolutions of the three activities, kopo and
khyp, and kuye scale linearly with the [Edge], [Face 100] and [Face 111] surface site
concentrations, respectively (with an interception to zero (see Figs. S3-5f)). Thus, these results
clearly evidence that the conversion of m-cresol is a structure sensitive reaction on Ni catalysts,
and the model predict that the direct deoxygenation is favored on edges and corner type sites while
hydrogenation and hydrogenolysis over face type sites. These results are in agreement with the
DFT calculations performed by Yang et al. which demonstrated that the energy barrier for the
deoxygenation of phenol over on Ni(111) , Ni(211) and defect Ni(211) (used to simulate terrace,
step and corner sites, respectively) decreased from 175.6 to 145.6 and to 120.5 kJ mol?,

respectively, i.e. highly coordinatively unsaturated Ni sites, such as steps and corners, stabilize the
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adsorbed -OH group in the transition state, facilitating its deoxygenation®. Therefore, our model

can be successfully used to correlate catalyst-properties with activity in the HDO reaction.

3.4 Catalyst stability

The stability of the catalysts was investigated during 6 h of time on stream (TOS) at the
same level of conversion (~ 50 %). Due to the lower activity of 25nmNi/SiO; catalyst, a maximum
of around 30% of conversion was obtained. Fig. 9 shows the evolution of m-cresol conversion and
the selectivity to products with TOS. For all catalysts, the conversion continuously decreases with
time (around 18 % for 25nmNi/SiO2, 9nmNi/SBA and 3nmNi/SBA catalysts, and 27 % for
1nmNi/SBA). Following the decrease in conversion, the yield of the main product (toluene)
continuously decreases, with a slight increase in the yield of 3-methylcyclohexanone for the
9nmNi/SBA and 3nmNi/SBA catalysts (Fig. S6). A detailed analysis of the changes in the
formation of products is made through the evolution of products selectivity with TOS (Fig. 8). It
is clearly observed that for the 25nmNi/SiO2, 9nmNi/SBA and 3nmNi/SBA catalysts, the decrease
in m-cresol conversion is accompanied by significant changes in the selectivity of main products.
Selectivity to toluene continuously decreases while selectivity to 3-methylcyclohexanone and 3-
methylcyclohexanol increases. Furthermore, for the catalysts containing larger Ni particles
(25nm/SiO2 and 9nmNi/SBA), there was an important increase in the selectivity to phenol with
TOS. Interestingly, for LnmNi/SBA catalysts, in which a stronger drop in m-cresol conversion was
observed, the changes in products selectivity were less significant. For example, the decrease in
the selectivity to toluene followed the order: 25nmNi/SiO2 (44%) > 9nmNi/SBA (35%) >

3nmNi/SBA (28%) > 1nmNi/SBA (14%).
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Catalyst deactivation in HDO reaction is usually rationalized as a function of metal sintering
and/or blockage of active sites by coke deposition or strong adsorption of reaction
intermediates®>8%1>1653-55 Thys, TEM and XRD analysis were performed over the spent catalysts
to verify if there was metal sintering, and ATG-MS analysis to investigate the formation of coke
during reaction. The TEM images of spent 1nmNi/SBA catalyst (Fig. 10a) shows that the Ni
particles are still confined in the pores of the support. However, the averaged Ni particles size (3-
4 nm) is larger than that obtained for the reduced catalyst (1 nm), indicating that there was a
significant sintering for this catalyst. For the 3nmNi/SBA, the majority of Ni particles with particle
size around 3 nm are observed in the SBA pores, thus indicating a good resistance to sintering,
however, it was identified some regions with the presence of larger particles inside or at the
external surface of silica grains (range of 7-25 nm). Finally, for the 9nmNi/SBA catalyst, the
average of Ni particles size was around 8-9 nm, suggesting that sintering does not occur during
reaction over this catalyst. These observations are in accordance with the XRD of the spent
catalysts (Fig. S7). For 1nmNi/SBA, the calculated crystalline size was 4 nm while for
3nmNi/SBA, no reflections are observed. For 25nmNi/SiO2 and 9 nmNi/SBA, the calculated Ni
crystallite size was 21 and 7 nm respectively, close to the initial particle sizes determined by TEM
(25 and 7.7 nm respectively).

The TG profiles and MS signals with respect to CO2 (m/z = 44) obtained during TG-MS
analysis are presented in Fig. 11. The weight losses, quantified by TG analysis for the 25
nmNi/SiO2, 9InmNi/SBA, 3nmNi/SBA and 1nmNi/SBA catalysts were 1.0; 6.4; 10.3 and 8.5%
9/Qcatalyst respectively. The CO» evolution profile for 25nmNi/SiO2 and 9nmNi/SBA showed a first
small COz production at 290 °C and a bigger CO formation located between 400 °C and 600 °C

(centred at 480 °C with a shoulder at 555 °C, in the case of 9nmNi/SBA). The peak at lower

29



temperature may be due to the oxidation of adsorbed intermediate species on the catalyst surface,
as previously reported®®. The peak at higher temperature can be attributed to the combustion of
condensed carbon deposits. Yang et al. tested Ni supported on silica catalysts for the HDO reaction
of m-cresol, and they observed a high CO> production in the same temperature region (506-548
°C) 53, In our work, the differences observed in the TPO profiles of the catalysts can be correlated
with the catalyst activity. For 25nmNi/SiO2 and 9nmNi/SBA catalysts, which are more active for
hydrogenolysis reaction, the carbon species on the Ni surface can originates from products of C-
C hydrogenolysis reaction that may polymerize to a hydrogen-poor coke (thus combusted at higher
temperatures). For the catalysts with lower Ni particle size, and thus less active for hydrogenolysis,
m-cresol reacts and is faster desorbed from catalyst surface. As a result, intensity of the peaks
located in the region of higher temperature (400-600 °C) for 3nmNi/SBA and 1nmNi/SBA are
lower compared to the 25nmNi/SBA and 9nmNi/SBA catalysts. In their case, more significant
evolution of CO2 happens at lower temperatures (140 and 320 °C for 3nmNi/SBA and 310 °C for
1nmNi/SBA). Considering that smaller particles are more active for deoxygenation due to their
higher oxophilicity, it is not surprising that intermediates oxygenated compounds strongly adsorb
over the Ni particles, which explain the peaks at lower temperatures, thus avoiding these sites to
further participate in the reaction. Therefore, the blockage of the active sites may be the major
reason for catalyst deactivation, either through the deposit of coke or adsorption of intermediate
species. However, metal sintering should also be considered in the case of the 1nmNi/SBA

catalyst.
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4. Conclusions

The present work investigated the reactivity of Ni particles confined in the pores of SBA-15
for the HDO of m-cresol in gas phase under atmospheric pressure. Different synthesis methods
were used to control the Ni particle size and evaluate its effect on the reaction pathways involved
in the conversion of m-cresol.

Ni nanoparticles in the range of 1 to 25 nm were obtained depending on the support and
synthesis approach. The use of SBA-15 as a support allowed to confine Ni particles inside the
channels thus limiting particle size to 9 nm instead 25 nm when supported on commercial SiOa.
By deposition-precipitation method and melting infiltrating on the SBA-15 containing the
porogen, very small Ni particles size were obtained, 3 and 1 nm respectively. The activity and the
product distribution for the HDO of m-cresol significantly changed depending on the Ni particle
size. Larger Ni particles (9-25 nm) favoured hydrogenation and hydrogenolysis reaction pathways
yielding mainly methylcyclohexanone and phenol, respectively, whereas smaller Ni particles (3
and 1 nm) are more active and promotes the deoxygenation pathway yielding toluene. Reducing
Ni particle size from 9 to 1 nm increases the rate of the deoxygenation pathway by 10 times while
1.6 and 3.2 for hydrogenation and hydrogenolysis pathways. These findings were rationalized in
terms of different type of sites: corner, edge, face. Face-type sites, present in higher concentration
in larger particles (85 % of the sites at 8 nm) are more active for hydrogenation and hydrogenolysis,
while decreasing the Ni particles size increases the concentration of edges and corners sites (83 %
at 1 nm) sites which are more active for deoxygenation reaction. Also, particles confined into the
mesoporosity of SBA-15 present a great resistance to sintering during reaction with catalyst

deactivation being mainly caused by coke accumulation. Thus, this work demonstrates that
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efficient catalysts can be obtained by tuning metal particle size of transition metals, which may

contribute to the design of more active and stable HDO catalysts.
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Table 1. Textural properties, reduction degree and average particle size of the Ni-based catalysts.

N2 physisorption

LT Dmreel G st puon
Seer® (M?g?)  SpP(m?g?)  Vp°(emig?) Dy (nm)

SiO, - 301 - 0.43 13.5 - - - - -
SBA-15 - 820 207 1.25 8.4 - - - - -
25nmNi/SiOz 9.7 242 - 0.47 9.3 401; 482 100 25 (21) 16.7 4
9nmNi/SBA 95 511 59 0.91 6; 8.4 404; 593 91 7.7 (9.2) 20.6 8
3nmNi/SBA 5.7 306 39 0.18 8.5-15 622 93 3.5 33.3 24
1nmNi/SBA 8.1 579 28 0.91 6.7 547 83 1.2 (<2) 62.5 28

2 Sget specific surface calculated with BET equation;

® S, microporous surface with t-plot;

¢V, pore volume at P/Po = 0.98;

d D, average pore diameter calculated with BJH on desorption method,;

& Maximum peak temperature recover from the TPR profiles;

f Average particles size calculated from TEM images of the reduced catalysts by using ImageJ software. In parentheses the values deduced from the XRD applying

the Scherrer equation;

& 9% of atoms exposed on the surface, calculated using the particle sizes determined by TEM statistical analysis, considering that dni = 0.84 X dnio based on the

differences of molar mass and density, and that for each particle, Ni dispersion (%) = 97.1/dni (nm).

" Ni dispersion measured by CO chemisorption.
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Table 2. Binding energies of Ni 2p and atomic percentage of Ni species obtained from the curve-
fitted values of XP spectra and acidic properties of the Ni-based catalysts after in situ reduction

under pure hydrogen at 500 °C, 1h.

Catalyst Binding energy Atomic composition ~ Ni(0)/Ni(Il)  Acid sites distribution

(eV) (%) (umol g)
Ni(0) Ni(Il) Ni(0) Ni(ll) Bronsted Lewis
25nmNi/SiO,  851.8 854.8 60 40 1.5 0 1
9nmNi/SBA  852.1 855.2 55 45 1.2 1 25
3nmNi/SBA  852.0 855.2 52 48 1.1 1 16
1InmNi/SBA  852.2 855.3 39 61 0.6 1 38
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Table 3. Product distribution obtained in the transformation of m-cresol over the Ni-based

Cata|yStS (Treduction =500 OC, Treaction =300 OC, 1 atm, 0.5 h Of TOS)

Catalyst WI/F Conversion Selectivity (%)

(hmol) (%) 35, mONE m-OL m-ENES m-ANE Ph Bz
25nmNi/SiO2 62 17.5 46.0 16.5 1.9 7.3 2.7 225 31
9nmNi/SBA 62 29.9 56.4 22.3 4.0 2.5 0.4 119 25
3nmNi/SBA 26 26.6 65.4 21.0 4.2 1.5 1.1 5.0 1.8
1InmNi/SBA 8 22.3 85.7 5.5 0.8 0.5 0.6 2.3 4.6
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Table 4. Reaction rate constant (in mmol gnit ht) values calculated for the whole transformation

of m-cresol and for each reaction pathway over Ni-based catalysts (300 °C, atmospheric pressure).

Catalyst Krot Kppo Knvp Knve
25nmNi/SiO0,  30.9 14.4 9.3 8.2
9nmNi/SBA 60.0 33.7 17.9 8.4

3nmNi/SBA  208.8 136.8 57.9 14.0

1InmNi/SBA  388.9 333.3 28.4 217.2
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Figure 1. Wide-angle XRD for calcined Ni containing materials. In red ICCD files of Ni 1:1

phyllosilicate (pdf: 43-0664) and NiO (pdf: 47-1049).
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Figure 2. Adsorption/desorption isotherms for calcined materials.
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Figure 3. Representative HR-TEM images and the respective histograms recovered onto

multiple images for the Ni-based catalysts in the reduced form.
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Figure 4. TPR profiles for calcined Ni containing materials.
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Figure 5. XP spectra of Ni2p core level for the Ni-based catalysts.
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Figure 6. TOF values and selectivity of the products obtained from each reaction pathway as a
function of Ni particle size. Bar graphs correspond to TOF values. Selectivity is represented by

the dashed lines.
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Figure 7. Evolution of the surface site concentration of Ni in function of the particle size for a fcc
perfect truncated octahedron (black: all sites; gray: corners; red: edges; blue: faces (100) and green:

faces (111); with dni= 0.249 nm, Myi= 58.693 g mol™?).
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Figure 8. The evolution of activity for the different reaction pathways (symbols) normalized by
surface site concentration (orange curves) with Ni particle size: a) kppo (with predicted sites:
edge); b) knyp (with predicted sites: face 100) and c) knve (with predicted sites: all). Orange
curves: results predicted with the model by using the following particle size values for the
normalization: d= 1.2 nm for 1nmNi/SBA catalyst (with dni= 0.249 nm, Mni= 58.693 g mol™?).
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Figure 9. Effect of time on stream on the m-cresol conversion and products yield over the Ni-
based catalysts. T: 300 °C; P: latm; Hz/m-cresol: 90; TOS: 6h. (m) conversion, (@) toluene, (@)

3-methylcyclohexanone, (<)  3-methylcyclohexanol, (A) methylcyclohexenes  +

methylcyclohexane, (V) Phenol + benzene.
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Figure 10. Representative HR-TEM images of the post-reaction Ni supported on SBA catalysts.
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Figure 11. TG profiles of spent catalysts after HDO reaction of m-cresol. MS signal of CO>

Weight loss (%)

during TG analysis. Note that the profiles have been normalized by weight of catalyst.
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Scheme 1. Reaction pathways proposed for the HDO of m-cresol over Ni-based catalysts.
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